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前  言 

 

近年来随着超短脉冲激光啁啾放大（CPA）技术的重大突破，激光强度一下子提

高了 5~6 个数量级。利用这种放大技术建立的激光装置的脉冲宽度可以短至几个光周

期（十几个飞秒），输出功率达到Petawatt（1015瓦），聚焦光强超过 1020W/cm2。这种激

光不仅可以产生远大于原子内电场的超强电场，而且可以产生大于 1011巴的超高压(相

当于地球表面大气压的 1000 亿倍)，1 亿(108)高斯的超强磁场，高达 10 亿(109)度(远

高于太阳中心的温度)的黑体辐射温度，比地球引力大 1023 (千万亿亿)倍的加速度，

接近光速的电子振荡速度等一系列无法用其他手段产生的极端条件，为人们提供了前

所未有的机遇和挑战。同时也极大地拓展了天体物理、材料科学、等离子体物理、核

聚变物理、原子核物理、相对论物理、凝聚态物理、激光物理、加速器物理、非线性

光学、高能物理等学科的研究范围。 

 

强场与超快物理研究组是中国科学院物理研究所光物理重点实验室的一个研究小

组。它是 1999 年我从英国卢瑟福实验室回国后与我的同事魏志义、盛政明等人一起建

立起来的。强场与超快物理研究组的主要研究方向包括发展新的超短超强激光技术，

研究超短超强激光与物质相互作用，超短超强激光在大气中的传输过程，飞秒激光泵

浦产生的 X 射线激光、新型等离子体粒子加速器、超短超强 X/γ射线、实验室天体物理

学、快点火激光核聚变相关的物理过程等。 

 

在过去三年时间里，我们在朝着建立世界一流的研究小组上取得了一系列重要进

展 ─ 从建成输出功率达到聚焦功率密度高达 1019W/cm2的极光二号激光装置到超短超

强激光在大气中的传输过程的研究。小组的每个成员为这些工作都做出了他们独特的

贡献。这份研究工作报告介绍了我们组在这三年里的科研活动， 其中有小组的概况，

成员介绍，科研成果的总结，发表文章目录等。部分发表文章的复印件附在后面。 

 

我们组的这些研究成果得到了国家科技部、国家自然科学基金委、国家高技术 ICF

主题、中国科学院以及物理所的支持和资助。我们也非常感谢客座教授对我们小组做

出的特别贡献。 

 

 

 

张 杰 

二 OO 三年十二月二十日， 北京 
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FOREWORD 
 

With the invention of the chirped pulse amplification (CPA) technology more 
than 10 years ago, a new generation of lasers appear.  Based on this technology, 
people are now capable of dealing with lasers which can deliver laser pulses at a 
duration of a few laser cycles (several femtoseconds), at a petawatt level, and over 
the intensity 1020 W/cm2. The studies of laser interaction with matter by use of 
ultra-short intense lasers have attracted great interest world wide, partially because 
this kind of lasers can be built within a small dimension and at a reasonable cost. 
Numerous of applications have been proposed based upon these studies.  
 
The group on high field laser physics at the Institute of Physics, CAS, was establish 
in 1999 when I returned China from the Rutherford Laboratory in England. our 
research includes the development of new ultra-short intense laser systems, the 
technology of ultra-short lasers and its applications, the interactions of laser 
radiation with matter, and their various applications in X-ray lasers, table-top 
plasma-based particle accelerations, ultra-short X/γ-ray sources, laboratory 
astrophysics, the Fast Ignition of fusion targets and related topics, etc.   

 
In the past these years, we have made important progress toward establishing a 
high level research group, ranging from up-grading our laser systems to 20Terawatt 
to new findings in ultra-short intense laser-solid interactions. This report presents 
the activities of our group in the period of 2001-2003. Following a brief introduction 
of the research group and its members is a summary of research activities. A 
selection of publication in journals and conferences is included and reprints from 
selected publications are given at the end.   
 
The scientific work of our group was made possible because of the support from the 
Ministry of Science and Technology, National Natural Science Foundation of China, 
the National High-Tech program 973, and the Chinese Academy of Sciences, and 
the Institute of Physics. We thank also many scientific visitors and guests for their 
special contribution.  
 
 
Beijing, December 20, 2003 
 
Jie Zhang 
Group Leader for High Field Laser Physics 
 

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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1. 中国科学院物理研究所光物理实验室L05组概况 

 
1.1. 组成员 
 
        组长:  张 杰 院士 
    固定研究人员:  魏志义 研究员 
                盛政明 研究员 
                鲁 欣 副研究员 
               李玉同 副研究员 
 
在站博士后（２ 名）:  孙敬华、郑家安 
 
在读研究生（２７名）:   博士生：2000 级：苍 宇、王  薇、张 军 

2001 级：张秋菊、彭晓昱、李 昆 
王  琛 

2002 级：金 展、燕 飞、于全芝 
郑志远、令维军、田金荣 
贾玉磊、王兆华、郑 君 

2003 级：刘运全、郝作强、王 鹏 
韩海年、武慧春、徐 慧 
仲佳勇、远晓辉 

硕士生：2002 级：陈 民、徐妙华、李汉明 
 

      秘书：  高 原 
技术人员：  邱 阳、陈亦飞 

 
客座研究员：   余 玮 研究员   赵  刚 研究员 

  钱列加 教授     张志刚 教授 
  马锦秀 教授     李英骏 教授 
  张希成  教授     梁天骄 博士 

 
联系地址: 
中国科学院物理研究所光物理重点实验室 
北京市中关村南三街 8 号，100080。 
E-mail: jzhang@aphy.iphy.ac.cn     http://highfield.iphy.ac.cn/l05 
Tel. /Fax: +86-10-8264-9356 
 
1.2. 研究方向 
 
超短超强激光物理、超快相互作用物理、强激光实验室天体物理、X 射线激光，超短
超强激光在大气中的传输过程、THz 辐射，固体激光技术、超短脉冲激光技术的研究
和应用。 

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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1. General of Group L05, Institute of Physics, CAS 
 
1.1.  Members of Group CL05 
 
SCIENTIFIC STAFF:  Jie ZHANG (Group leader, Academician) 

Zhi-Yi WEI (Professor) 
Zheng-Ming SHENG (Professor) 
Xin LU (Associate Professor) 
Yu-Tong LI (Associate Professor) 

 
POSTDOCTORS:   Jing-Hua SUN, Jia-An ZHENG 
 
GRADUATE STUDENTS: Doctorate:2000: Yu CANG, Wei Wang, Jun ZHENG  

2001: Qiu-Ju ZHANG, Xiao-Yu PENG 
Kun LI, Chen WANG 

2002: Zhan JIN, Fei YAN, Quan-Zhi YU, 
Zhi-Yuan ZHENG, Wei-Jun LING, 
Jin-Rong TIAN , Zhao-Hua WANG, 
Yu-Lie JIA, Jun ZHENG 

                                  2003: Yun-Quan LIU, Zuo-Qiang HAO, 
 Peng WANG, Xiao-Hui YUAN,  
Hai-Nian HAN, Hui XU, 
Hui-Chun WU, Jia-Yong ZHONG, 
Xiao-Hui YUAN 

                       Masterate: 2002:  Min CHEN, Miao-Hua XU，Han-Ming LI 
 
SECRETARY:    Yuan GAO 
TECHNICIAN:            Yang QIU, Yi-Fei CHEN 
 
SCIENTIFIC GUESTS: 
Prof. Wei YU (Shanghai Institute of Optics and Fine Mechanics, Shanghai) 
Prof. Lie-Jia QIAN (Department of Physics, Fudan University, Shanghai) 
Prof. Gang ZHAO (Beijing Astronomical Observatory, Beijing) 
Prof. Zhi-Gang ZHANG (Tianjin Univeristy, Tianjin) 
Prof. Jin-Xiu MA (University of Science and Technology of China, Hefei) 
Prof. Ying-Jun LI (China University of Mining & Technology, Beijing) 
Prof. Xi-Cheng ZHANG 
Dr.  Tian-Jiao LIANG 
 
CONTACT ADDRESS: 
Laboratory of Optical Physics, Institute of Physics 
PO Box 603, Beijing 100080, PR China 
Email: jzhang@aphy.iphy.ac.cn       http://highfield.iphy.ac.cn/l05
Tel. (fax): +86-10-8264-9356 
 
1.2.  Main research interests:  
Ultra-short intense laser pulse interaction with matter, relativistic laser plasma 
interactions, particle accelerations, fast Ignition and related topics, X-ray lasers, THz 
radiation, technology on ultra-short lasers and applications 

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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2. 2001 ~ 2003年工作总结 
2.1. 研究课题 

共承担研究课题 26 项，其中包括： 

 杰出青年基金 3 项(含海外) ；百人计划 2 项；973 项目 2 项；院创新方向性

项目 2 项；基金委重大项目 2 项; 基金委面上基金 11 项；国家 863 项目 4 项。 

 

2.2. 获奖及专利 

获奖共 19 项 

 一人次获中国青年科学家奖 （张杰） 

 一人次获香港求是杰出青年学者奖 （张杰） 

 一人次获中科院青年科学家奖（魏志义） 

 二人入选中科院百人计划（张杰、盛政明） 

 三人次获国家杰出青年基金（张杰、张希成、魏志义） 

 四人次获蔡诗东等离子体物理研究奖（陈黎明，董全力，杨辉，王薇） 

 四人次获蔡诗东基金会培养高水平等离子体博士荣誉奖（张杰） 

 一人次获中国光学学会王大珩光学奖（张杰） 

 一人次获中国物理学会饶毓泰物理奖（张杰） 

 中科院科技进步二等奖（魏志义、张杰等） 

 

专利共 12 项 

 获实用新型专利 7 项：一种宽波段晶体谱仪、 一种激光测量装置、一种具有

高时间分辨的电子显微镜、一种飞秒激光多通预放大器、一种小型化固体飞

秒激光振荡器、双功能小型超短激光脉冲自相关测量仪、超环面静调节装置。 

 获发明专利 1 项：一种激光天线。 

 申请实用新型专利 1 项：高精度飞秒激光同步技术及装置。 

 申请发明专利 3 项：一种监控激光聚焦的方法、一种激光引雷装置、强电磁

能定向发射的激光武器。 

 

2.3. 人才培养 

 已毕业硕士：吕铁铮，仲佳勇 

 已毕业博士：梁天骄，陈黎明，李玉同，董全力，陈正林，滕浩，杨辉 

 王薇，张军 

 已出站博士后：刘世炳，满宝元，林景全，夏江帆，李英骏，鲁欣，梁天骄，   

李玉同 

 

2.4. 国际合作： 

 于 2000 年 ~ 2002 年与英国卢瑟福实验室进行合作研究。 

合作项目名称：“高功率激光实验室天体物理研究”。 

项目执行人: 张杰、王薇、鲁欣、梁天骄 

 于 2002 年 ~ 2003 年与日本大阪大学激光工程研究所进行合作研究。 

合作项目名称：“快点火相关物理实验及理论研究” 
项目执行人：张杰、盛政明、鲁欣、李玉同、金展 

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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3. 研究工作简介 

 

在过去的 3 年里，我们主要围绕着“快点火”激光核聚变开展了一系列的研究工作。

“快点火”是指在聚变燃料被均匀压缩到最大密度时，将一束超短脉冲激光聚焦在靶

丸表面，依靠激光和靶面相互作用产生的大量超热电子射入高密核使离子温度迅速上

升至点火要求的温度。因此，与快点火激光核聚变密切相关的物理问题包括了超短超

强激光脉冲与等离子体相互作用过程中的超热电子的产额、能谱、发射方向，以及在

高密度等离子体中的输运；超短超强脉冲激光在低密度以及高密度等离子体中的传播

和能量吸收等。针对这些物理问题我们进行了大量的实验和理论研究。同时，我们在

x 射线激光、飞秒激光在大气中的传输、实验室天体物理学方面也做了一些理论和实

验研究。 

 

 激光系统方面 
 

“极光一号”装置 (1.4TW): “极光一号”是我们主要利用国产的元器件组装而成的

基于啁啾脉冲放大技术的台面型 TW 激光装置。该激光装置建成于 1999 年，输出脉宽

25 飞秒，峰值功率大于 1.4 TW。在此装置上我们做过大量的超短超强脉冲与固体，气

体和团簇相互作用的实验研究。在 2001 年，我们改善“极光一号”装置光束质量，并

利用该装置做了许多实验比如：超热电子向高密度等离子体区域传输的实验、超短超

强脉冲在大气中传输实验、超热电子时间分辨衍射实验等。 

 

“极光二号”装置 (20TW): 为了进行相对论光强下的物理实验，使我们的科研工作上

一个新的台阶，我们于 2001 年建成了脉宽 30 飞秒，输出能量大于 640 毫焦，峰值功

率大于 20TW 的“极光二号”激光装置。该激光装置主要有以下 4 个特点：(1)预放大

器采用再生放大方案，主要是为了提高输出激光的光束质量。(2)主放大器采用两台

1.5J 绿光泵浦，可将展宽后的啁啾脉冲能量放大到 900mJ。(3)建立真空压缩室，将压

缩器置于真空室中。(4)压缩光栅（1500/mm）和展宽器光栅(1200/mm)采用不同密度的

光栅，可以充分抵消高皆色散和材料色散的影响，使压缩后的脉冲更接近种子脉冲。 

 

自适应光学系统: 为“极光 II”装置配备了一套自适应光学系统，用于激光脉冲波前

的探测和校正。该系统主要包括（1）Shack-Hartmann 波前传感器, 其主要用途是测

量输出光束的波前畸变量；（2）波前校正系统，在上述装置中采用的是 Bimorph 型变

形镜来校正波前传感器测量到的畸变量，使校正后的波前接近于理想的平面波波前；

（3）相应的控制软件：主要包括两部分，一部分是根据传感器的探测来计算光束的波

前畸变情况并提供相应的光束质量报告；另一部分则是对变形镜各电极电压的控制软

件。调试的结果显示，该系统能够正确的进行工作，对“极光 II”装置输出激光波前

进行了明显的校正，校正后的光束质量接近 1.5 倍的衍射极限。 

 

腔倒空飞秒激光器的研制: 对于物理、生物、化学等领域中的大量超快应用研究而言，

通常振荡器直接输出的脉冲功率太低，不足以激发物质中超快过程的产生，其极高的

重复频率引起的信号积累效应还会影响到结果的准确性。而放大器不仅技术复杂，成

本昂贵，并且重复频率又过低，制约着超快测量中所能得到的精度。腔倒空激光器不

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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但具备振荡器的稳定输出，而且大大提高了单脉冲的输出能量并且可以调解脉冲的输

出频率，是研究超快物理，化学，生物过程的理想光源。我们投入大量人力和物理，

研制成了具有国际先进水平的腔倒空激光器，该激光器输出脉冲宽度最短可以到 17fs，

对应的谱宽为 60nm 左右，单脉冲激光能量一般为 40-60nJ, 最大可达 85nJ, 脉冲重复

频率从 20kHz – 2MHz 可调。该激光器设计紧凑，锁模启动快，一般锁模稳定时间超过

5 小时。 

 

 激光技术 

 
高效率的啁啾脉冲多通预放大器: 研制了带有两对球面镜的多通预防大器，其抽运效

率达到 23%，增益系数高达 4×10-6。在我们所知的范围内，该多通预放大器的效率是同

类装置中最高的。Journal of the Korean Physical Society 39, 831-833 (2001). 
 

被动同步飞秒激光技术: 独立提出新型被动同步飞秒激光技术，不仅克服了传统被动

同步技术增益竞争等不足，大大提高了同步系统的稳定性和同步精度，而且可以实现

多台飞秒激光之间的高精度同步。采用该同步技术首次实现了掺钛蓝宝石和美橄榄石

的同步输出，同步精度<2fs。这不仅是国际上同步精度最高的结果，而且是首次实现

不同频谱区域的同步输出，对激光的频谱扩展及相干合成有重要意义。掺钛蓝宝石和

美橄榄石及其高次谐波的相干合成，理论上可以产生阿秒激光脉冲，对超快动力学研

究有重要意义。采用该技术建成了高稳定性，高同步精度的同步飞秒激光器，较采用

主动同步方式的同步激光器同步精度高 1 至两个数量级。对许多应用研究领域，如泵

浦探测、激光成像、激光光谱学、光频标、激光脉冲的相干合成、阿秒激光的产生（1

阿秒=10
-18秒）、利用量子纠缠态的量子通讯等有重要的学术和应用价值。Appl. Phys. 

B 74, S171-S176 (2002). 
 

 超短脉冲强激光与固体靶作用中高能粒子的产生及输运 

 
强激光与固体靶相互作用过程中高能电子，离子以及韧致 x/γ 射线辐射的角分布: 研

究了强激光与固体靶相互作用过程中高能电子，离子以及韧致 x/γ射线辐射的角分布。

找到了高能电子和离子的发射角与粒子动能，电荷的库仑势和激光入射角之间的依赖

关系。粒子模拟结果显示，粒子的加速机制与激光的偏振方向是相互独立的。韧致 x/γ
射线辐射的角分布与高能电子的角分布之间有着清楚的对应关系。Phys. Rev. Lett. 
85, 5340-5343 (2000). 
 

激光偏振状态对高能粒子产生的影响: 当飞秒激光脉冲聚焦到固体靶上时， 产生大量

的高能电子。高能电子的产生及其角分布对快点火聚变方案，射线源，等方面的应用

是至关重要的。近年来很多研究小组对此问题作了大量的研究。但是激光偏振状态对

高能粒子产生的影响被忽略。研究激光偏振状态对高能粒子产生的影响对认识高能电

子产生机制是非常有帮助的。我们发现 p 偏振与 s 偏振光产生的高能电子有不同的方

向。 我们的数值模拟也证实了这一点。其中的物理还有待进一步的解析。Phys. Rev. 
Lett. 87, 225001 (2001). 
 

飞秒激光脉冲真空加热产生超热电子: 对脉宽 150fs，能量 5mJ，波长 800nm，P 偏振

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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的激光脉冲与固体靶相互作用过程中由于真空加热产生的超热电子进行了实验研究。

测量结果显示真空加热过程是高能超热电子产生的主要机制，真空加热产生的超热电

子的能量高于按照共振吸收理论预测的能量。粒子模拟结果也证明了在该实验条件下

真空加热是超热电子的主要产生机制。Phys. Plasmas 8, 2925-2929 (2001). 
 

亚皮秒激光和金属，绝缘靶的相互作用: 实验研究了脉宽 150fs，波长 800nm，能量

5mJ，P偏振的激光脉冲与金属和绝缘体靶材料相互作用时激光能量的吸收，超热电子

的发射及其能谱。激光脉冲在靶面上的聚焦强度为 8×1015W/cm2。由于绝缘体靶的电导

率低，因此产生的电荷分离势比金属靶高，这就导致了绝缘体靶和金属靶相比具有较

低的激光吸收效率，较低的超热电子产额和超热电子温度。Phys. Rev. E 63, 036403 
(2001). 
 

中等激光强度下飞秒激光脉冲与薄膜靶相互作用产生的超热电子研究: 高能电子的产

生和在高密度等离子体中的传播是快点火概念中重要物理问题。在相对论激光强度下，

已经有几个研究组观察到了准直的超热电子束发射，但这种现象并不是相对论激光等

离子体所特有的。我们对中等激光强度下飞秒激光脉冲和薄膜靶相互作用产生的超热

电子特性进行了研究，实验发现在靶面法线方向也产生了准直的超热电子束。此外还

发现前向超热电子的高能分量透过薄膜靶后向激光传播方向发生了偏折，低能分量由

于在等离子体和靶材料中的碰撞效应散射为连续背景。3D 蒙特卡洛模拟支持了这一看

法。超热电子能谱测量和能量吸收测量表明共振吸收可能对超热电子产生起了重要作

用。Phys. Rev. E 64, 046407 (2001); Journal of the Korean Physics Society 39, 
825-830 (2001). 
 

飞秒激光脉冲和水等离子体相互作用产生的高能电子、爆轰波和前向动力学研究: 研

究了飞秒激光脉冲和液体等离子体相互作用的三个主要物理过程：超热电子产生、向

空气中膨胀的爆轰波和向水下传播的等离子体前向动力学过程。比较单脉冲和多脉冲

飞秒激光和水等离子体相互作用产生的高能电子特性，发现多脉冲激光构型可以大幅

度增强超热电子的产生和提高其温度。实验观测到在激光偏振面内、沿与激光轴反向

夹角 46°的方向对称喷射出两束能量大于 25 keV 的高能电子。实验和理论都表明, 这

些超热电子是通过后续脉冲与前面脉冲形成的球形液滴相互作用产生的，具体机制为

共振吸收。二维粒子模拟结果和实验符合很好。由水等离子体压力导致的爆轰波在向

空气中膨胀时，遵从考虑了源质量的平面波模型，而不是球面波模型。在爆轰波波前

顶部，观察到一个瘤状结构，该结构起因于激光脉冲在到达水面前的自聚焦效应。自

聚焦效应引起的通道膨胀过程可以用柱面膨胀模型描述。此外在研究水等离子体在激

光方向的前向动力学演化过程中发现，在早期等离子体密度波前以超声速运动，这和

理论模拟一致。到了晚期，膨胀过程完全退化为纯流体力学过程，膨胀速度也趋向于

声速。Phys. Rev. Lett. 90, 165002 (2003); Phys. Plasmas 9, 4028-4031 (2002); 
Phys. Rev. E 67, 056403 (2003). 
 

激光与液滴的相互作用: 研究了激光液滴相互作用过程中的共振吸收效应。激光吸收

的角分布可以用来理解液滴靶产生的对称双叶超热电子束。同时发现激光总的能量吸

收强烈地依赖于液滴等离子体的标尺长度。Appl. Phys. B 77, 687-689 (2003). 
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超热电子在固体靶中的输运: 研究了超强激光与固体靶相互作用中产生的超热电子向

高密度等离子体区域传输的空间和时间特性。超热电子向高密度等离子体区域传输特

性是快点火聚变方案中的一个重要物理问题。我们采用探针光照射端面镀铝膜的透明

靶，对超热电子在透明靶只能感的离化径迹成像，可获得超热电子在高密度等离子体

区的jet结构、能量、温度、穿透深度等重要信息。Phys. Rev. E 67, 026408 (2003). 
 

超热电子在薄膜靶背面诱导形成等离子体: 用探针光捕捉到了激光脉冲和薄膜靶相互

作用时在靶背面产生的等离子体喷射图象。实验结果显示，靶背面的等离子体喷射与

入射激光同向，大约在入射激光到达靶面后几皮秒的时间内形成。靶背面的等离子体

喷射是在激光和靶作用时产生的超热电子穿过薄膜靶的过程中形成的，靶背面的等离

子体喷射因收到自生磁场的约束而具有较好的方向性。 Appl. Phys. B 76, 687-690 
(2003). 
 

 超短脉冲强激光与气体作用 
 

超短激光脉冲在大气中的传播: 我们在激光与大气的相互作用的研究方面，主要做了

理论和实验两方面的研究。对超短激光脉冲在大气中传输的物理过程进行了理论分析，

并且提出了理论模型。通过理论分析，发现由于介质的非线形自聚焦和等离子体的散

焦相互作用，使激光脉冲在大气中能产生很长的等离子体通道。实验上，利用我组建

造的极光II号超强超短脉冲激光装置，在80mJ的激光输出能量下，观测到了长于几百

米的等离子体通道。同时对等离子体通道的特性进行了研究，利用干涉法测量到通道

的电子的密度最大达到10
18/cm3，对应通道的电阻率小于1Ω⋅m。另外，利用阴影法对细

丝形成的动态过程进行了研究，观测到了细丝的精细结构，以及细丝分裂和融合的过

程。我们研究了激光脉冲在大气中传播产生的其它非线形效应。例如，发现了激光脉

冲在大气中可以产生超连续辐射、锥角辐射以及谐波辐射。在实验中观测到了大于

0.12%的转换效率的三次谐波辐射。主要是因为超短脉冲在自导引的传播下刚好能满足

谐波的相位匹配条件，因此可以大大地延长相互作用长度。 Phys. Rev. E 65, 016406 
(2001); Phys. Rev. E 66, 016406 (2002); Phys. Rev. E 67, 015401(R) (2003). 
 

超短脉冲强激光与气体作用产生高次谐波: 进一步发展了激光脉冲和原子气体相互作

用时产生高次谐波的经典理论模型。理论模型中考虑了激光脉冲有限的作用时间和激

光的磁场对高次谐波的影响。得到了最佳的激光强度与激光脉冲宽度的关系以获得更

强的高次谐波发射和更好的功率谱特征，原有的高次谐波截断定律在本理论模型中依

然成立。Physica Scripta 67, 122–126 (2003). 
 

 超短脉冲强激光与团簇作用 
 

飞秒激光与团簇作用产生高能电子: 近几年来，超短激光脉冲与团簇作用的研究引起

了人们的极大兴趣。这种作用被证明可以对光有很高的吸收效率，并产生能量高达MeV

量级的高能离子和中子，以及非常强的X射线辐射。我们测量了高强度飞秒激光和氩或

氙团簇作用时产生的能量在 100kev附近的超热电子的能谱。脉冲宽度为 28fs的激光和

团簇靶的相互作用会因为激光的强度不同而呈现出很大的差别。当激光强度为

1×1016W/cm2时，氙团簇对激光的吸收效率约为 25%；当激光强度提高到 1×1017W/cm2时，

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)

 

10



2001 ~ 2003 年度工作报告 

吸收效率提升到 78%，并且产生能量高达 500kev的高能电子。根据不同的原子和背压

估算的超热电子温度大约在 30 至 90kev的范围。Phys. Plasmas 9, 3595-3599 (2002). 
 
超短脉冲激光和团簇相互作用产生定向发射的超热电子: 对超短脉冲激光和氩团簇相

互作用时产生的超热电子进行了实验研究。当脉宽28fs，强度为1×1017W/cm2的激光脉

冲辐照氩团簇时，沿激光的入射方向观测到了能量超过100keV的定向喷射的超热电子。

定向发射的超热电子只有用线偏振的激光和团簇作用时才能观测到，圆偏振的激光不

能产生定向发射的超热电子。通道内电子回旋共振加速应该是定向超热电子喷射的主

要产生机制。Phys. Rev. E 66, 025402 (2002). 
 

 实验室天体物理学 
 

激光等离子体X射线转换与辐射加热的数值模拟研究: 九十年代以来,随着激光功率变

得越来越强,采用强激光装置使得在实验室里模拟天体物理的某些过程成为可能.为了

增加激光等离子体与天体等离子体的相关性, 一般在实验室中采用激光等离子体产生

的X射线辐射加热样品来获得类似于大多数天体等离子体状态即满足局域热力学平衡条

件的、具有均匀电子温度和密度分布的等离子体,这对于实验室天体物理学的研究起着

非常重要的作用。激光X射线转换是辐射加热靶的一个重要的关键技术。我们利用一维

辐射流体力学程序MULTI，数值模拟研究了激光等离子体产生的X射线的能量输运过程。,

详细分析了功率为 10
14W/cm2，脉冲宽度为 1ns，波长为 0.35um的激光辐照平面Au 靶时

能量输运过程和X射线能谱分布以及辐射热波的性质;讨论了靶的厚度对X射线转换效率

的影响;通过优化靶的厚度得到了作为近似黑体辐射的转换靶的最佳厚度范围; 利用转

换靶产生的x射线辐射加热样品Al靶,在样品靶中得到了密度和温度梯度很小的均匀等

离子体。此外我们还利用研究非局域热力学平衡态下等离子体状态程序包NIMP与MULTI

结合就近似Planck 分布的辐射场对等离子体中的激发和离化态的影响进行了数值模拟

研究,所有这些研究对于未来研究天体物理中的辐射输运过程相关的实验的设计具有一

定的理论价值. Phys. Plasmas 9, 3978-3983 (2002). 

 

 X-射线激光 
 

预-主脉冲的时间延迟对瞬态类镍 X 射线激光的影响: 激光等离子体只有在电子温度，

离子温度，离化度等参数符合一定条件时才能成为 X 射线激光的增益介质。尽管一些

大型的激光与物质相互作用的模拟程序如 LASNEX，MED103 等软件能够较精确地预言激

光等离子的状态，但需要耗费大量的计算时间。为了对激光等离子体的流体力学性质

做出迅速而有效的判断，我们采用解析求解自相似流体力学方程的方法推导出了激光

和平板靶相互作用时产生的等离子体的参数的解析表达式。我们采用该自相似解析理

论系统地研究了瞬态类镍 X 射线激光的预脉冲和主脉冲之间的时间延迟对 X 射线激光

增益介质的定标长度，能量吸收，以及电子温度，离化度等流体力学性质的影响。瞬

态类镍 X 射线激光的实验方案一般采用纳秒脉宽的预脉冲产生含有大丰度类镍离子的

预等离子体，然后用高强度的皮秒脉冲快速加热预等离子，产生瞬态的高增益系数。 我

们的研究结果表明，增大预-主脉冲之间的时间延迟能够减小等离子的密度梯度，但过

长的延迟会使预脉冲的温度降得过低以至于离化度达不到类镍状态。在延迟时间较长

的情况下可以通过提高预脉冲的强度或者增加预脉冲的宽度来维持预等离子体的离化

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)
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度。详细的计算表明增加预脉冲的宽度比提高预脉冲的强度更能有效地节约泵浦能量。

Phys. Rev. E 63, 036410 (2001); Phys. Rev. E 66, 046501(2002) 
 

瞬态类氖锗 X 射线激光的泵浦机理: 深入研究了瞬态类氖锗 X 射线激光的泵浦机理，

用数值模拟的方法详细比较了飞秒脉冲和皮秒脉冲与平板锗靶相互作用时产生的等离

子体的流体力学状态，增益系数以及离化平衡态。参照瞬态 X 射线激光的标准定义，

发现对于类氖锗离子，即使泵浦脉冲短到几百飞秒， 产生的增益仍然属于准稳态泵浦

的范畴，而理想的瞬态 X 射线激光需要用几十飞秒的泵浦脉冲产生。这一重要结论纠

正了长期以来人们对瞬态 X 射线激光泵浦条件的错误认识。Phys. Plasmas 9, 
1412-1415 (2002). 
 

台面型类氖钛X射线激光的理论模拟: 采用一维激光与固体靶相互作用的流体模拟程

序MED103 结合原子反转动力学程序研究了掺钛蓝宝石CPA激光（波长 800nm）泵浦的类

氖钛 32.6nm波长（3p→3s，J=0→1 跃迁）的软X射线激光。自主开发了计算X射线激光

在等离子体增益介质中的传播和放大过程的射线追踪程序。数值模拟采用高斯形预-

主脉冲辐照 100µm厚平板钛靶的几何模型。尝试了不同的泵浦脉冲结构，包括单预脉

冲，短间隔（360ps）和长间隔（3ns）的双预脉冲。预脉冲的宽度均为 300ps, 主脉

冲的宽度为 300fs, 峰值强度为 10
15W/cm2。针对每一种泵浦脉冲结构分别进行了优化

计算，找到了预脉冲的最佳峰值强度。计算结果显示，在 50µm×5mm的焦线上用 1 焦

耳左右的激光能量即可产生高达 40cm
-1的增益。采用射线追踪程序计算了三种泵浦脉

冲结构产生的X射线激光的相对输出光强。通过输出光强的比较发现对于类氖钛这类电

离度较低的离子的X射线激光，采用长间隔的双预脉冲并不能有效地提高泵浦效率。

Phys. Rev. A 67, 013810 (2003) 
 

瞬态类镍铌X射线激光的数值模拟: 我们采用MED103 程序对超短脉冲泵浦的波长 20.3

纳米（4d→4p，J=0→1 跃迁）的类镍铌X射线激光进行了详细的模拟计算，优化了泵

浦脉冲的结构。数值模拟采用波长 800 纳米的脉宽 1 纳秒的预脉冲和皮秒主脉冲辐照

100µm厚平板铌靶的几何模型。预-主脉冲随时间呈高斯形变化。首先模拟了不同强度

的预脉冲产生的预等离子体的状态，通过比较预等离子体中类镍铌离子的丰度确定了

最佳的预脉冲强度, 约为 2.2×10
11W/cm2。然后模拟了不同的预-主脉冲延迟时间下等

离子体介质中的增益随时间和空间的变化。在主脉冲宽度 1 ps，峰值强度为 10
15W/cm2，

延迟为 0.6ns时，峰值增益高于 150/cm. 用射线追踪的办法计算了各个时间延迟条件

下X射线激光的相对输出强度随线聚焦长度的变化，确定了最佳的延迟时间（约为 0.6 

ns）。我们还研究了主脉冲的状态对增益系数的影响，计算结果表明，当主脉冲的脉宽

在几百飞秒到几个皮秒的范围内变化时，增益系数的时空特征主要取决于主脉冲的能

量。Phys. Plasmas 10, 2978-2982 (2003). 
 

皮秒钕玻璃激光脉冲产生短波长相干辐射: 用皮秒钕玻璃激光脉冲作为泵浦源研究了

相干软x射线辐射的产生，实验中采用了纵向泵浦瞬态类镍钼的x射线激光和在固体-

真空界面激发高次谐波两种方法来产生相干软x射线辐射。在纵向泵浦x射线激光的实

验中，出乎意料地看到了钼等离子体的喷射，射流的伸展长度达到了几个毫米。有趣

的是等离子体喷流只在纵向泵浦功率密度为 5×1014 and 7×1014 W/cm2的范围内时发生。

研究了等离子体的标长和密度梯度对表面高次谐波的影响。通过使用预脉冲，能够使
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接近固体密度的等离子体发射出的高次谐波的效率提高 2-3 倍。等离子体的标长用一

维流体力学模拟程序进行了计算，高次谐波效率的提高和粒子模拟程序的计算结果一

致。Laser and Particle Beams, 20, 59-65 (2002) 
 

光泵浦X射线激光: 模拟计算了类氢CI激发类锂Se的光泵蒲X射线激光的光子摸密度和

增益。模拟中采用大功率激光辐照Cl和Se靶产生等离子体，利用等离子体中类氢Cl的

Ly-α发射线将类锂Se离子由2p3/2激发到5d5/2。采用二维射线追踪方法计算了泵蒲光子的

模密度并且在计算过程中考虑了等离子体的密度梯度，进一步计算了类锂Se离子的光

泵蒲x射线激光在39.5埃波长的增益随时间和空间的分布。计算结果显示要获得高增益

系数(200cm
-1以上)必须使用预脉冲。泵浦射线在被激发的等离子体中的吸收会使增益

降低20%。时间相关的计算得到的增益比稳态增益小30%。5d5/2 - 2p3/2跃迁的光谱形状

和自发辐射会使类锂Se的增益减少2%左右。JQSRT 83, 203–213 (2004).  
 

 超短脉冲激光与等离子体相互作用的理论研究和数值模拟 
 

激光能量的吸收数值模拟: 利用粒子模拟程序研究了飞秒激光与固体靶相互作用过程

中的物理机制，结合实验，比较系统地讨论了激光能量的吸收、高能电子的发射与等

离子体密度梯度的关系。特别是发现了在 p 偏振光入射作用下， 等离子体对光的吸收

随等离子体密度梯度的标尺长度变化呈现多个吸收峰的现象。这与我们的实验结果吻

合。 

 

强激光在近临界密度的均匀等离子体中的自调制: 理论研究了相对论强度的激光束在

近临界密度（ne>1/4 nc）的均匀等离子体中传播时发生的纵向强度调制。以描述激光

的电磁场矢势的非线性薛定鄂方程为出发点，针对系统的作用量和拉格朗日量进行变

分法处理，得到了描述激光强度包络的方程。纵向不变的或调制的脉冲结构相当于方

程的不同的解。采用数值模拟的方法研究了两种不同的脉冲结构的稳定性，结果表明

其稳定性受到激光脉冲的横向结构的影响。Phys. Plasmas 8, 1707-1717 (2001). 
 

对撞激光场中的随机电子加速: 用超短脉冲强激光与等离子体作用产生高能电子是强

激光等离子体物理的核心问题之一。由于在强激光与等离子体相互作用过程中存在大

量复杂的波与粒子作用的过程，高能电子的产生往往包含较复杂的物理过程。迄今为

止，人们提出了多种激光在等离子体中加速电子的机制，这些机制的有效性与等离子

体的状态，包括等离子体密度及其标尺长度有极大关系。在激光等离子体中，我们可

以把电子加速机制分成等离子体波加速（纵向场加速）、激光直接加速（横向场加速）、

以及纵向场与横向场混合加速。通常激光直接加速包括激光有质动力加速、逆自由电

子激光加速等。我们提出一种在真空及低密度等离子体中通过一对反向传播的（对撞）

光脉冲形成的激光场作用产生的高效加速机制。它是一种激光场直接加速机制。对单

电子的计算表明，当激光场的振幅超过电子在场中作随机运动的阈值时，这种加速机

制开始起作用。粒子模拟计算也表明电子在对撞激光场中的加速要比在单脉冲场中有

效得多。在等离子体中，电子与一对反向传播的电磁场相互作用的情况是普通存在的。

在不均匀等离子体中，当入射光从高密度区域被部分反射，低密度区的电子即受到一

对相对传播的电磁波场的作用。当强激光在低密度等离子体中传播时。一种叫受激拉

曼背散射不稳定产生的电磁波很快地增长起来。因它的传播方向与入射光相对，这也
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构成电子与相向传播的电磁场相互作用。因此即使只有一个光脉冲在等离子体中传播，

电子也可被加速到远高于光脉冲相应的有质动力势。这种对撞激光场中的电子随机加

速机制已经被最近的实验所证实。Phys. Rev. Lett. 88, 055004 (2002)；Phys. Rev. 
Lett. 91, 225001 (2003). 
 

互调制尾波场电子加速器: 自从 1979 年 Tajima 和 Dawson 提出等离子体波电子加速器

以来，这方面的研究一直吸引人们极大的兴趣。按照等离子体波产生的方式，等离子

体波加速器可以分成（由高能电子束驱动的）等离子体尾波场加速器、激光拍频波加

速器、激光尾波场加速器、激光自调制尾波场加速器等。近年来随着超短脉冲技术的

发展，人们提出用超短脉冲激光激发的尾波场来加速电子的设想。为达到共振激发，

其中所需的激光脉冲必须小于一个等离子体周期。同时光脉冲要达到足够的光强。为

克服这些条件的限制，人们又提出了用相对较长脉冲通过自调制产生大振幅等离子体

波的方案。但由此必须要先产生超过一个瑞利长度的均匀等离子体，并且激光脉冲能

够形成自聚焦传播。此外，激光自调制尾波场加速器是通过自调制不稳定产生的，它

存在不可控性。我们提出一种新的方案，叫互调制尾波场粒子加速。它采用两个同向

传播的光强相对较低的激光脉冲，其中前一个短脉冲产生低振幅的尾波场，用此尾波

场调制后一个长脉冲。被调制的长脉冲反过来放大此尾波场。我们用数值模拟证实了

这种方案。 Phys. Plasmas 9, 3147 (2002). 
 

飞秒激光与固体靶相互作用过程中的粒子加速: 采用粒子模拟程序对飞秒激光和固体

靶的相互作用进行了数值模拟。得到了超热电子能谱的双温分布。其中较低的超热电

子温度可认为是激光场的共振吸收产生的，较高的超热电子温度是靶面上的静电场和

激光诱导产生的位于真空和靶面之间的等离子体薄层中的振荡电场协同加速产生的。

研究了激光与固体靶相互作用过程中的激光的吸收，尤其详细地讨论了真空加热机制。

解释了在飞秒激光和固体靶相互作用过程中的电子加速、离子加速；研究了激光与不

同密度梯度的等离子体作用时产生的谐波光谱，比较详细地讨论了由入射到靶内的高

能电子束诱导产生的等离子体自发射谱线。研究了超薄膜在超强、超短激光脉冲辐照

下，靶厚对离子加速的优化。我们发现，当靶足够薄以致于激光可以穿透等离子体的

时候，我们得到了离子的最大加速。具体的研究表明，由于激光可以穿透等离子体薄

膜，因此，在薄膜前后两侧的静态电场都可以参与电子的加速，从而加大了激光的吸

收率，得到的高能电子的温度和数量都比激光不能够穿过薄膜等离子体时要大和高。

因此，我们得到了更高的离子能量。我们还根据 PIC 模拟的结果，归纳出获得最大的

离子能量的靶厚随激光强度和激光脉冲宽度的经验公式。Phys. Plasmas 8, 1025-1028 
(2001); Phys. Rev. E 64, 026411 (2001); Phys. Rev. E 68, 026408 (2003). 
 

低密等离子体中并行传输的两束激光脉冲的相互作用: 研究了低密等离子体中并行传

输的两束激光脉冲的行为。在所用的方程中，显式地给出了激光有质动力对等离子体

密度的扰动和排空对激光传输的影响。我们发现，两光束可以出现诸如融合、自导引，

分叉等行为。激光有质动力对电子密度的排空和扰动在上述激光行为中具有决定性的

作用。Phys. Rev. E 66, 027402 (2002). 
 

相对论等离子体中的光学陷阱: 利用脉宽 400fs，功率 1TW，强度小于 2.4×1018W/cm2的

激光脉冲在时空域进行干涉的方法制造出了能够约束动能小于 350kev的相对论电子的
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光学陷阱。理论分析和数值模拟的结果均预言等离子体的密度被强烈地调制，其最高

密度能够达到最低密度的 10 倍。电荷分离激发的静电场强度可达到 2×1011eV/m。这个

预言已被汤姆森和拉曼散射的实验所证实。两束交叉传播的激光束在等离子体中形成

的密度栅能够象多层反射镜一样在交叉的激光束之间传输能量，使得其中较弱的一束

激光的功率提高了约 50%。光学陷阱能够有效加热电子，使电子的温度提高两个数量

级。实验结果显示，和单束激光辐照相比，被加速的高能电子的数量沿着两束激光中

的一束激光的方向提高到大约 3 倍，电子温度大约提高 100keV。Phys. Plasmas 10, 
2093-2099 (2003). 
 

高强度短脉冲激光和低密度等离子体相互作用引起的电子加速: 用解析的方法研究了

激光脉冲对电子的直接加速与激光尾波场加速之间的关系。有质动力引起的电荷分离

场的强度和位置决定了两种加速机制的效率。激光尾波场加速机制存在着一个最佳条

件。光脉冲内部的加速在脉冲足够短时占主导地位，电子可被光脉冲直接驱动甚至捕

获。被加速的电子可以达到很高的能量，并且在激光与固体靶相遇时被提取出来。Phys. 
Plasmas 10, 2468-2474 (2003). 
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BRIEF DESCRIPTION OF RESEARCH WORK 
 
In the past 3 years, our research was mainly concentrated on the basic physical 
problems of “fast ignition” process. One of the major physical issues is the property 
of hot electron generated by interaction of ultra-intense laser pulse with plasmas. 
The effective temperatures, the generation and the propagation of energetic hot 
electrons in a high-density plasma, the laser energy conversion efficiency to hot 
electrons, the angular distributions of hot electrons are studied theoretically and 
experimentally. At the same time, we also studied some problems of the x-ray laser, 
the propagation of femtosecond laser pulse in air and the laboratory astrophysics.  
 
 LASER SYSTEMS 

 
JIGUANG I laser facility (1.4TW): This laser system capable of output 1.4 TW in 
25 fs was built-up in 1999. We conducted numerous experimental researches on 
laser interactions with solid, gas, and clusters with this system.  In 2001, we 
improved the beam quality of output pulses, and conducted a few new experiments 
such as the hot electron transport through overdense plasma region, propagation of 
ultra-short laser pulses in atmosphere, time-resolved diffraction of hot electrons, etc. 
 
JIGUANG II laser facility (20TW): In the 2001 year, we completed JIGUANG II 
laser facility. The final output after the compressor is grater than 600mJ in 30fs 
pulse duration. This corresponds to a peak power as high as 20TW. This system 
includes: (1) The re-amplifiers are adopted for the pre-amplifiers to improve the 
beam quality. (2) The main amplifiers are pumped with two green pumpers, with 
maximum energy up to 900mJ. (3) Build-up of compressors in a vacuum chamber. 
(4) The compressing grating and expanding grating are taken to be at different 
densities, which enables to dismiss the higher order dispersion and dispersion from 
the materials, to make the compressed pulse more close to the seeding pulse. (5) 
An adaptive optics system is installed on the laser facility. By using this adaptive 
optic system, the beam quality of output laser pulse can be improved to 1.5 
diffraction limits.  
 
Adaptive optics system: An adaptive optics system is equipped to “JIGUANG II” 
laser facility for correction of wave front of output beam.  This adaptive optic 
system includes: (1) Shack-Hartmann wave fornt sensor, which is used for 
measurement of spatial intensity and phase distributions of laser beam. (2) Wave 
front corrector based on deformable mirror. (3) Control software, which analyzes the 
wavefront and controls the applied voltages on electrodes in deformable mirror. By 
using this adaptive optic system, the beam quality of output laser pulse from 
“JIGUANG II” can be improved to 1.5 diffraction limits. 
 
Cavity dumped femtosecond laser: A cavity-dumped Kerr-lens Mode Locked 
(KLM) Ti:S laser is demonstrated. Stable mode-locked laser pulses with a peak 
power of 4.5MW are obtained with 5.4W pump power. The pulse duration width is 
shorted than 18f and the repetition rates can be tuned as low as 20 kHz. To our 
knowledge, this is the lowest repetition rates and the most compact size from the 
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solid-state cavity-dumped femtosecond laser. 
 
 DEVELOPMENT OF LASER TECHNIQUES 

 
Effcient chirped-pulse multi-pass preamplifer: A multi-pass preamplifer with two 
pairs of spherical mirrors has been developed, and an extraction effciency as high 
as 23% has been obtained. This corresponds to a gain of 4×106. To our best 
knowledge, this is the highest effciency achieved for multi-pass preamplifers. 
Journal of the Korean Physical Society 39, 831-833 (2001) 
 
Passive synchronization between femtosecond lasers: Two independent 
femtosecond Ti:sapphire and Cr:forsterite lasers were stably synchronized by 
crossing both lasers inside the Ti:sapphire crystal. We obtained two-color 
femtosecond pulse trains at the completely different wavelengths of around 820 nm 
and 1250 nm respectively. This new technique overcomes the gain competition and 
enables us to greatly broaden the tunable ranges. By optimizing the overlap of the 
beams, we realized a large tolerance of cavity-length mismatch of 5 µm and 
demonstrated long-term synchronization that continuously remained over several 
hours. The measured FWHM of the cross-correlation trace is 74±2 fs based on the 
43±2 fs Ti:sapphire and 52±1 fs Cr:forsterite lasers. The exact coincidence with 
the theoretical calculated value infers the two-color laser being synchronized with a 
timing jitter of only a few femtoseconds. Appl. Phys. B 74, S171-S176 (2002). 
 
 ULTRA-SHORT LASER PULSE INTERACTION WITH SOLID TARGETS 

 
Angular distributions of fast electrons, ions, and bremsstrahlung x/γ-rays in 
intense laser interaction with solid targets: We study the angular distributions of 
fast electrons, ions, and bremsstrahlung x/γ-rays generated during the interaction of 
an ultrashort intense laser pulse with solid targets. A relation is found on the angular 
directions for fast electrons and ions as a function of the particle’s kinetic energy, 
experienced Coulomb potential changes, and the incident angle of the laser pulse. It 
is valid independent of the acceleration mechanisms and the polarization of the 
laser pulse, as confirmed by particle-in-cell simulations. The angular distribution of 
bremsstrahlung x/γ-rays is presented to show explicitly its correlation with the 
corresponding angular distributions of electrons. Phys. Rev. Lett. 85, 5340-5343 
(2000).  
 
Effects of laser polarization on jet emission of fast electrons in 
femtosecond-laser plasmas: When intense fs-laser pulses are focused on solid 
targets, a large number of electrons are generated. Fast electrons and ions 
generated in the interaction of intense laser pulses with solid targets play a key role 
for various applications of intense lasers, such as the fast ignitor, ultra-short x/γ-ray 
sources, and laser induced nuclear processes, etc. The angular distributions of fast 
electrons are one of the important issues for those proposed applications. Fast 
electron production and transport were extensively studied both experimentally and 
theoretically. However, there is still not enough understanding of physics 
mechanisms that control the emission direction of fast electrons. In our experimental 
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study, Jet emission of outgoing fast electrons collimated in the polarization direction 
was observed for the s-polarized laser irradiation, whereas for the p-polarized 
irradiation, very directional emission of outgoing fast electrons was found close to 
the normal direction of the target. 2D PIC simulations can reproduce the main 
characteristics of outgoing fast electrons generated by interaction of obliquely 
incident p-polarized laser pulses with prepulses. However, the simulations failed to 
reproduce the jet emission of outgoing fast electrons in the specular direction 
produced by moderate intensity p-polarized laser pulses obliquely incident on a 
steep profile plasma. Phys. Rev. Lett. 87, 225001 (2001). 
 
Hot electron generation via vacuum heating process in femtosecond 
laser–solid interactions: Hot electron generation by the vacuum heating process 
has been studied in the interaction of 150 fs, 5 mJ, 800 nm P-polarized laser pulses 
with solid targets. The measurements have suggested that the ‘‘vacuum heating’’ is 
the main heating process for the hot electrons with high energies. The energy of the 
vacuum-heated hot electrons has been found to be higher than the prediction from 
the scaling law of resonance absorption. Particle-in-cell simulations have confirmed 
that the hot electrons are mainly generated by the vacuum heating process under 
certain experimental conditions. Phys. Plasmas 8, 2925-2929 (2001). 
 
Experimental study of a subpicosecond pulse laser interacting with metallic 
and dielectric targets: We have studied laser absorption, hot electron emission, 
and the energy spectrum of hot electrons produced during the interaction of a 150 fs, 
5 mJ, 800 nm p-polarized laser pulse at 8×1015 W/cm2 with metallic and dielectric 
target materials. Because dielectric targets are much less conductive, the charge 
separation potential in dielectric targets is higher than that of metallic targets. This 
leads to a smaller laser absorption, fewer emitted electrons, and a lower hot 
electron temperature in dielectric than in metallic targets. Phys. Rev. E 63, 036403 
(2001). 
 
Hot electrons produced in the interactions of femtosecond laser pulses with 
foil targets at a moderate laser intensity: One of the major physics issues to 
implement fast ignition is the generation and propagation of energetic hot electrons 
in high-density plasma. The laser energy conversion efficiency to hot electrons, the 
electron direction, and the effective temperature are main issues of studies. The 
collimated electron beams into vacuum and dense plasmas were observed by 
several research groups at relativistic laser intensity. This is not unique phenomena 
only at relativistic laser intensity. In this project, characteristics of hot electrons 
produced in the interaction of femtosecond laser pulses with foil targets is 
investigated at moderate laser intensity. A collimated jet of hot electrons is observed 
in the target normal direction. However, the forward energetic hot electron beam 
deflects to the laser propagation direction. The low energy electrons disperse into 
wider cone angle due to the collisional effect in the plasma and target material, 
which presents as a continuous background. This is supported by 3D Mento Carlo 
simulations. The hot temperature obtained from the electron spectrum and 
absorption experiments implies that resonance absorption is partly responsible for 
the generation of hot electrons. Phys. Rev. E 64, 046407 (2001); Journal of the 
Korean Physical Society 39, 825-830(2001). 
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High energy electrons, blast waves and forward dynamics of water-plasmas 
produced by femtosecond laser pulses: Three main physical processes of the 
interactions of femtosecond laser pulses with water plasma, hot electron emission, 
blast waves expanded into air and forward expansion dynamics into water, have 
been studied experimentally and theoretically. High energy electrons emitted by 
water plasmas produced by a single or a multiple laser pulse are investigated. The 
multipulse mode greatly enhances the generation and the temperature of hot 
electrons. Directional emission of high energy electrons over 25 keV is observed in 
two symmetric directions with respect to the laser axis and at 46° from the directions 
of the laser electric field. Two-dimensional particle-in-cell simulations reproduce well 
the experimental results and indicate the acceleration mechanism of the high 
energy electrons is mainly due to the resonance absorption at the edge of the 
spherical droplets formed by the leading pulse. The behaviors of the blast waves 
produced by femtosecond laser-water interactions, and the blast waves induced by 
laser self-focusing in air, also have been investigated using optical shadowgraphy. 
The temporal evolution of the blast wave launched by the water plasma can be 
described by a planar blast wave model including source mass. An aneurism-like 
structure, due to the quick propagation inside a hollow channel formed by laser 
self-focusing, is observed. The expansion of the channel in air is found to agree with 
a cylindrical self-similar blast wave solution.  For the evolution of the forward 
density front of water-plasmas, it is found that the density front moves with 
supersonic speed at the beginning, as predicted by a hydrodynamics simulation. 
This plasma-expansion process is followed by a fluid mechanical process. The 
expansion rate gradually reduces to the acoustic speed in water. Phys. Rev. Lett 90, 
165002 (2003); Phys. Plasmas 9, 4028-4031 (2002); Phys. Rev. E 67, 056403 
(2003). 
 
Resonance absorption of femtosecond laser pulses by liquid droplets: The 
resonance absorption of femtosecond pulses by liquid droplets is studied. Angular 
dependence of the laser absorption may be used to understand the symmetric 
double lobe emission of hot electrons generated from liquid droplets. The total laser 
absorption fraction is found to be strongly related with the scale length of the 
microplasmas. Appl. Phys. B 77, 687-689 (2003). 
 
Transport of hot electrons in solid targets: The temporal and spatial structures of 
hot electrons were studied experimentally. It is one of the key issue concerning the 
fast ignitor of fusion targets. In our experiments, an Aluminium foil is plated at one 
end of a transparent target. By use of another diagnostic light, we obtain pictures of 
hot electrons which transport through the Aluminium foil and ionize inside the solid 
target. In this way, we obtain information on hot electron jet structure, energy level, 
temperature, and the tunneling depth. Phys. Rev. E 67, 026408 (2003). 
   
Hot-electron-induced plasma formation on the rear surface of a foil: The 
plasma jet formed on the rear surface of a foil in laser-solid interaction is 
investigated by laser probing. The rear plasma jet, which is in line with the laser, 
formed a few picoseconds after the incidence of the focused laser, is due to a beam 
of fast electrons propagating through the target and is collimated by a strong 
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magnetic field in the plasma. Appl. Phys. B 76, 687-690 (2003). 
 
 INTERACTION OF ULTRA-SHORT LASER PULSE WITH GASES 

 
Propagation of ultra-short laser pulses in atmosphere: We found that intense 
ultra-short infrared laser pulses can propagate over very long distances with the 
self-guiding scheme. This is due to the dynamical balance between the two effects. 
One is self-focusing due to the nonlinear Kerr effect of air; the other is the 
defocusing effect caused by plasmas generated by With ultra-short laser pulses (30 
fs) and low energy (E=80 mJ) in our home-made laser system JIGUANG II, we 
observe laser plasma channels with a length over hundreds of meter in air. The 
maximum electron density in the channel is inferred to be about 1018 with an 
interferometric method. The resistivity in the plasma channel is measured to be less 
than 1 Om*cm. Shadow-graphy technique allows us to directly observe the fine 
structure, which consists of a number of fine filaments to develop and split out from 
the initial filament. The propagation of intense laser pulses in transparent matter 
also causes other strong nonlinear effects such as supercontinuum generation, 
conical radiation and harmonics radiation. Strong third harmonic (TH) emission is 
observed with a conversional efficiency higher than 10-3 from a plasma channel 
formed by self-guided femtosecond laser pulses propagating in air. The intensity of 
the phase-matching condition is just equal to the laser intensity of the self-guiding 
propagation in air. So the interaction length is largely prolonged due to the 
self-guiding propagation of an ultra-short laser pulse in air. Phys.Rev.E 65, 016406 
(2001); Phys. Rev. E 66, 016406 (2002); Phys. Rev. E 67, 015401(R) (2003). 
 
Classical model for high-Harmonic generation by a laser pulse in atomic gas: 
A classical model for high-harmonic generation from the interaction of a laser pulse 
and an atomic gas is introduced. The effects of finite pulse width and laser 
agneticfield are included. The optimum intensity-pulse width relation for 
high-harmonic emission and the corresponding power spectrum are presented. The 
existing high-harmonicc utoff law is found to remain valid. Physica Scripta 67, 
122-126 (2003). 
 
 ULTRA-SHORT LASER INTERACTION WITH CLUSTERS 

Energetic electrons from atomic clusters irradiated by intense femtosecond 
laser pulses: In recent years, there have been a lot of studies on laser interaction 
with clusters. It is proved to give high absorption efficiency of laser energy and 
produce high energy ions up to MeV level as well as strong X-ray radiations. We 
have studied laser absorption by Xe, Ar. and He clusters. It is found that the working 
pressure has strong effect on the clusters’ size and their absorption of laser energy. 
The spectra of energetic electrons in the 100 keV range were measured from the 
interaction of intense femtosecond laser pulses with clusters of xenon or argon. The 
interaction of 28 fs pulses with cluster targets revealed quite different results with 
respect to applied laser intensity. At the laser intensity of 1×1016 W/cm2, the 
absorption by xenon clusters was about 25%; however, at the laser intensity of 
1×1017 W/cm2, the laser energy absorption drastically increased to 78%, and the 
efficient coupling between the laser pulse and cluster target produced electrons with 
energy as high as 500 keV. The estimated hot electron temperatures ranged from 
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about 30 to 90 keV depending on atoms and backing pressures. Phys. Plasmas 9, 
3595-3599 (2002). 
 
Emission of a hot electron jet from intense femtosecond-laser–cluster 
interactions: A directional hot electron jet with energy higher than 100 keV was 
generated along the laser propagation direction from Ar clusters irradiated with a 
laser pulse of duration 28 fs and intensity 1×1017 W/cm2. The hot electron jet was 
detected only with linearly polarized laser pulses, not with circularly polarized pulses. 
Channel betatron resonance is believed to be the main accelerating mechanism for 
this directional hot electron jet. Phys. Rev. E 66, 025402 (2002). 
 
 SOME PROBLEMS OF LABORATORY ASTROPHYSICS 

Numerical simulation of the conversion of thermal x-ray radiation from 
laser-produced plasmas and radiation heating: With the rapid increase of laser 
intensities, it has become possible to simulate some astrophysical processes by 
controlling the conditions of laser-produced plasmas in the laboratory. To attain the 
plasmas similar to the most of astrophysical plasmas which are in the local 
thermodynamic equilibrium (LTE) conditions with uniform temperature and density, it 
is now impossible to use the intense, approximately Planck’s x-ray sources produced 
from laser-irradiated targets. This has been achieved experimentally by use of 
directly heating a sample foil with soft X-rays produced from laser-irradiated targets. 
In our researches, the conversion of intense laser light into thermal x-ray radiation in 
laser plasmas is investigated using one dimensional radiation hydrodynamic code 
MULTI. The conversion efficiency and spectral distribution of the x-ray radiation are 
optimized. By optimizing the thickness of targets, one unique plasma environment 
can be obtained. In addition, the effects of an ambient radiation field on the 
processes of excitation and ionization in a plasma using a non-LTE ionised material 
package NIMP was also researched. All the results are very important in the future 
for the experimental design to the study the effects of the radiation field on the 
physical processes in the astrophysical research. Phys. Plasmas 9, 3978-3983 
(2002). 
 

 X-RAY LASERS  

Effects of delay time on transient Ni-like x-ray lasers: In transient collisional 
excitation scheme, a long (nanosecond) prepulse is used to perform and ionize 
plasmas. After a delay time, a short (sub- or picosecond) intense laser pulse is used 
to rapidly heat the plasma. This results in transient x-ray lasers with high gain. 
Effects of delay time on transient collisional excitation nickel-like x-ray lasers are 
investigated analytically using a simple model. The calculations show that the longer 
delay time can greatly relax the density gradient. This is very critical for the 
propagation of x-ray lasers. However, a too long delay will reduce the electron 
temperature of the plasma before the arrival of the short pulse. Increasing the 
intensity of the long pulse or extending the pulse duration can keep the temperature 
required to maintain a high percentage of Ni-like ions while the delay time is longer. 
Similarly, increasing the intensity of the short pulse or extending the duration can 
also raise the electron temperature, resulting in higher gain coefficient. Our results 
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indicate that extending the pulse duration is more efficient than that of increasing 
the intensity. Phys. Rev. E 63, 036410 (2001); Phys. Rev. E 66, 046501 (2002).  
 
The transient nature of Ne-like Ge x-ray laser: The transient nature of Ne-like Ge 
x-ray laser at 19.6 nm has been investigated numerically for a 100 µm thick Ge 
planar target irradiated by a nano-second prepulse followed by a short drive pulse 
with different durations but a fixed energy. The comparison of ionization balance 
created by different drive pulse shows that in the dynamic range from 500fs to 50ps , 
the transient collisional excitation does not exists. The real transient x-ray laser of 
Ne-like GE at 19.6 nm wavelength can only be generated by a short laser pulse with 
tens of femtoseconds duration. Phys. Plasmas 9, 1412-1415 (2002). 
 
Simulation study of a Ne-like Ti x-ray laser at 32.6 nm driven by femtosecond 
laser pulses: A femtosecond laser driven collisional Ne-like Ti x-ray laser at 32.6 
nm is numerically investigated using a hydrodynamic code coupled with an atomic 
data package for a 100-mm-thick Ti planar target irradiated by a single or double 
prepulse followed by an intense femtosecond laser pulse. By using an optimized 
drive pulse configuration, a gain of 40 cm-1 can be generated from a 5 mm × 50 µm 
line focus using only about 1 J pump energy. Phys. Rev. A 67, 013810 (2003). 
 
Numerical optimization of a picosecond pulse driven Ni-like Nb x-ray laser at 
20.3 nm: Detailed simulations of a Ni-like Nb x-ray laser pumped by a nanosecond 
prepulse followed by a picosecond main pulse are presented. The atomic physics 
data are obtained using the Cowan code. The optimization calculations are 
performed in terms of the intensity of prepulse and the time delay between the 
prepulse and the main pulse. A high gain over 150 cm-1 is obtained for the optimized 
drive pulse configuration. The ray-tracing calculations suggest that the total pump 
energy for a saturated x-ray laser can be reduced to less than 1 J. Phys. Plasmas 
10, 2978-2982 (2003) 
 
Simulations of a photopumped X-ray laser: Calculations of the modal photon 
densities and gain in a photopumped Cl XVII-Se XXXII X-ray laser are presented. In 
this paper we undertake a realistic simulation of the generation of both Cl and Se 
plasmas, using a high-power optical laser, which includes radiation from both Ly-α 
fine-structure components of H-like Cl pumping the 2p3/2–5d5/2 transition in Li-like 
Se. The calculations are performed in two dimensions in a realistic geometry taking 
into account plasma gradients. This gives information about the spatial extent and 
time evolution of X-ray lasing gain on the 5–4 transitions (39.5 Å) in Li-like Se. We 
find that gain (about 200 cm-1) is expected only when the optical laser includes a 
pre-pulse. Calculations show that the absorption of pumping radiation in the 
pumped plasma can reduce the gain by 20%. Time-dependent calculations have 
shown that the gain is reduced by 30% in comparison to the steady-state 
calculations. The effect of the spectral profile and self-radiation of 5d5/2–2p3/2 
transition in Li-like Se reduces the gain by about 2%. JQSRT 83, 203–213 (2004). 
 
Coherent short wavelength radiation via picosecond Nd:glass lasers: The 
generation of coherent soft X rays is studied using a terawatt picosecond Nd:glass 
laser system. Two different methods are investigated as candidates for efficient 

中国科学院物理研究所, 光物理实验室 L05 组 (强场和超快物理研究组)

 

22



2001 ~ 2003 年度工作报告 

generation of such radiation, namely, longitudinally pumped transient collisional 
excitation nickel-like molybdenum X-ray laser, and high-harmonic generation from 
solid–vacuum interfaces. In the course of experiments on longitudinally pumped 
X-ray lasers, unexpected jetlike structures are observed in the visible emission of 
the molybdenum plasma, extending over a length of several millimeters. An 
interesting characteristic of this phenomena is that clear jets are observed only for 
longitudinal pump intensities between 5×1014 and 7×1014W/cm2. The effects of a 
finite scale length density gradient on surface harmonics is also investigated. The 
efficiency of harmonic generation from near-solid density plasma is found to 
increase by a factor of 2 to 3 when using prepulses. The scale length of the 
preplasma is simulated using a one-dimensional hydrodynamic code, and the 
increase in efficiency is verified to be in accordance with particle-in-cell simulation 
results. Laser and Particle Beams, 20, 59-65 (2002). 

 THEORY AND SIMULATIONS ON ULTRA-SHORT INTENSE 
LASER INTERACTION WITH PLASMAS 

Simulations of laser absorption by solid targets: By use of particle-in-cell 
simulation code, we have simulated the laser absorption by solid targets. Together 
with experimental results, we have studied the laser absorption, high energy 
electron generation in relation with the plasma density scale-lengths. In particular, 
we find that, with the increase of plasma density scale-lengths, there exist several 
absorption peaks for p-polarized incidence of laser pulses. In the case of s-polarized 
incidence, there is only one absorption peak. This is in agreement with our 
experiments.  
 
Self-modulation of an intense laser beam in near-critical homogeneous 
plasma: An investigation of longitudinal intensity modulation of a relativistic laser 
beam in near-critical homogeneous plasma (ne>1/4nc) is performed in this paper. On 
the basis of a nonlinear Schrodinger equation of electromagnetic vector potential, a 
model equation of the intensity profile is derived via the variational approach from 
Action and Lagrangian. Longitudinally uniform and longitudinally modulated pulse 
structures are viewed as different solutions of this model equation. For these two 
different types of pulse structure, their relative stability under different structure 
parameters is numerically studied. Numerical results indicate that this relative 
stability depends closely on the transverse structures of the laser pulse. Phys. 
Plasmas 8, 1707-1717 (2001). 
 
Stochastic heating and acceleration of electrons in colliding laser fields: The 
mechanisms leading to significant acceleration of electrons in laser-plasma 
interactions have been the topic of many theoretical and experimental studies over 
the past two decades. A few mechanisms of laser-driven electron acceleration have 
been proposed, including plasma wave acceleration, direct laser acceleration with 
the assistance of additional fields or by the laser ponderomotive force, and mixed 
acceleration from both the transverse and longitudinal fields. We propose that 
efficient acceleration of electrons in vacuum and underdense plasmas by an intense 
laser pulse can be triggered in the presence of another counter-propagating or 
intersecting laser pulse. This mechanism works when the laser fields exceed some 
threshold amplitudes for stochastic motion of electrons, as found in single-electron 
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dynamics. Particle-in-cell simulations confirm that electron heating and acceleration 
in the case with two counter-propagating laser pulses can be much more efficient 
than with one laser pulse only. Two different diagnoses show that the increased 
heating and acceleration are caused mainly by direct laser acceleration rather than 
by plasma waves.  In plasma at moderate densities such as a few percent of the 
critical density and when the underdense plasma region is large enough, the Raman 
backscattered and side-scattered waves can grow to a sufficiently high level to 
serve as the second counter-propagating/intersecting pulse and trigger the electron 
stochastic motion.  As a result, even with a single intense laser pulse only in 
plasma, electrons can be accelerated to an energy level much higher than the 
corresponding laser ponderomotive potential. This acceleration mechanism is 
verified by recent experiments. Phys. Rev. Lett. 88, 055004 (2002); Phys. Rev. 
Lett. 91, 225001 (2003). 
 
Cross-phase-modulated laser wake-field accelerator: Since the plasma-based 
particle accelerators were suggested two decades ago, some innovations have 
been proposed, which allow the plasma-based accelerators to work in different 
parameter regimes and different geometry configurations. In the proposed 
self-modulated laser wake-field accelerator (SM-LWFA), the plasma wave is 
generated through a resonant self-modulation process of a relatively long pulse of a 
few plasma oscillation periods, which is usually coupled with forward Raman 
scattering. For the plasma wave to grow up to a high level for efficient acceleration, 
a time scale of tens times that for forward Raman scattering growth is necessary. In 
this case, the corresponding spatial extension is usually larger than the Rayleigh 
length in tenuous plasma. Therefore a guiding channel for the laser pulse is 
necessary. We introduce a new scheme to generate a high amplitude wake-field up 
to the wave-breaking amplitude by use of two laser pulses only at modest intensities. 
The first pulse is an ultrashort laser pulse shorter than a plasma oscillation period, 
which produces a seed wake-field. The second pulse is relatively long pulse, such 
as a few plasma oscillation periods. During the propagation process, the second 
pulse is cross-phase-modulated (XPM) by the density gradient of the seed 
wake-field, and is split up into a multi-pulse train, where each sub-pulse has 
duration around a plasma oscillation period. This pulse train then in turn amplifies 
the seed wake-field up to high level. This process develops in a time scale shorter 
than that for the SM-LWFA, and there is no necessary for particular timing between 
the two pulses. This scheme is verified by particle-in-cell simulations. Phys. 
Plasmas 9, 3147 (2002). 
 
Particle acceleration by ultra-intense laser: We have studied the effects of the 
plasma density scale length on the absorption mechanism of the femtosecond laser 
pulses interacting with solid targets. Experiments and particle-in-cell (PIC) 
simulations demonstrate that the vacuum heating is the main absorption in the 
plasma in the interaction of fs laser pulses with solid targets when no pre-pulses are 
applied. The energy spectra of hot electrons ejected out of or injected into the 
plasma show a bi-temperature distribution. While the first temperature of the two 
groups of hot electrons can be attributed to the resonant absorption of the laser field, 
the second temperature refers to the electrons accelerated by the static part in the 
front of the target and the oscillating part in the plasma layer of the laser-induced 
electric field, respectively. PIC simulations also show that with an appropriate 
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density scale length, the femtosecond laser energy can be absorbed locally through 
different mechanisms. The ion emission from plasmas produced by femtosecond (fs) 
laser pulses was also investigated using PIC simulations and laboratory 
experiments. PIC simulation results indicated that it is the laser induced and 
sustained electrostatic field in front of the target that accelerates ions to high 
energies and determines the main features of the ion emission. The density scale 
length on the ion acceleration behavior is also presented. Ion emission is 
investigated using particle-in-cell simulations where a femtosecond laser pulse 
incidence obliquely onto ultrathin solid foils. The relation of the optimal target 
thickness with parameters of the incident laser pulse and foil targets is also 
discussed. Phys. Plasmas 8, 1025-1028 (2001); Phys. Rev. E 64, 026411 (2001); 
Phys. Rev. E 68, 026408 (2003). 
 
Propagation of collimating laser beams in underdense plasma: The 
propagation of two laser beams copropagating in underdense plasma has been 
studied numerically by solving their coupled envelope equations. It shows that two 
beams can merge each other, or split into three beams, or propagate with unstable 
trajectories, depending upon their power and initial beam separation. During the 
merging process, strong emission of radiation is observed. It also shows that the 
density cavitation channels due to the transverse ponderomotive force of the beams 
tend to trap them inside and prevent them from merging each other. Phys. Rev. E 
66, 027402 (2002). 
 
Electron acceleration by static and oscillating electric fields produced in the 
interaction between femtosecond laser pulses and solid targets: The 
interaction of modest, femtosecond laser pulses with solid targets is studied with 
particle-in-cell (PIC) simulations. A bi-temperature distribution of hot electrons is 
found. The first hot electron temperature can be attributed to the resonance 
absorption of the laser field, whereas the second hot electron temperature is 
identified to be due to the combined acceleration by the static electric field in front of 
the target and by the laser induced oscillating electric field in the thin plasma layer 
between the vacuum and the target. Phys. Plasmas 8, 1025-1028(2001). 
 
An optical trap for relativistic plasma: The first optical trap capable of confining 
relativistic electrons, with kinetic energy <350 keV was created by the interference 
of spatially and temporally overlapping terawatt power, 400 fs duration laser pulses 
(<2.4×1018 W/cm2) in plasma. Analysis and computer simulation predicted that the 
plasma density was greatly modulated, reaching a peak density up to 10 times the 
background density (ne/n0 ~10) at the interference minima. Associated with this 
charge displacement, a direct-current electrostatic field of strength of ~2×1011 eV/m 
was excited. These predictions were confirmed experimentally by Thomson and 
Raman scattering diagnostics. Also confirmed were predictions that the electron 
density grating acted as a multi-layer mirror to transfer energy between the crossed 
laser beams, resulting in the power of the weaker laser beam being nearly 50% 
increased. Furthermore, it was predicted that the optical trap acted to heat electrons, 
increasing their temperature by two orders of magnitude. The experimental results 
showed that the number of high energy electrons accelerated along the direction of 
one of the laser beams was enhanced by a factor of 3 and electron temperature 
was increased ~100 keV as compared with single-beam illumination. Phys. 
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Plasmas 10, 2093-2099 (2003). 

Electron acceleration by an intense short-pulse laser in underdense plasmas: 
Electron acceleration from the interaction of an intense short-pulse laser with low 
density plasma is considered. The relation between direct electron acceleration 
within the laser pulse and that in the wake is investigated analytically. The 
magnitude and location of the ponderomotive-force-caused charge separation field 
with respect to that of the pulse determine the relative effectiveness of the two 
acceleration mechanisms. It is shown that there is an optimum condition for 
acceleration in the wake. Electron acceleration within the pulse dominates as the 
pulse becomes sufficiently short, and the latter directly drives and even traps the 
electrons. The latter can reach ultrahigh energies and can be extracted by impinging 
the pulse on a solid target. Phys. Plasmas 10, 2468-2474 (2003). 
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Spatial Distribution of High-Energy Electron Emission from Water Plasmas Produced
by Femtosecond Laser Pulses
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High energy electrons emitted by water plasmas produced by a single or a multiple laser pulse are
investigated. The multipulse mode greatly enhances the generation and the temperature of hot electrons.
Directional emission of high energy electrons over 25 keV is observed in two symmetric directions with
respect to the laser axis and at 46� from the directions of the laser electric field. Two-dimensional
particle-in-cell simulations reproduce well the experimental results and indicate that the acceleration
mechanism of the high energy electrons is due mainly to the resonance absorption at the edge of the
spherical droplets formed by the leading pulse.

DOI: 10.1103/PhysRevLett.90.165002 PACS numbers: 52.38.–r, 52.38.Kd, 52.50.Jm
beam to vertical or obliquely incident on the water sur-
face. The angular resolution of this system is about 6�.

FIG. 1 (color online). The experimental layout. M1–M5 are
reflection mirrors and BS represents the beam splitter.
Research during the past decades on laser-produced
liquid plasmas has mainly concentrated on x-ray emission
from liquid jet [1], laser-induced breakdowns resulting
from focusing a long laser (nanosecond or subnanosec-
ond) pulse inside a liquid [2,3]. More recently, there has
also been research on single cavitation bubble lumines-
cence in liquids [4,5]. However, many practical applica-
tions such as laser surgery, etc. [6] involve the interaction
of a laser beam with an air-liquid interface instead of
inside a liquid. In this Letter, we study the high energy
electron emission from water plasmas produced by focus-
ing femtosecond laser pulses on the water surface. We find
that the spatial distribution of the hot electrons is very
different from the behavior of hot electrons emitted from
the interactions of ultrashort laser pulses with solids,
gases, and clusters.

The experiments are carried out on an ultrashort-pulse
laser facility (5 mJ, 150 fs, 800 nm, and 10 Hz). Figure 1
shows the experimental setup. The laser beam is focused
by an f=4 spherical lens onto the air-liquid surface of
distilled water, forming a focal spot with a diameter of
�10 �m. One can produce a single pulse or a multiple
pulse train by adjusting the Pockels cell in the laser chain.
The inset in Fig. 1 shows the shape of the multipulse
measured by a Tektronix TDS 520A digital oscilloscope.
The separation time between two pulses in the multipulse
is 10 ns. The peak intensity on the target surface is about
1� 1016 W=cm2 for the single pulse case.

The hot electrons are recorded by LiF (Mg, Cu, P)
thermoluminescence dosimeters (TLDs) with a
6-�m-thick aluminum filter. The dimension of the LiF
detector is 4:5 mm diam� 0:8 mm. The space over the
laser focus is covered by more than 100 TLDs mounted on
a 2� spherical shell. A hole is left on the top of the
hemispheric bracket for the incident laser beam. A rotat-
able reflection mirror, M2, converts the horizontal laser
0031-9007=03=90(16)=165002(4)$20.00 
LiF is sensitive to ions, x-ray photons, and electrons.
However, the long distance in air and aluminum filter
are the natural filters for the ions generated in the experi-
ment. Comparison of the dosages at the TLDs with and
without a 1500 G magnetic field shows that the contribu-
tion of x rays is 20 times lower than that of electrons.
Thus, the dosage recorded by the TLDs is contributed
mainly by the hot electrons.

A �-ray spectrometer is used to measure the x-ray
bremsstrahlung [7]. The plasma expansion is probed by
splitting a small portion of the laser beam from the main
beam and passing it parallel across the plasma after
frequency doubling to 400 nm.

Figure 2 shows the x-ray spectra for the single and
multiple laser pulse cases, respectively. The spectra are
obtained by the �-ray spectrometer, viewing the plasma
at 80� with respect to the target normal. The laser pulses
2003 The American Physical Society 165002-1



FIG. 3 (color online). (a) Spatial distribution of hot electrons
with energies > 25 keV at the normal incidence. (b) The plane
of the polarization rotated by 90�, the two electron peaks are
rotated correspondingly. Angular distribution on the chord
through the electron jets obtained from (a) (solid line and
squares) and angular distribution of the hot electrons emitted
from the direct laser-water droplets interaction (dashed line
and circles) are shown in (c).

FIG. 2 (color online). Comparison of the hard x-ray spectra
emitted from laser-water plasmas produced by a single pulse
and a multipulse train.
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are incident on the water surface normally. Compared
with the case of the single pulse, the multiple pulse train
greatly enhances the emission of x rays. The maximum
photon energy exceeds 300 keV, and the effective tem-
perature of the hot electrons is up to 64 keV by fitting an
exp��E=kT� to the tail of the photon distribution. This
temperature is comparable to the values in the laser-solid
interaction under similar experimental conditions [8].

Figure 3(a) displays the spatial distribution of electrons
with energies higher than 25 keV produced by multiple
pulses at the normal incidence. The dose is accumulated
over 10 000 shots. A striking aspect is the presence of two
distinct peaks, symmetric with respect to the laser in-
cident direction, in the plane formed by the electric
vector and the propagation vector. The direction of the
two peaks is at 46� backward from the electric vector
with a full width at half-maximum (FWHM) (Gaussian
profile) of 34�. When the plane of the laser polarization is
rotated by 90� using a 	=2 wave plate, the direction of the
electron emission is found to rotate by 90� correspond-
ingly, as shown in Fig. 3(b). The solid line and the square
points in Fig. 3(c) show the angular distribution of elec-
trons on the chord through the electron jets obtained from
Fig. 3(a), where 0� corresponds to the laser propagation
axis and 90� and 270� correspond to the direction of the
electric vector. Assuming the electrons are subjected to a
Maxwellian distribution with an effective temperature of
64 keV (deduced from the hard x-ray spectrum), we
estimate the total number of electrons is 2� 105=sr per
shot in the jets using the ITS 3.0 code (Integrated TIGER
Series of Coupled Electron/Photon) [9].

When the p-polarized laser pulses are incident at 20�

with respect to the target normal, two peaks of hot
electron emission are again found. The latter retains the
axial symmetry with respect to the laser propagation
vector in the plane of polarization.When s-polarized laser
beams are used at an incident angle of 20�, the two peaks
of hot electrons also rotate by 90�. Note that the results
here are quite different from those observed in corre-
sponding laser-solid plasma interactions [8].
165002-2
We have also investigated hot electrons generated by a
single pulse, but the dosage recorded by the TLDs is only
slightly higher than that of the background. This is ex-
pected because the average temperature of the hot elec-
trons is only 19 keV (see Fig. 2), and most of them cannot
penetrate the 6-�m-thick aluminum filter in front of the
TLDs. For comparison, a prepulse with a very short
separation time of 50 ps is introduced in some shots. We
find that the effect of such a short separation time is
165002-2
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negligible. It is of interest to compare the case of inter-
action with solid targets, where such a prepulse would
dramatically enhance the production of hot electrons [7].

To understand the characteristics of the plasma pro-
duced by the leading pulse in the multipulse mode, we
model the interaction using a 1D hydrodynamic simula-
tion code (MED103) [10]. We find that a very cool
preplasma with temperature <0:1 eV and low-density
gradient is formed at 10 ns. Thus, more energy of the
following laser pulses can be deposited in the interaction
region [11]. The energy of the forward scattered light for
both single and multiple pulses is measured in our ex-
periment by an energy calorimeter and we find that en-
ergy absorption is more efficient in the multipulse mode.
However, this higher energy deposition cannot fully ex-
plain the behavior of the hot electrons observed.

To clarify the effects of the leading pulse on the
interaction, the plasma is diagnosed by the optical
shadowgraphy. Typical shadowgrams of the backward
expansion into air and the forward expansion into water
of the water plasma produced by a single laser pulse are
shown in Fig. 4. The shadowgrams are recorded at a delay
time of 10 ns, the same time as the separation time in the
multipulse mode. The filaments in water are caused by the
leakage of the laser beam. A shock wave into air and a
density cavity (or crater) into water are simultaneously
produced by the plasma pressure. When the second pulse
arrives after 10 ns, both the shock wave front in air and
the bottom of the water crater have moved away, �150
and �110 �m from the focus, respectively. Most of the
preplasma produced by the first pulse will recombine
after 10 ns. Therefore, the possible candidates to be in-
teracted with by the following pulses are (a) the spherical
critical density surface at the bottom of the water crater;
(b) the compressed ambient air and the water vapor
FIG. 4. (a) Shadowgrams of the backward expansion in air at
the normal incidence; (b) the forward density cavitation in the
water at the oblique incidence; (c) schematic showing the
interaction model; (d) self-focusing and defocusing of a single
pulse taken at 1 ns; and (e) a typical image showing the
droplets above the water surface.
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wrapped between the shock wave and the concave water
surface (these gases may be partially ionized); and (c) the
water droplets from the condensation of water vapor or
from the direct explosive emission from the focus. A
simple interaction model is illustrated in Fig. 4(c). Next
we find out which one is responsible for the experimental
results and how the hot electrons are produced.

One might think that the generation of hot electrons is
related to the resonance absorption on the spherical criti-
cal surface of the water crater or on a backward propagat-
ing critical density ionization front produced by the first
pulse. The following laser beam effectively defocused by
the air breakdown would meet two parts of the surface
that are at the correct angle for the resonance absorption,
which would lead to the two electron beams as a result of
the spherical symmetry of the surface. To check this
speculation, we carried out a test experiment in which
only the air breakdown was imaged. Figure 4(d) shows a
shadowgram of the air breakdown taken at 1 ns produced
by a single 2 mJ laser pulse when the water vessel is
removed. We can see that most of the laser energy still
remains within a 20 �m diam region at a �110 �m
distance away from the focus. The area of the defocusing
beam is only �1% of the area of the half spherical density
cavity. Therefore, the defocusing light actually irradiates
a near-planar critical density surface. This cannot pro-
duce the two electron beams symmetrical with the in-
cident laser axis. From Fig. 4(d) we also note that the
self-focusing, which may enhance the local laser inten-
sity and the yield of hot electrons, takes place. However,
this cannot explain the two peaks of electron emission.

When the following pulses interact with the com-
pressed air and water vapor partially ionized behind the
shock wave into air produced by the leading pulse, in-
stabilities may occur in such conditions. However, from
the viewpoint of hot electron generation, in principle, the
instabilities cannot fully explain the emission direction of
hot electrons and their dependence on the incident angle
and laser polarization [12].

The generation of nanometer-size and micrometer-size
particles by pulsed laser ablation on solid in air have been
widely studied [13]. In our experiments, the separation
time between pulses is 10 ns. The water droplets can be
produced by the first pulse through condensation of water
vapor in the ablation plume and direct explosive emission
from the focus. Figure 4(e) shows an image of the drop-
lets near the initial water surface taken at 15 ns with a
magnification factor of 165. A single pulse with an energy
of 2 mJ was used to produce the droplets. We can see the
size of the droplets is within 1–6 �m. The average size is
about 3 �m. The submicro droplets cannot be observed
due to the optical resolution.

To check the electron generation mechanism, we have
run 2D particle-in-cell (PIC) simulations. A p-polarized
laser pulse with a normalized amplitude a0 � 0:1 and a
duration of 50 laser cycles is incident from left normally
onto a spherical droplet microplasma with a diameter
165002-3



FIG. 5. 2D PIC simulation results for a p-polarized laser
pulse at the 40 laser cycle. (a) X-Y plot of electron positions;
(b) the distribution of electron momentum in the phase space
�px; py�; (c) electron density; and (d) the resonantly excited
longitudinal component of the electric field.
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of 3	 and a radial density rising parabolically from 0:2nc
at the surface to 2nc at the center, where nc is the critical
density. To simplify the problem and save computing
time, only one droplet is taken here. However, this does
not affect the main interaction physics. Figure 5 shows
the distributions of electron positions, momentum, den-
sity, and the longitudinal component of the electric field
at the 40 laser cycle, respectively. Figures 5(a) and 5(b)
show clearly that some of the electrons are accelerated to
high energies symmetrically with respect to the laser
axis. The ejection angles of most hot electrons are around
40� relative to the laser electric vector. This agrees quite
well with the angular distribution measured in experi-
ments. The acceleration mechanism is the resonance ab-
sorption occurring at the edge of the microplasma, as
judged by the local density increase near the resonant
critical surface in Fig. 5(c) and the enhancement of the
electrostatic field Ex in Fig. 5(d) (the maximum field of
0.166 is greater than the initial field of a0 � 0:1). On the
other hand, no jets of hot electron emission are observed
when an s-polarized laser pulse is used. This further
proves that resonance absorption is the main mechanism.
The fact that there are no jets for an s-polarized laser in
the 2D simulations does not contradict our experimental
results when the polarization plane is rotated by 90�. In
practice, the interaction geometry is three dimensional,
where the p-polarized light and s-polarized light is iden-
tical for a spherical microplasma.

In the simulations, we find that the ejection angle
depends very weakly on the diameter of the droplet
microplasma between 2	 and 8	. This feature remains
165002-4
valid when one adopts different density profiles for the
droplet. It shows that the laser field diffraction around
the droplet also plays a role, which, combining with the
linear mode conversion around the critical surface, is
responsible for the two electron jets. No distinct electron
jets are observed for droplets with diameter less than 	.

To further confirm the analysis above, an experiment of
femtosecond laser direct interaction with water droplets
has been performed [14]. The droplets are generated by a
gas nozzle with a backed pressure. The droplet size is
measured to be �4 �m on average. The diagnostics are
the same as the laser-water experiments in air. When a
single 2 mJ laser pulse irradiates the droplets in vacuum,
we find that the angular distribution of the hot electrons is
very similar for both experiments. The results are also
shown as the dashed line and circle points in Fig. 3(c) for
comparison.

The intrinsically spherical symmetry of the droplets
results in the fact that the geometry of the interaction is
determined only by the state of the incident laser pulses,
even for the case of oblique incidence relative to the water
surface. Therefore, the directions of hot electron jets
follow the incident laser axis and the electric vector
closely whether the laser is obliquely or normally incident
and also whether the laser is p polarized or s polarized.
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The effects of interference due to crossed laser beams were studied experimentally in the high-
intensity regime. Two ultrashort (400 fs), high-intensity (4� 1017 and 1:6� 1018 W=cm2) and 1 �m
wavelength laser pulses were crossed in a plasma of density 4� 1019 cm3. Energy was observed to be
transferred from the higher-power to the lower-power pulse, increasing the amplitude of the plasma
wave propagating in the direction of the latter. This results in increased electron self-trapping and
plasma-wave acceleration gradient, which led to an increased number of hot electrons (by 300%) and
hot-electron temperature (by 70%) and a decreased electron-beam divergence angle (by 45%), as
compared with single-pulse illumination. Simulations reveal that increased stochastic heating of
electrons may have also contributed to the electron-beam enhancement.

DOI: 10.1103/PhysRevLett.91.225001 PACS numbers: 52.38.Kd, 41.75.Jv, 52.57.–z
that was driven directly by optical interference, while in
these previous experiments it was scattering from ion

ments performed with similar parameters [20], plasma
waves were observed to be driven by the self-modulated
The interactions of high-intensity laser pulses in
plasma are of much current interest because of their
relevance to advanced radiation sources, inertial fusion
concepts, and accelerators [1]. These interactions often
take the form of intersecting beams, in which case several
novel physical phenomena are expected to occur. For
instance, when an intense laser pulse interacts with a
solid-density target, it is partially reflected, and the beat-
ing between the incident and reflected light in the under-
dense plasma region will create interference, which can
modify the optical properties of the plasma [2], excite
plasma waves [3], and heat electrons [4]. It has been
suggested theoretically [5] that this stochastic heating
of electrons is ultimately responsible for the acceleration
of multi-MeVenergy beams of ions from laser-irradiated
thin foils [6–8]. In inertial fusion research, the electron
heating and modification of the laser reflectivity that
results from crossed laser beams [9–12] must be con-
trolled in order to efficiently couple energy to the fusion
target. High-intensity crossed beams are relevant to fast-
ignition fusion research [13]. The overlapping of intense
laser pulses in plasmas has also been suggested theoreti-
cally [14–16] as one of several means [14–19] to optically
inject electrons into laser-driven plasma waves.

Reported here are experimental results on crossed-
beam interference in the high-intensity (relativistic-
electron) regime and its effects on the dielectric and
thermal properties of a plasma. Energy transfer between
the two laser beams as well as plasma-wave and electron-
beam enhancement are observed. The mechanism respon-
sible for the energy transfer in this case differs from that
studied in previous long-pulse and low-power crossed-
beam experiments [9–12]. In our study, the mechanism
was scattering from a stationary electron-density grating
0031-9007=03=91(22)=225001(4)$20.00 
waves. The physics of overlapping short-duration pulses
in plasmas were previously studied theoretically [2–4].
For instance, plasma-wave excitation [3] and energy
transfer by superradiant amplification of a short pulse
by a counterpropagating pulse [2] are predicted to occur
when the difference in frequency between the two pulses
is equal to the plasma frequency. We studied the degen-
erate case, where the frequency difference is zero, which
closely approximates the interference that occurs when
light is reflected at its critical density.

The experiments were performed with a hybrid
Ti:sapphire and Nd:glass laser system, delivering short
pulses (400 fs, 1:053 �m) in a single shot, with power
up to 10 TW. The laser beam was split into two beams,
one of which contained 80% of the laser energy (injec-
tion) and the other one 20% (pump). These two beams
were focused with two f=3 parabolic mirrors to near-
Gaussian vacuum spot sizes of 12 �m FWHM (full width
at half maximum), which contained 60% of the total
energy. This corresponds to focal intensities ranging
from �3� 1017�–�5� 1017� W=cm2 for pump beam and
�1:2� 1018�–�2� 1018� W=cm2 for injection. The two
beams of the parallel polarization were perpendicularly
overlapped onto the edge of a supersonic helium gas jet.
The pressure of the helium gas was 800 psi and the gas
was fully photoionized, creating a plasma with density
that was 4� 1019=cm3, corresponding to n0=nc � 0:04,
where nc is the critical density.

The laser powers for both pump and injection pulses
were above 1 TW, higher than the critical power for
relativistic self-focusing, given by P�17�!0=!p�

2 GW,
where !0 and !p are the laser and plasma frequencies,
respectively. The pulse durations (
 � 400 fs) were many
plasma periods long 
 > 50�2�=!p�. In previous experi-
2003 The American Physical Society 225001-1
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wakefield mechanism [21–23]. Images of crossed plasma
channels were observed with top and side imaging of
Thomson scattering and recorded by a CCD camera.
Spatial profiles of pump electron beam were recorded
with a scintillating screen (LANEX) coupled to a CCD
camera. The LANEX screen was blocked by two layers of
Al foils each of the thickness of 40 �m, which blocked
electrons whose kinetic energies were below 170 keV.
Pump electron spectra were obtained with an electron
spectrometer (260 keV–5 MeV), composed of a dipole
permanent magnet with a LANEX screen imaged by a
CCD camera. In this case, a single aluminum foil of
40 �m thickness in front of the screen blocked the laser
light. A 1-mm wide slit was placed in front of the magnet
in order to select a narrow range of angles for electrons
entering the magnet. The distance between the slit and the
gas jet was 30 mm. Spatial and temporal overlap was
achieved by adjusting the positions and delay between
the beams until a bright spot in the intersection of the two
plasma channels was observed. The bright spot was due to
enhanced Thomson scattering [24] by the density
bunched in the interference valleys.

Figure 1 shows the spatial profiles of the pump-
accelerated electrons of the kinetic energy above 170 keV
at laser power of 1.5 TW. It can be seen that with injec-
tion a more collimated and intensified electron jet was
found (right inset), with a beam divergence angle of about
7�(the angle corresponding to the FWHM of the electron-
beam profile), while without injection (right inset) it was
nearly 12�. Integration of the intensity distributions
FIG. 1 (color online). Profiles of the spatial distributions of
the electron beams (kinetic energies above 170 keV) in the
direction of the pump at pump laser power of 1.5 TW, with
(right inset) and without injection (left inset). Schematic dia-
gram of the laser beams intersecting in the gas flow (middle
left inset).
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showed that, with injection, the charge of electron-
beam was increased �3 times.

In the conditions of best laser pulse temporal overlap,
when the time delay between pump and injection was
�30 fs, and with a pump laser power of 1.05 TW, the
electron spectra in the direction of the pump, with and
without injection, are as shown in Fig. 2.With injection, it
can be seen that the portion of the electrons with kinetic
energies greater than 400 keV is enhanced. As in previous
experiments [20], the electron spectra approximated a
Maxwellian-like distribution, i.e., exp��k=Te� with a
high-energy tail, where k is the electron kinetic energy
and Te is the electron temperature. The corresponding
electron temperatures were fitted and shown in Fig. 2, and
an increase of electron temperature with injection was
observed to be more than 60%. Figure 3 shows the tem-
peratures fitted from the electron spectra, with or without
injection, at different laser powers. When injection was
on, the increase of electron temperature was between 30%
and 70% and corresponds roughly to the depth of the
ponderomotive potential well due to the interference be-
tween the two pulses. In the high-energy tails, the tem-
perature difference was only about 10%, even though the
relative electron number was higher with injection.

Figure 4 shows the spectra of light exiting the plasma
in the pump direction, with and without injection. With
dual-beam illumination, the light signals in a broad
spectrum range were obviously increased indicating
that energy was transferred from the high-power to the
low-power beam. It can also be seen from Fig. 3 that a
20% increase in pump power results in an electron tem-
perature and number to levels that are nearly the same as
FIG. 2 (color online). The energy spectra of pump electron
beam at pump laser power 1.05 TW, with (top curve) and
without (bottom curve) injection. Dotted lines are exponential
fits. The higher energy tails are 600 keV without injection and
660 keV with injection.

225001-2



FIG. 3 (color online). The dependence of the electron tem-
perature and number on the power of the pump laser, with and
without injection.
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those achieved by the addition of the injection pulse
without increasing the pump.

A two-dimensional particle-in-cell (PIC) code com-
puter simulation was also run with parameters similar to
those of the experiment. A rectangular simulation box of
160�� 60� was used, which was split into many cells,
each with a size of 1=10�� 1=10� for the integration of
Maxwell’s equations. A homogeneous plasma volume
with an initial density of 0:04nc occupied part of the
simulation box. The pump pulse along the x direction
and the injection pulse along the y direction initially
were a10 � 0:5 and a20 � 1:0, respectively. Nine particles
per cell were used for electrons and ions. Absorption
boundaries for the fields and reflection boundaries for
particles were used both in the x and the y directions.
FIG. 4 (color online). The light spectra in the pump direc-
tion, with and without injection.
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The results show that, in the region of laser intersec-
tion, electrons were trapped in the potential valleys by the
ponderomotive force of the laser interference, resulting in
the formation of a density grating with peak density
modulation n > 10n0, where n0 was the background den-
sity. This same density bunching was predicted by bal-
ancing the ponderomotive force with the electrostatic
force and electron thermal pressure. It was this density
modulation that enhanced the scattering [24] observed in
the experiments. The potential of ponderomotive force

�p � ��� 1�m0c
2, where � �

�������������������
1	 a20=2

q
was the rela-

tivistic factor, a0 � 8:5� 10�10�
�m�I1=2
W=cm2� was
the normalized vector potential, and � and I were the
laser wavelength and focal intensity, respectively. At
the peak intensity of laser interference, I � 4�
1018 W=cm2, the potential depth of the ponderomotive
force valleys was estimated to be about 300 keV.

Figure 5(a) shows snapshots of the pump laser field, the
electric field of the pump plasma wave, and the momen-
tum of electrons at t � 100 laser cycles. The two laser
pulses fully overlapped at t � 80 laser cycles. It can be
seen that, during the time when the beams crossed, the
velocities of electrons were increased to close to the
speed of light in both positive and negative directions,
indicating that the electrons were heated isotropically.
Calculations indicate that the ponderomotive force of
the injection pulse could increase the electron kinetic
energy in the direction of the pump by 200 keV. But
this might also be explained by stochastic motion of
electrons in the region of laser intersection [4]. The
calculated Liapunov exponent of the electron trajectory
indicates that the amplitudes of pump and injection laser
were sufficient to trigger stochastic motion. In addition,
the plasma disturbance of the high density gradient (scale
length of �0:7� and ne=n0 � 10) excited by laser inter-
ference does create ideal conditions for stochastic heating
of electrons. With these preheated electrons injected in
the plasma wave in a broad range of phases, the number
increase of high-energy electrons is to be expected.

In order to investigate the mechanism for electron
heating and distinguish between the effects of laser power
increase due to energy transfer and the role of stochastic
heating, we did additional simulations under conditions of
both dual-beam and single pump beam illumination, but
in the latter case with a 20% power increase [Fig. 5(b)].
With injection, electrons of the kinetic energies less than
1 MeVare obviously increased.With 400-fs injection laser
pulses, electrons are injected into the self-modulated
plasma wave at all phases. In the relatively short accel-
eration distance in the simulation (�100 �m), these ini-
tial velocity changes are obvious in the spectrum, while
the maximum electron kinetic energy depends on the
strength of the plasma wakefield, which was proportional
to the laser power. The reason why the injection effects
were not obvious in the results (Fig. 3) is that the optical
injection happens only in the laser beam intersection over
225001-3



FIG. 5. (a) Simulation result showing snapshots of the pump
laser field, the electric field of the pump plasma wave, and the
momentum of electrons at t � 100 laser cycles. (b) Simulated
electron spectrum under conditions of both dual-beam and
single pump beam illumination, but in the latter case with a
20% power increase of the weaker beam.
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a scale length of �10 �m, while the distance of plasma-
wave propagation is nearly 1 mm, about 100 times longer.
Along the path of propagation, the self-modulated plasma
wave continues to self-trap electrons over a large range of
phases and accelerates them.

In summary, the first controlled experimental study of
crossed-beam interference in the weakly relativistic re-
gime was discussed. When the two high-intensity laser
pulses were overlapped with each other in an underdense
and uniform plasma, significant energy exchange from
the higher-power to the lower-power laser beam was
observed. The charge, temperature, and divergence angle
of the electron beam that was accelerated in the direction
of the lower-power laser beam were found to dramatically
change with dual-laser-pulse illumination. These effects
are unavoidable in current experiments on ion accelera-
tion and fast-ignition fusion and in future experiments on
laser-plasma accelerators. In the latter case, simulations
[14–19] indicate that, through the ponderomotive force,
225001-4
one laser pulse can inject electrons into the plasma wave
driven by the other laser pulse. When the pulse durations
are equal to a plasma period, rather than many plasma
periods, as in our experiment, and the plasma-wave am-
plitude is kept below the self-trapping threshold, this
injection mechanism can reduce the electron-beam en-
ergy spread to just a few percent (as compared with 100%
currently), rendering laser-wakefield accelerators more
practical for applications in nuclear physics research,
x-ray free-electron lasers, and medicine. This study sug-
gests that the effects of energy transfer must be consid-
ered and the mechanism of stochastic heating might also
be used for optical injection. However, laser-plasma pa-
rameters that differ from those used in our experiment
must be carefully chosen in order to inject electrons over
a narrow range of phases, as required to produce mono-
energetic electron beams.
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We propose a mechanism that leads to efficient acceleration of electrons in plasma by two counterpropa-
gating laser pulses. It is triggered by stochastic motion of electrons when the laser fields exceed some
threshold amplitudes, as found in single-electron dynamics. It is further confirmed in particle-in-cell
simulations. In vacuum or tenuous plasma, electron acceleration in the case with two colliding laser
pulses can be much more efficient than with one laser pulse only. In plasma at moderate densities, such
as a few percent of the critical density, the amplitude of the Raman-backscattered wave is high enough
to serve as the second counterpropagating pulse to trigger the electron stochastic motion. As a result,
even with one intense laser pulse only, electrons can be heated up to a temperature much higher than the
corresponding laser ponderomotive potential.

DOI: 10.1103/PhysRevLett.88.055004 PACS numbers: 52.38.Kd, 52.35.Mw
Electron acceleration by intense laser fields in plasmas
has been the subject attracting a great deal of attention re-
cently due to the advent of high power laser pulses and
their potential applications. Various acceleration mecha-
nisms have been proposed, including the plasma wave ac-
celeration [1,2], the direct laser acceleration [3–5], and the
mixed acceleration from both the transverse and the longi-
tudinal fields [6,7].

In this Letter, we discuss a new kind of direct laser
acceleration of electrons in two counterpropagating laser
fields. Recently, there is a proposal, so called the super-
radiant amplification of ultrashort laser pulses by use of a
counterpropagating laser pulse in plasma [8]; generation of
periodic accelerating structures in a similar configuration
has also been suggested [9]. Both of these phenomena are
associated with the coherent motion of electrons driving
by the two colliding laser pulses slightly detuned by the
electron plasma frequency. Here, in contrast, our mecha-
nism of electron acceleration results from the stochastic
motion of electrons, which occurs when the amplitudes of
two laser pulses exceed some thresholds, now easily acces-
sible with chirped pulse amplification lasers. Moreover,
the present mechanism is insensitive to their frequency
differences; also it can work without a self-focusing chan-
nel, essential for the betatron resonance mechanism [5]. In
plasma at a few percent of the critical density, the Raman
backscattering wave of a driving pulse can serve as the sec-
ond counterpropagating laser pulse, which could be intense
enough to trigger stochastic acceleration if the first pulse
has an intensity over Il2 � 1018 W cm22 mm2. There-
fore the present mechanism could be dominant in certain
cases in laser interaction with underdense plasma. It may
help to explain how the maximum electron energy can
exceed the dephasing limit for particle acceleration from
wave breaking observed in some particle-in-cell (PIC)
simulations [10].
04-1 0031-9007�02�88(5)�055004(4)$20.00
There have been considerable studies on electron mo-
tion in multiwave systems [11–14]. It is well-known that
the Hamiltonian in multiwaves is usually not integrable.
In this case, electron motion becomes stochastic when cer-
tain thresholds of the wave amplitudes are exceeded. It
has been proposed by Mendonca that the formation of
suprathermal electron tails observed in laser plasma inter-
action may be explained by the occurrence of stochastic
motion of electrons in two electromagnetic waves [13,15].
However, this and other earlier studies on electron mo-
tion in a standing longitudinal plasma wave or two elec-
tromagnetic wave have been limited to the problem of the
stochastic instability near the separatrices, and mostly in
nonrelativistic electron motion. The potential of this sto-
chastic instability with particle acceleration in plasma with
powerful lasers focused up to relativistic intensities has
not been fully explored. Here, with single particle calcula-
tions and particle-in-cell simulations, we demonstrate how
electrons can be accelerated much more efficiently with
the presence of a second counterpropagating pulse even at
a very small amplitude than without it.

We start by considering the electron motion in two col-
liding planar laser fields in vacuum. The laser pulses can be
described by their vector potential Ai � ai�ji� cos�ji 1

ci�ŷ � Ai ŷ, where i � 1, 2, j1 � x 2 t, and j2 �
k2�x 1 t�; the frequencies of the two laser pulses are v1
and v2, respectively; x and t are normalized to c�v1 and
v

21
1 , respectively; k2 and v2�� k2c� are normalized to

v1�c and v1, respectively; and ci are constants. The first
pulse propagates in the positive x direction and the second
one propagates in the negative x direction. The Hamilto-
nian for electrons is given by H � �1 1 �P 1 A�2�1�2,
where the canonical momentum P � p 2 A is normal-
ized by mc and vector potential A by mc2�e. Since A is
independent of y, one finds that Py � const � py0. For
simplicity, we assume pz � 0 in the following. Therefore
© 2002 The American Physical Society 055004-1



VOLUME 88, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 4 FEBRUARY 2002
the longitudinal motion can be described by Hamiltonian
H � �1 1 p2

x 1 �py0 1 A1 1 A2�2�1�2. This Hamilto-
nian is still more complicated than that for electron motion
in counterpropagating plasma waves [11]. Even in the
nonrelativistic limit, making the canonical transform with
h � x 2 t, F2 � hph , and ph � px , assuming py0 � 0
and e � a2�a1 ø 1, the resulting Hamiltonian contains
two perturbation terms oscillating at different frequencies.

The instability regime for stochastic motion can be ex-
amined conveniently in geometry by the use of the sur-
face of section plots at f2 � j2 1 c2 mod2p � const.
Figure 1 shows the surface of section plots for two lasers
at the same frequency. When the amplitudes of the two
pulses are the same, the electron trajectories in longitudi-
nal momentum space are symmetric about zero as shown
in Fig. 1(a). Electron trapping is found around �px , h� �

FIG. 1. Surface of section plots at j2 1 c2 � 2Np for elec-
tron motion in counterpropagating laser fields. (a) a1 � a2 �
0.3; (b) a1 � 1.0 and a2 � 0.1; (c) a1 � 1.0 and a2 � 0.42.
Here h � �j1 1 c1� mod2p and v01 � v02. Note that h is in
the period of p when the two pulse frequencies are the same.
055004-2
�0, 2�2N 1 1�p�2� by the ponderomotive potential result-
ing from the beating of the two laser pulses. Stochastic mo-
tion first appears around the separatices. According to the
Kolmogorov-Arnol’d-Moser (KAM) theorem [12], there
exist many KAM tori around a separatix. Local stochastic
motion sets in when nearby KAM tori overlap. Thresholds
for local stochastic motion have been estimated to be about
a1a2 � 1�16 by Mendonca [13]. When the amplitude of
the forward-moving pulse a1 is larger than a2 for the
backward-moving pulse, the electron trajectories becomes
nonsymmetric about zero; stochastic motion of electrons
spreads widely in positive momentum space. The larger
the amplitude a1, the wider the region for stochastic motion
in positive momentum space, as shown in Fig. 1(b). For a
given a2, the width for stochastic motion scales roughly
proportional to a2

1. One notes that there remains regu-
lar motion for electrons trapped around �px , h� � �0, 0�,
where acceleration cannot occur. However, with the in-
crease of a1 or a2 further, this trapping island is gradually
suppressed. Before it is fully suppressed, bifurcation oc-
curs at certain amplitudes when the trapping island splits
into two parts as shown in Fig. 1(c). This shows a transi-
tion of the stochastic motion from a local to a global one,
where, in the later case, electrons initially at rest or small
energy will be driven into stochastic motion and gain en-
ergy from laser fields. Until now, we have taken the fre-
quencies of the two pulses to be the same. If the frequency
of the second pulse is changed, the basic features are quali-
tatively similar, indicating that the stochastic motion is not
sensitive to the frequency difference of the two pulses. One
notes that there is no stochastic motion if the two pulses
copropagate.

The Liapunov exponents can provide a quantitative mea-
sure of the degree of stochasticity for a given Hamiltonian
system [12]. Let the test electron initially at rest and the
amplitudes of the infinite planar pulse increase from zero
in a function tan�t�tL� with tL � 50 laser cycles. The Lia-
punov exponents are calculated when the laser fields reach
the maximum amplitudes or t . 2tL. As either the ampli-
tude a1 or a2 increases, the Liapunov exponents increase
suddenly as the laser amplitudes exceed some threshold
amplitudes. Since we start with electrons at rest initially,
the obtained threshold corresponds to that for the global
stochasticity around the fundamental trapping island in the
surface of the section plot. This is shown in Fig. 2 by
the solid line marked with yx0 � 0. It is approximately
a1a2 � 1�2, which is larger than that estimated by Men-
donca for local stochastic motion [13], but close to that
for the bifurcation of the fundamental trapping island, as
expected. It is worthwhile to point out that the so-called
global stochastic motion is relative and limited only to the
region between some upper and lower boundaries in lon-
gitudinal momentum, beyond which, the electron motion
becomes regular again. Therefore one can understand that
it also depends on its initial velocity whether the trajec-
tory of a test electron is stochastic or regular. If electrons
055004-2
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FIG. 2. Threshold amplitudes for stochastic motion for differ-
ent initial electron velocities obtained numerically. Also shown
are the thresholds for local stochastic motion by Mendonca and
for the occurrence of bifurcation for trajectories trapped in the
fundamental island around �px , h� � �0, 0�.

have some initial longitudinal velocity, such as that driven
by the ponderomotive force at the front of the forward-
propagating pulse, the threshold amplitudes can either re-
duce or increase as shown in Fig. 2. For yx0 $ 0.5, the
threshold amplitude of the counterpropagating a2 reduces
to only about 0.1 when a1 . 1.5.

To confirm this acceleration mechanism, we have per-
formed numerical simulations with PIC codes. We first try
to simulate it with a 1D PIC code since it is essentially a
one-dimensional effect. In simulations, the plasma is ho-
mogeneous, which occupies a region of L � 50 � 100l,
where l is the incident laser wavelength. The laser pulses,
which are semi-infinite and at the same frequency, in-
crease to the maximum amplitudes in ten laser cycles. The
electron energy distributions shown in Fig. 3(a) have been
obtained in plasma with n � 0.01nc (nc is the critical den-
sity). Both the electron temperatures and the maximum
electron energy are much higher with a counterpropagat-
ing pulse than without it. The temperature increases up
to about 3 MeV at 350 laser cycles after interaction with
the counterpropagating pulse, which is 5 times larger than
without it, even though its amplitude is only at a2 � 0.1.
We find that the temperature tends to be saturated after
interaction for a certain time. This can be explained by
the surface of the section plot, which shows that stochas-
tic motion is found only in limited phase space around the
separatices. For very energetic electrons, their trajectories
remain regular, and therefore net energy gain from the laser
fields does not occur. Notice that the peaks near g � 3 in
the distributions are due to ponderomotive push with semi-
infinite pulses, which would be absent for pulses with fi-
nite duration. This simple example demonstrates obviously
that the presence of the second counterpropagating pulse is
very important to trigger the stochastic motion, which can
lead to effective energy transfer from laser fields to elec-
trons. Figure 3(b) has been obtained with a 2D PIC code,
where the s-polarized laser pulses focused at a diameter
055004-3
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FIG. 3. Snapshots of electron energy distributions from PIC
simulations of laser interaction with plasma slab L � 50l.
(a) With 1D PIC code in plasma at n�nc � 0.01 at t � 350 la-
ser cycles; (b) with 2D PIC codes in plasma at n�nc � 0.01
and the laser beam diameter is 12 laser wavelengths at t � 300.
The laser pulses are semi-infinite.

of 12 laser wavelengths are incident into the underdense
plasma slab with the same parameters as for 1D simula-
tion. The s polarization rules out possible electron accel-
eration through the Betatron resonance mechanism [5]. In
this simulation, when with the second counterpropagating
pulse a2 � 0.2, the hot electron temperature is about twice
that without it. Meanwhile, the quasistatic current and the
corresponding quasistatic magnetic field with a2 � 0.2 are
found to be more than doubled than without it. However,
the acceleration in the 2D simulation appears to be not as
efficient as in the 1D case. This comes because high en-
ergy particles, usually having larger transverse momenta,
tend to escape from the pulse center in the 2D geometry
and therefore experience shorter acceleration time than in
the 1D case. In passing, we mention that, if we change the
initial phases of the incident laser pulses, the electron en-
ergy distributions can be changed. This is particularly evi-
dent for the relatively low energy part in the distribution
function. However, the high energy tail appears not very
sensitive to the initial phase difference of the laser pulses.

To verify that electrons gain energy mainly from the
transverse laser fields rather than from the longitudinal
fields, one can make use of the relation g � 1 1 Gk 1

G� following the equation of motion for electrons [5],
where Gk � 2

Rt
0 dt0 Exyx and G� � 2

Rt
0 dt0 E�y�; Ex

and E� are the normalized longitudinal and transverse
electric fields, respectively. Here Gk stands for the en-
ergy gain due to the longitudinal electric field, while G�
055004-3
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FIG. 4. Electron energy gain from longitudinal fields versus
that from transverse laser fields in plasma with density n � 0.01.
(a) a1 � 3.0 and a2 � 0.1 in 1D simulation at t � 350 laser
cycles; (b) a1 � 3.0 and a2 � 0.2 in 2D simulation at t � 300.

represents the direct laser acceleration by the transverse
field. The energy gain from the laser field is eventually
directed in the longitudinal direction through the Lorentz
force. Figure 4 shows electrons distributed in Gk � G�

space found in 1D and 2D simulations. It demonstrates
that electrons are accelerated mainly by the transverse laser
fields in both cases.

When increasing the plasma density up to n � 0.04nc

or beyond, we find that electrons can be accelerated to
a similar level with or without the injection of the sec-
ond pulse at a2 � 0.1 in 1D simulations. This can be ex-
plained by the presence of Raman-backscattered waves,
which have an amplitude even higher than 0.1 as seen in
the simulation, large enough to trigger the stochastic mo-
tion of electrons. In the case with n � 0.01nc and L �
50l, however, the Raman-backscattered wave has an am-
plitude smaller than 0.1. Therefore a second counterpropa-
gating wave is necessary to trigger the stochastic motion
of electrons.

To see the dependence of electron temperatures on the
pulse amplitudes, we take plasma at low density n �
0.01nc to avoid the high Raman-backscattered wave and
change either a1 or a2. For the interested forward accel-
eration rather than the isotropic heating, we usually take
a1 ¿ a2. As found in 1D PIC simulations, the hot elec-
tron temperature scales similar to T � a

d1
1 a

d2
2 t

d3 , where t
is the interaction duration. For the case with semi-infinite
laser pulses, we find d1 � 2 and d2 � 0.5; while for
pulses with finite pulse duration, we find d1 � 1 and
d2 � 0.5 after the laser pulses pass through the plasma
region. These different scaling laws with the intensity of
the first pulse are related to the different ponderomotive
push of the two cases. Scaling to the interaction duration
is normally similar to d3 � 0.5 � 1.0 before the high
electron temperature becomes saturated. One notes that,
although the final energy is relevant to the pulse shapes
and duration, the present acceleration mechanism itself is
irrelevant to these pulse parameters.

In summary, we propose a scheme that can efficiently
accelerate electrons by the use of two counterpropagat-
055004-4
ing laser pulses. The acceleration is triggered by sto-
chastic motion of electrons. The threshold amplitudes for
stochastic motion have been found numerically. Particle-
in-cell simulations show that this mechanism can be
dominant in laser interaction with underdense plasma,
where the counterpropagating wave can either be the
Raman-backscattered wave or the reflected wave of an
incident pulse from overdense plasma. Energetic electrons
generated through this scheme move predominantly in the
direction of the pulse with higher intensity.
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the National Natural Science Foundation of China (Grant
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Effects of Laser Polarization on Jet Emission of Fast Electrons in Femtosecond-Laser Plasmas
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Effects of laser polarization on fast electron emission are studied from an aluminum target irradiated
by ultrashort laser pulses at 2 3 1016 W�cm2. Jet emission of outgoing fast electrons collimated in the
polarization direction is observed for s-polarized laser irradiation, whereas for p-polarized irradiation
highly directional emission of outgoing fast electrons is found in the direction close to the normal of
the target. The behavior of ingoing fast electrons into the target for s- and p-polarized irradiation is also
investigated by observing x-ray bremsstrahlung radiation at the backside of the target.

DOI: 10.1103/PhysRevLett.87.225001 PACS numbers: 52.50.Jm, 52.25.Os, 52.38.Kd
Fast electron production and transport have been studied
extensively [1–11]. However, there is still not enough
understanding of physics mechanisms that control the
emission direction of fast electrons. Especially, the
experimental observations made by different groups
on the emission direction of fast electrons generated
by ultrashort pulse laser-solid interactions are not very
consistent [2,5–8,10]. Some experiments have observed
highly peaked MeV electrons in the laser axial direction
[6], whereas the others have found collimated emission of
fast electrons in the specular direction [7] or in the normal
direction of targets [8].

Collimated fast electron emission can be accelerated by
different acceleration mechanisms, such as resonance ab-
sorption, vacuum heating, j 3 B heating, or different sorts
of skin effects [11]. Most of these mechanisms are present
only for p-polarized obliquely incident irradiation. It is
very important to study the effects of laser polarization
on the electron emission because many basic plasma be-
haviors are controlled by strong laser fields rather than by
plasma density and temperature [7].

The main aim of this paper is to investigate the effects of
the laser polarization on acceleration mechanisms by ob-
serving outgoing fast electrons and ingoing fast electrons
generated by p- and s-polarized ultrashort laser pulses
that are obliquely incident on an overdense plasma with
or without a corona preplasma. Our measurements raised
some important disagreements with simulations. These
disagreements may shine new insights on acceleration
mechanisms and are certainly worth further investigation.

The experiments were carried out with a Ti:sapphire
laser operating at 800 nm at a repetition rate of 10 Hz. The
laser delivered 5 mJ energy in 150 fs pulses into a focal
spot with a diameter of ,15 mm (due to the limitation of
the pinhole size of 15 mm) and produced a peak intensity
at the laser focus .2 3 1016 W�cm2. The contrast ratio of
the laser pulse was measured to be better than 1025 (at 1 ps
before the main pulse). The laser beam was focused on a
70-mm-thick Al target with a 10-cm focal length off-axis
225001-1 0031-9007�01�87(22)�225001(4)$15.00
parabola. The Al target with a size of 4 cm 3 2 cm was
placed on a 3 mm thick backing glass mount. For some
shots, 8% energy was split off from the main laser beam to
form a low intensity prepulse, which was 50 ps in advance
of the main pulse in order to provide a corona preplasma
for interaction [12]. Plane polarized ( p or s polarized) laser
pulses were incident at 45± from the target normal.

The main diagnostic of fast electrons was a magnetic
spectrometer [12]. The energy range of this instrument
covered from 7 to 500 keV. The angular distribution of the
fast electron emission was measured by placing an Al foil
covered direct-exposure film (DEF) in an 8-cm-diameter
cylinder around the laser focus [13]. Two calibrated g-ray
spectrometers were used to study the x-ray Bremsstrahlung
radiation from the laser plasma [14]. The absorption of the
laser beam was determined by a 4p calorimeter. Absolute
measurements of fast electrons with high energies were
made by measuring charge separation potential at the laser
focus. As some fast electrons with high energies outwards
are ejected out of the plasma, a charge separation potential
is simultaneously established by the background ions at
the target surface [15]. By converting the instantaneous
charging current into a slow varying discharging process
with an LCR circuit, the number of outgoing fast electrons
can be counted accurately.

Figure 1 shows the cutaway view of the angular distri-
bution of fast electrons generated by s-polarized irradiation
without prepulses. The sharp boundary of the exposure on
the DEF films and the geometry of the target ensured that
the electrons recorded by the film came from the front side
of the Al target. The outgoing fast electrons were found
to be collimated along the laser polarization direction in a
plane perpendicular to the incident plane. In the incident
plane, no fast electrons were measured. It was also found
that the fast electrons with higher energies have narrower
angular divergence. When there was a corona preplasma
in front of the target, a very small percentage of outgo-
ing fast electrons could be found in the incident plane.
This suggests that the outgoing fast electrons were mainly
© 2001 The American Physical Society 225001-1
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FIG. 1. The cutaway view of the angular distribution of outgoing fast electrons with energies over (a) 50 keV and (b) 250 keV in
the plane perpendicular to the incident plane.
accelerated by the electric field of the s-polarized laser
pulses. When there is a corona preplasma in front of the
overdense plasma, the possible modulation of the critical
surface of the preplasma will steer a very small percentage
of the fast electrons out of the polarization direction. This
phenomenon seems to be similar to the results of laser-
accelerator injector based on laser ionization and the
ponderomotive acceleration of electrons in gas, where
electrons are accelerated in the polarization direction
[13,16], but the heating mechanisms are obviously
different.

When the target was irradiated by a p-polarized laser
pulse with a prepulse 50 ps in advance of the main pulse,
the behaviors of fast electrons were much different from
those generated by s-polarized laser pulses. As Fig. 2
shows, almost all of the outgoing fast electrons were emit-
ted in the normal direction. The emission direction of the
fast electrons obeys the momentum conservation [8,17].

The emission angle of fast electrons over 250 keV �g .

1.4� in the incident plane was found to be 16± from the
target normal direction (Fig. 2b), where g is the relativistic
factor of the fast electrons. Further measurements, with
thicker filters, of emission angle of small fraction of fast
electrons over 1 MeV �g . 2.95� gave a value of 30±. It
is apparent that the emission direction of the fast electrons
225001-2
with higher energies moved towards the specular direction
(45±). The full width at half maximum of the emission of
fast electrons with energies over 20, 50, and 250 keV was
measured to be 32±, 28±, and 15±, respectively.

In the interaction between ultrashort laser pulses and
plasmas, the bulk of thermal electrons are generated by
collisional absorption. A small fraction of fast electrons
can be generated by different heating processes. It is in-
teresting to know the fraction of fast electrons with high
energies versus bulk of thermal electrons with modest en-
ergies. The lower limit of the fraction of the fast electrons
with energies over 50 keV, which is the measured charge
separation potential, was measured to be 2.6% of the to-
tal laser energy, assuming that the number of ingoing fast
electrons is equal to that of outgoing electrons. Because
the total laser absorption by the plasmas was measured to
be about 74%, the fraction of energy of fast electrons was,
at least, 3.5% of the total energy of thermal electrons. By
measuring the fraction of fast electrons with energies over
250 keV and 1 MeV, respectively, relative to those with
energies over 50 keV, the fraction of fast electrons over
250 keV and 1 MeV was estimated to be 0.35% and 0.1%,
respectively, of the total energy of thermal electrons.

Unlike the observation with a prepulse, a jet emission
of fast electrons was observed in the specular direction,
FIG. 2. The angular distribution of outgoing fast electrons with energies over (a) 50 keV and (b) 250 keV in the incident plane,
respectively. The fast electrons were generated by p-polarized obliquely incident laser pulses with a prepulse 50 ps in advance. The
FWHM is about 28± and 15±, respectively.
225001-2
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FIG. 3. (a) Angular distribution of fast electrons generated by a p-polarized laser without prepulse (solid line) and with a prepulse
50 ps in advance (dashed line) in the incident plane. (b) The x-ray distribution at the backward of the target with energies .50 keV
in the incident plane, irradiated by p-polarized obliquely incident laser pulses with a prepulse 50 ps in advance. The dotted line is
the theoretical calculation for the target interaction with a 50 keV electron beam.
when the target was irradiated by a p-polarized irradiation
without prepulses. This agreed with Bastiani’s experimen-
tal results [7]. Figure 3a shows this change. This is very
different from the behaviors of fast electrons generated by
p-polarized irradiation with prepulses. This suggests that
a corona preplasma does play a very critical role in deter-
mining the emission direction of fast electrons.

It is important to know the propagation process of the
ingoing fast electrons into targets because these fast elec-
trons are critical to the concept of fast ignition [1]. Fast
ignition is of importance to the inertial confinement fusion
research through its potential to give higher inertially con-
fined fusion gain than the conventional indirect or direct
drive schemes and thereby to reduce the driver energy
required for inertial confinement fusion. Fast electrons
injected into targets will undergo multiple Coulomb
scattering with nuclei and produce x-ray Bremsstrahlung
radiation. Therefore, the x-ray energy spectrum at the
backside of the target could provide rich information on
ingoing fast electrons in targets. Figure 3b shows the
angular distribution of x rays. The angular distribution
shows a symmetrical structure around the target normal.
The FWHM of x-ray angular distribution was about 100±.
It is clear that the main characteristics of the angular dis-
tribution of x-ray Bremsstrahlung radiation is very similar
to those produced by a collimated fast electron beam with
50 keV energy in the normal direction injected into the
target [16]. By comparison, a rather random distribution of
x rays was observed at the backside of targets irradiated by
s-polarized laser pulses with a prepulse 50 ps in advance.
The x-ray flux was about 10 times weaker than that driven
by p-polarized irradiation. This indicated that there was no
jet forming of ingoing electrons for s-polarized irradiation,
and this is against the simulation prediction [8].

To explain the experiments, we have run two-
dimensional particle-in-cell (PIC) simulations. The simu-
lation box size is 24l 3 40l. Particles are filled only in a
limited region, typically with 25 cells per laser wavelength
and 16 particles per cell. We find that the simulation can
225001-3
FIG. 4. Electron distributions in geometry and momentum
space found from two-dimensional PIC simulations. A laser
pulse with normalized amplitude a0 � 0.2 and a duration of
50 laser cycles is incident obliquely at 45±. (a) plots (x, y)
electron positions and (b) angular distribution at t � 60 laser
cycles for p-polarized incidence onto plasma with scale length
L � 1l; (c) plots (x, y) positions and (d) angular distribution
at t � 50 for p-polarized incidence onto plasma with a steep
density profile; (e) plots (pz , x) positions, (f) plots (pz , px),
and (g) plots (pz , py) all at t � 50 for s-polarized incidence
onto plasma with a steep density profile.
225001-3
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FIG. 5. The time integrated frequency spectra of the reflected
p-polarized light obliquely irradiating on plasmas with different
density scale lengths (a). (b) shows the density and electric field
disturbance around the quarter critical density where the Raman
instability has the highest growth rate under our conditions.

best reproduce our main experimental results, if we take
a0 � 0.2. This implies that the laser intensity at focus
might be larger than 2 3 1016 W�cm2 due to the pos-
sible self-focusing effects occurring in the laser plasma,
resulting in higher intensity in the interaction. Figures 4a
and 4b show the �x, y� positions of electrons and their an-
gular directions, respectively, at t � 60 laser cycles, ob-
tained for p-polarized incidence onto plasma. Initially, the
electron density increases from 0.01nc exponentially with
a scale length of 1l until about 2.5nc. They show evi-
dently that electrons are pushed out around the normal to
the target direction (i.e., 135± and 315±, since it assumes
that the incident laser propagates in 0±). This agrees with
the experiments for the case with prepulses and the theory
in [17].

Figures 4c and 4d show the case with a steep density
profile. Unlike the experimental observation, outgoing
electrons are observed in wide angular distributions, in-
cluding in a reflected direction (90±). Figures 4e, 4f, and
4g are obtained for s-polarized incidence. Note that dur-
ing the laser interaction, the momentum in the polarization
direction is much larger than that in the x and y directions.
225001-4
Thus if electrons are pulled out from the target, they must
be directed in a small angle against the target surface. This
is exactly what was observed in the experiments.

It appears that parametric instabilities excited around the
quarter critical density are responsible for the acceleration
for L . l. This is obvious from the frequency spectra of
the reflected light (Fig. 5). For L . l, emission near half
of the laser frequency as well as at one half and one half
the laser frequency appear.

In summary, we found that both s- and p-polarized lasers
can generate jet emission of fast electrons at moderate laser
intensities. This provides new insights into acceleration of
fast electrons in laser-plasma interaction. Our experimen-
tal results have indicated that the 2D PIC simulations can
reproduce the main characteristics of outgoing fast elec-
trons generated by p-polarized laser pulses with prepulses.
However, the simulations failed to reproduce the jet emis-
sion of outgoing fast electrons in the specular direction
produced by p-polarized laser pulses without prepulses. In
this case, our experimental results have settled down the
disagreement between two groups on the emission direc-
tion of fast electrons generated by p-polarized laser pulses
on a steep profile plasma [7,8].
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We study the angular distributions of fast electrons, ions, and bremsstrahlung x/g-rays generated dur-
ing the interaction of an ultrashort intense laser pulse with solid targets. A relation is found on the
angular directions for fast electrons and ions as a function of the particle’s kinetic energy, experienced
Coulomb potential changes, and the incident angle of the laser pulse. It is valid independent of the accel-
eration mechanisms and the polarization of the laser pulse, as confirmed by particle-in-cell simulations.
The angular distribution of bremsstrahlung x/g-rays is presented to show explicitly its correlation with
the corresponding angular distributions of electrons.

PACS numbers: 52.40.Nk, 52.25.Nr, 52.25.Tx, 52.65.Rr
Fast electrons and ions generated in the interaction of ul-
trashort intense laser pulses with solid and gas targets play
a key role for the various applications of intense lasers,
such as the fast ignitor of fusion targets, ultrashort x/g-ray
sources, and laser induced nuclear processes, etc. Depend-
ing upon the target types (solid or gas), plasma parameters
(scale length, density, etc.) and the laser intensities, fast
electrons can be produced through vacuum heating [1],
plasma wave excitation, and breaking through resonance
absorption and electron parametric instabilities [2–5], pon-
deromotive force acceleration [6,7], and recently proposed
direct laser acceleration for electrons inside self-focusing
channels [8]. Ions are mainly accelerated by the induced
electrostatic fields in recent experiments [6,9,10]. Cur-
rently, the angular distributions of fast electrons, ions, and
x/g-ray emissions have been the subject of experimental
and theoretical studies in several groups [11–18]. As is
obvious, it is one of the important issues for these pro-
posed applications. In this Letter, we present a theory on
the angular directions of fast electrons and ions generated
in laser-solid interactions, supported by numerical simula-
tion using a 1D3V particle-in-cell (PIC) code. The angular
distributions of bremsstrahlung x/g-rays, obtained by the
Monte Carlo method using PIC simulation results, show
explicitly the correlation with the angular distributions of
electrons.

We consider a geometry shown in Fig. 1 where a planar
laser pulse is incident at angle a onto a solid target. The
target is modeled with an electrostatic field around the tar-
get surface. As a resut, the Hamiltonian of electrons nor-
malized by mc2 is H � �1 1 �P 1 A�2�1�2 2 F, where
P � p 2 A is the canonical momentum normalized by
mc, A�x, y, t� and F�x, t� are the vector potential of the
laser field and scalar potential associated with the elec-
trostatic field, respectively, both normalized by mc2�e,
and m the rest mass of electrons. For convenience, we
0031-9007�00�85(25)�5340(4)$15.00
normalize x and y by c�v0 and t by v
21
0 with v0 the

laser frequency. Assuming the laser is reflected specu-
larly from the target, the vector potential on the left re-
gion of the targets can be written as A�x, y, t� � A�x, h�,
which includes both the incident and reflected laser fields;
here h � �ck0�v0�y sin�a� 2 t with ck0�v0 � 1 by ig-
noring the dispersion of laser pulse in preplasma. Us-
ing the canonical transform, F2 � hPh , one finds Py �
Ph sin�a� and the new Hamiltonian: H̄ � g 2 Ph 2 F.
If electron energy changes in a time scale much shorter
than the scalar potential [19], H̄ is an adiabatic constant of
motion. If particles are at rest before the interaction and
F � F0, one has H̄ � 1 2 F0. When the laser pulse
leaves the target region, one obtains P � p. Assuming
pz � 0, generally true both for P and S polarization, defin-
ing tan�u� � py�px , and making use of the adiabatic H̄
and the definition g � �1 1 p2

x 1 p2
y �1�2, we obtain

α α

θ

θ

y

x

Laser beam

e-,i+
e-,i+

FIG. 1. Schematic drawing of the laser-target interaction
geometry shows the equivalence of target interaction with two
intersecting laser pulses.
© 2000 The American Physical Society
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tan�u� � 6

∑
2�g 2 1� �1 1 dF� 2 dF2

�g 2 1 2 dF�2 sin22�a�

1 tan22�a�
∏

21�2

, (1)

where dF � F�x, t� 2 F0. It shows that the angular
directions of individual electrons are simply related with
their kinetic energy and the experienced Coulomb potential
changes. Equation (1) is valid only for electrons. For ions,
one needs to replace dF with 2�Zm�M�dF in Eq. (1),
where Z and M are the charge and rest mass of ions,
respectively. Since electrons are relatively easy to escape
from the target during and after the interaction with laser
pulses, the target is usually positively charged. Thus we
have dF . 0 for all particles. Figures 2(a) and 2(b) show
the angular directions of forward moving electrons and
ions as a function of their kinetic energy under some given
Coulomb potential changes, respectively. It shows that
electrons/ions at the same kinetic energy can be found
in different angular directions if they experience different
Coulomb potential changes. The Coulomb fields tend to
reduce the ejecting angles of electrons and to enhance the
angles of ions. Electrons with g , 1 1 dF are trapped
by the Coulomb potential; when g . 1 1 dF, electrons
can escape at angles between 0± and a in the forward
direction, or between 180± and 180± 2 a in the backward
direction. Angular directions between a and 180± 2 a

are forbidden. Energetic electrons with g ¿ 1 1 dF are
found at angles close to the laser direction of incidence and
reflection; since the value of g for ions is usually close to
1, the corresponding angle u is small, about a few degrees
for g , 1.1. In normal incidence a � 0±, one obtains
tan�u� � 0 no matter what values g and dF take. It means
that particles at any energy are directed either in 0±or 180±.
When dF � 0, Eq. (1) reduces to

tan�u� � 6

∑
2

g 2 1
1

g 1 1
g 2 1

tan22�a�
∏21�2

. (2)

FIG. 2. Angular directions of electrons (a) and ions (b) as a
function of particle energy at various electrostatic potential levels
when a � 30±. In (a) dF � 0 for — , 0.5 for - - - , 1.0 for · · ·,
and 5.0 for - ? -; in (b) dF � 0 for — , 1.0 for - - - , 3.0 for
· · ·, and 5.0 for - ? -.
This is equivalent to a relation proposed for single electrons
scattered in two intersecting laser beams in vacuum [20]. It
also extends the scattering formula for electrons by single
laser beams in vacuum or tenuous plasma (which is recov-
ered when a � 90±) [7,12]. Alternatively, Eq. (2) can be
rewritten as sin�u� � ��g 2 1���g 1 1��1�2 sin�a�, a re-
lation derived earlier by assuming that the momentum is
conserved along the target surface between the absorbed
photons and accelerated electrons [18].

To confirm the validity of Eq. (1), we performed numeri-
cal simulations for laser interaction with a solid target us-
ing a 1D3V PIC code accommodated in the Lorenz-boosted
frame for oblique incidence of laser pulses [21]. We use
targets composed of a high density region at 5nc with width
d � �3 � 8�l and preformed plasma which decreases ex-
ponentially with scale length L � 0 � 3l from the high
density platform, where nc and l are the critical density
and laser wavelength in vacuum, respectively. The ions are
protons with a mass ratio M�m � 1836 and Z � 1. The
temporal profile of the laser pulse is f�t� � sin2�pt�t0�
for 0 # t # t0. Usually, we take t0 � 50t with t the os-
cillating period of the pulse.

Initially before the laser interaction, the angular distri-
butions of electrons are homogeneous in all directions be-
tween 0± and 360±. During the interaction, the angular
distributions evolve into anisotropic ones with time owing
to the quiver motion and acceleration of electrons in the
laser fields. After the reflection of the laser pulse, electrons
move only in the induced electrostatic fields. Figure 3(a)
is a typical phase-space plot in angle-energy space (called
angular distribution in the following) for all electrons after
the laser pulse is fully reflected and leaves the target region.
As shown, fast electrons move in the angular direction be-
tween 0± and u�g� in the forward direction and between

FIG. 3. Angular distributions of electrons after the interac-
tion of a laser pulse (with peak amplitude a0 � 3, t0 � 50t,
and a � 30±) with a solid target. The density scale length is
(a) L � 0, (b) L � 0.2l, (c) L � 3l for p-polarized incidence,
and (d) L � 3l for s-polarized incidence of the laser pulse. The
solid and dashed lines are obtained from Eq. (1).
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180± and 180± 2 u�g� in the backward direction, where
u�g� is given by Eq. (2). Since we use a relatively thin
target with d � 3l, all electrons are pushed in the laser
fields and induced electrostatic fields. As a result, few elec-
trons are found in the angular direction between 30± and
150±, which are forbidden according to Eqs. (1) and (2). In
Figs. 3(b)–3(d), we show the angular distributions of for-
ward moving electrons for different density scale lengths
and laser polarizations. For L � 0, the main acceleration
mechanism is vacuum heating [1]; for L � 0.2l, plasma
wave excitation and wave breaking through resonance are
dominant for the observed fast electrons [2,3], while for
L � 3l, parametric excitation of plasma wave and wave
breaking around the quarter critical density play a domi-
nant role both for P and S-polarized light. In spite of
these different mechanisms and laser polarization, elec-
trons are found in angular directions u�g, dF� given by
Eq. (1), where 0 # dF # dFmax. Equation (1) gives the
high boundary when dF � 0 and the low boundary when
dF � dFmax. Electrons with the same energy may move
in different directions when they have experienced differ-
ent Coulomb potentials during acceleration. In simulations
changing various parameters, dFmax is found to be closely
related with the laser absorption in the target. We find that

dFmax � C�habsa
2
0t0�1�2, (3)

where habs is the total absorption rate (which is also a func-
tion of laser intensities, polarizations, and plasma scale
lengths), t0 is the pulse duration, and C is a constant
around unity when t0 is in units of 50 laser cycles. More-
over, we find that the temperature of hot electrons Th

scales linearly with dFmax. Since the hot electron en-
ergy nhTh � habsa

2
0t0, one expects that the number of hot

electrons nh also scales like dFmax. This proves to be
true in our simulations. With the scaling of dFmax, one
can predict angular distributions of electrons by measur-
ing the absorption rate. In Fig. 3(b), for example, we find
that dFmax � 1.5 when fitting the simulation result with
Eq. (1), which is just close to the value h

1�2
abs a0 found in the

simulation. One notes that dFmax, though proportional to,
is not equivalent to the maximum Coulomb potential found
in the simulation box.

Angular distributions of ions shown in Fig. 4 are ob-
tained for similar parameters as for Fig. 3 at a time when
the laser pulse is reflected and leaves the target region.
They can be well described by Eq. (1) modified for ions as
stated before with 0 , dF , dFi

max. Usually dFi
max .

dFmax (dFi
max � 1.7dFmax in this simulation, for ex-

ample) because ions move at lower velocities and remain
relatively localized as compared to electrons. With the in-
crease of laser power, both the kinetic energy of ions and
their ejecting angles increase as shown in Fig. 4(d). The
nonzero ejecting angle or momentum component along the
target surface indicates explicitly that there is a momentum
transfer from laser to ions via the ponderomotive force in
5342
FIG. 4. Angular distributions of forward moving ions after
the interaction of a laser pulse (with t0 � 50t and p polar-
ization with a � 30±). The density scale lengths are (a) L � 0,
(b) L � 0.2l, (c) L � 3l with pulse amplitude a0 � 3, and
(d) L � 3l with a0 � 10. The solid and dashed lines are ob-
tained from Eq. (1) with dF replaced by 2�Zm�M�dF.

addition to the acceleration by electrostatic fields along the
normal to the target surface.

Now let us compare Eqs. (1) and (2) with some related
experiment and 2D PIC simulation results. For example,
in an experiment [14], one observed fast electron jets with
energy around 170 KeV (g � 1.33) in an angular direc-
tion about u � 11± when the incident angle a � 45±.
At the same energy, Eq. (2) gives u � 15.4± when the
electrostatic field is not considered, which slightly over-
estimates the angle direction. Taking into account this
field, the experimental result is reproduced by Eq. (1) with
dF � 0.1. In recent 2D PIC simulations [18], electron
jets with g � 3.0 are found in u � 16.7± when the in-
cident angle of the laser pulse a � 28.9±. We find that
Eq. (2) gives u � 20± and Eq. (1) gives the 2D simulation
result with dF � 0.32.

We notice that, although Eqs. (1) and (2) are obtained
for plane laser pulses, primary numerical study on single
electrons interacting with two intersecting Gaussian beams
in vacuum shows that Eq. (2) is essentially valid for fo-
cused beams. Other 2D/3D effects which may modify the
angular distributions include the quasistatic magnetic field
generation, laser self-focusing, and hole boring. While it is
difficult to delineate clearly how the magnetic field would
affect the angular distributions of fast electron flows, gen-
erally one expects that it tends to reduce the width of an-
gular distributions due to magnetic field pinching. On the
other hand, the generation of return currents may lead to
the development of Weibel and filamentation instabilities,
which could ultimately result in multipeaked emissions as
pointed out in [16]. This may happen in cases with high
laser intensities such as 1019 W�cm2 or higher and long
plasma scale lengths ensuring efficient absorption of laser
energy and large nhTh values. This effect is, however, not
expected to be significant in laser interaction with thin tar-
gets. The hole-boring effect could break our assumption
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FIG. 5. Angular distributions of x-ray bremsstrahlung for a
laser pulse with the same parameters as in Fig. 3 and with
plasma scale lengths (a) L � 0 and (b) L � 3l for p-polarized
incidence. The solid and dashed lines are for bremsstrahlung
between 0.01–0.5 MeV and 0.5–30 MeV, respectively.

of specular reflection and introduce a self-focusing effect
[8] when UT . R, where U is the hole-boring velocity
given in [6] with modification taking into account the in-
cident angle, T the pulse duration, and R the beam radius.
Thus, this effect will not be significant for subpicosec-
ond pulses with intensity less than 1019 W�cm2 and radius
sizes around R * 5 mm.

The angular distributions of electrons are closely related
to the angular distribution of the bremsstrahlung x/g-rays.
We calculate the bremsstrahlung by use of the Monte Carlo
method by postprocessing the distributions of electron mo-
menta obtained from PIC simulations [22]. Example re-
sults are given in Fig. 5. It shows that, when L � 0, there
are two forward-radiation peaks around u � 0± (or 360±)
and 30±, respectively, for radiation between 10 keV and
0.5 MeV. Radiation with higher energy between 0.5 and
30 MeV is only found around 30± near which high en-
ergy electrons are directed. The angular distribution for
the backward radiation is just similar. When L � 3l, the
radiation near 0± is relatively much weaker than around
30±, indicating that electrons are more efficiently accelera-
ted in this case as is evident in Fig. 3. This scale length
effect is similar to that found in a recent experiment [16].

In conclusion, a relation on angular directions of elec-
trons and ions is found analytically as a function of the
incident angle of laser pulses, particle kinetic energy, and
experienced Coulomb potential changes. It is verified by
PIC simulations for a variety of laser pulse and target pa-
rameters and is in reasonable agreement with some recent
experiments and other simulations. The angular distribu-
tion of bremsstrahlung is shown to depend on the energy
range of x/g-rays and the angular distribution of electron
energy.

Z. M. S. acknowledges the support of the Japan Society
for the Promotion of Science.

[1] F. Brunel, Phys. Rev. Lett. 59, 52 (1987).
[2] W. L. Kruer, The Physics of Laser Plasma Interaction (Ad-

dison-Wesley, New York, 1988).
[3] P. Gibbon and A. R. Bell, Phys. Rev. Lett. 68, 1535 (1992);

Th. Schlegel et al., Phys. Rev. E 60, 2209 (1999).
[4] E. Esarey et al., Phys. Rev. Lett. 72, 2887 (1994).
[5] K. C. Tzeng et al., Phys. Plasmas 6, 2105 (1999).
[6] S. C. Wilks et al., Phys. Rev. Lett. 69, 1383 (1992).
[7] F. V. Hartemann et al., Phys. Rev. E 51, 4833 (1995);

B. Quesnel and P. Mora, ibid. 58, 3719 (1998).
[8] A. Pukhov et al., Phys. Plasmas 6, 2847 (1999); C. Gahn

et al., Phys. Rev. Lett. 83, 4772 (1999); J. Meyer-ter-Vehn
and Z. M. Sheng, Phys. Plasmas 6, 641 (1999).

[9] J. Denavit, Phys. Rev. Lett. 69, 3052 (1992).
[10] G. S. Sarkisov et al., Phys. Rev. E 59, 7042 (1999).
[11] S. Bastiani et al., Phys. Rev. E 56, 7179 (1997).
[12] C. I. Moore et al., Phys. Rev. Lett. 74, 2439 (1995);

G. Malk et al., ibid. 78, 3314 (1997).
[13] M. H. Key et al., Phys. Plasmas 5, 1966 (1998).
[14] J. Zhang et al., Proc. SPIE Int. Soc. Opt. Eng. 3886, 332

(1999); P. Zhang et al., Phys. Rev. E 57, R3746 (1998).
[15] R. Kodama et al., Phys. Rev. Lett. 84, 674 (2000).
[16] M. I. K. Santala et al., Phys. Rev. Lett. 84, 1459 (2000).
[17] P. Norreys et al., Phys. Plasmas 6, 2150 (1999).
[18] Y. Sentoku et al., Phys. Plasmas 6, 2855 (1999); H. Ruhl

et al., Phys. Rev. Lett. 82, 743 (1999).
[19] PIC simulation shows that the spectra of the electron den-

sity fluctuation and electrostatic field has the highest peak
near v � 0; see also Ref. [18].

[20] Z. M. Sheng and J. Meyer-ter-Vehn, in Superstrong Fields
in Plasmas, edited by M. Lontano et al., AIP Conf. Proc.
No. 426 (AIP, Woodbury, 1998), p. 153.

[21] R. Lichters et al., Phys. Plasmas 3, 3425 (1996); P. Gibbon
et al., Phys. Plasmas 6, 947 (1999).

[22] Y. Sentoku et al., Phys. Plasmas 5, 4366 (1998).
5343



Journal of Quantitative Spectroscopy &
Radiative Transfer 83 (2004) 203–213

www.elsevier.com/locate/jqsrt

Simulations of a photopumped X-ray laser using
the H-like Cl− Li-like Se scheme

Il’dar R. Al’Mieva ;∗, Xin Lub, Steven J. Rosea, Jie Zhangb, Justin S. Warka
aClarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, OX1 3PU, UK

bLaboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080,
People’s Republic of China

Received 29 July 2002; received in revised form 1 November 2002; accepted 4 November 2002

Abstract

Calculations of the modal photon densities and gain in a photopumped Cl XVII-Se XXXII X-ray laser are
presented. In this paper we undertake a realistic simulation of the generation of both Cl and Se plasmas,
using a high-power optical laser, which includes radiation from both Ly-� :ne-structure components of H-like
Cl pumping the 2p3=2–5d5=2 transition in Li-like Se. The calculations are performed in two dimensions in a
realistic geometry taking into account plasma gradients. This gives information about the spatial extent and
time evolution of X-ray lasing gain on the 5–4 transitions (39:5 =A) in Li-like Se. We :nd that gain (about
200 cm−1) is expected only when the optical laser includes a pre-pulse. Calculations show that the absorption
of pumping radiation in the pumped plasma can reduce the gain by 20%. Time-dependent calculations have
shown that the gain is reduced by 30% in comparison to the steady-state calculations. The e?ect of the spectral
pro:le and self-radiation of 5d5=2–2p3=2 transition in Li-like Se reduces the gain by about 2%.
? 2003 Elsevier Ltd. All rights reserved.

Keywords: Laser plasma interactions; X-ray lasers; Hydrodynamic simulation; Radiative transfer; Population kinetics;
Spectral pro:le

1. Introduction

In the last decade electron-collision and recombination pumped X-ray lasers have undergone con-
siderable development [1–8]. In addition e?ort has been put into the development of OFI and
free-electron X-ray lasers [9,10]. A demonstration of X-ray lasing based on the line coincidence
photopumping has been attempted for many years [11–13], but to date there has been no experi-
mental evidence that the scheme operates in the XUV and X-ray range.
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In three previous papers [14–16] we simulated two line coincidence schemes. In the :rst scheme,
H- and He-like K pumps H-like Cl and we predicted gain on the H-like Cl 4–3 transitions (65 =A)
of about 8 cm−1. In the second scheme we simulated H-like Al pumping Li-like Fe; we predicted
gain on the Li-like Fe 5–4 transitions (70 =A) of about 20 cm−1. In [17,18] Nilsen has undertaken a
systematic search for line-coincidence pairs involving other Li-like ions. One of the possible schemes
involves Ly-�1;2 radiation from H-like Cl ions pumping the 2p3=2–5d5=2 line in Li-like Se, where gain
is expected on the 5–4 transitions. It is this scheme that is studied in this paper.
This work di?ers from previous simulations [14–16] by including e?ects that we did not previously

consider. The calculation of the modal photon density and gain takes into account absorption of the
pumping radiation in the pumped Se plasma, the e?ect of time dependence of the rate equations. We
also consider the e?ect of the spectral pro:le of 5d5=2–2p3=2 transition in Li-like Se on the gain. The
spatial variation in velocity, density and temperature in both the pumping and the pumped plasmas
were also considered. Incorporation of variation of the relative spatial position of the two plasmas
allowed us to explore realistic experimental geometries.

2. Methodology

To calculate the pumping radiation we investigated two geometries in which the surface normals
of the Cl and Se targets were parallel (PS, parallel-stream), shown in Fig. 1, and anti-parallel (OS,
opposite-stream) (Fig. 1 in Ref. [15]). The OS geometry was considered because the Cl Ly-�2 line
lies at longer wavelength than the 2p3=2–5d5=2 line of Li-like Se and the counter-propagating plasmas
provide the Doppler shift necessary for resonance. The PS geometry is also of interest as it is more
easily studied experimentally and the 2p3=2–5d5=2 transition can also be pumped by H-like Cl Ly-�1
line that lies at shorter wavelength.
The position between the two plasmas can be adjusted to alter the modal photon density in the

local Ouid frame of the Se plasma. The wavelengths of H-like Cl Ly-�1and Ly-�2 transitions (4.1840
and 4:1894 =A, respectively) and of the Li-like Se 5d5=2–2p3=2 transition (4:1882 =A) were calculated
using the codes HITR [31] and GRASP [19], respectively.

Fig. 1. Schematic diagram of the experimental set-up used in the simulations. The initial thickness of both Cl and Se
targets is 5 �m. They are irradiated with trapezoidal pulses, of 0:53 �m wavelength, using the pre-pulse technique. The
peak intensity of the main pulse was chosen to be 1× 1014, 3× 1014, 5× 1014 and 1015 W cm−2 for both the Cl and Se
targets.
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The methodology behind these simulations is similar to that explained in previous papers [14–16],
so only a brief account will be given here. To calculate the hydrodynamic evolution of both Cl and
Se plasmas we used the hydrocode MED103 [20,21]. To calculate the photopumping radiation we
adapted the postprocessor described in [14] to the particular experimental geometries. Knowing the
pump spectrum in the local Ouid frame of the Se plasma, we use the 0-D time-independent non-LTE
code GALAXY [22] to compute the local gain. A new time-dependent version of GALAXY, called
ORION, was written using an algorithm described in [23]. The e?ect of line-coincidence photop-
umping is included in the rate equations. Because there is a velocity gradient in the pumped plasma,
the average distance that photons travel to escape is taken to be the Doppler de-coupling distance.
This is used in the calculation of the e?ect of optical depth on the resonance lines that are not
photo-pumped using an escape factor.
In all the simulations that follow we assume that both Cl and Se targets are irradiated with an

optical 0:53 �m (green) laser pulse with a peak intensity of less than or equal to 1015 W cm−2. We
considered 1 ns optical pulses of trapezoidal temporal shape. A planar expansion of both Cl and Se
plasmas is assumed. The simulation also assumed that the plasmas were 50 �m wide and 2 cm in
length.
The pumping of the Se plasma depends in a complex manner on the density, temperature and

velocity of the Cl plasma. Optimization therefore, requires enhancing the pumping radiation and
optimising the Se plasma conditions.

3. Conditions for the Se plasma and gain

To achieve maximum gain on the 5–4 transitions in Li-like Se the population of the n = 4
levels needs to be as small as possible compared to the n = 5 level populations. This is possible
because the n = 4 level is mainly populated by cascading transitions from the upper levels and by
collisional excitation from lower states, particularly, the ground state. The latter contribution can be
decreased in plasmas with relatively low temperatures that still produce an appreciable Li-like ion
population. To estimate electron temperatures and ion densities that might be optimal to produce
Li-like Se ions, we used the code GALAXY. Fig. 2 shows the fractional population of di?erent
ionization stages calculated by the code. For electron densities usually realized in laser-produced
plasmas (about 1021 cm−3) the population of Li-like ions has a maximum abundance between 1500
and 3500 eV. For electron and ion densities of Ne =3×1021 the fraction of Li-like Se ions achieved
is about 50% at Te = 2500 eV. We found similar results for Ne = 1021 and 5 × 1021 cm−3. Thus,
electron temperatures of between 1500 and 3500 eV and electron densities of between 1× 1021 and
5× 1021 cm−3, generate a high fraction of Li-like Se ions (assuming a steady state).
To estimate the gain dependence on material density and pump radiation, we again used GALAXY.

Taking an electron temperature of 2000 eV the gain as a function of modal photon density for the
5g9=2–4f7=2 transition is shown for di?erent densities in Fig. 3. A gain of about 180 cm−1 is achieved
with a modal photon density of 0.025.
The problem of optimizing the Cl–Se X-ray laser scheme is divided into two distinct parts:

the need to create an Cl plasma with an abundance of H-like ions so as to produce radiation of
suUciently high modal photon density, and the need to create a Se plasma with the conditions
(Te = 1500–3500 eV and Ne ≈ 1021 cm−3) to produce high population of Li-like ions.
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Fig. 2. Fractional populations of the Se ions as a func-
tion of electron temperature taking an electron density of
3×1021 cm−3: He-like (dots), Li-like (solid), and Be-like
(dashed).

Fig. 3. Gain as a function of modal photon density for
5g9=2–4f7=2 sub-transition in Li-like Se taking an ion den-
sities of 1:0× 1020 (dot dashed), 2:0× 1020 (dashed), and
2:7× 1020 (solid) cm−3.

4. Optical laser parameters

Simulations over a wide range of parameters indicate that single pulse irradiation of a Se-target
does not produce enough Li-like ions to obtain gain. To overcome this we investigated the use
of a pre-pulse technique [24–30]. The target is :rst irradiated by an optical pulse of low intensity
so that the material can expand but remain in a low-ionization stage (a pre-plasma). The thermal
energy transferred to electrons and ions is then transformed into the macroscopic motion of an
expanding pre-plasma, leading to plasma cooling and a decreasing electron number density. Because
the absorption coeUcient is proportional to T−3=2

e , the energy of the main pulse can eUciently heat
the pre-plasma and ionize the expanding material. The energy of the second pulse is chosen so as
to produce a plasma of the desired degree of ionization. The shape of both pre- and main pulses
was taken to be trapezoidal with a rise time of 0:1 ns followed by a 0:9 ns plateau with a 0:1 ns fall
time. The time interval between the end of the pre- and the beginning of the main pulses denoted
by Vt could be varied.
To compare the two experimental geometries (PS and OS) we :rst calculated the modal photon

density at the middle of the main pulse using an intensity of 5× 1014 W cm−2 a 10% pre-pulse and
with Vt = 1 ns.

5. H-like Cl XVII pumping radiation

The modal photon density was calculated as a function of the x-coordinate and as a function of
the velocity v, at which an observer is moving in the local Se plasma frame. We found that the
maximum of the modal photon density both in PS and OS geometries is realized at v=5:5×107 cm
s−1. The results from the calculations assuming v = 5:5 × 107 cm s−1 are shown in Fig. 4, which
demonstrates that in the case of the PS geometry the pumping radiation is considerably greater than
in the case of OS geometry.
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Fig. 4. The modal photon density as a function
of x-coordinate, at y = 70 �m, t = 2:7 ns, and
v = 5:5 × 107 cm s−1 in the frame of the observer at a
wavelength of 4:1882 =A, calculated for the PS (solid) and
OS (dashed) geometries. The chlorine target is irradiated
by a trapezoidal pulse of 0:53 �m wavelength, 1 ns dura-
tion, 5×1014 W cm−2 peak intensity, with 10% pre-pulse,
and time delay of Vt = 1 ns.

Fig. 5. The modal photon density as a function
of x-coordinate, at y = 70 �m, t = 2:7 ns, and
v = 5:5 × 107 cm s−1 in the frame of the observer at
a wavelength of 4:1882 =A, assuming di?erent peak in-
tensities of the main pulse: 1014 (dot dashed), 3 × 1014

(dashed), 5× 1014 (solid), and 1015 W cm−2 (dots), and
10% pre-pulse.

As it is likely that the PS geometry can be more easily realized in an experiment and because the
pumping radiation calculated to be high enough to produce gain (cf. Fig. 3), we explored the PS
geometry in our subsequent calculations. To estimate how the modal photon density depends on the
peak intensity of the main pulse, calculations were performed using di?erent peak intensities. We as-
sumed 10% pre-pulse. The results of these calculations are shown in Fig. 5. As the intensity increases
from 1–5×1014 W cm−2 the modal photon density increases, because more energy transfers into the
ionization of the material. The maximum modal photon density is achieved at 5× 1014 W cm−2. At
higher intensities, for example 1015 W cm−2, the plasma is so hot that the population of H-like Cl
ions decreases, and, therefore, the modal photon density decreases. Hence, we take intensities near
5× 1014 W cm−2 as optimal in the sense of achieving the maximum photo-pumping radiation. This
intensity was used in all further calculations.
To address the scaling of the pre-pulse we performed a series of calculations using 1%, 10%,

30%, 50%, and 100% pre-pulses. Fig. 6 shows the pumping radiation pro:les calculated using these
parameters. As the pre-pulse level increases from 1–10% the modal photon density increases. Between
10% and 30% the magnitude of the pumping radiation is similar. Further increase of the pre-pulse
(not on graph), leads to the decrease of the pumping radiation, because a high pre-pulse causes an
expansion of the material, resulting in the decrease of the density. From our calculations we have
chosen a 10% pre-pulse as optimal. However, we note that this is true only for 5 × 1014 W cm−2
intensity, because at intensities of, for example, 1 × 1014 and 3 × 1014 W cm−2, we found that 50
–100% pre-pulses leads to the increase of the photopumping radiation.
It is also interesting to address how the modal photon density depends on the time delay,

Vt, between the pre- and main pulse. As time delay increases modal photon density increases.
This is shown in Fig. 7. An increase of the time delay leads to that plasma is cooled
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Fig. 6. The modal photon density as a function
of x-coordinate, at y = 70 �m, t = 2:7 ns, and
v = 5:5 × 107 cm s−1 in the frame of the observer at
a wavelength of 4:1882 =A, assuming di?erent levels of
the pre-pulse: 1% (dots), 10% (dashed), and 30% (solid).
The peak intensity of the main pulse was taken to be
5× 1014 W cm−2 and Vt = 1 ns.

Fig. 7. The modal photon density as a function
of x-coordinate, at y = 70 �m, t = 2:7 ns, and
v = 5:5 × 107 cm s−1 in the frame of the observer at
a wavelength of 4:1882 =A, assuming di?erent delays be-
tween the pre- and main pulses: 0 (dots), 0.5 (dashed),
1.0 (solid), 1.5 (dot dashed), and 2.0 (triple dot dashed)
ns. The peak intensity of the main pulse was taken to be
5× 1014 W cm−2 with a 10% pre-pulse.

e?ectively, and, because energy absorption coeUcient is proportional to T−3=2
e , more H-like Cl ions is

produced.
At this point we conclude that among all cases of the optical laser parameters considered in our

simulations the highest modal photon density is found at an intensity of 5 × 1014 W cm−2 with a
10% pre-pulse and a 1 ns interval between the pre- and main pulses. These parameters were used to
calculate detailed (x; v)-distributions of the modal photon density at di?erent times and y-coordinates.
The resultant plot calculated at t=2:7 ns and y=70 �m is shown in Fig. 8. The overall distribution of
the modal photon density is not symmetric and exhibits two local maxima resulting from a complex
interplay between plasma gradients and opacities.

6. Gain calculations

Taking the values of the modal photon density plotted in Fig. 8 we calculate the gain in the Se
plasma using the code GALAXY. By performing a number of hydrodynamic simulations we found
that an optical laser with the main pulse intensity of (3–5) × 1014 W cm−2 and 1–30% pre-pulse
with Vt = 0:1–2 ns focused onto a Se target will give an optimal electron temperature and electron
density of 1500–3500 eV and 5× 1021 cm−3, respectively. The peak value of the gain was found at
an intensity 5× 1014 W cm−2 with 1% pre-pulse and time interval Vt = 1 ns.
Gain as a function of x-coordinate at y=70 �m is shown in Fig. 10. We use Fig. 10 as a rough

guide as to where to place the Se plasma relative to the Cl plasma. Knowing the velocity, electron
temperature and density pro:les within the Se plasma, we can identify where to place the Se target
so as to ensure that the Li-like Se ions experience the maximum modal photon density from the
H-like Cl Ly-�1;2 radiation.
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Fig. 8. The modal photon density as a function of position
x and velocity v in the frame of the observer at a wave-
length of 4:1882 =A. Peak intensity is 5 × 1014 W cm−2,
pre-pulse level is 10%, and the time delay is Vt = 1 ns.

Fig. 9. The modal photon density as a function of posi-
tion x and velocity v in the frame of the observer at a
wavelength of 4:1882 =A. Absorption in the pumped Se
plasma was taken into account. The peak intensity is
5 × 1014 W cm−2, the pre-pulse level is 10%, and the
time delay, Vt = 1 ns.
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Fig. 10. Gain as a function of x-coordinate at y = 70 �m and at the centre of the main pulse, t = 2:7 ns, for di?erent
separations, Vx, between Cl and Se targets: 0 �m (solid), 50 �m (dashed), 100 �m (dot dashed), and 200 �m (dots). The
gain curve with solid dots was calculated assuming an absorption in Se plasma and Vx = 0 �m. The gain is calculated
for the 5g9=2–4f7=2 transition at 39:5 =A.
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Fig. 11. XY-distribution of the gain at the 39:5 =A, 5f9=2–4f7=2, lasing transition; Se plasma conditions were taken at
t = 2:7 ns assuming 1% pre-pulse and Vt = 1 ns. Cl Ly-� radiation was calculated at t = 2:7 ns with 10% pre-pulse and
Vt = 1 ns irradiance of the Cl target.

From our calculations the peak value of gain is about 170 and 80 cm−1 when the Se target is
positioned at VxSe =0 and −50 �m, respectively. As the Se target moves further in the −x-direction
the gain pro:le is also shifted in the x-direction and the peak value decreases because of the decrease
in modal photon density. In the PS geometry only small separation of Cl and Se targets, VxSe ≈
10 �m, is expected to result in gain bigger than 5 cm−1.
Fig. 11 shows the spatial XY -distribution of gain for the 5g9=2–4f7=2 transition at t = 2:7 ns. High

gain of 230 cm−1 is calculated near the Cl plasma slab boundary (y=50 �m) in a wide x-interval of
about 250 �m. As the y-distance from Cl plasma increases, the gain and its spatial extent decreases
because of the decrease of modal photon density. From this one can see that the experimentally
useful area is 250× 50 �m2 next to the Cl target in the y-direction.
Absorption of the H-like Cl Ly-�1;2 pumping radiation in the pumped Li-like Se plasma can have

an e?ect on the gain. We found that in both PS and OS geometries, an absorption of the pumping
radiation in the Li-like Se plasma reduces the modal photon density and the gain by about 20% at
t=2:7 ns (cf. Figs. 8–10). Self-emission of the Li-like Se 5d5=2–2p3=2 transition was found to increase
the modal photon density and the gain by about 2%. However, it remains high, the maximum value
is found to be 120 cm−1, and the spatial interval in x-direction, where gain is ¿ 1 cm−1, is extended
in ≈ 150 �m.
The time history of the peak value of the gain at y=70 �m is shown in Fig. 12. A maximum gain

of 180 cm−1 is found near the center of the main pulse, t ≈ 2:65 ns. Although the modal photon
density increases during the main pulse, the population of Li-like ions decreases. Because of this,
the gain pro:les decrease and are extended in the x-direction.
The calculations of the gain given above were made using the steady-state approximation for the

excitation and ionization in the Se plasma. We generalized GALAXY so that rate equations can
be solved time-dependently (calling the new code ORION). The time history of the Se plasma,
including the modal photon density, is used as input into the ORION calculations. Given this, we
calculated the gain at di?erent x-coordinates, 30, 60, 90, 120, and 150 �m, and at y=70 �m, :nding
that the time-dependent calculations lead to the decrease of gain by approximately 25% in the region
where the gain is expected to be high, for example x = 30 �m (cf. Fig. 12).



I.R. Al’Miev et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 83 (2004) 203–213 211

0

50

100

150

200

2.2 2.4 2.6 2.8 3 3.2

G
ai

n 
( 

cm
-1  

)

Time ( ns )

Fig. 12. Peak value of gain as a function of time at y = 70 �m (solid line), and gain as a function of time calculated
at di?erent x-coordinates, assuming steady-state (ss) and time-dependent (td) regimes: 30 �m with ss (solid with open
circles) and with td (solid with solid circles), 90 �m with ss (dashed with open circles) and with td (solid with solid
circles), 150 �m with ss (dots with open circles) and with td (dots with solid circles). The gain was calculated for the
5g9=2–4f7=2 transition in Li-like Se. The position of the Se-target was taken to be xSe = 0 �m.

GALAXY calculates gain using the modal photon density at the center of the pumped line,
e?ectively ignoring the line width of the pumped transition. To take into account the e?ect of the
spectral pro:le on gain [31–33] we calculated a correction factor to the pumping rate, denoted Q

Q =

∫
nph(�)’(�) d�
nph(�ij)

; (1)

where nph(�) is the frequency-dependent modal photon density of the pumping radiation seen in
the local frame of Se plasma, and ’(�) is the spectral pro:le of 5d5=2–2p3=2 transition in SeXXXII.
Comparing the Doppler width and the natural width of the 5d5=2–2p3=2 spectral line in Li-like Se
at t = 2:7 ns at x = 30, 60, 90, 120, and 150 �m, shows that the Doppler width is dominant (1014
versus 1013 Hz, respectively), and ’Doppler(�) was used for the line shape in Eq. (1). Calculations of
the Q-factor have shown that it is 0.98–1.00 for all x-coordinates, indicating that the approximation
of not accounting for the line width of the pumped line is acceptable in this case. Using a new
value of the modal photon density, n(new)ph =nphQ, in GALAXY, we found that gain decreases by less
than 2%.

7. Conclusions

We have investigated the H-like Cl − Li-like Se X-ray laser photopumping scheme in a laser-
produced plasma. The peak value of the modal photon density, about 0.026, was found for a Cl
target irradiance of 5 × 1014 W cm−2 with a 10% pre-pulse and 1 ns delay between the pre- and
main pulse. The optimal conditions in the selenium plasma were obtained by applying the pre-pulse
technique.
High gain, about 220 cm−1, is calculated at the boundary of the Cl plasma slab (y = 50 �m)

assuming parallel stream geometry of Cl and Se plasmas and no separation between the targets. From



212 I.R. Al’Miev et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 83 (2004) 203–213

our calculations it is expected that gain can be observed in a plasma of extending to 250× 50 �m2.
Including the absorption of Cl Ly-�1;2 radiation in Li-like Se plasma in our calculations showed
that the gain decreases by about 20%. Including time dependence in the calculation shows a further
decrease of 30%. The e?ect of the Se line pro:le and self-emission of 5d5=2–2p3=2 transition in
Li-like Se onto the modal photon density and gain is less than 2%.
These results are encouraging for X-ray laser investigations and can be relevant for the future

experiments, although to provide irradiation conditions over a length and a width of, for example
2 cm and 50 �m, respectively, which our calculations suggest, would require a total energy of about
10 kJ. Future work will concentrate on the e?ects of two-dimensional expansion of the plasma in
realistic experimental geometries.
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ABSTRACT The plasma jet formed on the rear surface of a foil in
laser–solid interaction is investigated by laser probing. The rear
plasma jet, which is in line with the laser, formed a few picosec-
onds after the incidence of the focused laser, is due to a beam of
fast electrons propagating through the target and is collimated
by a strong magnetic field in the plasma.

PACS 52.50.Jm; 52.38.Fz; 52.38.Kd

1 Introduction

Experimental investigation of the interaction of
an ultra-intense ultra-short laser with a plasma has recently
become possible with the advent of multiterawatt, short-
pulse lasers [1, 2]. Such an interaction has many applica-
tions [3], such as the ‘fast ignitor’ scheme [4], in which an
intense short laser pulse is focused onto high-density pre-
compressed thermonuclear fuel to generate fast electrons and
create an ignition spark that initiates a propagating thermonu-
clear burn. In this paper we present laser-probing results on
the plasma on the rear surface of a foil target arising from
laser-generated hot-electron beams propagating through the
solid-density target.

Several mechanisms can be responsible for transferring
laser energy to the plasma electrons [5]. One mechanism
for electron acceleration is the ponderomotive-force accel-
eration, in which the laser pulse terminates at the critical-
density surface; the v× B force can ponderomotively accel-
erate electrons in the direction of laser propagation [6, 7].
Other collisionless electron-acceleration mechanisms at the
critical-density surface include vacuum heating [8, 9], reson-
ance absorption [10], and parametric instabilities [11]. We
shall attribute our experimental results to the ponderomotive
acceleration.

2 Experimental setup

The experiment was performed using the ‘JG-I’
Ti:sapphire laser system [1] based on chirped pulse ampli-
fication. As shown in Fig. 1, a 25 fs, 800 nm laser pulse
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FIGURE 1 Schematic of the experimental setup. The 2D transverse image
of the foil was obtained by a CCD with a 400 nm probe beam. Pinhole imag-
ing was used to monitor the focal spot. A NaI system was used to monitor the
intensity of hard X-ray emission

with an energy up to 36 mJ was focused onto an aluminum
foil with a thickness of 20 µm at 10◦ to the target normal.
The roughness of the Al foil surface is less than 1 µm. The
mount is controlled by three-dimensional microstep motors
to ensure that the laser pulse interacted with a fresh target
surface at each shot. Low-energy equivalent-plane measure-
ments showed a 10–20 µm full width at half maximum fo-
cal spot, giving a maximum intensity of 1 ×1017 W/cm−2.
Pinhole imaging of X-ray emission monitored the focal spot
size for each full-energy shot. A small fraction of the main
beam, frequency doubled to 400 nm in a BBO crystal, is used
as a temporally independent probe beam. The probe beam
passed transversely across the foil target, both the front and
the rear surfaces being in the field of view. A 2D transverse
image of the back-lit target was recorded on a charge-coupled
device (CCD) with a 400 nm band transmission filter, with
spatial and temporal resolutions of the order of 2 µm and 1 ps,
respectively. The region that has been ionized up to a fraction
of the critical density of 400 nm light becomes opaque to the
probe. Refraction of the probe in the strong density gradient
region limited observations to regions with electron density
less than 6.9 ×1021 cm−3. By varying the time delay between
the probe beam and the main beam, we can analyze the plasma
formation on the front and rear surfaces. The probe beam was
timed by decreasing the relative delay to a value such that no
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plasma was seen by the diagnostics. This was taken to be the
time zero. A calibrated γ-ray spectrometer is used to monitor
the X-ray Bremsstrahlung from the plasma. The γ-ray spec-
trometer consists of a NaI detector, an electronic gated shutter,
a photomultiplier, an amplifier, and a multichannel energy an-
alyzer. A 20 mm diameter hole in a 50 mm thick Pb block is
used to collimate the X-ray radiation and to shield the detec-
tor. The detector response is calibrated using a 511 keV and
1.274 MeV γ-ray 22Na source and a 665 keV 137Cs source.

3 Experimental results and discussion

The hard X-ray Bremsstrahlung spectrum has the
same Maxwellian distribution as the colliding electrons.
The hard X-ray spectrum is generally dominated by the
Bremsstrahlung produced by high-energy hot electrons col-
liding with atomic nuclei. The shape and intensity of the
Bremsstrahlung is the principal diagnostic for the outgoing
hot-electron flux and temperature. The hard X-ray spectrum
shows a bi-Maxwellian distribution and the hot-electron tem-
perature is 73 keV, as shown in Fig. 2. However, the space-
charge field stops hot electrons with energies below ∼ 20 keV,
so that the out-going hot-electron temperature is about 90 keV.

FIGURE 2 The X-ray Bremsstrahlung from the Al target. The solid line is
the Maxwellian distribution fit for the temperature

FIGURE 3 Shadowgrams taken at a 11 ps and b 44 ps for the interaction of the 36 mJ, 25 fs laser pulse with a 20 µm Al foil, showing a plasma on the rear
surface. In b, the plasma on the front surface is not seen because of blocking of the probe beam by the curled side of the Al foil. The front plasma did exist

The energy spectra of the out-going and the in-coming (to
the foil) hot electrons are the same; hence the in-coming hot-
electron temperature is also 90 keV. There is a dip in the hard
X-ray spectrum at about 25 keV in Fig. 2; the dip may be a de-
marcation point between the high-temperature electron group
and the low-temperature electron group, which is not under
consideration due to the low-energy electrons. The propaga-
tion of the hot electrons through the Al foil is investigated.

Shadowgrams of the target were recorded at different
times. Figure 3a and b show the typical shadowgrams of the
interaction at 11 ps and 44 ps, respectively. The main laser
beam is from left to right. In order to enhance the contrast
in Fig. 3b, we have subtracted from it the image of the un-
perturbed target in the presence of the probe beam alone.
This results in quite different gray-scaling for the two figures.
In Fig. 3a, the front plasma is not seen because of block-
ing of the probe beam by the curled side of the Al foil; for
the same reason the target looks thicker than it actually is.
In fact, the front plasma was already formed at this time.
In Fig. 3b, at the left-hand edge of the Al foil, we clearly
see that a plasma is formed. The very dark regions repre-
sent plasma densities larger than 6.9 ×1021 cm−3, the critical
density of 400 nm light. We also see that the jet-like plasma
expansion into the back vacuum is not cone shaped but laser
aligned, as it should be if the electrons are accelerated for-
ward by the laser ponderomotive force [7], and the result-
ing space charge pulls out the ions to form the plasma. The
mushroom-like jets on the rear surface of the foil can be ob-
served in both Figs. 3a and 3b. They have diameters (at the
surface) of 4 µm and 10 µm, respectively. The jets were al-
ways in line with the laser and expanded with time. The small
jets in both figures disappeared when there is only the main
beam (without the probe beam), so they are not from self-
emission but are indeed plasmas formed at the rear surface.
The latter may be due to three mechanisms. The first is from
the transmission of the laser pulse through the foil. But this
mechanism is impossible because the 20 µm Al foil blocks
the laser pulse completely. The second possibility is that the
leading edge of the pre-pulse is transmitted and the main
part of the pulse is then focused on the rear surface of the
foil. To rule out this possibility, we monitor the focal spot
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on the front surface with a pinhole imaging camera. We did
not find any significant change of the focal spot size. From
the formation time, we can rule out the possibility of shock
breakout, which is also inconsistent with the small diameter.
The third possibility is the transmission of fast ions from the
interaction, but this can be ruled out because of the thick-
ness of the target. The contrast ratio of the heating pulse is
105 at 1 ps, which was measured by a high-dynamic third au-
tocorrelator. We made a hydrodynamical simulation on the
ablation depth of the pre-pulse (Figs. 4 and 5), which shows
that it did not ablate a 1-micron Al foil and a shock wave
caused by the pre-pulse propagated through the 1-micron Al
foil after 100 ps. However, during that time, the hot electrons
produced by the main pulse had already propagated through
the Al foil. So the contribution of the pre-pulse can be ruled
out.

Thus, we propose that the rear plasma is formed by a beam
of collimated fast electrons. The fast-electron temperature can
be obtained by several means: Kα spectra, γ-ray spectra, or
fast-electron spectra. Here we obtain the fast-electron tem-
perature (kTe) from Beg et al. [12], obtained with Kα emission
measurements for laser–solid experiments:

kTe � 100

(
Iλ2

1017 W/cm−2

)1/3

keV, (1)

FIGURE 4 Spatial distribution of electron temperature and density for 1 ps pre-pulse

FIGURE 5 Spatial distribution of electron temperature and density for 100 ps pre-pulse

where I and λ are the intensity and the wavelength of
the laser, respectively. The laser intensity we used is ∼
8 ×1016 W/cm−2, corresponding to a fast-electron tempera-
ture of ∼ 80 keV. The range of these electrons can be obtained
from the model of Harrach and Kidder [13]. We find

kTe ∼ 18.1(R0)
0.58, (2)

where kTe is in keV and R0 is in mgcm−2. This gives a range
of 47 µm, which is much larger than the thickness of the Al
foil in our case. Thus, the fast electrons, originating from the
interaction area, can propagate through the solid target. As
they leave the rear surface, a space-charge potential is quickly
built up, forming an electron sheath at the surface with a scale
length given by the Debye length [14]. If the electric field in
this sheath is much higher than that for field ionization of alu-
minum, a plasma is formed at the rear surface of the foil. The
electric field in the sheath can be estimated [15] to be

E ∼ kTe

eλ2
D

∼ 1.3 ×10−1(neTe)
1/2 V/m−1, (3)

where ne and Te are the number density (cm−3) and tempera-
ture (eV) of the electrons on the surface and λD is the Debye
length. If we assume that the absorption into the hot elec-
trons is about 20% with a mean energy of 90 keV, and the
hot electrons fill the 20 µm thick foil target with a 45◦ cone
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angle, we have E ∼ 7.6 ×1011 V/m−1. Such an electric field
can easily ionize the rear target surface and accelerate the ions
outwards.

To account for the limited diameter of the plasma on the
rear surface, we propose that the electron flow is pinched
inwards towards the rear surface of the foil by a strong mag-
netic field. Electric and magnetic fields, variable resistivity, as
well as collisions, can all play a part in fast-electron transport
through the solid target. The electric field lowers the energy
of the electrons as they enter the target. The transport of the
electrons inside the target is determined by the collisions and
the magnetic field. The ratio of the force on the fast elec-
trons from the magnetic field to that from the electric field
is [15]

vB

cE
∼ 12

(
2τ

1 ps

)(10 µm

R

)(v

c

)
, (4)

where R is the focal spot size, τ is the duration of the laser
pulse, and v is the hot-electron speed. From Davies’ simu-
lation [15], the electric field is not a major effect at an in-
tensity of 1016 W/cm−2, and the magnetic field is signifi-
cant at this or higher intensity. Thus, in our case the fast
electrons are pinched inwards towards the rear of the foil
by a strong magnetic field. The diameter of the plasma at
the rear surface is about 10 µm, corresponding to a spread
angle of 10◦ over a distance of 20 µm, which is compara-
ble to the radius of the observed plasma. If the fast elec-
trons had propagated freely, the spread angle would be greater
than 40◦ in the 20 µm foil target. The observed restricted
cross section of the rear plasma jet also suggests the ex-
istence of strongly collimated fast electrons, giving indi-
rect evidence for the presence of a magnetic field in the
target.

4 Conclusion

The transport of fast electrons is of critical impor-
tance in the fast ignitor concept in fusion research. In our ex-

periment a localized plasma jet on the rear surface of the target
is observed through laser probing. The plasma jet is attributed
to ponderomotively generated fast electrons that are colli-
mated by the self-generated magnetic field. The fast-electron
beam propagates through the target and creates a strong space-
charge electric field which ionizes the back surface of the
aluminum target and pulls out the ions, forming the observed
plasma.
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ABSTRACT The resonance absorption of femtosecond pulses by
liquid droplets is studied. The angular dependence of the laser
absorption may be used to understand the symmetric double-
lobe emission of hot electrons generated from liquid droplets.
The total laser absorption fraction is found to be strongly related
to the scale length of the microplasmas.

PACS 52.50.Jm

1 Introduction

The development of ultrashort, high-intensity
lasers based on chirped-pulse amplification (CPA ) has en-
abled a broad range of studies of laser–plasma interactions
to be carried out by irradiating both solids and atomic clus-
ters. Generally, the average diameter of atomic clusters is
much shorter than the laser wavelength. Under irradiation
from an ultrashort, high-intensity laser, the clusters expand
quickly and become underdense plasmas. Recently, motivated
by possible applications, such as table-top X-ray sources,
some experiments were conducted on the interaction between
ultrashort laser pulses and droplets. This is an intermediate
interaction regime between that of a continuous solid and
a nm-size atomic cluster. Because the sizes of these liquid
droplets are comparable with the laser wavelength, a number
of new phenomena were reported in these experiments [1–
4]. The phenomena indicated that collisional heating is not
important in the interaction of laser pulses and microplasmas
generated from the liquid droplets. The resonance absorption
becomes the most important process in the interaction.

The angular dependence of the resonance absorption has
been investigated for plane plasmas under irradiation from
obliquely incident p-polarized laser pulses [5]. It is found
that there is an optimum incident angle for maximum ab-
sorption. Hot electrons are generated due to the resonance
absorption [6] and the hot electrons have collimated emission
in the normal direction of the plane targets [7]. Cylindrical
plasmas [8] also have been studied, under irradiation from
p-polarized laser pulses whose polarization direction is orth-
ogonal to the fiber target axis. There are two optimum angles

� Fax: +86-10/8264-9356, E-mail: jzhang@aphy.iphy.ac.cn

for maximum resonance absorption in the surface of the fiber.
In this paper, the resonance absorption of femtosecond laser
pulses by spherical plasmas generated from liquid droplets is
investigated. From our simple model, it is found that the angu-
lar dependence of the laser absorption can be used to explain
the double-lobe emission of hot electrons observed in our ex-
periment [4, 9]. The total laser absorption fraction is found to
be strongly related to the scale length of the microplasmas.

2 The model

A simple expression for resonance absorption was
proposed by Kruer [8, 10] for plane plasmas under irradiation
from an obliquely incident p-polarized light wave, where the
incidence angle β is defined as the angle between the propaga-
tion direction of the light wave and the direction of the density
gradient:

Iabs = 1

2
Φ2(τ)Ilp , (1a)

Φ(τ) = ετ exp
(−2τ3/3

)
, (1b)

where ε = 1.76 [8], τ = (k0L)1/3 sin(β), Ilp = Il sin2(γ) is the
intensity for the p-polarized component of the incident laser,
Il = (c/8π)E2

l is the intensity of the incident laser in free
space, γ is the angle between the laser polarization direction
and the normal (s-polarized) direction of the incident plane,
k0 = 2π/λ is the wave number in vacuum and L is the plasma
scale length, which is defined as the distance from the inter-
face between the plasma and the vacuum to the critical density
surface for the light wave.

The scale length L is given by [10]:

L = Cstl ≈ 0.31 tl
√

Te (µm) , (2)

where tl is the laser pulse duration in ps, Te is the plasma tem-
perature in keV, and Cs = √

ZTe/mi is the ion sound speed.
Because of the different angle of incidence in the curving

surface of the target, there is a different absorption fraction of
the laser energy in different places on the target. The places
with higher resonance absorption are expected to generate
more hot electrons which have a collimated emission in the
normal direction of plane, so the angular dependence of the
resonance absorption can be used to understand the angular
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dependence of the collected hot electrons. Below, we will cal-
culate the angular dependence of the resonance absorption by
liquid droplets.

3 Absorption by liquid droplets

An experiment was carried out where liquid drop-
lets (ethanol) with an average radius of R = 5 µm were irradi-
ated by 150-fs, 798-nm linearly polarized laser pulses focused
at an irradiance of 1 ×1016 W/cm2 from a Ti : sapphire laser.
In Fig. 1 we draw a schematic diagram to illustrate the ex-
perimental configuration. The focal spot size was 20 µm. In
this case, the microplasma radius was much less than the focal
spot size, so that the laser wave could be regarded as a plane
wave. The laser pulses propagated along the opposite direc-
tion of the x-axis. The polarization direction was along the
y-axis. θ and ϕ are the polar angle and azimuth angle in the
spherical coordinates, respectively.

We used the analytic geometry to obtain the β and γ

functions. The unit vector of the laser propagation direction
is −x̂ = [−1, 0, 0], the unit vector of the laser polarization
direction is ŷ = [0, 1, 0], and the unit vector of the normal
direction in the differential surface element of the sphere is
n̂ = [sin θ cos ϕ, sin θ sin ϕ, cos θ]. We find that cos β = x̂ ŷ,
cos γ = (n̂×x̂) ŷ

|n̂×x̂| , so we obtain:

sin(β) =
√

1 − sin2(θ) cos2(ϕ) , (3a)

and

sin(γ) = sin(θ) sin(ϕ)√
1 − sin2(θ) cos2(ϕ)

. (3b)

Now we can calculate the relative absorption distribution of
the laser energy in the spherical surface:

α(θ, ϕ)ds = (Iabs/Il)dseff , (4)

where dseff = sin(θ) cos(ϕ)ds means the effective absorption
surface element, ds = R2 sin(θ)dθ dϕ, and R is the spherical
radius. In our experiment [9], we measured the hot electron
emission in the laser polarization plane (xy plane). So, letting
θ = π/2 in (4) and substituting (1) and (3) into (4), we obtain:

α(ϕ) =
(

L

λ

)2/3

sin2(ϕ) cos(ϕ) exp
[
−8πL

3λ
|sin(ϕ)|3

]
, (5)

FIGURE 1 A schematic diagram of the interaction between laser pulses
and a liquid droplet

FIGURE 2 a Calculated angular dependence of the resonance absorption
on the liquid droplets. b Measured angular distribution of hot electrons gen-
erated from liquid droplets under irradiation of 150-fs, 1×1016 W/cm2 laser
pulses at 798 nm

where the constant coefficient is omitted. Assuming that the
plasma temperature is 1 keV, we can obtain L/λ = 0.058
from (2). Substituting this into (5), as Fig. 2a shows, we
find that the maximum absorption is at ϕ = 49.4◦ and
ϕ = 310.6◦. Figure 2b shows our experimental measure-
ments, and most hot electrons are emitted at ϕ = 50◦ and
ϕ = 310◦. It is shown that the angular dependence of res-
onance absorption is very similar to that of the emitted hot
electrons. In our experiment, the sizes of the liquid droplets
always have a distribution, and the laser pulses will in-
teract with differently sized droplets. However, one finds
that this maximum emission angle is independent of the
droplet radius because R is not involved in (5), i.e. differ-
ently sized droplets will have the same maximum absorption
angle.

Furthermore, from ∂α/∂ϕ = 0, we obtain the maximum
absorption angle ϕmax:

−8πL

λ
|sin(ϕmax)|3 + tan2(ϕmax)−2 = 0 . (6)

As Fig. 3 shows, ϕmaxdecreases as the scale length increases.
The total absorption fraction A is defined as the ratio of the

absorbed energy and the irradiated energy on a single liquid
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FIGURE 3 The maximum absorption angle as a function of the scale length

droplet surface. It can be calculated by integrating (1):

A =
∫

Iabs dseff

πR2 Il

= ε2

(2π)1/3 R2

(
L

λ

)2/3 ∫
sin2 θ sin2 ϕ

× exp
{
−8πL

3λ

[
cos2 θ + sin2 θ sin2 ϕ

]3/2
}

dseff

= ε2

(2π)1/3 R4

(
L

λ

)2/3

×
∫

y2 exp

[
− 8πL

3λR3

(
y2 + x2)3/2

]
dy dz

= πε2

(2π)1/3 R4

(
L

λ

)2/3 R∫
0

r3 exp

[
−8πL

3λ

r3

R3

]
dr

= ε2

8

(
2πL

λ

)−1/3



1∫
0

exp

(
8πL

3λ
ζ3

)
dζ − exp

(
8πL

3λ

)
 ,

(7)

where ζ = r/R. As Fig. 4 shows, L/λ = 0.17 is the optimum
value for the maximum absorption. From (2), we can show
that a laser pulse with a duration of 438 fs has the strongest ab-
sorption as the irradiation on the liquid droplets remains the
same.

We can also learn that this model is applicable for droplets
with a diameter from 0.1 µm to 20 µm. For smaller droplets or
atomic clusters under irradiation from ultrafast, high-intensity
laser pulses, they quickly become underdense plasmas and
cannot support enough plasma scale length for the resonance
absorption. For droplets much larger than the laser focal size,
we assume the result will be similar to that we observed for the
case of interaction with planer targets [7].

FIGURE 4 The total absorption fraction as a function of the scale length in
the interaction between liquid droplets with an average radius of 5 µm and
laser pulses at 798 nm

4 Conclusions

It may be concluded that resonance absorption of
femtosecond laser pluses by liquid droplets can be simply es-
timated using an analytical model as a function of geometry
and the scale length of the microplasmas generated from the
liquid droplets. The angular distribution of the hot electron
emission from the liquid droplets can be well understood from
our model calculation. Finally, the calculation suggests that
the maximum absorption occurs when the laser pulse has a du-
ration of 438 fs at 798 nm.
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ABSTRACT Electron and ion density gratings induced by two
intersecting ultrashort laser pulses at intensities of 1016 W/cm2

or lower are investigated. The ponderomotive force generated
by the inhomogeneous intensity distribution in the intersecting
region of the interfering pulses produces deep electron and ion
density modulations at a wavelength less than a laser wave-
length in vacuum. Dependence of the density modulation on the
plasma densities, temperatures, and the ion mass, as well as the
laser pulse parameters are studied analytically and by particle-
in-cell simulations. It is found that the density peaks of such
gratings can be a few times that of the initial plasma density and
last as long as a few picoseconds. It is also demonstrated that
the scattering of signal pulses by such a bulk density grating re-
sults in high-harmonic generation. The density gratings may be
incorporated into ion-ripple lasers [K.R. Chen and J.M. Daw-
son, Phys. Rev. Lett. 68, 29 (1992)] to generate ultrashort X-ray
pulses of a few angstroms by using electron beams at only a few
tens of MeV only.

PACS 52.35.Mw; 42.65.Ky; 52.25.Os

1 Introduction

Nonlinear effects in plasmas involving multiple
laser beams has been a subject attracting increasing atten-
tion in recent years. A few novel features have been found in
various interaction configurations. These include the degen-
erate four wave mixing and phase-conjugating reflection [1],
the superradiant amplification of an ultrashort laser pulse by
a counter-propagating long pulse [3, 4], and electromagnet-
ically induced guiding of counter-propagating laser pulses
in a plasma [5], energy exchange of two intersecting laser
beams in a streaming plasma [6, 7], braiding and hosing of
two co-propagating beams [8, 9], etc. The interactions of two
laser pulses in plasmas also finds applications in particle
acceleration through the plasma beat-wave excitation [10],
wake-field excitation of pulse trains [11], laser injection of
electrons [12], colliding beam acceleration [13], crossed-
modulated laser wake-fields [14], and stochastic heating and
acceleration [15], etc.

� Fax: +86-10/8264-9531, E-mail: zmsheng@aphy.iphy.ac.cn

Recently, it has been shown that when two laser beams
intersect at an overdense plasma surface, a grating-like elec-
tron density modulation is induced [16]. In the case of a single
laser pulse interacting with a solid target, it has been shown
that the incident and specularly reflected electromagnetic
waves can also drive such a density modulation [17]. The
oscillating component of the density modulation can serve
as a moving mirror, which can efficiently convert the inci-
dent pulse into its high-harmonics, as shown theoretically
and by simulations [18–20], and demonstrated experimen-
tally [21–25]. Moreover, the slowly varying density mod-
ulation can act as a diffraction grating back-reflecting the
incident pulse [17]. It should be noted that laser-induced
gratings in various optical media have been studied exten-
sively before [26]. Recently, laser-induced gratings have
found new applications, such as the fabrication of periodic lat-
eral nanostructures on semiconductor surfaces, laser surface
modification, ultrafast optical switching, and laser-induced
grating spectroscopy, etc. [27–30]. In underdense plasma, the
bulk density modulations may find applications in the phase-
matched relativistic harmonic generation [31], backward-
wave oscillators [32], and the ion-ripple lasers [33, 34], where
the latter may be used to generate X/γ -ray radiation. By use
of refractive index gratings induced by counter-propagating
intense laser pulses in a gas jet, quasi-phase-matched high-
harmonic generation has been suggested [35, 36]. Obviously,
an investigation of the electron and ion density gratings in-
duced by two laser pulses in underdense plasma is necessary
for some applications mentioned above.

This paper studies the formation of deep electron and ion
density gratings in underdense plasma (n0/nc ∼ 0.01 −0.5)
by use of two short counter-propagating/intersecting laser
pulses at moderate intensities. In this case, one obtains bulk
density gratings rather than surface gratings as in laser inter-
action with overdense plasma [16, 17]. Bulk plasma density
gratings induced by infinite plane electromagnetic waves have
been analyzed even earlier by M. Botton and A. Ron [32],
where a stationary solution of the density modulation is given
by assuming quasi-charge-neutrality in the interaction. The
ion dynamics has been neglected, as well as in surface density
grating formation [16, 17], where the electron density modu-
lation is determined by assuming that the electrostatic force
on the electrons is compensated by the ponderomotive force.
Here, without these assumptions, the electron and ion dynam-
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ics during the buildup of the density gratings are studied ana-
lytically and by particle-in-cell simulations. It was found that
ion motion has important effects in the formation of the dens-
ity gratings after the laser pulse interaction, even though the
intensities of the ultrashort pump laser pulses are just around
1016 W cm−2. Significant ion motion occurs in a time scale of
(M/m)1/2(I18λ

2)−1/2ω−1
0 , which is around a few tens of laser

cycles, 2π/ω0, for the ion-electron mass ratio M/m = 1800
and laser intensity of 1016 W cm−2. Here the laser inten-
sity multiplied by the wavelength squared is normalized by
1018 W cm−2 µm2.

In Sect. 2, the problem is studied analytically. Solutions
of electron and ion density gratings at the linear stage will
be given. A stationary solution is derived under the quasi-
charge-neutrality condition, which is used to compare with
the particle-in-cell (PIC) simulations. Section 3 presents the
PIC simulations of the density grating formation for different
parameters of the laser pulses and plasma. In Sect. 4 exam-
ples of the scattering of signal pulses by the preformed density
gratings are shown. Emission of high-frequency radiation is
observed. A summary is given in Sect. 5 with a discussion on
the potential application of such density gratings to the ion-
ripple laser.

2 Formulations of the problem

For simplicity, assume that two plane laser pulses
counter-propagate along the x-axis. Since the focus of inter-
est is in the induced plasma density modulation, the evolution
of the laser pulses can be neglected for simplicity. As a re-
sult, the density modulation is governed by the following set
of equations:

∂pe,x/∂t = c∂(ϕ− γ̄ )/∂x, (1)

∂ne/∂t + c∂(neve,x)/∂x = 0, (2)

∂pi,x/∂t = −c(m/M)∂ϕ/∂x, (3)

∂ni/∂t + c∂(nivi,x)/∂x = 0, (4)

∂2ϕ/∂x2 = (ω2
p/c2)(ne −ni), (5)

where ne and ni are the electron and ion densities normal-
ized by the unperturbed density n0, respectively, ϕ is the
scalar potential normalized by mc2/e, ve,x and vi,x are the
x-components of the electron and ion velocities normalized
to the vacuum speed of light c, pe,x and pi,x are the x-
components of the electron and ion momenta normalized by
mc and Mc, respectively. Here m and M are the rest masses
of electron and ion, respectively. Also, ω2

p = 4πn0e2/m is
the electron plasma frequency. The simplified equations of
motion (1) and (3) have been used following the derivation
given in [37, 38]. For laser pulses at intensities well below
the relativistic threshold of about 1018 W/cm2, the relativis-
tic factor can be written approximately as γ̄ = 1+ 1

4 [a2
1 +a2

2 +
2a1a2 cos(2kx)], where k = k0(1 −n0/nc)

1/2 is the laser wave
vector in plasma, with k0 = ω0/c is the laser wave vector in
vacuum. As a result, the normalized ponderomotive force is
F/(mc2k0) = −(c/ω0)(∂γ̄ /∂x) = (kc/ω0)a1a2 sin(2kx), if ig-
noring the finite pulse profile. Note that the ponderomotive
force on ions in (3) is also neglected, which is smaller than the
electrostatic field by the order of O(m/M).

At the very beginning of the interaction of an ultrashort
laser pulse with plasma, one can ignore the ion motion and
assume a weak density perturbation of electrons. Letting
δne = ne −1, obtains

∂2δne

∂t2
+ω2

pδne = c2 ∂2

∂x2
γ̄ . (6)

Assuming that there is no density perturbation at the begin-
ning: δne|t=0 = 0 and ∂δne/∂t|t=0 = 0, obtains

δne = −(2k2c2/ω2
p)a1a2 cos(2kx)[1 − cos(ωpt)] , (7)

and ϕ = −(ω2
p/4k2c2)δne. This approximation breaks down

when δne ∼ 1 or t > (2k2c2a1a2)
−1/2. For a1 = a2 = 0.1,

the time scale is about 1 laser cycles. Within this limi-
tation, substituting ϕ and γ̄ into (1), one obtains pe,x =
(kc/ωp)a1a2 sin(ωpt) sin(2kx). In the generated electrostatic
field, one finds that the ions move with pi,x = (kc/ωp)(m/M)

×a1a2 sin(2kx)[ωpt − sin(ωpt)] and the ion density perturba-
tion changes like

δni =− (k2c2/ω2
p)(m/M)a1a2 cos(2kx)

×
{
ω2

pt2 −2[1 − cos(ωpt)]
}

. (8)

Comparing (7) and (8), it is clear that the modulation of the
ion density is in phase with that of the electron density. They
form a bulk grating-like structure with a wavelength of π/k.
The time for building up significant ion density perturbations
is t ∼ (M/m)1/2(k2c2a1a2)

−1/2, which scales like (M/m)1/2.
For a1 = a2 = 0.1 and M/m = 1836, it is within a time less
than 100 laser cycles. Thus, the evolution of both the elec-
tron and ion density perturbations enters the nonlinear stage
very quickly, and one has to resort to numerical simulations
to obtain a complete picture about the grating-like density
modulation.

For infinite plane waves, the stationary solution can be
found. For this, one needs to add a thermal pressure term on
the right-hand-sides of (1) and (3) with −∂PeT /∂x/(nemc)
and −∂PiT /∂x/(ni Mc), respectively. For a stationary solu-
tion, one has ∂pe,x/∂t = 0 and ∂pi,x/∂t = 0 on the left-hand-
sides of (1) and (3), respectively. Meanwhile, there should
be quasi-charge-neutrality for a long time, i.e, Zni ≈ ne. As-
suming it is an isothermal process [39], one finds ϕ = (γ̄ −
1)ε/(1 + ε) and Zni = ne = ns exp[−µ cos(2kx)] with µ =
a1a2/[2εe(1 + ε)], ε = Ti/ZTe, εe = kBTe/mc2, Z is the ion
charge number, Te and Ti are the electron and ion thermal
temperatures, respectively, and ns a constant needing deter-
mination. This density profile is quite similar to that obtained
by Botton and Ron [32]. Now, from the Poisson’s equation
(5), one can find that the quasi-charge-neutrality is satisfied
if (k2c2/ω2

p)a1a2ε � 1. After normalization with the help of
particle number conservation, one finds ns = 1/I0(µ) with
I0 the modified zero-order Bessel function. Using I0(µ) ≈
(2πµ)−1/2 exp(µ) for µ � 1, one obtains

Zni ≈ ne ≈ (2πµ)1/2 exp{−µ[1 + cos(2kx)]}
= (2πµ)1/2 exp[−2µ cos2(kx)] , (9)

which are normalized by the unperturbed density, n0. This
relation shows that the maximum plasma density is nmax =
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√
2πµ and the width of the density peak around 2kx = (2N +

1)π is k∆x = 1/
√

2µ. Note that they are associated only
with the combined variable µ, a quantity depending upon
the laser amplitudes and the electron and ion temperatures.
For example, if a1 = a2 = 0.1, Te = 10 eV, and Ti = 1 eV, one
obtains nmax = 38.2n0. If taking Te = 100 eV accounting for
electron heating by the induced electrostatic field, one ob-
tains nmax = 12.6. However, these maximum densities prove
to be overestimated when compared with the simulation re-
sults given below.

3 Particle-in-Cell simulations

Since the interaction of crossing laser pulses with
plasma involves deep plasma density modulations even if
the intensities of the laser pulses are very low, such as
1015 W/cm2, PIC simulations are used to study the buildup
process of the plasma density gratings. For simplicity, sim-
ulations with a one-dimensional code are conducted. The
simulation box has a dimension of 100λ with λ the laser wave-
length in vacuum. A homogeneous plasma is located in the
central region of the simulation box as shown in Fig. 1a. Two
laser pulses with the same frequency ω0 are launched from the
two boundaries of the simulation box. They have the profiles
a1 = a10 sin2(πt/tL) and a2 = a20 sin2(πt/tL) with 0 ≤ t ≤ tL
for the vector potential. Figure 1b shows the interaction geom-
etry of two counter-propagating pulses in the simulation box,
where a10 = a20 = 0.1 and tL = 60τ for the laser pulses, and
n0/nc = 0.3 for the plasma density. Here τ = 2π/ω0 is the
period of a laser cycle. The initial electron and ion tempera-
tures are Te = 10 eV and Ti = 1 eV, respectively. The mass
ratio of ions to electrons is taken to be M/m = 1836 and the
ion charge number to be Z = 1 in the simulations.

Figure 2 illustrates the buildup process of electron and ion
density gratings for the laser and plasma parameters given in
Fig. 1. Note that density peaks up to 4.6 times of the initial
plasma density are produced both for electrons (Fig. 2a) and
ions (Fig. 2b) at t = 250τ , even though it is still much less than

FIGURE 1 (a) This shows the initial plasma density distribution used in the
simulations, where the peak density is n0/nc = 0.3; (b) shows the propaga-
tion of two counter-propagating pulses (called pump pulses) in the simulation
box, where the two pulses are identical with a peak amplitude a10 = a20 = 0.1
and a duration tL = 60τ , where τ is the laser period of the pump pulses

FIGURE 2 Evolution of the electron density, ne/n0 (a), the ion density,
ni/n0 (b), and the induced electrostatic field, Ex (c) for plasma and laser
pulse parameters as those given in Fig. 1. Note that there is symmetry around
x/λ = 50 within 30 ≤ x/λ ≤ 70

that estimated from the stationary solution given by (9). Elec-
trostatic fields are found only during the intersecting stage of
the two pulses as shown Fig. 2c. The maximum electrostatic
field is found to be Ex,max/(mω0c/e) = 0.01 when the peaks
of the two pulses are crossing each other at t = 80τ . Its value
is weakly dependent on the plasma density and is comparable
to the ponderomotive force, i.e.,

Ex,max

mωoc/e
≈ c

ω0

∂γ̄

∂x
|max =

(
kc

ω0

)
a1ma2m

= kc

ω0

4

(1 + k/k0)2
a10a20 ∼ a10a20 . (10)

Here a1m and a2m are the peak amplitudes of the incident
pulses in the plasma, which are related to their correspond-
ing values in vacuum by a1m = [2/(1 + k/k0)]a10 and a2m =
[2/(1 + k/k0)]a20, assuming k/k0 = (1 − n0/nc)

1/2 ∼ 1 still
holds for underdense plasma, and a10 � 1 and a20 � 1 for low
laser intensities. Quasi-charge-neutrality is realized quickly
after the laser pulses propagate away, even though the grat-
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ings are further deepened afterwards. This deepening process
has been caused by the ion motion. During the laser crossing
stage, electrons are pushed first by the ponderomotive force
of the laser interference. As a result, electrostatic fields are in-
duced. Ions are then pushed by the electrostatic fields before
the quasi-charge-neutrality is realized. It is obvious that the
formed density grating only occupies a region where the two
pulses overlap. Figure 3 shows snapshots of the distributions
of electron and ion momenta and the electron density. Around
t = 130τ , one finds full plasma neutralization, i.e., ne ≈ ni and
Ex ∼ 0. Therefore, ions already reach the maximum acceler-
ation, even though the density grating is not very deep. The
maximum velocity is about 0.00086c, i.e.,

vi,max ∼ kctL(m/M)a10a20, (11)

which basically corresponds to the calculation given in the last
section. Later on, the electron density follows the ion density
to maintain the quasi-charge-neutrality while the maximum
ion density becomes higher and higher due to the ion motion,
as shown in Fig. 3b. At later times, intercrossing of the neigh-
boring ions set in around the density peaks, and the structures
of ion density gratings begin to break. As a result, the density
gratings of both electrons and ions decay with time after-
wards.

A series of simulations were conducted to see the depen-
dence of the grating formation on the initial plasma density,
plasma temperature, laser pulse intensities, and their dura-
tions. First, when one changes the initial plasma density from

FIGURE 3 Snapshots of the longitudinal components of electron (frame I)
and ion (frame II) momenta as well as the electron (in solid lines) and ion
(in dotted lines) densities (frame III) at different times. The parameters for
the plasma and laser pulses are the same as in Fig. 2. Note that one cannot
distinguish the distribution of the ion density from that of the electron density
plotted in this scale, indicating that a quasi-charge-neutrality state is achieved
at these times

n0/nc = 0.01 to 0.5, there is not much change in the formation
of the density gratings. This agrees with the analysis given in
the last section. For example, if the initial plasma density is
set to be n0/nc = 0.04, this produced very similar results as
for n0/nc = 0.3: the maximum electrostatic field is found to
be about 0.01 at t = 80τ when the two pulse peaks cross each
other, which follows (10); the peak ion velocity is found to be
about 0.00085c, around t = 130τ , when the electrostatic field
begins to disappear, which follows (11); the maximum density
of the grating is about 4.2n0 around t = 250τ .

In another case, the initial electron and ion temperatures
were increased to Te = 100 eV and Ti = 10 eV. In this case, it
was found that the maximum density of the grating reduces
to 2.7n0 around t = 240τ . It is apparent that thermal pressure
plays the role of reducing the density peaks, qualitatively in
agreement with the theory in Sect. 2. Other results are simi-
lar to those given before. When increasing the ion mass to
M/m = 3672 while keeping other parameters fixed, it is found
that the maximum electrostatic field is found to be still 0.01

FIGURE 4 Evolution of the electron density, ne/n0 , (a) the ion dens-
ity, ni/n0 , and (b) the induced electrostatic field, Ex (c) for plasma and
laser pulse parameters as those given in Fig. 1, except for the pulse ampli-
tudes a10 = a20 = 0.2. Note that there is symmetry around x/λ = 50 within
30 ≤ x/λ ≤ 70
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around t = 80τ . The maximum ion velocity is about 0.00043c
at t = 120τ , in consistency with (11). As a result, it takes
longer time to reach the maximum density. The maximum
density of the grating reduces to 3.7n0 at t = 400τ .

When increasing the pulse durations to tL = 90τ while
keeping the other parameters the same as in Fig. 2, it is found
the maximum density of the grating increases to 5.3n0 at
t = 220τ . The maximum electrostatic field is found to be still
0.01 around t = 100τ when the peaks of the two pulses over-
lap each other. The maximum ion velocity is about 0.0013c
at t = 180τ , which is consistent with the fact that it is propor-
tional to the pulse durations as shown by (11).

When increasing the pulse peak amplitudes to a10 = a20 =
0.2 while keeping other parameters fixed, the induced max-
imum electrostatic field is found to be about 0.038 around t =
80τ . The maximum ion velocity is about 0.0032c at t = 120τ .
Again these are consistent with (10) and (11). The maximum
density of the grating increases to 5.5n0 at t = 130τ . Figure 4
shows the electron and ion densities, as well as the electro-
static field as a function of time and space. It demonstrates that
the density grating decays with time more quickly than those
obtained with lower light intensities. This is because of the
high ion velocity so that the intercrossing of neighboring ions
around the density peaks occurs more quickly. Figure 5 shows
snapshots of the electron and ion momenta and the electron
density. They are qualitatively similar to those given in Fig. 3.
Note that when further increasing the pulse amplitudes, the
peak amplitudes of the density gratings decrease. They also
decay more quickly owing to the higher electron and ion vel-
ocities obtained during the interactions.

FIGURE 5 Snapshots of the longitudinal components of electron (frame I)
and ion (frame II) momenta as well as the electron (in solid lines) and ion (in
dotted lines) densities (frame III) at different times. The parameters for the
plasma and laser pulses are the same as those in Fig. 4. Note that one can-
not distinguish the distribution of the ion density from that of the electron
density plotted in this scale, indicating that a quasi-charge-neutrality state is
established at these times

FIGURE 6 The evolution of the electron density, ne/n0 (a), and the ion
density, ni/n0 (b) for similar plasma and laser pulse parameters as those
given in Fig. 1, except for the pulse amplitude a10 = a20 = 0.03. Note that
there is symmetry around x/λ = 50 within 30 ≤ x/λ ≤ 70

Finally when reducing the pulse peak amplitudes to a10 =
a20 = 0.03 while keeping other parameters unchanged from
Fig. 2, it is found that a homogeneous density grating can be
formed which subsists as long as a few picoseconds. The max-
imum density of the grating is about 2.2n0 at t = 450τ as
shown in Fig. 6. The maximum ion velocity is about 0.0002c
at t = 400τ . Therefore, one can use laser pulses at intensities
of 1015 W/cm2 to generate long lasting density gratings for
potential applications.

4 Examples of laser pulse scattering with density
gratings and high-frequency radiation generation

Naturally it could be assumed that the bulk plasma
density gratings as a kind of stratified index layers can scatter
light as acoustic waves do in acousto-optic modulators [40].
To check this, first a density grating was produced such as
given in Fig. 2, except for an initial plasma density of n0 =
0.5nc. The resulting density grating is similar to that given
in Fig. 2; however, its maximum density exceeds the critical
density associated with the pump pulses. Then a signal pulse
with a duration of a few laser cycles and a peak amplitude
of as0 = 0.01 is launched into the density gratings from the
left boundary. This signal pulse is incident with a polarization
different from that of the pump pulses and with a central fre-
quency ωs0 = 0.8ω0. Figure 7a shows the backscattered light
wave. Obviously it is composed of three parts. The first part
is due to the left vacuum-plasma boundary, the second part is
due to the electron density grating formed inside the plasma,
and the third part is due to the right plasma-vacuum bound-
ary. By taking Fourier transforms of these three parts, their
frequency spectra are obtained, as shown in Fig. 7b. It was
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FIGURE 7 a Backscattered light of a short signal laser pulse (see inserted
frame) from the density grating formed by the two pump laser pulses with
the same parameters as those given in Fig. 1 and an initial electron density
n0 = 0.5nc; The signal pulse is incident with a peak amplitude as0 = 0.01 at
the central frequency ωs0 = 0.8ω0 and with a polarization different from the
pump pulses. b Spectra of the different parts of the backscattered light

found that the frequency spectra of the parts I and III of the re-
flected wave are all slightly red-shifted, and the spectrum of
part II appears slightly blue-shifted. These shifts may be at-
tributed to the wide spectrum of the incident signal pulse of
a few cycles, which extends down to the unperturbed elec-
tron plasma frequency ωp = 0.707ω0. Qualitatively, since the
low frequency component of the signal pulse has a high re-
flectivity at the vacuum-plasma boundary, one observes the
red-shifted parts I and III. Inside the density grating, the peak
density is higher than the unperturbed density and the criti-

FIGURE 8 Spectra of backscattered and trans-
mitted pulses in a density grating formed by two
laser pulses with the same parameters as those
given in Fig. 1. The signal pulse has as0 = 0.3,
ωs0 = 0.8ω0, and tL = 60τ . Frames a and b show
the backscattered and transmitted spectra, respec-
tively, for the case with n0 = 0.1nc; frames c and
d show the backscattered and transmitted spectra,
respectively, for the case with n0 = 0.5nc

cal density associated with the central frequency of the signal
pulse. Thus the high frequency component of the signal pulse
can be reflected, leading to the blue-shifted part II. In addition,
part III has a slightly higher frequency than part I. This is due
to the presence of the density grating in the center, which tends
to block the lower frequency component. Note that most of the
signal pulse is still transmitted through the plasma slab with its
central frequency unshifted.

If the amplitude of the signal pulse is increased, nonlin-
ear scattering occurs, resulting in high-frequency radiation
emission and breakdown of the bulk density grating. Figure 8
shows the spectra of the backscattered (a, and c) and transmit-
ted (b, and d) light for as0 = 0.3, ωs0 = 0.8ω0, and tL = 60τ .
When the unperturbed plasma density is relatively low such
as n0 = 0.1nc, one observes emissions close to the harmonics
of the pump pulse (at frequency ω0) in the backscattered light.
The spectrum of the transmitted light is still mainly peaked at
the frequency of the incident signal pulse (see Fig. 8b). With
the increase of the initial unperturbed plasma density, high-
frequency components are observed both in the backscattered
and transmitted light. Their frequencies are, however, shifted
from the harmonic order of both the pump pulse and signal
pulse (see Figs. 8c and d). Note that, at the same light inten-
sity, the efficiency of high-frequency radiation generation is
larger than that of relativistic laser harmonics in homogeneous
underdense plasma [41], and is comparable to that of laser har-
monics from solid surfaces [18–20].

In the next example, a plasma density grating with two
pulses intersecting under 90 degrees was generated. In the
two-dimensional(2D) PIC simulations, the two pump pulses
are s-polarized (with electric component in z direction) and
propagate along x and y directions, respectively. The pump
pulses all have a peak amplitude of 0.2, a duration of 80τ ,
and are focused to 30λ in diameter. The initial plasma density
is n0 = 0.5nc. Figure 9a shows the induced ion density grat-
ing at t = 200τ . The electron density is almost the same as
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FIGURE 9 2D PIC simulations of the density grating induced by two s-
polarized pump pulses, one along the x-direction and another along the
y-direction. Both the pump pulses have a peak amplitude a10 = a20 = 0.2 and
a duration of 80τ , and are focused to 30λ in diameter. The initial plasma dens-
ity is n0 = 0.5nc. The signal pulse is incident with p-polarization along the
x-axis, with a delay of 150τ relative to the pump pulses, and with a peak am-
plitude as0 = 0.3, and is focused diameter of 20λ. a Ion density at 200τ ; b Ion
density at 300τ ; c Signal pulse at 200τ ; d Signal pulse at 240τ . The arrow in
frame (d) shows the propagation direction of the emission near the second
harmonic

the ion density at this time. A signal pulse is launched along
the x-direction, which has a time delay of 150τ relative to the
pump pulses. The signal pulse is p-polarized with the same
central frequency as the pump pulses ωs0 = ω0 and has a du-
ration of about 30τ , a peak amplitude of 0.3, and a focused
diameter of 20λ. Figure 9b shows the ion density after inter-
action, which is found to be deformed after the interaction.
Figure 9c displays a snapshot of the magnetic field, Bz, of
the incident signal pulse interacting with the density grating
at t = 200τ . This Bz field allows us to distinguish the signal
pulse from the pump pulses. Figure 9d shows the distribution
of the magnetic field component, Bz, of the signal pulse after
interaction with the density gratings at t = 240τ . It is found
that a significant part of the signal pulse is scattered along
the y-direction. A small amount of energy is still transmitted
through the density grating even if the density peak in the grat-
ing is twice the critical density. From the Fourier transforms
of the scattered and transmitted parts of the pulse, their fre-
quency spectra are obtain as shown in Fig. 10. Here Fig. 10a
shows the spectrum of the scattered wave through the top y-
boundary in the simulation box and Fig. 10b the spectrum of
the transmitted wave through the right x-boundary. It appears
that after the interaction, there is a new frequency around
1.7ω0 both in the scattered and transmitted light. Moreover,
there is one emission near the second harmonic through the
low right x-boundary, which has the same polarization as the
signal pulse. This can be seen also in Fig. 9d. Qualitatively,
similar features of the spectra for the scattered and transmitted
light are observed as in 1D PIC case.

Up to now, however, the physical origins of the high-
frequency emissions are still not clear. They are possibly re-
lated to the electron oscillation inside the bulk gratings driven
by the signal pulse. There may also be some instability of the

FIGURE 10 Spectra (|E(ω)|2 in logarithmic scale) of the transmitted light
through the right x-boundary (a) and scattered light through the top y-
boundary (b) as obtained in a 2D PIC simulation for laser and plasma
parameters as those given in Fig. 9

density grating under the signal pulse interaction. In a few
other simulations, it is found that the spectra are related with
the duration and intensity of the signal pulse. An identification
of the physical mechanism of the emission is still quested.

5 Summary and discussions

The generation of deep plasma density gratings
caused by two intersecting laser pulses at moderate intensities
has been studied. It is produced through the interference of the
two pulses which results in an intensity interference pattern.
Since the distance between the intensity peaks can be less than
a laser wavelength, a huge ponderomotive force is produced
which drives electrons out of the high-intensity regions. As
a result, electrostatic fields are induced. The maximum elec-
trostatic field is found when the pump pulse peaks overlap,
which depends mainly on the peak amplitudes of the pulses
and more weakly on the initial plasma density. The ions build
up velocities in the induced electrostatic field before the quasi-
charge-neutrality is established in a time proportional to the
pulse duration. Later on, electrons move and follow ions in
a way so as to maintain the quasi-charge-neutrality. The max-
imum densities of electrons and ions in the formed grating are
reached just before the on-set of the intercrossing of neigh-
boring ions near the density peaks. Afterwards, with the inter-
crossing of neighboring ions, the density gratings decay with
time. It was found that the maximum densities of electrons
and ions depend on the pulse amplitudes and plasma tem-
peratures. The analytic solutions agree qualitatively with the
particle-in-cell simulations, even though the quasi-stationary
solution (9) usually overestimates the maximum densities of
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the induced gratings. If one uses pulses at a low intensity, such
as a few 1015 W/cm2, and a few hundred femtoseconds, the
produced density gratings can last as long as a few tens of
picoseconds.

When a signal pulse propagates in such a density gratings,
it is found that the pulse can still be partially transmitted even
if the peak density of the density grating exceeds the criti-
cal density. The pulse is also strongly scattered by the density
grating. In addition to the radiation at the frequency of the ori-
ginal signal pulse, radiations also exist at higher frequencies
both in the scattered and transmitted waves. Their physical
origin is not clear. They are possibly related to electron oscil-
lations driven by the signal pulse in the density gratings.

A possible application of the produced density gratings
is in the ion-ripple laser as proposed by Chen and Daw-
son [34]. It is supposed to be able to generate radiation at
the resonant frequency ∼ 2γ 2

b Kgc cos θ , where γb is the rel-
ativistic factor of the incident electron beam, Kg is the wave
number of the density grating, θ is the incident angle of the
electron beam against the grating vector. It is obvious that
very high-frequency radiation in the hard X-ray regime at
a few angstroms in wavelength can be generated with electron
beams at a few tens of MeV if such density gratings discussed
above are employed. Since the density modulation is nearly
100% in our case, it is expected that the growth rate and the
efficiency can increase significantly as compared with the pri-
mary scheme of ion-ripple lasers by use of an acoustic grating.
Moreover, harmonics of the above mentioned resonant fre-
quency can be generated owing to the deep modulation in the
density gratings, where the latter also contains harmonics at
wave numbers NKg. However, a theoretical analysis of this
problem is still required, with plasma density gratings pro-
duced in such a way as discussed in this paper.
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of intersecting laser pulse in underdense plasma in the high-intensity regime
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Abstract

A classical model for high-harmonic generation from the interaction of a laser

pulse and an atomic gas is introduced. The effects of finite pulse width and laser

magnetic field are included. The optimum intensity-pulse width relation for

high-harmonic emission and the corresponding power spectrum are presented.

The existing high-harmonic cutoff law is found to remain valid.

1. Introduction

In a typical plasma or gas, an electron has a very low
probability of colliding and thus recombining with an ion
[1]. For example, in a plasma with charge number Z ¼ 2;
density n0 ¼ 1017 cm�3; and temperature Te ¼ 100 eV; the
electron–ion collision rate is only �ei � 2� 10�6 s�1: How-
ever, the situation is very different for an atomic electron
induced to tunnel from an atom, being ionized by a laser
electric field. The motion of such an electron is mainly
determined by the electric field of the laser. Although its
trajectory can take it very far from the parent atom, the
projection of the trajectory along the wave vector remains
very small. That is, although the electric field of the parent
atom is negligible for most of the electron’s long trajectory,
the electron has nevertheless a very high probability of
returning to its parent atom at the first half cycle after its
ionization if the laser is linearly polarized. As the highly
energized electron returns to its parent ion, recombination
occurs and radiation is emitted. The ionization/recombina-
tion process is repeated every half optical cycle. Such
repeating emissions lead to the appearance in the frequency
spectrum odd harmonics of the laser frequency. Clearly,
since the trajectory of an electron ionized by a circularly
polarized light never intersects its parent ion, in this case
there will be no harmonic generation.

It has been found that the interaction of a laser with an
atomic gas can lead to the emission of very high
harmonics of the laser [2–4]. In the past decade such a
high harmonic generation (HHG) process has been of
much interest [2–15]. HHG depends strongly on the return
of the ionized electron to its parent atom and how much
energy it can gain from the laser before the recombination
occurs. Thus, the details of the electron trajectory and
energization by the laser field play a crucial role. Corkum
[5,7] proposed a model to study the classical, or plasma
physics, aspects of the HHG process. The model considers
the effect of an oscillating electric field on the classical
electron’s trajectory until its return and leads to the well

known harmonic cutoff law. To obtain a more detailed
picture of the laser-ionized electrons and how they
contribute to HHG when a laser pulse enters an atomic
gas, in this paper we extend Corkum’s model to include
the effects of finite pulse width in a plasma and the wave
magnetic field. The atomic processes of ionization and
recombination are modeled classically by invoking an
ionization threshold and a recombination impact para-
meter. Emission of radiation is assumed to be instanta-
neous when the returning electron enters the impact
region. That is, the quantum processes involved in the
problem are modeled in terms of their classical limits. On
the other hand, the effects of depletion of the atoms
available for ionization and the deviation of the electron
trajectory by the wave magnetic field are included. The
power and spectrum of the harmonics generated by
electrons excited and guided by a laser with optimized
(for HHG) intensity-pulsewidth relation are presented. It
is shown that the upper harmonic cutoff law [5,6] remains
valid as expected. The bulk of the higher harmonic
emission spectrum is also given accurately by the classical
theory. On the other hand, the structural detail of the
very-high-harmonic regime, which is determined by the
few very highly energized electrons and thus depends on
the details of the ionization and recombination processes
such as finite interaction time and momentum spread, are
not predicted by the classical model.

2. Classical dynamics of the ionized electrons

The motion of an electron in a planar laser pulse with
vector potential Að�Þ; where � ¼ z� ct; is given by

d

dt
m�ux;y �

e

c
Ax;y

� �
¼ 0; ð1Þ

d

dt
ðm�uzÞ ¼

d

dt
ðm�cÞ ¼ �

e

c
u �

@

@�
A; ð2Þ

where u is the electron velocity and � is the relativistic
factor. Note that Að�Þ is the general solution of the wave
equation and is valid for all planar pulses.

For an electron ionized at � ¼ �i with zero initial
velocity, its velocity u and displacement � in a linearly
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polarized non-relativistic laser pulse is given by

�ux ¼ a� ai; �uz ¼ � � 1 ¼ ða� aiÞ
2=2; ð3Þ

�x ¼ �

Z
ða� aiÞ d�; ð4Þ

�z;¼ � 1
2

R
ða� aiÞ

2 d�; ð5Þ

where a ¼ eA=mc2 is the laser strength and ai ¼ að�iÞ its
value at ionization, u has been normalized by c, t by !�1;
and the space parameters such as � and � by c=!: The
corresponding kinetic energy of the ionized electron is

W ¼ � � 1 ¼ 1
2 ða� aiÞ

2; ð6Þ

which has been normalized by mc2: From Eqs. (3)–(6), one
can numerically determine which electrons will return to
their parent ions, the time interval between the ionization
and recombination, and the kinetic energy of the returning
electron.

3. The harmonic cutoff

We first briefly discuss the harmonic cutoff based on
Corkum’s model [5], which tracks the electron trajectory in
an oscillating electric field whose vector potential can be
written as a ¼ a0 sin t: In this one-dimensional case, an
electron is first pulled away from its parent ion at xi and
then driven back when the laser electric field changes
direction. The actual electron trajectory and energization is
determined by the phase of the laser electric field as the
electron becomes free. When the electron intersects xi (or
�x ¼ 0) on its return path, it is assumed to recombine with
its parent ion with a photon of energy h
 ! ¼ Wf þ Ia
emitted, where Wf ¼ u2f =2; and uf is the speed of the
returning electron at recombination, and Ia the ionization
potential. The corresponding scaling law for the high-
harmonic cutoff frequency is [5,6]

h
 !c ¼ Ia þ 3:17Up; ð7Þ

where 3:17Up is the maximum kinetic energy of the
returning electron. Here Up ¼ a20=4 is the ponderomotive
potential, a0 ¼ 0:85� 10�9l

ffiffi
I

p
is the laser strength par-

ameter, I is the laser intensity in W=cm2; and l is the
wavelength in mm:

One can also derive the cutoff law analytically in a
physically more transparent manner. The condition (for
the return of the electron to its parent atom) �x ¼ 0 at t ¼ tf
leads to the expression [16]

cos ti ¼ cosðti þ 2
Þ þ 2
 sin ti; ð8Þ

where 
 ¼ ðtf � tiÞ=2: The kinetic energy of the returning
electron is then

Wf ¼
1
2ðaf � aiÞ

2
¼

8Up sin
2 
ðsin 
� 
 cos
Þ2


2 þ sin2 
þ 
 sin 2

; ð9Þ

where Eq. (8) has been used to eliminate tf in favor of 
: It
is easy to verify that the kinetic energy Wf has a maximum
at 
 ¼ 2:06; which corresponds to the fact that an electron
ionized at ai ¼ 0:29a0 will have maximum energy, the well-
known value Wf ¼ 3:17Up; upon return. This derivation

shows that the harmonic cutoff is a classical effect, and that
it is valid for all laser strengths.

4. Effect of laser magnetic field

As the laser magnetic field is expected to modify the
electron trajectory only in a minor way, it is convenient to
first discuss its effect. Although the wave magnetic field
contributes very little to the electron’s kinetic energy, it
does displace the electron in the direction of wave
propagation and thereby the chance of intersecting the
parent atom. Here we take into account the laser magnetic
field and reconsider the trajectory of the returning electron.
Accordingly, we set

að�Þ ¼ a0 sin � ð10Þ

for a planar laser of infinite duration. In the now two-
dimensional situation a proper ‘‘return’’ suitable for recom-
bination would be given by j�xj< rB and j�zj< rB; i.e., the
returning electron should reach an area (around the parent
ion) bounded by the Bohr radius rB: However, because of
the geometry the condition j�xj< rB is not different from
�x ¼ 0; since an electron reaching j�xj< rB will intersect xi:
As a result, the conclusions of the last section are also valid
in the 2D situation.

We solve Eqs. (1) and (2) numerically for a linearly
polarized 1:06 mm laser of strength a0 ¼ 0:02: Figure 1
shows the trajectories (curves from bottom to top) of
electrons ionized at ti ¼ ��=18; �=9; and �=3; respectively.
As expected, the motion in the z direction is considerably
less than that in the x direction, as is emphasized in the
figure by the different scalings for the x and z axes. The
dotted lines enclose an area bounded by the normalized
Bohr radius rB: We see that some electrons, such as that
ionized at ti ¼ �=9; can enter the Bohr region within half a
laser period, while others, such as that with ti ¼ ��=18 and
�=3; cannot. Electrons that fail to return within the first
laser cycle after ionization will have little chance in
reaching the Bohr region at a later time. It should be
emphasized that in the ionization-recombination process

Fig. 1. Trajectories of electrons ionized at ti ¼ ��=18; �=9; and �=3

(bottom to top) for a0 ¼ 0:02: The space variables are in units of c=! and

the dotted line shows the region (highly deformed because an amplified

scale is used for the z axis) bounded by the Bohr radius. Electrons entering

this region are recombined.
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for HHG, a recombined electron is ionized again as a new
electron.

Figure 2 shows the kinetic energy Wf and longitudinal
displacement �zf of a returning electron as a function of ti
for a0 ¼ 0:01: The maximum energy is again Wf � 3:17Up:
That is, the wave magnetic field does not affect the high-
harmonic cutoff. This is expected since it hardly affects the
energization of the electron. Our calculation shows that
electrons ionized at lower ai will have larger longitudinal
displacement �zf upon return. We found that about one
third of the ionized electrons can reach the Bohr neigh-
borhood of their parent ions if the ionization probability is
equal at all ionization phases �i:

In reality the ionization probability has a very strong
dependence on the laser strength. In fact, no electron will
be ionized at very low ai even if the ionization phase allows
the ionized electrons to return. Most free electrons are
produced when ai � a0 (if the ground states of atoms are
not totally depleted). When these electrons return to their
parent ions, with comparatively low kinetic energy and
small longitudinal displacement, they contribute with the
major part of the radiation and determine the main
features of the HHG spectrum.

As in all existing theories on HHG, it is difficult to
describe accurately the high-frequency regime of the HHG
spectrum. This regime is attributed to electrons ionized at
ai � 0:29a0: These electrons, expected to have higher
kinetic energy and larger longitudinal displacement upon
return, are very few in number. As a result, the generation
of highest order harmonics is sensitive not only to the
dynamics of this small group of electrons in the wave fields,
but also to the (quantum) details of the ionization and
recombination processes. The ionization and recombina-
tion models used here are not sufficient to describe such
details. The tunnel ionization model may become less
applicable at lower ai; and the recombination of high
velocity electrons are not accurately reflected by the Bohr
radius as impact parameter.

5. Effect of finite pulse width

It is well known that the laser pulse duration is of
importance in the HHG experiments since the front part
of the pulse can completely ionize the atomic gas before the
maximum of the pulse arrives. Based on the above results,
we propose here a model for HHG from the interaction of
a finite laser pulse with an atomic gas. Since Eqs. (3)–(5) are
valid for any planar pulse, a Gaussian pulse can be
represented by

að�Þ ¼ a0 exp½�ð�� !=2Þ2=!2� sin �; ð11Þ

where ! is the pulse width normalized by !�1:
The HHG mechanism under consideration depends on

the availability of neutral atoms and the acceleration of the
ionized electrons by the laser electric field. With a typical
finite pulse shape such as Gaussian, there is the possibility
that most or all of the gas atoms are ionized by the leading
(low-field) part of the pulse before the energetic part
arrives. In this case the corresponding harmonic generation
would be of very low efficiency. It is thus desirable to
obtain a suitable intensity-pulse width relation which
optimizes the HHG. For this purpose it is first necessary
to discuss some details of the ionization process.

For convenience we shall consider a simple ionization
mechanism. When the Keldysh parameter �K ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Ia=Up

p
is

less than unity, the tunnel ionization models [17] accurately
describe laser-induced ionization in atomic gases. The
corresponding ionization rate normalized by ! is given by

p ¼ 4
!a

!

"5=2i

j"Lj
exp �

2"3=2i

3j"Lj

 !
; ð12Þ

where !a ¼ 4� 1016 s�1 is the atomic frequency unit,
"i ¼ Ia=IH; IH is the ionization potential of hydrogen,
"Lðz; tÞ ¼ Eð�Þ=Ea ¼ 1:16� 105ðrB=lÞað�Þ;Ea is the atomic
unit of the field, and l is the laser wavelength.

Twice in a laser period, when the laser electric field
temporarily dominates over the static (atomic core)
Coulomb field, electrons are released from the atoms.
The density n of the ionized electrons is given by

dN=dt ¼ ð1�NÞp ¼ p exp �

Z
pdt

	 

; ð13Þ

or

N ¼ 1� exp �

Z
pdt

	 

; ð14Þ

where N ¼ n=n0; and n0 is the density of gas atoms before
the arrival of the laser.

6. Optimum laser intensity and the harmonic spectrum

For given pulse shape and width, one can define an
optimum laser intensity by requiring that the density of the
laser-ionized electrons at t ¼ ! is n ¼ n0ð1� e�1Þ; orR
pdt ¼ 1: Figure 3 shows the optimum intensity as a

function of the pulse width for a Gaussian pulse with Ia ¼
24:6 eV: Thus, for long pulses, one has to choose lower
intensities in order to ensure that the ground states of the
atoms are not totally depleted when the laser intensity

Fig. 2. The kinetic energy Wf of returned electrons as a function of the

time ti of ionization, for a0 ¼ 0:01:
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peaks. As the pulse width decreases, one can increase the
laser intensity for efficient HHG. That is, for shorter laser
pulses more intense lasers can be used and higher radiation
power can be achieved.

The motion of the ionized electron in the presence of a
Gaussian laser pulse is fully determined by Eqs. (3)–(6).
The power P radiated at the recombination of the returned
electron can be written as

P ¼ ½Wf ðtfÞ þ Ia� dNðtiÞ=dt; ð15Þ

where the time delay between ionization and recombina-
tion is accounted for. That is, Wf is evaluated at the time of
recombination and dN=dt is evaluated at the time of
ionization.

Using the Larmor formula we can obtain the power
radiated per unit solid angle dP=d� ¼ ð3P=8�Þ sin2 �;
where � is measured from the direction of polarization.
We have then

dP

d�
¼

3P

8�
 jGðtÞj2; ð16Þ

for � ¼ �=2: Figure 4 shows the time evolution of the
radiative power at � ¼ �=2 for a 10 fs Gaussian pulse of
intensity 1:3� 1015 W=cm2 irradiated on a gas with Ia ¼
24:6 eV: That is, the intensity is close to the optimum (from
Fig. 3) for the given pulse duration. One can see that
radiation peaks appear twice in each laser period (here
about 3.15 fs).

The frequency spectrum corresponding to Eq. (16) is
jGð!Þj2; where Gð!Þ is the Fourier transform of G(t).
Figure 5 shows the frequency spectrum of the radiation
shown in Fig. 4. Only odd harmonics appear in the
spectrum since the peaking interval in the time evolution is
at about half a laser period. The highest harmonic (173rd)
agrees well with that of the cutoff law. We have also
considered longer and weaker pulses. Figure 6 shows the
frequency spectrum from the irradiation of a 100 fs 8�
1014 W=cm2 laser pulse on the same gas. The intensity
chosen is again optimized. In this case, the cutoff (at the
113th harmonic) is again close to that predicted by the
cutoff law.

Fig. 5. The harmonic spectrum corresponding to Fig. 4.

Fig. 3. The optimum intensity as a function of the laser duration, for

Ia ¼ 24:6 eV:
Fig. 4. The time evolution of the normalized radiation power dP=d�

emitted at � ¼ �=2 for a 10 fs, 1:06 mm; 1:3� 1015 W=cm2 Gaussian laser

pulse irradiating a gas with Ia ¼ 24:6 eV: The intensity chosen is close to

the optimum one.

Fig. 6. The harmonic spectrum of the radiation emitted from irradiating a

100 fs, 1:06mm; 8� 1014 W=cm2 laser pulse on a gas with Ia ¼ 24:6 eV:

The intensity chosen is again close to the optimum one.
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7. Discussion

In this paper we have presented a classical model for HHG
including the effects of finite pulse width and laser
magnetic field. Although the wave magnetic field hardly
affects the energy of a laser-ionized electron, its effect
on the latter’s return to the parent atom can be remarkable.
Since the electron trajectory gets a small component along
the wave-vector direction, it is thus more difficult for a
returning electron to reach the Bohr neighborhood of its
parent atom. We have also obtained a relation between the
laser intensity and pulse width that optimizes HHG. The
power and spectrum of the radiation emitted at recombi-
nation of the returning electrons with their parent atoms
are then obtained.

Our classical model for HHG shows that the existing
harmonic cutoff law remains applicable even when the
finite pulse width and magnetic field of the laser are taken
into account. For longer pulses the laser intensity must be
kept low such that the ground states of the gas atoms
are not depleted before the laser peak arrives. Higher
intensities can be used for shorter-pulse lasers, and one can
realize higher radiation power. It should be pointed out
that some features often associated with HHG, such as the
plateau and sharp cutoff in the harmonic spectrum, are not
distinctive in our results. Generation of the highest order
harmonics is attributed to a small group of electrons which
are ionized at the optimum phase, and is sensitive to the
exact ionization and recombination probabilities as well as
the finite interaction time of these electrons. The latter
quantum processes are beyond the scope of our simple
classical model.
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Detailed simulations of a Ni-like Nb x-ray laser pumped by a nanosecond prepulse followed by a
picosecond main pulse are presented. The atomic physics data are obtained using the Cowan code
@R. D. Cowan,The Theory of Atomic Structure and Spectra~University of California Press,
Berkeley, CA, 1981!#. The optimization calculations are performed in terms of the intensity of
prepulse and the time delay between the prepulse and the main pulse. A high gain over 150 cm21

is obtained for the optimized drive pulse configuration. The ray-tracing calculations suggest that the
total pump energy for a saturated x-ray laser can be reduced to less than 1 J. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1579693#
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I. INTRODUCTION

The electron collisional excitation Ni-like x-ray lase
scheme was first proposed by Maxonet al.1 in 1985 when
the first collisional excitation soft x-ray laser amplificatio
was demonstrated for Ne-like Se ions.2 Similar to the Ne-like
scheme, the Ni-like x ray is also based on transitions of i
with a closed shell. In the Ni-like scheme, the upper la
level 3d94d 1S0 is populated due to the monopole collision
excitation from the ground state 3d10 1S0 , a population in-
version can be built on the 3d94d 1S0→3d94p 1P1 and
3d94d 1S0→3d94p 3D1 transitions. Principally, to obtain a
x-ray lasing at similar wavelength, Ni-like scheme requir
much lower pump energy than Ne-like scheme due to
higher quantum efficiency. This makes the Ni-like sche
more promising to scale down to a shorter wavelength t
the Ne-like scheme. Using the prepulse technique and m
target design, saturated output has been demonstrated fo
like Ag ~14 nm!,3 Ni-like Sm ~7 nm!,4 and Ni-like Dy ~5.8
nm! x-ray lasers.5 The amplification at wavelengths towar
the ‘‘water window’’ has also been observed.6 In recent
years, the use of ultra-short pulse pumping has been sh
to be able to save significantly the drive energy of collisio
x-ray lasers.7–9 Gain saturation has been reached for vario
Ne-like or Ni-like x-ray lasers at wavelengths.10 nm using
only a few joules total pump energy.10–14 On the theoretical

a!Author to whom correspondence should be addressed. Electronic
jzhang@aphy.iphy.ac.cn
2971070-664X/2003/10(7)/2978/5/$20.00
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side, Daidoet al. reported atomic physics calculations fo
Ni-like ions with atomic number from 47~Ag! to 66 ~Dy!.15

A self-similarity model for hydrodynamic characteristics
Ni-like transient collisional excitation x-ray lasers was al
developed.16,17

In recent years, the high power compact Ti:sapph
chirped pulse amplification~CPA! lasers at 800 nm have be
come available for university laboratories. Such laser s
tems have great potential to be used as the pump sourc
Ne-like or Ni-like table-top x-ray lasers with high repetitio
rate. The Ni-like x-ray laser has numerous advantages
pump efficiency by comparison to Ne-like x-ray laser. Ho
ever, the population inversion of Ni-like ions is much mo
sensitive to the plasma conditions than that of Ne-like io
In this paper we simulate the Ni-like Nb x-ray laser of 4p
→4d, J50→1 transition at 20.3 nm driven by a Ti:sapphi
CPA laser. The pump geometry was set to be the stand
line focus on a slab target. The Ni-like Nb ion state is mo
eled for the ground state 3d10 1S0 , and the four most impor-
tant exited levels, i.e., 3d94p 3D1 , 3d94p 1P1 , 3d94d 1S0 ,
3d94 f 1P1 , and the ground state of next ionization sta
~Co-like state!. The modified version of the one-dimension
Lagrangian hydrodynamic codeMED10318 coupled with an
atomic physics code was used to predict the time evolu
of laser-plasma interactions and gain coefficient. The r
equations of level populations are solved for the spontane
emission, collisional excitation and de-excitation, collision
ionization and recombination processes. The energy lev
il:
8 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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radiative transition probability~Einstein coefficientA! and
the electron collisional excitation rates are calculated us
the codeRCN/RCG developed by Cowan,19 because the pub
lished data about Nb XIV ions are not sufficient for x-ra
laser calculation.15,20,21The drive pulse configuration used
the simulation is a nanosecond prepulse followed by an u
short main pulse. The optimization calculations are p
formed in terms of peak intensity of the prepulse and
delay between the prepulse and the main pulse. A ray-tra
postprocessor is used to calculate the output and also
spatially averaged gain-length product.

II. ATOMIC PHYSICS CALCULATION

The energy levels used in the x-ray laser simulations
calculated using the Cowan code in orbital-spin~LS! cou-
pling and presented in Table I. Some energy levels are c
pared with other reported values. Here we can see a g
agreement of theoretical calculations with the experime
results from Ref. 21. Table II lists the wavelengths and
radiative rates of dipole transitions between levels. The
culated wavelength of the strongest lasing transition
3d94d 1S0→3d94p 1P1 is in good agreement with the ex
perimental measurement of 20.3 nm.22 The collisional exci-
tation rates between levels as a function of electron temp
ture are shown in Figs. 1~a! and 1~b!. Figure 1~a! presents the
excitation rates from ground state to exited states, and
collisional mixing rates between exited states are shown
Fig. 1~b!. The monopole excitation rate@transition 1→4 in
Fig. 1~a!# has high value when the electron temperature
higher than the excitation energy of 280 eV. The collision
mixing rates of transition 3d94p 1P1→3d94p 3D1 and
3d94p 3D1→3d94 f 1P1 are negligibly small and are no
plotted in the figure. We also compare our calculation
monopole excitation rates from the ground state 3d10 1S0 to
the upper laser level 3d94d 1S0 with the published results o
the relativistic distorted wave codeYODA @see the dashed
curve in Fig. 1~a!#.15 Here we can see about 20% deviati
from the YODA calculation, because the Cowan code u

TABLE I. Energy levels of Ni-like Nb XIV.

Index State configuration RCN/RCG~eV! Experimental~eV!

1 3d10 1S0 0
2 3d94p 1P1 218.8 219.4
3 3d94p 3D1 221.0 221.6
4 3d94d 1S0 280.1
5 3d94f 1P1 315.3 316.2

TABLE II. Wavelength and radiative transition rates in Ni-like Nb XIV.

Transition (J→ i ) Wavelength~nm! Aji (1010 s21)

2→1 5.67 36.47
3→1 5.61 6.92
5→1 3.93 576.67
4→2 20.23 9.08
4→3 20.98 1.50
5→4 35.23 1.03
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plain wave approximation to calculate the electron-at
scattering process. The strong collisional mixing between
levels of 3d94p 1S0 and 3d94 f 1P1 @see Fig. 1~b!# can have
significant effects on the population of the upper laser lev
This is the reason why the 3d94 f 1P1 level must be included
in the calculations.

III. OPTIMIZATION OF THE CONDITIONS OF A
PREPLASMA

Simulations are performed for 100-mm-thick niobium
planar targets irradiated by a 1 nsprepulse. The prepulse i
assumed to be the chirped pulse before the final comp
sion. If the uncompressed chirped pulse has only sev
hundreds of picosecond duration, then the best way is to
two connected chirped pulses to simulate a nanosec
pulse. This is because the preplasma produced by
prepulse with few hundreds of picosecond duration usu
has short scale length and high density gradient.

It is well known that for an ultrashort pulse driven x-ra
laser, where prepulses should produce a properly ionized
plasma with large scale length, the main pulse is used
rapidly heat the preplasma and make a sudden jump of e
tron temperature. The functions of the prepulse and the m
pulse can be independent of each other, so they can be
mized separately. In order to obtain an optimum intensity
prepulses, simulations have been performed for 1 ns

FIG. 1. Collisional excitation rates as a function of electron temperature
transitions from the ground state to the excited levels~a!, and between the
excited levels~b!. The solid curves are calculated by the Cowan code. T
dashed curve corresponds to the monopole collisional excitation rates
the YODA code.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 2. The Ni-like Nb ion fraction vs space and time in the plasma generated by 1 ns prepulse with peak intensities of 2.031011 W/cm2 ~a!, 2.2
31011 W/cm2 ~b!, and 2.431011 W/cm2 ~c!. The fraction in plot is from 60%~blackest! to 20% ~white! by a step of 20%.
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Fig.
width at half maximum Gaussian prepulses with vario
peak intensities. Figure 2 shows the spatio-temporal pro
of the ground state population of Ni-like Nb ions fraction
plasmas produced by 1 ns prepulses with peak intensitie
2.031011 W/cm2 ~a!, 2.231011 W/cm2 ~b!, and 2.4
31011 W/cm2 ~c!. The horizontal axis presents the spat
distance from the target surface. The prepulses reach
peak at 1.2 ns in the time scale used in Fig. 2. From Fig
we can see that the ionization state of preplasmas is
sensitive to the intensity of prepulses. It is apparent tha
prepulse at 2.031011 W/cm2 is not powerful enough to ion
ize the preplasma to the Ni-like ionization state. The prepu
with a peak intensity of 2.231011 W/cm2, and 2.4
31011 W/cm2 can produce a high fraction of Ni-like ions i
preplasmas. But in Fig. 2~c! we can see an over-ionized re
gion near 50mm distance at 1400–1600 ps, and later t
over-ionized ions recombine to Ni-like state again. T
prepulse at 2.231011 W/cm2 can produce a high fraction o
Ni-like ions without over-ionization. In experiments the in
tensity of prepulse is usually set to be higher than the thre
old value to make preplasma slightly over-ionized. The o
timized condition of preplasmas can be achieved
optimizing the delay time between prepulse and main pu
because changing of the delay time is much easier t
changing of the intensity.
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IV. X-RAY LASER SIMULATION

In our simulations the x-ray laser gain is generated b
1 ps, 131015 W/cm2 peak intensity main pulse after a 1 ns,
2.231011 W/cm2 intensity prepulse. Before the main puls
the preplasma should have a rich population of Ni-like io
and large scale length, so the suitable delay time can
determined from Fig. 2~b!. The time region at 1.6–1.8 n
seems to be a good starting time for the main pulse.
investigate the effect of the delay time, we modeled the x-
laser for different delay times of 0.4, 0.6, and 0.8 ns. Figu
3~a!, 3~b! and 3~c! show the x-ray laser gain at 20.3 nm
versus space and time for 0.4, 0.6, and 0.8 ns delays, res
tively. The detailed spatial profiles of the local gain coef
cient and electron density at the moment when the g
reaches its peak are presented in Figs. 4~a!, 4~b!, and 4~c! for
the delay time of 0.4, 0.6, and 0.8 ns, respectively. From F
4 we can see that all gain regions are located far from
critical density surface and have a low density gradient. T
gain higher than 150 cm21 can be generated with delay time
of 0.4 and 0.6 ns. The gain area is enlarged with the de
time, but the peak gain coefficients are decreased. This
ation can be easily understood because the scale length o
plasma increases with the delay time. Lower population
Ni-like ions causes the decrease of gain. If we compare
FIG. 3. Contours of Ni-like Nb x-ray laser gain at 20.3 nm generated by a 1 ps, 131015 W/cm2 drive pulse with delay time of 0.2 ns~a!, 0.4 ns~b!, and 0.6
ns ~c!. The gain in the plot is from 150 cm21 ~blackest! to 50 cm21 ~white! by a step of 50 cm21.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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3 with Fig. 2~b!, then we can see that the position of the pe
gain and the position of high fraction of Ni-like ions ju
before the main pulse are consistent.

V. RAY-TRACING CALCULATIONS

The optimum delay between the long prepulse and
short main pulse should be determined by the output in
sity of x-ray laser. The refraction of x-ray laser in the plasm
can strongly affect the laser output. In order to model
propagation and amplification of the x-ray laser in t
plasma medium, we developed a two-dimensional ray tr
ing postprocessor to calculate the relative output intensity
x-ray laser for delay times of 0.4, 0.6, and 0.8 ns. We
sumed that the traveling wave excitation is used, so the
tial profiles of gain and electron density can keep their fo
unchanged along the line focus. For simplification, the ti
evolution of the x-ray laser output and gain saturation eff
were not included. In our ray-tracing calculation the spa

FIG. 4. The spatial profiles of the local gain coefficient and electron den
at the peak gain time for delay times of 0.4~a!, 0.6 ~b!, and 0.8 ns~c!.
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profiles of gain and electron density are in the moment
peak temporal and spatial gain, taken from Figs. 4~a!–4~c!.
The intensity of each ray is weighted by the upper-le
population of the laser transition at the beginning of the r
Figure 5 shows the dependence of the spatially integra
laser output intensity on the plasma length for illustration
the role of refraction. From Fig. 5 we can see that the eff
of refraction decreases with the delay time. For short plas
length, 0.4 and 0.6 ns delays give a similar laser output,
the output intensity of 0.8 ns delay is much lower than tha
0.4 and 0.6 ns delays for short plasma lengths due to lo
gain. The refraction effect breaks the exponential growth
output intensity near 0.7, 1.0, and 2.0 cm propagation d
tances for 0.4, 0.6, and 0.8 ns delays, respectively. Theo
cally, for more than 2.6 cm target length, the output intens
of 0.8 ns delay can exceed the output intensity of 0.6
delay, but actually x-ray lasers cannot be amplified on s
long distance for two reasons. First, it is too difficult to ma
a 2.6-cm-long uniform plasma column in experiment. S
ond, the propagation time of an x-ray laser through a 2.6-c
long plasma column is about 90 ps, and during this time
condition of the preplasma can be significantly changed.
the ray tracing on a centimeter long plasma column can
used only for illustration of the role of refraction. In idea
conditions, the effective gain length production reaches 1
1.2 mm target length for 0.4 and 0.6 ns delays. That mean
the line focus is 50mm wide, then the total pump energy fo
saturated x-ray laser output can be less than 1 J. The
delay of 0.6 ns has a little advantage in amplification d
tance by comparison with 0.4 ns delay.

Simulations are also performed for different main puls
with the optimum delay time of 0.6 ns. Table III lists sever
examples of peak gain and the width of gain region~where
g.50 cm21 at peak gain time! produced by some main
pulses with different intensity and duration. From Table
we can see that the gain characteristics are mainly depen
of the energy of the short pulse. For main pulses with
same energy but different durations from hundreds of fem
seconds to few picoseconds, the gain region keeps its w
and the shorter main pulse generates higher gain.

ty

FIG. 5. Spatially integrated laser output intensity vs the target length at
peak gain time for the time delays between prepulse and main pulse of
0.6, and 0.8 ns.
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VI. CONCLUSIONS

In conclusion, we have investigated the Ni-like Nb x-r
laser at 20.3 nm numerically using a one-dimensional hyd
dynamic codeMED103 coupled with an atomic data packag
for Nb planar target irradiated by a 1 nsprepulse followed by
a 1 ps, 1015 W/cm2 drive pulse from a Ti:sapphire laser. Th
energy levels, radiative transition rates, and collisional ex
tation rates are calculated using the Cowan code. The o
mization calculations are performed in terms of the intens
of the prepulse and the delay time between the prepulse
the main pulse. High gains greater than 150 cm21 are pre-
dicted by using optimized drive pulse configuration. T
relative output intensity of x-ray laser is predicted using
ray-tracing method. We predicted that a saturated Ni-like
soft x-ray laser at 20.2 nm could possibly be generated u
less than 1 J pump energy from a table-top Ti:sapphire la
system.
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The first optical trap capable of confining relativistic electrons, with kinetic energy<350 keV was
created by the interference of spatially and temporally overlapping terawatt power, 400 fs duration
laser pulses (<2.431018 W/cm2) in plasma. Analysis and computer simulation predicted that the
plasma density was greatly modulated, reaching a peak density up to 10 times the background
density (ne /n0;10) at the interference minima. Associated with this charge displacement, a
direct-current electrostatic field of strength of;231011 eV/m was excited. These predictions were
confirmed experimentally by Thomson and Raman scattering diagnostics. Also confirmed were
predictions that the electron density grating acted as a multi-layer mirror to transfer energy between
the crossed laser beams, resulting in the power of the weaker laser beam being nearly 50%
increased. Furthermore, it was predicted that the optical trap acted to heat electrons, increasing their
temperature by two orders of magnitude. The experimental results showed that the number of high
energy electrons accelerated along the direction of one of the laser beams was enhanced by a factor
of 3 and electron temperature was increased;100 keV as compared with single-beam illumination.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1566033#
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I. INTRODUCTION

Trapping has often been used with great success to
fine ultracold matter, leading to many important applicatio
such as Bose–Einstein condensation and matter-wave la
Traps capable of confining ultrahot matter, or plasma, h
also been built for applications in the basic plasma resea
and thermonuclear fusion. For instance, low-density,ne

;107 cm23, non-neutral plasmas with temperatureTe

<1 keV have been confined with static magnetic fields
Malmberg–Penning traps.1 Low-density, ne;1014 cm23,
Te;10– 100 keV plasmas are confined in magnetic mirr
and tokamaks. Since the discovery of the ponderomo
force over 40 years ago, it has been well known that char
particles interacting with an oscillating electromagnetic fie
will seek regions of the minimum light intensity~dark-
seeking behavior!.2 The idea of trapping charged particles b
the ponderomotive force with the appropriate electrom
netic field distribution was then proposed.3 Two-dimensional
electron confinement with a specially shaped laser beam
been discussed.4–6 By modulating laser pulse intensities v
wave-plates, a strong three-dimensional optical trap cap
of confining electrons of kinetic energies up to 10 keV w
built.7,8

In this paper, we discuss an optical trap capable of c
fining extremely high density~close to critical density! and
hot ~relativistic! plasmas, of kinetic energy up to 350 keV, b
means of the interference of two terawatt-class~TW! femto-
second laser pulses. In the intersection region of laser be
the modulated total laser intensity formed ponderomotive

a!Paper GI2 2, Bull. Am. Phys. Soc.47, 137 ~2002!.
b!Invited speaker.
c!Also at Laboratory of Optical Physics, Chinese Academy of Scien
Beijing 100080, People’s Republic of China.
2091070-664X/2003/10(5)/2093/7/$20.00
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tential troughs of subwavelength width~0.7 mm!, and very
high ponderomotive potential gradients, up to 1012 eV/m.
The Thomson scattering, stimulated Raman scattering, an
sis, and computer simulation all indicate that the electro
were bunched by the strong ponderomotive force into sh
of thickness two orders of magnitude less than the la
wavelength, and an electron density up to 10 times hig
than that of the backgroundn0 . Correspondingly, the stimu
lated Raman side scattering indicates strong electron den
deletion~0.4% of n0) between the density-bunched region
An electrostatic field of 1011 eV/m was produced by the
bunched electrons. Unlike the electric field of an electr
plasma wave,9–12 the electrostatic field in this optical tra
was a localized direct-current field, with zero phase veloc
and a fixed field direction during the laser beam interferen

II. ANALYSIS AND COMPUTER SIMULATION

The physical picture of this optical trap is simple.
ponderomotive forceFW p}“I , whereI is the intensity of la-
ser, is produced when light intensity has a spatial gradi
Two intense laser beams of the intensitiesI 1 and I 2 , with
same frequency and parallel polarization, perpendicula
crossing each other, interfere, causing spatial modulation
the light intensity given byI 5I 11I 212AI 1I 2 cosd, whered
is the phase difference of these two laser pulses. In the
periment described in the following,I 150.25I 2 and the peak
interference intensity is nine times higher than that of
valley, and the distance of the intensity peak-to-valley
0.35lL , wherelL is the wavelength of the laser. These i
tensity peaks and valleys lie alongx, which is the spatial
dimension perpendicular to the bisector of the two la
propagation directions. By means of the interference of t
high-power laser pulses, a very high intensity gradient c

s,
3 © 2003 American Institute of Physics
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ated. If free electrons are present, they will oscillate in
high frequency laser field and Thomson-scatter light. O
time scale of several laser cycles, they experience a pond
motive force that pushes them to the intensity valleys. T
ponderomotive force is

FW p52mec
2

]g

]x
, ~1!

where g5A11a2/2 is the relativistic factor anda58.5
310210lL (mm)AI (W/cm2) is the normalized vector poten
tial of the laser field,lL is the laser wavelength,I is the total
intensity, andmec

2 is the rest-energy the electron. The inte
ference laser intensity expressed by the normalized ve
potential isa258a1

2 sin2(px/D), whereD is the distance be
tween the two laser intensity peaks anduxu<D/2. The pon-
deromotive force can be calculated using Eq.~1!, which
gives

FW p52
2pmec

2a1
2

gD
sinS 2px

D D xW

x
. ~2!

Using the laser parameters in the experiment described in
following, in the interference region, the peak laser intens
is 431018 W/cm2. The corresponding ponderomotive forc
is up to 1012 eV/m, and the ponderomotive potentialfp ,
defined byFW p52“fp is about 300 keV~Fig. 1!.

Initially, because the plasma is uniform, the electro
experience only the ponderomotive force, which pus
them toward the interference troughs, where they are trap
and bunched. Because the much heavier ions do not h
time to move significantly during the interference of sub
cosecond duration pulses, but electrons do, a large dir
current electrostatic fieldEW es is created, which exerts an ele
trostatic force on the electrons in the direction opposite to
ponderomotive force.

The value of electrostatic forceeEW es increases with
bunching, based on Gauss’ law

E
S
EW es•dSW 5

e

«0
E

V
~ne2n0!dV,

whereS andV are the boundary surface and volume of t

FIG. 1. Ponderomotive force and potential distribution. The potential va
forms the optical trap.
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bunched electrons, respectively, andne and n0 are the
bunched and background electron~or positive charge! densi-
ties, respectively. This charge distribution is localized in t
optical trap, but all these charged particles~inside the Gauss-
ian pillbox! will contribute to the field no matter if thes
charges are in motion or not. When the bunched elect
densityne is higher thann0 in the pillbox during the laser
beam interference, the direction of the electrostatic field
fixed and thus the field is a direct-current one. Assuming t
the bunching process is in one dimension, the electrost
force created by the electron bunch is given by

EW 5
n0ueu

«0
S ne

n0
21DXW , ~3!

whereX is 1/2 the thickness of the bunched electron she
The maximum intensity of the electrostatic field is reached
the boundaries of the pillbox. Using Eq.~3!, the dependence
of electrostatic field on the electron density ratione /n0 is
shown in Fig. 2. In the experiment described in the follo
ing, the background electron densityn0 is 431025 m23.
With ne /n052, the field strength jumps toEes51.28
31011 eV/m, and when ne /n056, Ees reaches 2.1
31011 eV/m, and then it increases gradually withne /n0 to
the saturation value of;2.531011 eV/m.

A similar grating-like electron distribution at the surfac
of a plasma was previously predicted and observed by me
of a one-dimensional particle-in-cell code,23 but this model
neglected the influence of electron thermal pressure.

In the bunch process, the force of electron thermal pr
sureFW T prevents the electron accumulation. Assuming t
the bunch process is adiabatic,FW T and the electron therma
pressurePe are given by

FW T5
“Pe

ne
,

Pe5n0Te0~eV!S ne

n0
D 3

, ~4!

ne~x!5an0 expF S x

XD 2G ,

y

FIG. 2. Electrostatic field vs electron density ratione /n0 .
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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where Te(eV)5100 eV is the initial electron temperatur
anda is a parameter determined by the restriction of elect
number conservation

a

D E
2D/2

D/2

expF2S x

XD 2Gdx51. ~5!

Then the force of thermal pressure on the boundary of
bunched electron sheet is

FW T56a2Te0~eV!
XW

X2 . ~6!

Assuming the bunched electron sheet boundary loc
at the force balance points where

FW P~X!1FW es~X!1FW T~X!50, ~7!

the thickness (2X) of the electron sheets and the correspo
ing electron densities at different interference intensities
be calculated. Figure 3 shows the dependence of the co
nation of the three forces on the thickness of the bunch
electron sheets at peak laser intensity of 431018 W/cm2.
The total force looks like van der Walls force, where
points beyond the balance point closer to the interfere
fringe, the force is a bunching force, while points closer
the bunched electron distribution, the force is therm
pressure dominated, resist the further accumulation.
electron density ratione /n0;D/2X59.2 is then calculated
At peak laser intensity of 4.831018 W/cm2, the highest in-
tensity observed in the experiment, the width of ea
bunched density region was then reduced to 0.68mm or
about D/10.2, which implies ne /n0510.2 and Ees;2.3
31011 eV/m.

The bunched electron in the laser beam intersection
the structure of a density grating or multi-layer mirror. It w
diffract or reflect incident laser light resulting in laser ener
transfer between the two crossed laser beams. Based o
density-grating model, the density grating satisfies

D~sinum2sinu t!5ml,

m50,61,62,..., ~8!

FIG. 3. Combination of the ponderomotive force, electrostatic force,
force of thermal pressure.
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whereu i is the incident angle andum is the diffraction angle
of m order. In our experiment, the weaker laser beamI 1 was
named pump and the stronger oneI 2 was injection. If the
injection beam is the incident laser, the only possible diffra
tion direction is in the pump direction with (m521), and
vice versa. The weaker pump beam will get more ene
from injection during the dual beam interference. By usi
the multi-layer mirror mode, the same results of ene
transfer are obtained.

The above-given calculation is consistent with a tw
dimensional particle-in-cell code computer simulatio
which solves Maxwell’s equations and the equation of m
tion for the particles in plasma. In this simulation, a recta
gular simulation box of 100l360l is used, which is split
into 10003600 cells for the integration of the Maxwell’
equations. A homogeneous plasma volume with an ini
density of 0.04nc occupies part of the simulation box. Th
pump laser of the normalized vector potentiala150.5, and it
is along thex direction. The injection pulse ofa251.0,
which is four-times stronger in intensity than pump, is alo
the y direction. Nine particles per cell are used for electro
and ions. Absorption boundaries for the fields and reflect
boundaries for particles are used in both thex and y direc-
tions. The simulation results are depicted in Fig. 4, where
bunched charge regions exhibit a peak density ratio
ne /n0;10 and width;1/10 of the distance between inte
ference peaks, at the time of maximum overlap. The simu
tion also predicts that the bunched electrons Thomson sc
the laser so that there is significant energy transfer from
jection to pump, making the pump laser increase about 5
~Fig. 5!. This energy transfer was also predicted by previo
theory.13

d

FIG. 4. Simulation shows that, with the interference of twos-polarized laser
pulses, there is an electron-density bunching and grating structure a
laser intersection~upper picture!, while, with two p-polarized laser pulses
no such density bunching~lower picture!.
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III. EXPERIMENTAL RESULTS

In a proof-of-principle experiment, two 1.053mm wave-
length laser pulses, each ultra-short in duration~400 fs! and
high peak power~1.5 and 6.0 TW!, were focused perpen
dicularly to each other, withf /3 parabolic~vacuum spot-size
of 12 mm full width at half maximum!, reaching peak inten
sities of 631017 and 2.431018 W/cm2, respectively. The
beams were predominantly upward polarized, but ha
small component of horizontal polarization due to the tig
focusing geometry. Using a delay line, the pulses were o
lapped temporally to within 30 fs inside a supersonic heli
gas jet~at 5.53106 Pa).

Plasma with densityn05431025 m23 was created by
photoionization of the gas. Light propagation through t
plasma was observed from top-view Thomson scattering
tures. The bright spot in Fig. 6 showed that the Thoms
scattered light was significantly enhanced along the bise
of the laser beam intersection region. A line out of the brig
spot indicated that the spatially averaged Thomson scatt
power ^Ps& from the region of the beam’s intersection w
more than ten timeŝP0&. The latter was from the back
ground electrons outside the intersection region with den
in the channel created by the more powerful of the two la
beams. This enhancement,^Ps /P0&510, implied that the
scattering was coherent, i.e., the Bragg scattering formu14

Ps /P0}(ne /n0)2 applied, and indicated thatne /n0.10,
which was 100 times higher than the largest reported am
tude for a plasma wave, which—unlike a trap modulation
was limited in amplitude by wave-breaking.15,16

The top-view spectra of the scattering lights are sho
in Fig. 7. With only the pump laser, the signals of spectru
were in the level of background. When the two laser pul
were crossed, the spectrum clearly shows peaks of the st
lated Raman scattering~SRS! of the frequency shiftDv
;vp51.931013 arc/sec corresponding to plasma dens
ne;431023 n0 determined usingvp5Ae2ne /g«0me,
where g was the relativistic factor and«058.85
310212 F/m was the permittivity of free space. The res

FIG. 5. Energy transfer from stronger injection laser to the weaker pu
laser shown by simulation.
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indicates relatively large density accumulation, about
times of the background. Plasma cavities were dug to ne
99.6% electron density depletion. Figure 7 also showed
the unshifted light, originating from Thomson scattering, w
about five times stronger with crossed laser pulses than f
only injection pulse. When the effects of spatial integrati
were accounted for, the ratio^Ps /P0&;10 is again obtained

With crossed laser pulses, two strong satellite lines w
observed in the spectrum in Fig. 7, with the waveleng
shifts ;63.8 nm away from the fundamental light. The
two satellite lines may have originated from stimulated Br
louin scattering~SBS!. The associated ion acoustic wave w
excited by the beating or optical mixing of the crossed la
pulses, which had the frequency bandwidths that excee
the ion acoustic frequency shift. The ion acoustic wave a
SBS signals will be discussed in detail in a forthcoming pu
lication.

The spectra of light scattered in the direction of pum
beam were also measured~Fig. 8!, and the results indicate

p

FIG. 6. ~a! Image of the Thomson scattered light viewed from top dow
ward to the throat of the nozzle. The weaker pump beam propagated
right to left while the stronger injection beam from top to bottom.~b! In-
tensity distribution of Thomson scattering light along the injection plas
channel showed the light enhancement at the beam intersection. From
result, an accumulated plasma density with amplitudene;10n0 was in-
ferred.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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that the pump laser beam was enhanced by energy tran
This result confirmed the prediction of the analysis, simu
tion, and theory. The bunched electrons not only reflected
fundamental laser but also all the scattering light sign
from injection to pump or vice versa. The reflection of fo
ward stimulated Raman scattering light from injection
pump may especially bring about optical mixing between
fundamental light and the reflected scattering, resulting in
pump plasma wave being resonantly driven. It was obser
in some spectra that with dual pulse illumination, the sc
tered lights in the pump direction were obviously enhanc
while the fundamental laser signal was barely increased
possible reason is that resonant excitation of the pla
waves effectively absorbed the driving laser energy.

In order to test the calculation model prediction for t
dependence of thene /n0 on the laser interference intensitie
the values of̂ Ps /P0& were measured at peak laser inten
ties ranging from 831017 to 4.831018 W/cm2. Discounting

FIG. 7. Top view spectra of the scattered light, with/without the pu
beam.

FIG. 8. Spectra of the laser and scattered light in the pump beam direc
with/without injection beam.
Downloaded 16 May 2003 to 159.226.45.191. Redistribution subject to A
fer.
-
e

ls

e
e
d

t-
d
A
a

-

the background and the contribution of SBS, the result w
shown in Fig. 9, and the inferred values ofne /n0 coincided
relatively well with the theoretical prediction.

IV. ELECTRON HEATING AND INJECTION

We have previously discussed that the optical trap
bunch the electrons and produce high electron densities
to 10n0 , resulting in the excitation of a strong electrosta
field, on the order of 1011 eV/m. The resistance of the elec
trostatic force against the bunching ponderomotive force
creases the electric potential energy of the bunched electr
P-V work will increase the electron temperature. Assumi
that the bunching process is adiabatic, the temperature o
bunched electrons is

Te~eV!5S ne

n0
D G21

Te0~eV!. ~9!

If the process is in one dimension,G53, with a ten-time
electron density increase, the corresponding electron t
peratureTe(eV) will be increased by two orders.

It has to be pointed out that the above-mentioned ad
batic model works well in a quasi-static process in whi
Maxwell distribution applies. Actually in the short time pe
riod of the interference of 400 fs, the bunched electron s
tem approaches, but never reaches, such an equilibrium s
The boundary of the accumulated electron bulk vibra
around the force balance points. If the vibration is assum
harmonic, the frequency of the vibration can be simply e
mated from Fig. 3. Near the force balance point, the slo
DF/DX is about 22.7 N/m, and thus a frequency 1.
31015 s215 can be calculated. The resistance of the elect
thermal pressure against the bunching increases the ele
kinetic energies of random motion, which is related to t
electron temperature, and the work of electrostatic force
creases the electron potential energies. With increases o
electron temperature and potential energy, the laser en
n,

FIG. 9. Comparison of the analytical and experimental results of the
ferred electron-density-ratio vs laser intensities.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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is gradually absorbed by the bunched electrons and the
bration amplitude gradually decreases until the end of
laser pulse interference.

Computer simulation shows that the electrons are he
in the beam intersection and then these preheated elec
are injected into the enhanced pump plasma wave. Acce
tion by the resulting plasma wave produces a beam of h
energy electrons in the direction of pump~Fig. 10!. The mea-
surement of the electron spectra and beam profiles in p
direction with/without injection shows that with crossed las
pulses, the number of high energy electrons is increa
three times and the corresponding temperature increas
more than 100 keV~Fig. 11!. Possible mechanisms for th
stronger electron beam are the enhancement of pump pla
wave by the laser energy transfer, the beating of the refle
forward SRS light from injection with the pump laser ligh
and the injection of the preheated electrons into pu
plasma wave, which made more electrons phase-matc
with the wave. Simulations also indicated that by using t
technique with shorter pulse lasers, the energy sprea
these accelerators might be significantly reduced.17 Details of
the effects of the two crossed laser pulses on electron ac
eration in the laser driven plasma wave will be discussed
separate publication.

V. DIFFERENCES BETWEEN THE OPTICAL TRAP
AND PLASMA WAVES

The electrostatic field of our optical trap is different fro
that in a plasma wave~the field strength of a plasma wav
can be on the order of 1011 eV/m). First, the optical trap and
the electrostatic field of the optical trap are localized a
have zero phase velocity. A plasma wave, on the other h
moves with velocity ofvp;cA12vp

2/v2. Second, the dis-
tance~wavelength! between the two bunched electron de
sity peaks is only 0.7lL , while in the plasma wave, th
wavelength, based on the parameters of laser and b

FIG. 10. Snapshot of simulation taken at 80 laser cycles shows that
dual laser illumination, the electric field in pump laser directionx was ob-
viously enhanced and electrons were heated and accelerated primarily
pump-laser direction. The results were consistent with the electrons b
heated during the period of beam overlap and then injected into the a
eration phase of the enhanced plasma waves in the pump direction.
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ground plasma in our experiment, is much longer~by greater
than ten times! than the laser wavelength. Third, the bunch
electrons have density modulationdne/ne5(ne2n0)/n0 up
to 10, while in a plasma wave the corresponding dens
modulation is less than 1. Fourth, the function of the opti
trap is to hold electrons and increase their electrostatic
tentials and the kinetic energies of random motion. A plas
wave, on the other hand, acts to increase the electron kin
energies of directional motion along the propagation dir
tion. These differences make this optical trap unique in la
plasma physics.

There are several important applications of the opti
trap besides electron acceleration. For instance, it migh
used as a test bed for the study of relativistic nonlin
Thomson scattering.8 The ponderomotive force can be e
pressed in another form

FW p52“~T1m0c2!52“Fm0c2S 11
I 18lL

2

1.37D 1/2G , ~10!

whereT is the kinetic energy of the electrons andI 18 is the
interference laser intensity in units of 1018 W/cm2. If the

th

the
ng
el-

FIG. 11. ~a! Enhancement of electron number with injection on upper l
picture: the electron beam profile without injection. Upper right picture:
profile with injection. ~b! Increase in electron temperature in pump bea
direction with injection on.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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interference intensity isI 18;10, thenTmax51 MeV, or about
2mec

2. When the electrons oscillating with this energy co
lide with the stationary nuclei of plasma ions, they will pr
duce positrons,18 which can either be accelerated in las
driven wakefield or allowed to annihilate with the electro
to generate bright gamma ray bursts with 511 keV ene
This research is also relevant to fast ignition fusion19 or ion
acceleration experiments,20 in which a laser pulse may po
tentially beat with a reflected weaker pulse, with intensit
comparable to those used in our experiment. Last, an e
tron beam that enters the trap with kinetic energy exceed
the trapping threshold will be ‘‘wiggled’’ by the periodicall
spaced electrostatic field, causing emission of coherent sh
wavelength radiation, as discussed previously in the con
of plasma-wave wigglers.21 Remarkably, the strength of th
optical-trap field is almost one million times higher, and t
wavelength is almost a million times shorter, than a conv
tional magnetic wiggler. Calculations indicate that 100-tim
shorter wavelength light can be generated in the former c
with electrons of the same given energy.

VI. CONCLUSIONS

By interfering two TW femtosecond laser pulses
plasma, an optical trap of potential depth;350 keV was
experimentally created. An unprecedented electron bunc
of ne /n0;10 was inferred from scattering diagnostics. A l
calized electrostatic field of strength;231011 eV/m was
excited by the electron accumulation inside the optical tr
Transfer of light energy from one beam to another was a
observed. Optical mixing by two crossed laser pulses re
nantly excited electron plasma waves and ion acou
waves. As predicted by analysis and simulation, electr
were heated in the optical trap and these preheated elec
were then injected into the enhanced pump plasma w
resulting in enhancements of the electron beam both in
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tensity and temperature. The latter is the first step toward
experimental realization of the laser injected laser accel
tion concept~LILAC !.22
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Electron acceleration from the interaction of an intense short-pulse laser with low density plasma is
considered. The relation between direct electron acceleration within the laser pulse and that in the
wake is investigated analytically. The magnitude and location of the ponderomotive-force-caused
charge separation field with respect to that of the pulse determine the relative effectiveness of the
two acceleration mechanisms. It is shown that there is an optimum condition for acceleration in the
wake. Electron acceleration within the pulse dominates as the pulse becomes sufficiently short, and
the latter directly drives and even traps the electrons. The latter can reach ultrahigh energies and can
be extracted by impinging the pulse on a solid target. ©2003 American Institute of Physics.
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I. INTRODUCTION

Rapid advances in short-pulse high-intensity lasers h
given rise to many new applications. There is thus mu
interest in the physics of the interaction of intense sho
pulse lasers with plasmas and solids. Simulations and exp
ments have shown that very energetic electrons are prod
when an intense short-pulse laser interacts with a lo
density plasma or impinges on a solid target. High-ene
electrons have many applications, such as in fast ignition
fusion reaction,1,2 hard x-ray source,3–5 fast ion
production,6–8 etc. Several theories for high-energy electr
generation by laser light have been proposed. These inc
resonance absorption,9 v3B heating,10 vacuum heating,11

nonadiabatic heating at the plasma–light interface,12 and sto-
chastic heating,13 etc. In most of these theories the laser lig
interacts with the electrons at or near the target surface
standingwave.

When an intense short laser pulse propagates in an
derdense plasma, the electrons are accelerated and de
ated by the ponderomotive force at its leading and trail
halves, respectively. The spatial displacement of the e
trons can give rise to a large space charge field, whose re
ation after the pulse moves away can lead to strong elec
static wake oscillations.14,15 A small number of electrons in
the wake field can reach very high energies and they
released when wave breaking occurs. On the other hand
ponderomotively accelerated electrons inside a sufficie
2461070-664X/2003/10(6)/2468/7/$20.00
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short laser pulse can also reach very high energies. Th
energetic electrons can be extracted~before they are deceler
ated! by letting the laser pulse hit a solid target.16,17 Physi-
cally, electron acceleration inside a laser pulse and inside
laser-excited wake oscillation are separate but closely rel
processes. The latter are in fact governed by the same e
tions and can compete with each other. An understandin
the details of the relation between these processes woul
helpful in the design of advanced schemes of wake and di
acceleration of electrons. However, they have traditiona
been investigated separately. In this paper we investigate
interaction of a very short laser pulse with a plasma, su
that the pulse width is less than the plasma-wave lengt
situation that occurs in the very rarefied preplasma region
the interaction. In order to clarify the relationship betwe
the two and their relative effectiveness under different c
ditions, we consider in a unified and transparent manner
electron dynamics in the wake and within the laser pulse
is found and expressed quantitatively that the relative e
ciencies of the two acceleration processes depend on th
ser intensity and pulse width, as well as the backgrou
plasma density. The results are compared with that from
two-dimensional~2D! particle-in-cell~PIC! simulation.

II. GOVERNING EQUATIONS

When a short planar light pulse propagates in a unifo
low-density plasma, the response of the plasma electrons
be described by15,18
8 © 2003 American Institute of Physics
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v'5a/g, ~1!

] t~gvz!5]z~f2g!, ~2!

] tn52]z~nvz!, ~3!

]z
2f5n2Zni , ~4!

wherev is the electron velocity normalized byc, A and f
are the vector and scalar potentials normalized bymc2/e, t is
the time normalized byv21, the space coordinates are no
malized byk21, wherev andk are the laser frequency an
wave number, respectively. Furthermore,g5(12v2)21/2 is
the relativistic factor or the normalized~by mc2) electron
energy,n and ni are the electron and ion densities norm
ized by the critical density, andZ is the ion charge number
On the time scale of the light pulse and electron motion,
heavy ions are not much affected, so thatni can be taken as
a constant.

We assume that the plasma density is low, the laser
tensity high, and the pulse width short, so that the norm
ized envelopea5uAu of the vector potential of the lase
pulse can be taken to be nonevolving and that it propag
at a constant speed near that of light in the plasma.15,19Thus
a is a function of j5z2vgt, where vg5A12Zni is the
constant group velocity of the light waves in the plasm
Integrating Eqs.~2! and~3! and using the boundary conditio
that the plasma is undisturbed and homogeneous before
laser pulse arrives, orvz50, f50, andn5Zni at z5`, one
easily obtains the governing equations15

f2g1gvzvg521, ~5!

n~vz2vg!52Znivg . ~6!

Eliminating n, vz , andg, one obtains from Eq.~4!,

dj
2f5vg~11f!/A~11f!22Zni~11a2!21, ~7!

for f. Equation ~7! together with~5! and ~6! govern the
quasistationary dynamics of the electrons inside as wel
behind the laser pulse. Weak transient behavior and dam
of the light wave and wake oscillations are neglected. Eq
tion ~7! is highly nonlinear and inhomogeneous, but it can
easily integrated numerically.

III. HEURISTIC DESCRIPTION

It is instructive to first review and discuss qualitative
the interaction of a laser pulse with the plasma electr
under nonrelativistic conditions. As the pulse propagates
the plasma, the ponderomotive force at its rising front acc
erates the electrons forward, creating a local charge sep
tion, which tends to counteract the motion of the accelera
electrons. The electrons are also decelerated by the pond
motive force exerted by the trailing part of the pulse. T
strength and distribution of the charge separation field t
depend on the intensity, speed, and the width of the pulse
well as the unperturbed electron density.

In general, the uncompensated electrostatic space ch
field remains after the laser pulse passes. The relaxatio
this field from electron redistribution then gives rise to t
electron wake oscillations having a phase speed near
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speed of the light pulse and a frequency near the pla
frequency. The normalized wavelengthlp of the wake oscil-
lations is approximatelyvg /vp , or 2p/AZni , which is a
function only of the plasma density. One expects that
efficiency of wake field generation is highest14 if the separa-
tion between the ponderomotive acceleration and decel
tion of the electrons by the laser pulse is halflp , so that the
plasma wave and the ponderomotive force are locally ph
matched or ‘‘resonant’’ in a region of about half a plasm
wavelength.

On the other hand, if the laser pulse width is mu
smaller than the optimum value, the dynamics of the el
trons therein can be so dominated by the ponderomo
force that the they bunch inside the pulse, at the expens
the downstream~in the pulse frame! electrons. In this case
the electrons are trapped by the pulse. Wake oscillations
still be excited by the space charge field behind it. Howev
they will be much weaker than that of the optimum case

IV. RESULTS

For the purpose of tracking the electron energy g
within the laser pulse, it is convenient to introduce the p
rameter

h5S E a2dj D 21E 2n~g21!dj, ~8!

where the integral is over the laser pulse. Thus,h is the ratio
of the energy of the electrons inside the pulse to that of
laser. For a Gaussian pulse,a2 is given by

a25 1
2 a0

2 exp~2j2/L2!@11cos~2j!#, ~9!

for linearly polarized light, and

a25a0
2 exp~2j2/L2!, ~10!

for circularly polarized light, respectively. Here,L5d/2, and
d is the pulse width. This difference ina2 leads to a strong
dependence of the results on the polarization, as will be
cussed below. The response of the electrons to the laser p
can be calculated numerically from Eqs.~5!–~7!.

In the numerical evaluation, the electrostatic field a
electron density are calculated in the presence of the g
a(j). The integration is initiated at a large positivej in front
of the pulse wherea is negligibly small. Both the electro
static field and its derivative start from zero there. The in
gration is then carried out backwards, so that an overall p
ture of the electron dynamics and electric field behavior
the pulse and wake is obtained. We shall investigate b
regions under the same laser and plasma conditions in o
to determine the efficiencies of the two electron accelera
mechanisms.

A. Effectiveness of acceleration in the wake and in
the pulse

In Fig. 1, the plasma response to a circularly polariz
laser pulse is presented forZni51024, and~a! a050.05 and
~b! a052 and 5. The solid lines show the maximum wa
field amplitudefmax/a0 ~here renormalized for the conve
nience of comparing with the laser field! as a function of
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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d/lp . Figure 1~a! shows that in the nonrelativistic regim
the optimum pulse width for wake generation is about ha
plasma wavelength as expected.14 In this case of relatively
weak laser intensity, the laser pulse generates a charge
ration field, which induces sinusoidal wake oscillation14

typical of linear waves. Even for this case one can achiev
wake field amplitude offmax/a0;0.8. The charge separatio
field and wake potential can be increased by increasing
laser intensity. However, to optimize the process it is nec
sary to shorten the laser pulse since the intensity of the p
deromotive force affects the charge separation field. Figu
also shows thatfmax/a0 decreases rapidly~slowly! with
d/lp if the laser pulse width goes below~above! its optimum
value.

The dependence of the normalized electron energyh in-
side the pulse on the pulse width is given by the dotted li
in Fig. 1~b!. It is too small to be shown clearly in Fig. 1~a!,
which is for smalla0(50.05). One can see that in generalh
increases with decreasing pulse width and increasing in
sity of the laser. That is, for the same background plas
density, direct acceleration by the laser pulse is dominant
short and intense pulses.

B. Large amplitude wake oscillations

As the laser intensity increases, the optimum pulse wi
becomes smaller. Although the interaction scenario inside

FIG. 1. Maximum wake amplitude~solid lines, renormalized bya0)
fmax/a0 as a function ofd/lp for Zni51024, with ~a! a050.05 and~b!
a052 and 5. The dependence of the energy ratioh on d/lp is given by the
dotted lines in~b!. For the parameters chosenh is rather small~it is even
smaller for thea050.05 case in~a! and is therefore not shown!, which is
consistent with our assumption of constant laser intensity and negligible
motion.
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laser pulse is physically similar to that of weaker pulses
much stronger charge separation field is created. In fact,
wake oscillations can be of higher amplitude than that of
laser, orf.a0 , and they can become highly nonlinear.
Fig. 2, the laser–plasma interaction scenario and wake fi
generation process for a circularly polarized intense la
pulse is presented. Here,a052 andd50.35lp , correspond-
ing to the optimum width for wake generation~see Fig. 1!.
The background electron density is againZni51024. The
spatial behavior of the normalized vector and scalar pot
tials a andf, the normalized longitudinal electron mome
tum pz5gvz , and the renormalized electron densityn/Zni

are given by the dotted, dashed, solid, and dotted–das
lines, respectively.

Inside the laser pulse, the electrons are accelerated
decelerated by the ponderomotive forces arising from
high gradients at the front and back of the laser envelo
Their displacement leads to a strong charge separation fi
which in turn tends to restrict the motion of the displac
electrons as well as to induce motion by the neighbor
electrons. After the pulse passes a large space charge
remains and its relaxation leads to highly nonlinear wa
plasma oscillations. The electron density profile in the lat
is characterized by localized peaks separated by shallow
flat depressions, characteristic of nonlinear plas
oscillations21,22 even in the absence of relativistic effects.
is of interest to point out that, except for the larger amp
tudes of the physical quantities involved and the highly no
linear wake oscillation, the scenario of the laser–plasma
teraction in this case is still very similar to the low intensi
case.

C. Direct electron acceleration in the laser pulse

Figure 3 is also for a circularly polarized laser witha0

52, but much narrower pulse width (d50.05lp). The latter

n

FIG. 2. Evolution of the normalized vector (a, dotted line! and scalar~f,
dashed line! potentials, longitudinal electron momentum (pz , solid line!,
and electron density (n/Zni , dotted–dashed line!, for a052 and Zni

51024. Here,d50.35lp , corresponding to the optimum width for wak
generation.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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is much less than the width;0.35lp @see Fig. 1~b!# for
optimum wake excitation. This case differs considera
from that of Fig. 2, and corresponds to direct electron ac
eration by the laser pulse. Here a significant change~with
respect to that of Fig. 2! in the behavior of the electron
dynamics within the laser pulse occurs: the electron mom
tum and density profiles become nearly synchronized w
that of the laser pulse. The electrons are strongly acceler
and decelerated by the predominating ponderomotive fo
at the leading and trailing fronts of the pulse, respectivel

In this case, the laser pulse traps the electrons and ca
them with it as a soliton-like system, such as that found
Kaw et al.23 The space charge field created by the elect
bunching within the pulse is entirely downstream. Furth
more, this space charge field is weaker, and the number
sity and energy involved in the wake oscillations less, th
that inside the laser pulse. They are also less than tha
longer pulses~such as that in Fig. 2!. It is of interest to note
that this wake field reduction also occurs for weak laser
tensities if the pulse is sufficiently short, since besides
lack of the local phase-matching between the ponderomo
force induced space charge field and the wake oscillatio
the number of ponderomotively displaced electrons, and t
also the space charge field, is much less. The intermed
cases~not shown! shows that the transition from wake t
direct acceleration when the pulse width becomes less
that of the optimum is rapid but continuous, as is also in
cated in Fig. 1~b!. In the latter figure one can also see that
the high intensity (a055) caseh increases rapidly as th
pulse width is decreased, despite the fact that the numbe
electrons that can be accelerated in a short pulse is sma

D. Effect of background density

Besides the intensitya0 and widthd of the laser pulse,
another important factor governing the behavior of the las
plasma interaction is the density of the background electr
available for acceleration. In Figs. 4~a! and 4~b!, the maxi-

FIG. 3. Same as Fig. 2, but for a much shorter pulse width (d50.05lp) than
that of optimum for wake generation.
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mum electron energy and density of the ponderomotiv
bunched electrons are shown as functions of the la
strengtha0 for d55, and Zni51024 ~solid curve, corre-
sponding tod/lp50.05). Recall thatlp52p/AZni and all
lengths are normalized by the laser wavelength. andZni

51023 ~dotted curve, corresponding tod/lp50.16), respec-
tively. One can see that in both cases the maximum ene
and density increase with the laser strength, as was alre
discussed. Figure 4 also shows that in plasmas of lower d
sity the electrons bunched and accelerated by the laser p
will have higher energy but lower density.

For completeness, the dashed curve in Fig. 4~a! shows
the maximum electron energy for the caseZni50 ~no back-
ground ions!. Here vg51 and f50, and the problem re-
duces to the ponderomotive acceleration of an electron b
laser pulse propagating in vacuum. We then get from Eq.~1!
and the definition ofg the well-known scaling,

gmax215a0
2/2, ~11!

FIG. 4. Maximum electron energyg ~a! and densityn/nc ~b! of the pon-
deromotively bunched electrons in the laser pulse vs the laser strengtha0 ,
for d55l, and Zni51024 ~solid curve! and Zni51023 ~dotted curve!,
respectively. The dashed curve in~a! is for Zni50 or vg51.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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which shows that the electron acceleration and bunching
cesses discussed here are simply the relativistic pondero
tive acceleration of electronsin a plasma. In this case a
self-consistent charge separation field appears when the
trons are displaced from the stationary ions.

E. Effect of polarization

Up to now we have concentrated on circularly polariz
laser light. Figure 5 shows the effect of polarization. For b
linear ~solid curve! and circular~dashed curve! polarizations,
the profiles of the longitudinal electron momentum and d
sity are shown forZni51023, a0510, and d55l. The
pulse width is again much smaller than half a plasma wa
length (;16l). The density and momentum profiles for th
linear polarization case exhibit oscillatory behavior, which
due to the cos(2j) term in Eq.~9!. Such a longitudinal modu
lation at twice the laser frequency appears only for linea
polarized light. It is from the oscillating component~which

FIG. 5. Longitudinal electron momentum~a! and density~b! for linear~solid
curve! and circular~dashed curve! polarizations, forZni51023, a0510,
andd55l. The pulse width is again much smaller than that of optimum
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does not appear for circularly polarized light! of the pondero-
motive force, similar to that appearing in the well-knownu
3B heating effect.10

F. Higher dimensional effects

So far we have investigated electron acceleration in
propagation direction of an intense short-pulse laser usin
one-dimensional~1D! analysis. Although it can be expecte
that the 1D approach is sufficient for the highly direction
processes considered,14 in order to verify our results we hav
also carried out a 2D PIC simulation of a narrowly focus
laser pulse in a low density plasma. In the simulation
laser pulse is assumed to have a narrow Gaussian profi
the transverse direction. The results are given in Fig. 6
order to show the distributions more clearly, only 1/5 of t
simulated electrons is represented in the figures. Figure~a!
and ~b! show the axial momentum and density distributio
of the electrons in a linearly polarized laser pulse. The
rameter values are the same as in Fig. 5. We see tha
longitudinal electron momentum Fig. 6~a! is in good agree-
ment with that of Fig. 5~a! obtained from the 1D analytica
theory. Figure 6~b! shows that electrons are accelerated f
ward and a vacuum region or hole is formed in the tail of t
laser pulse since now there is also a transverse pondero
tive force. As a result, the wake oscillation~not shown! ap-
pears as a series of electron holes. In the enhanced de
region at the center, one can also see the local compres
patterns formed by theperiodic ponderomotive force of the
linearly polarized light pulse. The angular dependence of
electron energyg is shown in Fig. 6~c!. The transverse
spread is due to the ponderomotive force arising from
transverse profile of the laser pulse. If the laser were no
tightly focused, the transverse electron motion would be g
erned mainly by the laser field, as given by Eq.~1!. In this

FIG. 6. Results from 2D PIC simulations of a tightly focused linearly p
larized pulse in a rarefied plasma. The parameters are the same as in F
~a! Longitudinal electron momentum vs the axial coordinate.~b! 2D spatial
distribution of the electron density.~c! Angular distribution of the electron
energy. The concentric circles from the center representg51,10, and 20,
respectively.~d! Distribution of the electron momentum vectors.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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case the electrons would be~net! accelerated only in the axia
direction. Figure 6~d! gives ~in an enlarged region! the spa-
tial distribution of the electron momentum vectors. One c
again see the oscillatory nature of the longitudinal ponde
motive force. Electron acceleration is mainly in the forwa
direction and it occurs at the center of the pulse. Thus,
gether with the results from existing experiments17 and 2D
numerical calculations,25 as well as other simulations,16 our
simulation shows that forlongitudinal electron acceleration
in the pulse and the wake, despite the significant differe
in the actual configurations, 1D analyses yield quite accu
conclusions.

V. DISCUSSION

Using a simple one-dimensional analytical model,
have in this paper considered the relation between direct
celeration of electrons in a short intense laser pulse and
celeration in the laser-excited wake field. The two proces
can compete with each other. Their relative importance
pends on the response of the electrons to the pulse an
governed by the laser intensity and pulse width, as wel
the background plasma density. For longer pulse lasers
pecially when local phase matching in the laser pulse
tween the ponderomotive force and the wake plasma osc
tion occurs, there is strong electron acceleration in the la
excited wake field and little acceleration or trapping ins
the laser pulse. For sufficiently short and intense puls
there is strong acceleration of the electrons inside the pu
and the corresponding wake field acceleration becomes m
weaker. Direct acceleration of electrons inside the laser p
is no other than the ponderomotive acceleration of electr
in a plasma by the laser pulse. Its effectiveness depend
the number of background electrons available and there
the unperturbed plasma density. In low density plasmas
ponderomotively accelerated electrons will have higher
ergy but lower density. Furthermore, for linearly polariz
lasers the ponderomotively bunched electrons inside
pulse exhibit longitudinal oscillation at twice the laser fr
quency because of the oscillating component of the pond
motive force.

Depletion of the laser energy has not been included
our theory. For higher background plasma densities, the
action of the electron motion on the propagation of the la
pulse should be considered.18,23,25For long (@1 ps) pulses,
higher dimensional and ion effects can also enter. Howe
investigations of related problems19,23,24 including self-
consistent laser intensities and/or ion effects seem to indi
that these effects do not significantly change the o
dimensional electron energization behavior in the las
plasma interaction process under consideration here.

It is of interest to mention that in their study of shor
pulse laser propagation in highdensity (Ne;1020 cm23, cor-
responding toZni;0.1 under the conditions of the prese
work! plasmas, Feitet al.2 found that the laser–plasma inte
action is unstable for short-wavelength longitudinal pertur
tions. However in that regime, (Ne /Nc)

1/2 is not small, and
Lp.kp

21 ~or d.lp) always holds. On the other hand, in th
regime considered here the opposite conditionLp,kp

21 ~or
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d,lp) holds. That is, we confine ourselves to low-dens
plasmas withZni51024– 1023, corresponding to the very
low-density preplasma region that is normally produced b
much weaker prepulse or the low-intensity leading front o
high-intense laser pulse in laser–matter interactions.
should be emphasized that only at such low plasma dens
the laser pulse width can be smaller than the plasma wa
length.

In practical applications, the highest-energy electrons
the large amplitude wake oscillation will be released wh
wave breaking occurs at the wave peaks.14,20 They can also
be enhanced and extracted by elaborate methods. On
other hand, the ponderomotively accelerated ultrahigh
ergy electrons in the rising front of the pulse can be ea
extracted by impinging the laser pulse onto a solid target.16,17

The pulse will then be reflected and the high energy electr
released into the target without suffering the ponderomo
deceleration in the trailing part of the pulse. The parameteh
may then be considered as a coefficient of laser light abs
tion by the trapped~and released! electrons. Furthermore, th
reflected pulse can also interact with the wake and sign
cantly modifying the wake oscillation, leading to addition
acceleration and the option of producing backward propa
ing ultrahigh energy electrons.5,16
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Simulation study of a Ne-like Ti x-ray laser at 32.6 nm driven by femtosecond laser pulses
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A femtosecond laser driven collisional Ne-like Ti x-ray laser at 32.6 nm is numerically investigated using a
hydrodynamic code coupled with an atomic data package for a 100-mm-thick Ti planar target irradiated by a
single or double prepulse followed by an intense femtosecond laser pulse. By using an optimized drive pulse
configuration, a gain of 40 cm21 can be generated from a 5 mm350 mm line focus using only about 1 J pump
energy.
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I. INTRODUCTION

One of the main objectives in enhancing the efficiency
x-ray lasers is to develop ‘‘table-top’’ x-ray lasers for app
cations in university laboratories. In the ‘‘traditional’’ quas
steady–state scheme, the prepulse is used only to cre
preplasma. Delay is used to make a longer scale length.
main pulse then serves not only for heating the plasma
reach the electron temperature required by population in
sion, but also for ionizing the plasma to the correct ionizat
state of Ne-like~Ni-like! ions @1,2#. By comparison, the
prepulse and main pulse serve different functions in the tr
sient collisional excitation~TCE! scheme. The prepulse i
needed to prepare an optimized preplasma with a rich
like ~Ni-like! population. Then the main pulse heats t
plasma rapidly to reach the required conditions with h
electron temperature while keeping the ion temperature
This is beneficial for forming a high gain in transient pop
lation inversion@3–10#.

In this paper we numerically investigate the possibility
generating a Ne-like Ti x-ray laser from the 3p→3s, J50
→1 transition at 32.6 nm driven by femtosecond Ti:sapph
lasers, which are widely available at university laboratori
The pump geometry was set to be the standard line focu
a 100-mm-thick slab target. The one-dimensional~1D! La-
grangian hydrodynamic codeMED103 @11# coupled with an
atomic physics code and an atomic data package was us
predict the time evolution of laser-plasma interactions and
calculate the gain coefficient. The Ne-like Ti ion state w
modeled for the ground state 2p6, all 26 excited levels of
2p53s1, 2p53p1, and 2p53d1 states, and the next ionizatio
stage (F-like states!. The atomic physics code includes a
possible radiative and collisional transitions between any
energy levels. Three different drive pulse configuratio
were studied: single prepulse, and double prepulse with s
intervals~hundreds of picoseconds! and long intervals~nano-
seconds!. Detailed simulations were performed to optimi
the drive pulse configurations.

*Author to whom correspondence should be addressed. Electr
address: jzhang@aphy.iphy.ac.cn
1050-2947/2003/67~1!/013810~5!/$20.00 67 0138
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II. SIMULATIONS FOR SINGLE PREPULSE
CONFIGURATION

The plasma modeling aims to find the optimum intens
and temporal delay between drive pulses. The prepulse
assumed to be from the chirped pulse before final comp
sion. Such chirped pulses usually have durations of a
hundreds of picoseconds. The main pulse duration can
regulated from tens of femtosecond to a few picoseconds
changing the distance between the gratings in the comp
sor. In our simulations the durations of prepulse and m
pulse were set to be 300 ps and 300 fs full width at h
maximum, respectively. The main drive pulse of tens of fe
toseconds duration is not suitable for collisional x-ray la
excitation because of its low energy absorption@12#. Both
the prepulse and the main pulse have Gaussian profiles.
peak intensity of the main pulse at the line focus was fixed
1015 W/cm2.

It is well known that for ultrashort pulse driven collisiona
Ne-like x-ray lasers, the prepulse~s! should make the fraction
of Ne-like ions in the preplasma as high as possible.
modeled the preplasma conditions produced by a sin
prepulse with different intensities. The optimum peak inte
sity of a 300 ps prepulse was found to be 331011 W/cm2.
Figure 1~a! shows the spatiotemporal profile of the grou
state Ne-like ion fraction in the plasma produced by an
timized prepulse. The horizontal axis presents the spatial
tance in the direction of plasma expansion. The initial po
tion of the target surface is located at 100mm. The prepulse
reaches its peak at 720 ps on the time scale used in Fig.~a!.
The maximum fraction of the ground state Ne-like ions c
be higher than 80%, but the high fraction region has a n
row spatial extent. From Fig. 1~a! we can also get the bes
starting time of the main pulse. Obviously, the main pu
should turn on in the time interval from 850 ps to 1 ns. T
contours of the electron temperature and gain at 32.6
versus space and time for a 130 ps delay between prep
and main pulse are shown in Fig. 1~b! and Fig. 1~c!, respec-
tively. We can see that the gain region has a small space-
extent, because after prepulse irradiation the preplasma is
well expanded. Figure 1~d! shows the spatial profile of the
ic
©2003 The American Physical Society10-1
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FIG. 1. ~a! The ground state
Ne-like Ti ion fraction versus
space and time in the plasma ge
erated by a 300 ps prepulse with
peak intensity of 331011 W/cm2.
The fraction in the plot is from
80% ~black! to 40% ~white! by
steps of 20%.~b! Contours of
electron temperature in the plasm
after the main pulse irradiation
The temperature in the plot is
from 400 eV ~black! to 100 eV
~white! by steps of 100 eV.~c!
Contours of Ne-like Ti laser gain
at 32.6 nm generated by a 300
main pulse. The gain in the plot is
from 40 cm21 ~black! to 10 cm21

~white! by steps of 10 cm21. ~d!
The spatial profiles of the loca
gain coefficient and electron den
sity at the peak gain time.
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local gain coefficient and electron density at the mom
when the highest gain exists. The maximum local gain
44 cm21. The critical density surface is located at 112mm,
where the electron density curve crosses the top frame o
figure. We can see that the gain region is located close to
critical density surface and has a high gradient of elect
density. So this case is disadvantageous for the amplifica
of x-ray lasers.

III. DOUBLE PREPULSE WITH A SHORT INTERVAL

In order to improve the characteristics of the preplasm
double prepulse configuration was considered. Earlier
periments showed that the double prepulse technique i
effective method to make a long scale and low density g
dient preplasma@13#. In our simulations we used two 300 p
prepulses with 360 ps time delay. The first prepulse with
31011 W/cm2 peak intensity can generate a Ne-like pr
plasma. The second prepulse is used to hold the ioniza
stage of the preplasma and give it more time to expand. T
pulse configuration is equivalent to using a nanosec
prepulse followed by an ultrashort main pulse. The op
mized peak intensity of the second prepulse was found to
231011 W/cm2. Figure 2~a! shows the much improved dis
tribution of the ground state Ne-like ion fraction in the pr
plasma generated by such a double prepulse. Figures~b!
and 2~c! show the electron temperature and gain genera
01381
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by a 300 fs, 1015 W/cm2 main pulse, which reaches its pea
intensity 120 ps later than the second prepulse. The sp
profiles of the local gain coefficients and electron density
the time for the highest gain are given in Fig. 2~d!. The
maximum local gain was 40 cm21. From Fig. 2~d! we can
see that the gain extent is about twice as wide as in the
of single prepulse pumping, and the density gradient in
gain region becomes much lower.

IV. DOUBLE PREPULSE WITH A LONG INTERVAL

A different drive configuration was also investigated wi
a double prepulse with a long delay. The time interval b
tween two prepulses was increased up to 3 ns. A sim
pump scheme was successfully used in some earlier x
laser experiments@14,15#. After 3 ns expansion, the ioniza
tion degree of the preplasma will fall due to the long cooli
interval. The second prepulse with 5.331011 W/cm2 peak
intensity is used to ionize the preplasma to the Ne-like s
again. The fraction of the ground state Ne-like ions in t
plasma produced by this double prepulse is shown in F
3~a!. By irradiating the plasma with the 300 fs, 1015 W/cm2

main pulse 300 ps later than the second prepulse, we
tained the electron temperature and gain contours show
Figs. 3~b! and 3~c!. The spatial profiles of the gain and th
electron density at the peak gain time are shown in Fig. 3~d!.
For a longer interval between prepulses, the maximum g
0-2
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FIG. 2. ~a! The ground state
Ne-like Ti ion fraction versus
space and time in the plasma ge
erated by a double 300 ps prepuls
with an interval of 360 ps. The
fraction in the plot is from 80%
~black! to 40%~white! by steps of
20%. ~b! Contours of electron
temperature in plasma after mai
pulse irradiation. The temperatur
in the plot is from 400 eV~black!
to 100 eV~white! by steps of 100
eV. ~c! Contours of Ne-like Ti la-
ser gain at 32.6 nm generated b
main pulse. The gain in the plot is
from 30 cm21 ~black! to 10 cm21

~white! by steps of 10 cm21. ~d!
The spatial profiles of the loca
gain coefficient and electron den
sity at the peak gain time.

FIG. 3. ~a! The ground state
Ne-like Ti ion fraction versus
space and time in the plasma ge
erated by a double 300 ps prepuls
with an interval of 3 ns. The frac-
tion in the plot is from 80%
~black! to 40%~white! by steps of
20%. ~b! Contours of electron
temperature in plasma after mai
pulse irradiation. The temperatur
in the plot is from 300 eV~black!
to 100 eV~white! by steps of 100
eV. ~c! Contours of Ne-like Ti la-
ser gain at 32.6 nm generated b
main pulse. The gain in the plot is
from 30 cm21 ~black! to
10 cm21~white! by steps of
10 cm21. ~d! The spatial profiles
of the local gain coefficient and
electron density at the peak gai
time.
013810-3
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falls to 36cm21, but the gain region has a broader spat
extent and lower density gradient.

In experiments, if we use a 5 mm350 mm line focus, the
total pump energy for the three pump schemes descr
above will be 1 J, 1.2 J, and 1.4 J, respectively. We have
performed optimization for the Nd:glass laser wavelen
using the same pump schemes; the gain coefficient is a
twice as high. This situation is caused by the relatively lo
wavelength of the pump laser pulses, because the efficie
of the inverse bremsstralung absorption is inversely prop
tional to the square of the laser wavelength.

V. RAY TRACING CALCULATIONS

It is difficult to compare the efficiency of the pum
schemes using a double prepulse with short and long de
only by looking at Fig. 2 and Fig. 3. In order to illustrate th
role of refraction, we developed a 2D ray tracing postproc
sor to calculate the relative output intensity of the x-ray la
for each pump scheme. The line focus was set to be 5
long. The plasma expansion during the short pulse pump
can be ignored. We assumed that traveling wave excitatio
used, so the spatial profiles of gain and electron density
keep their form unchanged along the line focus. For sim
fication, the time evolution of the x-ray laser output was n
included. In our ray tracing calculations the spatial profi
of gain and electron density are taken from Figs. 1~d!, 2~d!,
and 3~d!. Figure 4 shows the ray integrated output intens
of the 32.6 nm laser line in the near~a! and far~b! fields. The
intensity of each ray is weighted by the upper-level popu

FIG. 4. The 32.6 nm x-ray laser output versus the source p
tion ~a! and the distribution angle~b! for single prepulse pumping
~1!, and double prepulse with short interval~2! and long interval
~3!.
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tion of the laser transition at the beginning of the ray. T
result shows that the output intensity of single prepu
pumping is very small, and strong x-ray laser output can
obtained by using double prepulse schemes. When usin
double prepulse with a short delay, the laser starts at 50mm
from the target surface and has; 13 mrad tilt angle. When
using a double prepulse with a long delay, the laser start
110mm from the target surface and has; 7 mrad tilt angle.
Here we can see that using a double prepulse with long s
ration can really reduce the refraction, but the dou
prepulse with short delay produces the highest output in
sity due to the relatively high gain coefficient. Altogether, t
drive configuration of a double prepulse with a long del
does not have advantages in comparison with the case
short delay beetween the prepulses. However, in some
periments with Ne-like Ge, the double prepulse with a lo
delay time was found to be a substantial improvement ov
single nanosecond prepulse@14,15#. We believe that for ul-
trashort pulse pumping x-ray lasers, to use a double prep
with a long delay is more effective for highly ionized ion
like Ne-like Ge, Ni-like Sn, etc. But, for relatively low
ionized ions like Ne-like Ti or Ni-like Mo, the single nano
second prepulse works best. The reason is that, in x-ray l
generation of highly ionized ions, most of the pump ene
is spent on preparation of a properly ionized preplasma w
a large scale length, using a double prepulse with a lo
delay can increase the efficiency of energy absorption of
prepulse, and finally save some total pump energy. X-
lasers with low-ionized ions do not need much energy in
prepulse, so using a single nanosecond prepulse and a
second main pulse is a better choice.

VI. CONCLUSIONS

In conclusion, we have investigated a Ne-like Ti x-ra
laser at 32.6 nm numerically using the one-dimensional
drodynamic codeMED103 coupled with an atomic data pack
age for a 100-mm-thick Ti planar target irradiated by a sing
or double 300 ps prepulse followed by a 300 fs, 1015 W/cm2

drive pulse from a Ti:sapphire laser. The optimization calc
lations were performed for various drive pulse combinatio
single prepulse, and double prepulse with short~360 ps! and
long ~3 ns! intervals. The optimum intensity of the prepuls
for each pump scheme was found. By using an optimiz
drive pulse configuration, an x-ray laser gain of about
cm21 can be generated over a 5 mm350 mm line focus
using a pump energy of only; 1 J. We demonstrated th
possibility of generating a Ne-like Ti soft x-ray laser at 32
nm using a table-top Ti:sapphire laser system. We a
showed that the use of a double prepulse with a long de
time does not have any advantage for ultrashort pulse pu
ing of a Ne-like Ti x-ray laser.
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Optimization of ion acceleration in the interaction of intense femtosecond laser pulses
with ultrathin foils

Q. L. Dong,1 Z.-M. Sheng,1 M. Y. Yu,2 and J. Zhang1,*
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Ion emission is investigated using particle-in-cell simulations where a Gaussian laser pulse with duration 50
fs and intensity 1.3731019 W/cm2 is incident obliquely onto ultrathin solid foils. When the foil is thicker than
0.1 mm, it is opaque to the laser light and the highest ion energy drops exponentially with target thickness.
Optimization of ion acceleration occurs for a target with a thickness of 0.04mm when it becomes transparent
to the laser light. The behaviors of the high-energy electrons oscillating in the charge separation potential at the
front and the rear of the target, as well as the enhanced electron acceleration in the laser pulse, play dominant
roles for the observed features of ion emission. The relation of the optimal target thickness with parameters of
the incident laser pulse and foil targets is also discussed.

DOI: 10.1103/PhysRevE.68.026408 PACS number~s!: 52.38.Kd, 52.25.Tx, 52.50.Jm, 52.65.Rr
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I. INTRODUCTION

Energetic electrons and ions generated in the interac
of ultrashort intense laser pulses with plasmas is of m
interest because of their many potential applications. T
interaction depends greatly on the parameters of the l
pulse, such as the intensity, wavelength, light polarizati
pulse duration, etc.@1#. The initial plasma state, for example
the density profile, can also significantly affect the las
plasma interaction process. Suitable plasmas can be
duced by introducing a prepulse with a proper time delay
the main pulse@2# or by using targets with specific feature
@3–7#. Attempts to realize compact electron/proton accele
tors and neutron sources are based on the interaction o
trashort laser pulses with targets such as clusters, thin f
etc. @4#. By using clusters, Ditmireet al. @5# observed en-
hanced laser absorption and x-ray emission. The electron
celeration was found to be related to the laser polarizat
and the ion emission was almost isotropic@6#. The latter is
different from the results by Kumarappanet al., who found
that the emission of ions with higher ionization states is pr
erable in the laser polarization direction@7#. Although one
can obtain MeV ions from the cluster target, collimated i
beams would be preferable for most applications. Such
beams can be obtained by using a planar solid target@3#.
Many existing works considered the effects of target thi
ness on proton acceleration, which is related to the num
the effective temperature, and the spatial distribution of
hot electrons produced during the interaction. Maksimch
et al. @3# found that thin foils with a thickness of 10mm is
optimal for proton acceleration. This was attributed to t
enhanced electrostatic field arising from increased depos
of the most energetic electrons in the solid target. On
other hand, Mackinnonet al. @3# observed no optimal thick
ness, but the highest proton energy drops linearly as the

*Author to whom correspondence should be addressed.
Email address: jzhang@aphy.iphy.ac.cn
1063-651X/2003/68~2!/026408~6!/$20.00 68 0264
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get thickness is increased from 3 to 10mm, and then a pla-
teau region appears. Differences between the
experiments mentioned above are believed to be due to
greatly different contrast ratio, the duration, and the intens
of the laser pulses applied. The common character betw
them is that the short laser pulse interacts only with the m
terial in the front of the target, which is less than the las
wavelength. Energy transport from the laser-produc
plasma to the rest of the solid target@8# significantly reduces
the plasma temperature and can therefore prevent the
from achieving higher energies. This effect can be elimina
by using ultrathin solid foils of sub-micrometer thickness.

In this paper, we use particle-in-cell~PIC! simulations to
investigate the optimal conditions for the ion acceleration
the laser interactions with thin foils. We demonstrate that,
using an ultrathin foil, ions with energies up to tens of Me
can be produced within a very narrow spread angle aro
the normal direction of the target. Different from Maksim
chuk et al. and Mackinnonet al. @3#, we found that the op-
timal foil thickness for the ion acceleration is about seve
times of the effective skin depth when the foil is transpar
to the laser pulse. The increased hot electron number
increased effective temperature due to the foil transpare
are found to be responsible for the optimization behavior
the ion emission. When the target thickness increases
becomes opaque to the laser, the highest energy of the e
ted ions decreases exponentially.

II. PIC SIMULATION RESULTS

Our PIC code is a 1D3V one, which can include the
nary collisions between electrons and ions with a sche
given in Ref.@9#. Typically in simulations to be shown in th
following, the simulation box has a dimension of 20 las
wavelengths, with the aluminum plasma foil located in t
middle. The simulation box is divided into 100 000 cel
with maximally 200 electrons and ions in each cell in plas
initially. The thickness of foils varies from 0.01mm to
15 mm. The initial plasma profile is assumed to be a hom
geneous slab with the electron density ofne05100nc , where
©2003 The American Physical Society08-1
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DONG et al. PHYSICAL REVIEW E 68, 026408 ~2003!
nc is the critical electron density, which is about 1
31021 cm23 for the laser wavelength of 1mm. The initial
temperatures of electrons and ions were both set to z
since the numerical self-heating is very limited during a sh
time duration such as a few hundred femtoseconds. Me
while, the level of the self-heating is much lower than t
electron temperature gained from the relativistic laser-plas
interactions according to our PIC simulations. A Gauss
laser pulse eitherp or s polarized is incident on aluminum
foil targets normally or at 45°, assumingmi /Zme51836
327/3 with me51 the normalized mass of electrons andZ,
the charge number of ions, conservatively assumed to b
@10# because of the lack of the experimental data for
simulation conditions at present. Three types ofp-polarized
laser pulses were applied. The amplitude of the leading fr
of the Gaussian pulse increases from 0.2% of the peak va
Figure 1 shows the dependence of the highest ion energ
the target thickness with laser pulses incident at 45° to
target normal. The open-circle line represents the results
a laser pulse with a focused peak intensity of 1.
31019 W/cm2 and full width at half maximum~FWHM! du-
ration of 50 fs ~i!. The solid-circle line is for a 3.5
31019 W/cm2, 50 fs pulse~ii !, and the square line is for
1.3731019 W/cm2, 100 fs pulse~iii !. In case~i!, the highest
ion energy increases linearly from 0.01mm to 0.04mm. Af-
ter the optimal point the curve first drops rapidly and th
slowly, following two distinct scaling laws. For targets wit
a thickness between 0.04mm and 0.1mm, the highest ion
energy drops linearly. After 0.1mm, however, the highes
energy decreases exponentially. For cases~ii ! and ~iii !, only
the results for the optimal range of thickness is shown in F
1, which is around 0.06mm. The diamond line in Fig. 1
represents the results of PIC simulations with laser pulses~i!,
where the effects of binary collisions between electrons

FIG. 1. Highest ion energy versus the foil thickness for th
different p-polarized laser pulses incident at 45 ° to the target n
mal: ~i! the open-circle line for 1.3731019 W/cm2, 50-fs laser;~ii !
the solid-circle line for 3.531019 W/cm2, 50-fs laser; ~iii ! the
square line for 1.3731019 W/cm2, 100-fs laser. The diamond-line i
obtained for case~i! taking into account the binary-collision effec
in the PIC code. The inset is also the dependence of the highes
energy on target thickness for case~i!, except for linear abscissa.
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ions are considered. We do not find much difference of
ion acceleration between that with and that without cons
ering the binary collisions. We attribute this to the lar
mean free path of high-energy electrons in the solid targ
which is about 100mm for 100 keV as calculated@11#.
Simulations fors-polarized laser pulses incident obliquely
normally on solid foils give much lower ion energies tha
that for p polarization. In the following context, only the
results forp polarization are shown and discussed.

III. ELECTRON AND ION ACCELERATION

To explain the dependence of the highest ion energy
various target thicknesses, it is necessary to understand
mechanism of the ion acceleration and the electron heat
Figure 2~a! shows the ion momentum spectra for vario
target thicknesses. The most interesting common featur
the ion momentum spectra is the existence of a high-ene
plateau, which ends up with a sharp cutoff typical of t
electrostatic ion acceleration mechanism@12#. Another com-
mon feature, more obvious for thicker targets, is the prese
of peaks in the spectra. The ion momentum spectra in
2~a! shows that as the target thicknesses increases, the c
energy and the effective temperature of the energetic i
decreases. Such a tendency is consistent with the featur
the energetic electrons, which produces the electrostatic
locating at the front and the rear of the target, where ions
accelerated, as shown by Donget al. and Wilks et al. @13#.
The electron energy spectra are shown in Fig. 2~b! for dif-
ferent target thicknesses. It is interesting to point out that
the 0.04mm target thickness, which is of the optimal thick
ness for the ion acceleration by applying laser pulses~i!, one
obtains not only a greater number of energetic electrons
also a higher electron effective temperature than other ca

e
-

on

FIG. 2. ~a! Ion momentum distribution for the laser pulse~i! and
three target thicknesses: 0.04mm, 0.3mm, and 3mm. ~b! Electron
energy distribution. The simulation parameters are the same a
~a!. The gray line shows the Maxwellian distributionf (E)
5100 exp@2E/0.74 (MeV)#.
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OPTIMIZATION OF ION ACCELERATION IN THE . . . PHYSICAL REVIEW E 68, 026408 ~2003!
As the target becomes thicker, the energetic electron num
as well as the effective temperature are dramatically redu
as for the 0.3-mm and 3-mm targets. For comparison, th
bold gray line shows the Maxwellian electron distributio
with an effective temperature of 0.74 MeV, corresponding
the ponderomotive potential of the laser 0.5113(A11a2/2
21) MeV, wherea is the dimensionless vector potentia
which is defined asa25Il2(W/cm2 mm2)/(1.3731018).
Here a;3.16 in the simulation with Il251.37
31019 W/cm2 mm2.

The presence of the two different scaling laws in the
creasing part of the ion highest energy curves in Fig. 1 s
gests that there are two different target-thickness regim
One is the transparent regime~TR!, with target thickness les
than 0.1mm. Indeed, with an initial plasma densityne0
5100nc , the effective skin depthg1/2c/vp of the target is
about 0.025mm, which increases as the density of t
plasma decreases during the interaction. Here, we useg
;A11a2/2;2.54 and vp;10v0 with vp

2

5(4pe2ne0)/(m) and v0 the frequency of the plasma an
the laser, respectively. The other regime, with target thi
ness above 0.1mm, is recognized as the opaque regim
~OR!. The normalized Hamiltonian of an electron~similar
for an ion! is H5@11(P1a)2#1/22f, whereP5p2a is the
canonical momentum of the electron normalized bymc, and
f is the charge separation potential normalized here
mc2/e. m and c are the rest mass of electron and the lig
velocity in the vacuum, respectively. Physically, the ma
mum value off is determined by the total numberNh and
the effective temperatureTe of the produced hot electrons
fmax; f (Te ,Nh) @14#. In TR, f includes both the laser
induced electrostatic fields at the front and the rear of
target, whereas in ORf includes only the front part. Such
difference significantly affects the electron acceleration a
their angular distribution, as is discussed in the following

A. Electron stochastic acceleration in TR

For transparent plasmas, laser absorption and elec
heating are very strong@15#, increasing the electrostatic fiel
that causes ion acceleration@see Figs. 1 and 2~a!#. Figure
3~a! shows the phase space electron distribution when
target is at the optimal thickness of 0.04mm. The maximum
energy of the electrons is above 10 MeV. This energy
much larger than the ponderomotive potential of the la
pulse, which is only;0.74 MeV. On the other hand, in suc
a thin target plasma waves cannot develop, so that the m
of the electron acceleration by plasma waves cannot acc
for such a high energy gain. The irregularity of the electr
phase distribution in Fig. 3~a! obviously excludes the poss
bility of the election acceleration by plasma waves. It tur
out that the charge separation field in the laser pulse pla
key role in the electron acceleration. The corresponding e
trostatic potential bounds the electrons, preventing th
from being pushed out of the focusing area before the arr
of the laser pulse peak as shown by Hu and Starace@16#.
Figure 3~b! shows the temporal evolution of the longitudin
momentum of a selected typical electron, the laser field
the quasistatic electric fieldexperiencedby that electron. The
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latter provides instructive information about the accelerat
process of that electron. At first, the electron gains energ
the front part of the laser pulse. Meanwhile, it oscillates
regularly, not with laser frequency as expected in a pla
electromagnetic wave in the vacuum. At some time, it
stochastically in phase with the laser pulse and then is ac
erated to much high energies@17#, just as shown during the
period between 26.5 and 27.5. After that, the highly energ
electron can either escape from the static electric potentia
continue to oscillate but with a larger phase-space amplitu
It can keep its energy until the end of the laser pulse.
have traced a set of 96 electrons which havepx.15 at the
end of the laser pulse and found that 100% of them
accelerated in such a process. Another set of 96 elect
randomly selected were also traced. Among these only f
are found to be highly energetic and have experienced
same acceleration process as the first set of 96 electrons.
cannot analyze all the electrons individually in the simu
tion box in detail, however, it is already obvious that t
electron acceleration is due to the existence of the quasis
electric field at the front and the rear of the target, whi
destroys the symmetry of the electromagnetic field exp
enced by the electron as expected in the vacuum, and m
it possible for electrons to be accelerated in the two conse
tive half laser cycles. Such acceleration mechanism is a
implied in previous works, for instance, in Refs.@16,18#.

When the target thicknessd,0.04mm, the laser pulse
can pass through the plasma with 30% absorption and v
little reflection. Electrons in such a foil plasma will have th
same acceleration conditions, which results in a similar
fective temperature in this regime. The thicker the target
the more energetic electrons can be produced, i.e.,Nh(d)

FIG. 3. ~a! Phase space of electrons for a 0.04-mm target.~b!
Temporal evolution of the longitudinal momentumpx of a selected
electron, the laser electric fieldEly , and the laser induced quas
static electric fieldEsx experiencedby that electron, which show
how the electron is accelerated.
8-3



h
y

-
gl
ca
te
h
s
nt
he
b

e
ho
ty
th

er
in
de
pt
-

a

th
ti
e
ur
pt

r
ur
e

es
th
la
e

low

la
st

p

h
the

R
side
the
not
at

s at
out

nly
pth

re-
p to
c-
tion
the

the
ler-
to a
on-
al

s-
wo
ulse

si-
at

the
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}dne0. The electrostatic potential increases linearly with t
target thickness,f(d)max}d, so does the highest ion energ
as shown in Fig. 1. When the target is thicker than 0.04mm
but still thinner than 0.1mm, the laser pulse can still propa
gate through the target, but its energy will be increasin
reflected as the target thickness increases. This dramati
reduces the opportunity for those electrons originally loca
at or accelerated to the rear of the target to obtain hig
energies. The effective temperature of the hot electron
thus lowered, and in turn also the charge separation pote
and the highest energy of ions are reduced, although t
are more low-energy electrons due to the larger total num
of electrons in thicker targets.

As the intensity and the duration of the incident las
pulse are increased, the optimal thickness increases as s
in Fig. 1. In case~ii ! with the laser pulse at a higher intensi
but with the same duration, the effective skin depth for
unperturbed target with ne05100nc is g1/2c/vp
.0.031mm. During the laser-pulse interaction, howev
the thin target expands with time owing to the laser heat
and acceleration of target electrons, the average target
sity is reduced. Therefore, the real effective skin de
should be larger than 0.031mm. At these simulation condi
tions, the optimal target thickness for the ion acceleration
found to be about 0.06mm, almost two times of the skin
depth calculated for the unperturbed target density. In c
~iii ! with a longer laser pulse duration,ne decreases to a
much lower value during the laser-pulse interaction than
in case~i!. Moreover, electrons bounded in the electrosta
potential have more chance to encounter the right phas
the laser pulse to gain higher energy in a longer pulse d
tion. Both of them help to increase the penetration de
when the laser duration increases, which also results in
increased optimal thickness for the ion acceleration. The
fore, the optimal thickness also depends on the pulse d
tion. Through PIC simulations, we find the optimal targ
thickness for the ion acceleration is

doptm'~c/vp!A11a2t/2, ~1!

wheret is the laser pulse duration in units of 50 laser cycl
This means that the optimal thickness is proportional to
pulse energya2t. The difference between increasing the
ser intensity and increasing the pulse duration can be s
from the ion acceleration behavior at foil thicknesses be
the optimal one. It should be pointed out that Eq.~1! is only
valid for experimental conditions with ultrashort intense
ser pulses. Once hydrodynamic behavior or parametric in
bility sets in as with picosecond laser pulses, Eq.~1! be-
comes invalid.

B. Electron’s stochastic acceleration and JÃB acceleration
in OR

However, as the target becomes opaque (.0.1 mm) in
case~i!, a large part of the laser energy, for instance, with
target of 3mm, almost 98%, is reflected. Such low absor
tion is in contrast with that when 0.04-mm foil is applied.
This is also different from PIC simulations by Wilkset al.
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@19#. Wilks et al. used a much lower electron density, whic
makes the intense laser pulse penetrate easily into
plasma, causing great absorption@15#.

It is interesting to study the dynamics of electrons. In O
case, we found that the electrostatic field around the rear
of the target now can no longer play roles in accelerating
electrons in the forward direction since the laser light can
reach there. Figure 4~a! shows the acceleration of electrons
different initial positions for the 0.3-mm-thick target att
540 laser periods after the peak of the laser pulse arrive
the surface of the foil. The laser pulse penetrates ab
0.08mm into the target at the end of the laser pulse. O
electrons originally located within the laser penetrating de
can be accelerated to higher energies. Electrons in the
maining part of the target were accelerated to energies u
a cutoff, indicating that the acceleration of this part of ele
trons at that time may be attributed to the charge separa
field located at the front and the rear of the target, where
ions are accelerated as shown by Fig. 4~b!. But even in OR,
for thin enough targets, hot electrons will be returned to
laser field from the rear of the target and probably acce
ated for the second time, enhancing the electron heating
higher effective temperature than that due to the laser p
deromotive potential alone. The trajectory of one typic
electron in the phase space is shown in Fig. 4~c! for a
0.2-mm target. The multiple acceleration behavior of the o
cillating electron is obvious. The area between the t
dashed lines shows the penetration depth of the laser p
into the plasma, which is about 0.08mm. However, for

FIG. 4. PIC simulations for 0.3- and 0.2-mm targets.~a! Longi-
tudinal momentum of energetic electrons versus their initial po
tions at 40 laser cycles.~b! The instantaneous phase space of ions
45 and 65 laser cycles, respectively.~c! Typical trajectory of an
electron, with the area between two dashed lines showing
0.08mm penetration depth of the laser pulse.
8-4
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thicker targets, the accelerated electrons will spend m
time in the target. This means that there is little time for th
to be accelerated again in the laser pulse. The more tim
electron stays in the target, the lower is its energy, and
less its contribution to the electrostatic potential. Compari
@see Fig. 2~b!# between the electron spectra for the 0.3-mm
and 3-mm targets shows the effect of the period of electr
oscillation on the electron acceleration. In fact, if the targe
thick enough, most of electrons will be accelerated only o
during the laser pulse.

With thicker targets, the laser-induced electrostatic field
much weaker. The main mechanism of the electron accel
tion transforms from the stochastic acceleration to theJ3B
force acceleration@19#. Therefore, electrons will have
Maxwellian distribution with an effective temperature that
similar to the ponderomotive potential of the laser pulse@19#,
say 0.74 MeV, as shown in Fig. 2~b! by the thick gray line.
One sees that the electron spectrum for the 3-mm target
agrees well with the expected distribution for acceleration
the J3B force of the laser pulse. For such a case, with
same or smaller number and the same effective tempera
Te.0.74 MeV of the hot electrons, the effect of the targ
thickness on the density of electrons leaving the foil de
mines the variation of the highest ion energy as shown
Mackinonet al. @3#.

IV. ANGULAR DISTRIBUTION OF ELECTRONS
AND IONS

Now we consider the angular distribution of energe
electron and ion emission. Two of us@20# have shown that
the angular direction of an accelerated electron is relate
its kinetic energy and the local Coulomb potential variati
by

tanu5F2~g21!~11df!2df2

~g212df!2
sin22a1tan22aG21/2

,

~2!

whereu is defined by tanu5py /px , anda545° is the in-
cident angle. To derive Eq.~2!, one assumespy(t50)
5px(t50)50 and pz(t)50, which is generally true both
for p and s polarizations.df5f(x,t)2f0 and normalized
by mc2/e, wheref0 is the initial static electric potential an
f050 in our case. For ions,df should be replaced by
2Zme /midf. The angular distributions of the forward ele
trons and ions are shown in Fig. 5 for 0.04-mm and 3-mm
targets. One sees that the most energetic electrons are di
uted in a narrow cone along the direction (45°) of las
propagation. The Coulomb potential variation experienc
by the hot electrons tends to limit their ejecting angles,
shown in Figs. 5~a! and 5~c! for 0.04-mm and 3-mm targets,
respectively. For the 0.04-mm target, the hot electrons expe
rience larger Coulomb potential changes, and thus hav
wider angular spread for any given energy. In the transpa
regime, because the Coulomb field includes the laser-indu
electrostatic charge separation fields both at the front and
rear of the target, most of the hot electrons are located in
area limited bydf51.7 and 3.4. However, in the opaqu
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regime with 3-mm targets, the electrons locate within th
area limited bydf50 and 0.4, since here the potential i
cludes only the target-front electrostatic field.

Figures 5~b! and 5~d! show the angular distribution of th
ion emission. The ion emission for the 0.04-mm foil is
mainly along;1° from the target normal with a FWHM o
2°. As energy increases, the angle increases slightly.
properties of the ion emission indicate that planar elec
static potentials in the front and the rear of the target
formed. The angular distribution of the energetic electro
and ions appears to show that the electric field is constru
mostly by those not so energetic electrons whose ang
distribution spreads to the opposite side to the laser p
with respect to the target normal and show the character
isotropic behavior. However, as shown above by Figs. 1
2 in Sec. III, the highest ion energy has the same trend w
the energetic electrons and should be related to the num
and effective temperature of all the energetic electrons. T
apparent discrepancy is removed by taking into accoun
the electron oscillations in the electrostatic potential. Su
behavior is shown clearly in Fig. 3~b!. The oscillating ener-
getic electrons stay around the foil target, contributing to
electrostatic field, and therefore play key roles in accele
ing ions as shown above.

V. DISCUSSION AND CONCLUSION

One may note that our results of the target optimizat
for the ion acceleration are obtained with one-dimensio
~1D! PIC code, and 2D/3D effects are excluded obvious
One of the 2D/3D effects is the self-generated quasist
magnetic field that tends to pinch the angular distribution
energetic electrons and expand that of ions@21#. The exis-
tence of the strong self-generated magnetic field can

FIG. 5. Angular distribution of energetic electrons and ions
target thickness 0.04mm @in ~a! and~b!# and 3mm @in ~c! and~d!#,
respectively.df is the local Coulomb potential variation exper
enced by electrons, which is normalized bymc2/e.
8-5
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DONG et al. PHYSICAL REVIEW E 68, 026408 ~2003!
play important roles in stochastically accelerating electr
@17#. Other 2D/3D effects such as breakup of the laser fo
point caused by the fluctuation of the intensity distributi
and/or the inhomogeneity of the plasma, can also have
fects on the angular distribution of electrons and ions.

We also want to point out that our result is based upo
clean laser-pulse interaction with thin foil targets. To test o
predicted optimization, laser pulses with a very high contr
ratio should be applied to avoid the breakup of the thin f
by the prepulses. Such kind of clean laser pulses may
obtained with the optical parametric chirped-pulse amplifi
tion technology@22#.

In summary, the ion emission in the interactions of inten
laser pulses with solid thin foils of sub-micrometer has be
investigated using PIC simulations. The narrow angu
spread of the energetic ion beam and the optimal ion ac
ev
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eration curve indicate that such ultrathin foil target can
applied to generate collimated energetic ion beams. The
timal target thickness for the highest ion energy is found
be related to the intensity and the duration of the laser pu
The enhanced number and effective temperature of hot e
trons for a transparent target is responsible for the optim
tion characteristics of the sub-micrometer foil target.
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Blast waves produced by interactions of femtosecond laser pulses with water

Y. T. Li, J. Zhang,* H. Teng, K. Li, X. Y. Peng, Z. Jin, X. Lu, Z. Y. Zheng, and Q. Z. Yu
Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, People’s Republic of Ch

~Received 19 March 2002; revised manuscript received 21 January 2003; published 12 May 2003!

The behaviors of the blast waves produced by femtosecond laser-water interactions, and the blast waves
induced by laser self-focusing in air, have been investigated using optical shadowgraphy at a maximum
intensity of 131016 W/cm2. The temporal evolution of the blast wave launched by the water plasma can be
described by a planar blast wave model including source mass. An aneurismlike structure, due to the quick
propagation inside a hollow channel formed by laser self-focusing, is observed. The expansion of the channel
in air is found to agree with a cylindrical self-similar blast wave solution.

DOI: 10.1103/PhysRevE.67.056403 PACS number~s!: 52.35.Tc, 52.38.Hb
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I. INTRODUCTION

When a high-intensity laser beam is focused on mat
the transient and localized energy deposition leads to a h
temperature plasma and a successive blast wave moving
ward into the surrounding medium. A self-similar blast wa
model proposed by Sedov@1# and Zel’dovich@2#, which is
valid for an intensively instant point explosion and zero i
tial source mass, is widely used to interpret the behavior
the blast wave generated by laser-solid@3–6# and laser-
cluster interactions@7,8#. Freiwald modified the model to
include the explosive mass@9,10#. Long laser pulses were
applied widely in previous studies on laser-produced b
wave. The recent developments of laser technology to p
duce ultrashort pulse make it possible to compare the fem
second laser-induced blast wave with the Sedov theory.

In addition, some groups have investigated the behav
of the blast waves generated by laser-induced breakd
inside liquid @11–14#. However, there is very little knowl-
edge about the behaviors of blast waves generated o
liquid-air interface irradiated by laser pulses. In this pap
we investigate the evolution of the blast waves produced
femtosecond laser-water interaction on the water surface,
the evolution of a low-density channel in air due to las
self-focusing using optical shadowgraphy at a high laser
tensity. The results show that the waves follow higher pow
laws than a self-similar spherical blast wave model.
aneurismlike structure on the top of the blast wave is a
observed and its generation mechanism is analyzed.

II. EXPERIMENT

The experimental setup is illustrated schematically in F
1. A chirped pulse amplification Ti:sapphire laser that del
ers up to 5 mJ, 150 fs pulses at a wavelength of 800 nm
used. The linearly polarized laser pulses were focused w
an f 540 mm lens onto a distilled water surface in air, yiel
ing a maximum peak intensity of about 131016 W/cm2.

A small portion of the laser beam split from the ma
beam, after being frequency doubled to 400 nm, was use

*Author to whom correspondence should be addressed. Electr
address: jzhang@aphy.iphy.ac.cn
1063-651X/2003/67~5!/056403~5!/$20.00 67 0564
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a probe. The expansion of the plasma and the resultant b
wave was imaged on a 16 bit, 5123512 pixels CCD camera
with a 143 magnification. An assembly of neutral filters an
interference filters with a narrow bandwidth singled out t
400-nm probe beam from the background emission. In so
shots, a 100-mm-diameter thread was placed at the back
cus of the imaging lens to improve the contrast by block
most of the undeflected probe light. Varying the delay of t
probe beam with respect to the interaction beam on suc
sive shots permitted mapping of the evolution of the bl
waves. The time resolution was determined by the dura
of the probe beam of about 150 fs.

The transmission energy was measured using a calo
eter in the laser propagation direction with a collective an
of 60°. Other diagnostics included hot electron measu
ments with an array of LiF thermoluminescence dosimet

ic

FIG. 1. The experimental layout. A small portion of the las
beam split from the main beam was frequency doubled and use
probe the blast wave.M1-M5 are reflective mirrors and BS repre
sents the beam splitter.L1 andL2 are two lenses, which were use
to focus the interaction beam on the water surface and image
plasma on CCD, respectively. The angular distribution of hot el
trons emitted from the plasma was detected by an array of
detectors surrounding the plasma. The NaI system was used to
sure the spectra of hard x rays.
©2003 The American Physical Society03-1
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LI et al. PHYSICAL REVIEW E 67, 056403 ~2003!
@15#, and hard x-ray measurements with ag-ray spectrom-
eter, which consisted of an NaI detector, a photomultipl
an amplifier, and a multichannel energy analyzer@16#. In-
tense hard x-ray photon and electron emissions were
observed in the water plasma when multiple pulses with lo
separation time were used. These results will be prese
elsewhere@17#.

III. RESULTS AND DISCUSSION

A. Characteristics of the blast waves produced by femtosecond
laser-water plasmas

Figure 2 shows a typical shadowgram of the blast wa
taken at a delay time of 10 ns. An artificial sketch is a
drawn on the right to lead the sightline. The femtoseco
laser pulse with an energy of 3 mJ enters the image from
top. Note the main features in Fig. 2: generation of a he
spherical blast wave launched from the focal spot, an an
ismlike structure on the top of the wave, and a cylindric
blast wave trajectory generated before the laser pulse st
on the water surface.

At first, we will discuss the evolution of the blast wave
emitted from the water plasma. Figure 3 shows the image
the blast waves above the water surface at~a! 3 ns,~b! 4.7 ns,
~c! 11.3 ns,~d! 16.9 ns, and~e! 30 ns produced by a lase
beam with an energy of 3 mJ. The laser beam is incid
from the top. The fringes near water surface are due to
diffractions of water surface. A half-circle dashed line who
center locates at the focal spot is overlaid on the shadowg

FIG. 2. A typical shadowgram of the blast wave taken at a de
time of 10 ns. The right one is an artificial sketch to guide t
sightline.

FIG. 3. Images of the blast waves above the water surface
ns ~a!, 4.7 ns~b!, 11.3 ns~c!, 16.9 ns~d!, and 30 ns~e!. The laser
beam is incident from the top.
05640
r,

so
g
ed

e

d
e

i-
r-
l
es

of

nt
e

e
m

in Fig. 3~e!. It is obvious that the blast wave propagat
faster than an ideal spherical wave. The transverse expan
of the blast wave front for a 3-mJ laser energy, and the l
gitudinal expansion for 3-mJ~circle! and 1-mJ~square! laser
energies are plotted as a function of time in Figs. 4~a! and
4~b!, respectively. In the figures,RT is denoted as the trans
verse expansion radius of the blast wave front parallel to
water surface, andRL is the longitudinal expansion radius i
the normal direction of water surface. The data from fi
measurements were averaged. The error bars correspo
the shot-shot fluctuations. For the transverse evolution,
allometric fit of the experimental data shows a dependenc
RT;t0.4960.02. For the longitudinal evolution, the data a

y

3

FIG. 4. Evolution of the blast waves produced by the femtos
ond laser ablation of water as a function of time: transverse exp
sion for a 3-mJ laser energy~a!, and longitudinal expansion for two
laser energies, 3 mJ~circle! and 1 mJ~square! ~b!. The dashed line
and the dotted line are theory curves for planar blast wave
spherical blast wave considering the initial source mass, res
tively. ~c! The hydrodynamical simulation results of the spatial p
files of the mass densityr, pressurep, and electron temperatureTe

are shown at the end of the laser pulse.
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BLAST WAVES PRODUCED BY INTERACTIONS OF . . . PHYSICAL REVIEW E 67, 056403 ~2003!
fitted by RL;t0.5860.02 for 3 mJ andRL;t0.5960.03 for 1 mJ
~not shown!.

It is well known that the evolution of the radius of a bla
wave with time proposed by Sedov can be written as@1#

Rn125a~g!
E0

r1
t2, ~1!

whereE0 is the original energy deposited per unit length
the cylinder,r1 is the undisturbed mass density,a is a coef-
ficient dependent on the adiabatic constant of the gas,g, n is
1, 2, and 3 for plane, cylindrical, and spherical wave pro
gations. Sedov’s theory indicates that the blast wave p
duced in our experiments is in agreement with a cylindri
blast wave for the transverse expansion, and is very clos
a planar blast wave for the longitudinal expansion. Both
expansion directions deviate from a spherical blast wave
dicted from Eq.~1!. Similar results were also observed ea
lier @18,19#.

Sedov’s theory is valid only when the initial explosiv
mass is much less than the mass of the background gas s
over by the blast wave. We estimate the explosive mas
water to be 2.82310210 g by the hydrodynamic simulation
of the femtosecond laser-water interaction~see next!. This
mass is equivalent to an air mass encompassed by a
spherical blast wave with a radius of;50 mm. Therefore,
Sedov’s theory cannot well describe our results of the b
wave, whose radius is less than 300mm within the time
observed.

Freiwald proposed an approximate theory includi
source mass for both spherical blast@9# and planar blast@10#.
The spherical blast expansion in the near-target reg
where the source mass is not negligible can be expre
analytically as

t5E0
21/2C1

1/2S C1

C2
D 1/2F3

5

1

31/4
F~f,75°!

1
2

5
b~11b3!1/220.842G , ~2!

where

C15
2ms

~g11!2
,

C25
8p

3
r1S 2

~g11!2
1

1

g221
D ,

b5RS C2

C1
D 1/3

,

f5cos21S A3212b

A3111b
D ,
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ms is the initial mass,F is the incomplete elliptic integral o
the first kind. The expansion of the planar blast wave w
source mass is governed by

dR

dt
5S E0

C41C5R3D , ~3!

where

C45
ms

2 S 1

g11D 2

,

C552pr1S 1

g221
1

4

~g11!2D .

We modify C5 by rewriting the expression of the back
ground gas mass to suit our experimental blast wave.
theoretical expansion of the planar blast is obtained by s
ing Eq. ~3! with initial value problem. The comparison o
Freiwald’s theory with experimental results for 1-mJ las
pulse is also shown in Fig. 4~b!. There exists a considerabl
amount of discrepancy between Freiwald’s spherical b
model ~dotted line! and experimental data even that th
source mass is included. However, we find that Freiwa
planar blast wave theory agrees well with the experimen
points whenE0 is set to be 0.15 mJ~see the dashed line!.
This indicates that the blast wave observed propagates c
to a plane blast wave instead of a spherical one, and
;15% of the incident laser energy converts into the bl
energy. It can be expected that the blast wave will decay
spherical wave with the increasing propagation distance
the ambient gas accretion and the energy dissipation.

The higher power laws observed in our experiments m
be due to the high intensity used and the nature of the f
tosecond laser-matter interactions. To understand the in
explosive conditions of the blast wave, we use
one-dimensional two-temperature hydrodynamics co
~MED103! @20# to simulate the behavior of the water plasm
generated by 150-fs laser pulses at an intensity of
31015 W/cm2. Figure 4~c! shows snapshots of the spati
profiles of the mass densityr, pressurep, and electron tem-
peratureTe at the end of the laser pulse. The water surfa
was located at 1000mm; the laser pulse was incident from
the right. When the laser pulse ends, a 68-Mbar peak p
sure is produced. The maximum electron temperature is
eV. This high-temperature and high-pressure plasma
push the surrounding gas to generate intense shock wav
the air. We also simulate the case for nanosecond laser p
that was used to produce blast wave in previous experim
widely. We find that the pressure and the temperature of
femtosecond laser-produced plasma are much higher
that of the nanosecond laser case at the same energy~the
electron temperature is;100 ev and the pressure is;1 Mb
for 1-ns laser!. That is to say the femtosecond laser plas
will lead to a more intense explosion and will result in
3-3
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higher velocity blast wave expansion than that formed
long laser pulse at the same energy. The high-pressure
the high Mach number measured (;20) will make the blast
wave to be strongly forward peaked. On the other hand,
an ultrashort laser-produced plasma, the plasma expan
during the pulse can be expressed ascst, wherecs is the ion
velocity (;107 cm/s) andt is the pulse width. One can se
that the scale of plasma during the interaction is several
of nanometers, which is much less than the laser focal s
This intrinsically planar interaction geometry may also
related with the behavior of the planar blast wave at ea
times.

Other reasons for the high power law is partial ionizati
and dynamic source effect@21#. The partial ionization in-
duced by the blast wave front can accelerate the propaga
in all directions. The nonadiabatic dynamic effect may
crease the expansion velocity especially in the normal di
tion of the target surface. This may result in the higher
locity in the longitudinal direction than that in the transver
direction.

Second, we discuss the formation of the aneurism st
ture. The hollow channel in air plays a key role in the fo
mation of the aneurism. From the blast wave theory,
know that the velocity of a blast wavedR/dt increases with
the decrease of the ambient density. Therefore, the b
wave originating from the water plasma inside the lo
density channel propagates more quickly than the out
part. This leads to the aneurism structure observed in
experiments. Stamperet al. also observed an aneurism pr
duction using 4 ns,;100 J Nd-glass laser beams to irradia
foil targets at;1013 W/cm2 in a low-pressure ambient ga
where a channel was formed by laser heating of the amb
gas through the inverse bremsstrahlung@22#. In our experi-
ments, we believe that the initial ionization processes
different from theirs for our high-intensity and short-durati
laser pulse because the laser field is comparable to the
umn potential.

B. Cylindrical blast waves produced by laser self-focusing
in air

Now, we examine more closely the behavior of the bl
wave produced by femtosecond laser pulses in air. Whe
femtosecond laser pulse is focused in air, a hot, elong
filament is formed due to the Kerr effect because the la
power is much higher than the self-focusing threshold~the
critical power for self-focusing isPcr5l2/2pn252 GW,
wherel is laser wavelength andn2 is nonlinear refractive
index. At atmospheric pressure, for airn253.2
310219 cm2/W), a blast wave is induced as a result of t
high pressure exerted by the high-temperature filament
plasma. Figure 5 shows the shadowgrams of the blast w
produced by laser breakdown at 3 ns, 11.3 ns, 16.9 ns,
24.9 ns. The geometry of the laser beam waist (1/e2 con-
tours! in the same scale as the shadowgrams is also sh
for comparison. Laser is incident from the top. The abr
jumps of the brightness in the shadowgrams indicate
shells of the waves.

Figure 6 shows the radial evolution of the blast wa
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trajectory at the focal spot as a function of time for a 3-m
laser energy. The data from five measurements were a
aged. The error bars correspond to the shot-shot fluctuati
The experimental data are best fitted by an allometric fu
tion R(t);t0.4960.01. This indicates that the blast wave e
pansion in air follows a cylindrical blast wave solution. Fro
Eq. ~1!, the conversion efficiency of total laser energy to t
blast wave is estimated to be less than 1%. This value
lower than the total absorption by air plasma, which is m
sured to be 6% by an energy calorimeter. This indicates
most of the energy absorbed by plasmas is transforme
other energy forms such as ionization energy, instead of
kinetic energy of blast wave. Compared with the previo
laser-ablation experiments using long pulses, the conver
efficiency of laser pulse into blast waves is much lower
femtosecond laser-air interactions. In the nanosecond s
laser-air interactions, the plasma still absorbs energy fr
the succeeding part of the laser pulse through inverse bre
strahlung after the air is ionized by the leading part of t
pulse. Therefore, more laser energy can be deposited
transferred to the blast wave energy. However, for the cas
femtosecond pulse, less energy can be absorbed from th
of the femtosecond pulse.

IV. CONCLUSION

In summary, blast waves produced by femtosecond la
water interaction have been investigated using an opt
shadowgraphy technique. The temporal evolution of the b

FIG. 5. Shadowgrams showing the evolution of the blast wa
in air produced by a 3-mJ laser energy as a function of time: 3
~a!, 11.3 ns~b!, 16.9 ns~c!, and 24.9 ns~d!. The geometry of the
laser beam waist (1/e2 contours! in the same scale as the shado
grams is also shown for comparison~e!.

FIG. 6. Radial evolution of the blast waves in air as a functi
of time for a 3-mJ laser energy. The line is an allometric fit of t
experimental data.
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wave formed by the water plasma follows a planar bl
wave model including the source mass. An aneurism
structure, due to the quick propagation inside the air chan
that is formed by laser filamentation, is observed. The b
wave in air is found to agree with a cylindrical self-simil
blast wave solution.
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Propagation of hot electrons through high-density plasmas
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Propagation of hot electrons through high-density plasmas generated by femtosecond laser pulses is inves-
tigated using three types of target configurations: Al-coated glass, Al and glass separated by a vacuum gap, and
Al foil alone. Collimated ionization tracks lasting for 60 ps and extending 150–300mm in length and 8mm
in cross section are observed via optical probing. For the Al-foil-alone target, a narrow plasma jet is formed at
the rear surface in line with the laser. The collimation of the hot electrons may be attributed to a strong
self-generated magnetic field in the target.

DOI: 10.1103/PhysRevE.67.026408 PACS number~s!: 52.50.Jm, 52.40.2w, 52.25.Os, 52.38.2r
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I. INTRODUCTION

With the advent of multiterawatt short pulse lasers@1#, the
‘‘fast ignition’’ scheme @2# was proposed, by which an in
tense short laser pulse is focused onto a high-density
compressed thermonuclear fuel to generate hot electrons
create an ignition spark that initiates a propagating therm
nuclear burn. This separation of compression and ignit
greatly reduces the driver energy and relaxes the symm
requirements for the compression. There are still sev
technical challenges to the fast ignition scheme, e.g., ‘‘h
boring’’ of short pulse laser in the low-density plasma regi
@3#, efficient penetration of the laser into the high-dens
region though self-channeling@4#, and interaction of the lase
with the high-density fuel core to generate copious relativ
tic electrons@5#. Ideally, the electrons should propagate a
stable beam into the compressed fuel and deposit their
ergy in a small volume and heat the fuel to fusion tempe
ture locally. Thus, in fast ignition, one of the critical issues
the propagation of hot electrons through high-density p
mas.

Several mechanisms that can transfer laser energy to
plasma electrons have been proposed@6#. One is the pon-
deromotive acceleration, in which thev3B force pondero-
motively accelerates the electrons in the direction of la
propagation@7,8#. Other mechanisms include collisionle
electron acceleration at the critical density, such as vacu
heating@9,10#, resonant absorption@11#, and parametric in-
stabilities@12#. In addition, magnetic and electric fields, var
able resistivity, as well as collisions can all play importa
roles on the propagation of hot electrons in a dense plas
The latter have been studied by many measurements, su
Ka emission diagnostics @13#, g-ray spectra, two-
dimensional~2D! transverse imaging of solid target with
probe beam@14–17#, and direct imaging of the emissio
from the hot electrons@18#.

In this paper, we present an experimental investigation
the propagation of hot electrons through high-density p
mas. A bundle of ionization tracks was observed via opti
probing inside two types of Al-coated glass targets. In or

*Corresponding author. Email address: jzhang@aphy.iphy.ac
1063-651X/2003/67~2!/026408~6!/$20.00 67 0264
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to understand the behavior of the hot electrons right a
their generation, the plasma jet at the rear surface o
20 mm Al foil was also analyzed via optical probing. Th
acceleration and propagation of the electrons may be at
uted to the ponderomotive force and their collimation to t
self-generated magnetic field inside the target.

II. EXPERIMENTAL SETUP

The experiment is performed on the Ti:sapphire teraw
laser system ‘‘JIGUANG-I’’@19# operating at 800 nm at a
repetition rate of 10 Hz based on chirped pulse amplificati
The system delivers up to 36 mJ energy in 25 fs, correspo
ing to a peak power of 1.4 TW. Low-energy equivalent-pla
measurements show a 10–20mm full width at half maxi-
mum focal spot, giving a maximum intensity of
31017 Wcm22. The targets used are 1-mm-aluminum-
coated fused glass slide, 5-mm aluminum on fused glas
slide with a vacuum gap, and 20-mm-thick aluminum foil
only. The roughness of the surfaces is less than 1mm. The
mount is controlled by three-dimensional microstep motor
order to ensure that the laser pulse interacts with a fr
target surface at each shot.

The experimental setup is shown in Fig. 1. The laser pu

FIG. 1. Schematic of the experimental setup.
©2003 The American Physical Society08-1
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is focused onto the target at 10° to the normal. A pinh
imaging of x-ray emission monitors the focal spot size
each full energy shot. A small fraction of the main bea
after frequency doubling to 400 nm in a BBO crystal, is us
as a temporally independent probe beam. The latter pa
transversely across the target. The front surface and ta
interior are in the field of view. A charge coupled device w
a 400-nm band transmission filter is used to obtain a s
view of the target at spatial and temporal resolutions of
order of 1mm and 1 ps, respectively. A region that has be
ionized up to a fraction of the critical density~of 400-nm
light! becomes opaque to the probe. Refraction of the pr
light in strong density gradients limits our observation
regions with electron density less than 6.931021 cm23. By
varying the time delay between the probe and the m
beam, we can analyze the ionized channels in the fused g
and the plasma at the rear surface of Al foil. The probe be
is timed by decreasing the relative delay to a value such
no plasma is seen. This value is taken to be the zero poin
time.

A calibratedg-ray spectrometer was also used to moni
the x-ray bremsstrahlung from the laser plasma. Theg-ray
spectrometer consists of a NaI detector, an electronic g
shutter, a photomultiplier, an amplifier, and a multichan
energy analyzer. A 20-mm-diameter hole in a 50-mm-th
Pb block is used to collimate the x-ray radiation and to shi
the detector. The detector response is calibrated using a
keV and 1.274-MeVg-ray 22Na source and a 665-keV137Cs
source.

III. RESULTS AND DISCUSSION

The bremsstrahlung hard x-ray spectrum has the s
Maxwellian distribution as the colliding electrons. The ha
x-ray spectrum is generally dominated by the bremsstrahl
produced by the high-energy hot electrons colliding w
atom nuclei. The shape and intensity of the bremsstrahlun
the principal diagnostic for the outgoing hot electron flux a
temperature. The hard x-ray spectrum shows a
Maxwellian distribution and the hot electron temperature
73 keV, as shown in Fig. 2. However, the space-charge fi
stops hot electrons with energies below;20 keV, so that the
outgoing hot electron temperature is about 90 keV. The
ergy spectra of the outgoing and the incoming~to the glass!
hot electrons are the same, hence the incoming hot elec
temperature is also 90 keV. Propagation of these hot e
trons through the high-density material is investigated bel

Shadowgrams of the target are recorded at different tim
Figure 3 shows a typical shadowgram for the 1-mm-
aluminum-coated fused glass slide at different times after
interaction. In order to enhance the contrast of this particu
image, we have subtracted from it the image of the unp
turbed target in the presence of the probe beam. Before
interaction, the fused glass slide is transparent to the pr
beam. At the interaction, plasma formation can clearly
seen at the left edge of the Al-coated fused glass target.
dark region corresponds to a plasma density greater
6.931021 cm23 ~ the critical density of 400-nm light!. It is
also seen that the plasma expansion into the vacuum is
exactly cone shaped. This shows that the evolution fr
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compression to expansion of the plasma is due to the l
ponderomotive force. Opposite to the direction of the plas
expansion, a nearly isotropic dark region can clearly be se
In view of the velocity (;23108 cm/s) of the expansion
the almost isotropic dark region may be attributed to rad
tion driven thermal transport ionization waves@20#. Further-
more, a few narrow jets above the ionization wave, origin
ing from the interaction region, can be seen. In some imag
there are many narrow jets, parallel to each other, with si
lar size (8-mm cross section, 150–300mm long! and sepa-
ration distance (13mm). These jets in the transparent gla
slide are opaque to the probe beam, suggesting that the
dense plasma tracks corresponding to local ionization in
glass.

Three mechanisms can induce the ionization tracks in
glass: laser light, hard x rays, and hot electrons. During
interaction, the laser itself may penetrate into and form fi
ments within the target. However, the 1-mm-thick Al coating
on the glass should block the incident laser. The cont
ratio of the laser pulse is 105 at 1 ps~measured by a high
dynamic third autocorrelator!. A particle-in-cell simulation
~Figs. 4 and 5! shows that the prepulse at 1 ps does not ab
the 1-mm Al, and only after 100 ps a shock wave propaga
through the 1-mm Al. On the other hand, prior to that ho
electrons produced in the interaction propagate through
out of the Al foil. Therefore, we can rule out the presence
laser light filaments in the glass. Furthermore, the cross
tion of the target surface was 1 mm, so that there is
possibility that light from the outer part of the laser pul
could wrap around the side of the target and initiate ioni
tion.

Besides the hot electron beams, strong x-ray bremsst
lung and thermal emission generated by the interaction m
also propagate into the target and cause ionization track
order to rule out the latter possibilities, a series of shots o
composite target were performed. The composite target c
sists of a vacuum gap between a 5-mm Al foil and fused
glass. For comparison, some shots are also performed
20-mm aluminum-foil-only targets.

FIG. 2. The bremsstrahlung x-ray radiation from the Al targ
The solid line in the figure is the Maxwellian distribution fit for th
temperature.
8-2
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FIG. 3. Shadowgrams taken during the interaction of a 36-mJ, 25-fs laser with the 1-mm-Al-coated fused silica targets at three times:~a!
1 ps,~b! 3 ps,~c! 11 ps after the interaction. Note in pictures that the fringes at left of targets are diffraction patterns at the edge of
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When the laser pulse hits the Al-glass target with
vacuum gap, it first interacts with the Al foil. The regions
hot electron generation in the foil and transport through
glass are thus separated by a vacuum. A space-charge
ration field builds up in the vacuum gap when the hot el
trons move across it. Figure 6 shows a shadowgram take
13 ps after the interaction. Formation of the space-cha
induced plasma in the vacuum gap at the rear surface o
foil can be observed together with the jets in the glass sl
However, the length of the jets in Fig. 6 is significant
shorter than that in Fig. 3. When the hot electrons exit the
foil, the space charge separation field is about 1011 V m21

@13,21#, which will stop electrons with energies below 2
keV ~assuming that sheath width is of the order of the Deb
length!. Hot electrons above 23 keV can still go through t
space-charge plasma but with somewhat reduced energy
ter the glass, and induce ionization. Thus, the length of
jets is shorter, as can be seen in Fig. 6. This supports
assertion that the ionization tracks in the glass are cause
the high-energy electrons, since the length of jets would
the same if the ionization were caused by hard x rays.
can thus exclude the possibility of hard x-ray induced io
ization in the glass.

We have also performed a series of shots on 20-mm Al
foils without the glass backing. Figure 7 shows the shado
gram taken at the same time~13 ps! as in Fig. 6. We can
clearly see a dark mushroomlike structure with a diamete
10 mm at the rear surface of the Al foil. It is always in lin
with the laser focal spot and expands with time. The d
cone does not appear when there is only the main beam~no
02640
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probe beam!. Hence, the cone does not show self-emissi
but emission from the plasma at the rear surface. The pla
formation at the rear surface could not be due to the la
light or hard x rays, since the laser is blocked by the 20-mm
Al foil and hard x rays~that can penetrate the Al foil! do not
form plasmas in vacuum. Moreover, from the formati
time, we can also rule out shock breakout, which would
duce a plasma cloud with much larger diameter. In additi
fast ions can also be ruled out because they cannot
through thick targets. Therefore, hot electrons are the o
source to produce the rear plasma. In our case, the ave
temperature of the hot electrons is about 93 keV, and th
spatial range in aluminum is 62mm. This is much longer
than the thickness of the Al foil. Thus, the fast electron
originated from the interaction area, can penetrate thro
the solid target. As they leave the rear surface, a spa
charge field is set up, forming an electron sheath with
thickness of the order of the Debye length. If assuming
absorption into the hot electron is about 20% with a me
energy of 93 keV, and the hot electrons fill the 20-mm-thick
target with a 45° cone angle, we find that the Debye lengt
1.2331027 m. The electric field ~from the expression
eElD'kT @21#! in the sheath is about 7.631011 V/m,
which is much higher than the field needed to cause ion
tion in aluminum. Hence, these fast electrons can heat
target and form a plasma on the rear surface of the foil. T
feature demonstrates that the formation of plasma on the
surface can only be due to the hot electrons. We have
varied the delay time of the probe beam. The time fro
generation of the plasma on the rear Al surface to its dis
FIG. 4. Distribution of electron temperature and density for the 1-ps prepulse.
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FIG. 5. Spatial distributon of electron temperature and density for the 100-ps prepulse.
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pearance is about 60 ps, which is the same as the lifetim
the jets in the glass targets.

We propose that the jets in the transparent region are
calized ionization region of hot electrons propagati
through the glass. These hot electrons are generated in
interaction region, collimated by a strong magnetic field
side the target. The average hot electron energy can be
tained by many means, such asKa spectra,g spectra, and
fast electron spectra, etc. Using the results of Ref.@22# ob-
tained from Ka emission measurements of laser solid expe
ments, the fast electron temperature is

kTe.100S Il2

1017 Wcm22D 1/3

keV, ~1!

whereI andl are the intensity and wavelength of the las
respectively. The laser intensity is about 831016 W/cm2,
corresponding to an average hot electron energy of abou
keV. From the table of energy losses and ranges of elect
and positrons@23#, we find that the range is 110mm for the
93-keV hot electrons in the glass. This is shorter than
length of jets observed. The discrepancy may be due to
existence of strong magnetic fields, which enhances the
etration of the hot electrons and reduces their angular sp

FIG. 6. Shadowgraphic image of the target during interaction
the main pulse with a composite target comprising a vacuum g
02640
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@14#. Magnetic fields, electric fields, and plasma resistiv
can all play important roles on hot electron transport. T
ratio of the magnetic to electric force on the hot electrons
@24#

vB

E
.12S 2t

1 psD S 10 mm

R D S v
cD , ~2!

whereR is the focal spot size,t is the duration of the lase
pulse, andv is the hot electron speed. Thus, the effect of t
magnetic field is significant. Simulation@21,24# has also
shown that the electric field is not a major effect at an inte
sity of 1016 Wcm22. In the present case, the fast electro
are pinched inside the target by a strong magnetic field. F
ure 6 shows that the diameter of the plasma at the rear
face of the Al foil is small, corresponding to a spreadi
angle of 10° over 20mm. This is comparable to the radius o
the observed plasma. If the fast electrons had propag
freely, the spread angle would be greater than 32° in
20-mm foil target due to collisional scattering of electron
with atom nuclei. Strong magnetic fields@25# that are ubiq-
uitous to the interaction of intense lasers with high-dens
plasmas can suppress the radial spread of the hot elec

f
.

FIG. 7. Shadowgram taken during the interaction of 36-m
25-fs laser with a 20-mm Al foil, showing a plasma on the rea
surface.
8-4
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The well collimated fast electrons give indirect evidence
the presence of such a magnetic field in the target.

It is of interest to note that in Fig. 8 there are two jets
the center of the focal spot, and several jets parallel but a
from the axis of laser. This phenomenon is due to two r
sons. The first is the fact that the focal spot was determi
by low-energy equivalent-plane measurements, wh
showed a full width at half maximum of 10–20mm. When
energy is increased, the laser beam quality is strongly mo
lated by thermal effects and inhomogeneity of the dope c
centration in the Ti:sapphire crystal. Thus there exist
spots in the laser beam. When the laser is focused, there
many small local high intensity spots around the focus. T
the effective size of the focal spot is much larger than t
measured by low-energy equivalent-plane measureme
The intensity of each hot spot in the laser beam is sufficie
high to produce hot electrons to induce ionization in t
fused silica. Thus the jets induced by the hot electrons
extend far from the axis of laser. This also explains why
length of jets was also almost the same, since the energ
each hot spot is almost the same. The second reason is d
Weibel instability@26#, the measured beam size is full wid
at half maximum, because the hot electron beam is a Ga
ian distribution, in fact, there are still some electrons near
bottom of the Gaussian distribution. When filaments w
produced due to the splitting of the hot electrons, some
electrons are diffused to two sides and the size of distribu
becomes larger. Thus the jets induced by the hot elect
can extend far from the axis of the laser due to Weibel ins
bility too.

Inside the target, the hot electron jets are parallel to
laser axis and they ionize the medium to form a bundle
parallel ionized filaments of dense plasma. The structure
the jets in the transparent targets is consistent with the re
of the 2D simulation@27,28#. The filaments are the result o
the splitting of the hot electron beam due to the Weibel
stability @26,29#, which generates strong magnetic fiel
transverse to the propagation direction of the hot elect
beam, and the magnetic field in turn causes the beam
break up. The duration of the jets inside the target is 60
which is longer than that from other observations@17#. The

FIG. 8. Shadowgram taken during the interaction of the 36-
25-fs laser with a 1-mm-Al-coated fused glass. There are ma
more jets that are parallel to each other and their extension is w
than the focal spot.
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ionization and recombination time is very short in the den
plasma of the filaments, so that an accurate measure o
duration is difficult. Furthermore, the resistive and dielect
properties of the plasma, as well as the electric and magn
fields, play important roles in determining the duration of t
jets. As a rough estimate, the duration can be calculated f
the characteristic time of collisions between the electrons
ions @30#,

tei.3.53108ATe
1.5/N0Zav

2 , ~3!

whereA520 is the atomic mass number of the ions,Te is the
electron temperature in the unit of eV,N0 is the plasma den-
sity, Zav is the average charge number of the ions. For
parameters of our experiment we obtaintei . 22 ps. Since
the collision frequency of charge particles in the presence
magnetic field is smaller than that without the latter@31–33#,
the characteristic time of the jets will be longer when
strong magnetic field is present. Thus the duration of the
in the experiment is in reasonable agreement with the e
mate.

The conversion efficiency of laser energy into that of t
hot electrons can be estimated from the structure of
closely packed bundle of ionized filaments in the glass. Fr
the total ionized filament volume and the ionization ener
of fused silica, the number of hot electrons can be estima
to be about 1011. Thus, the conversion efficiency of lase
energy into hot electrons is about 8%. This can also be
tained from the energy balance equationne«eve5hI , where
ne is electron density,«e is electron kinetic energy,h is the
efficiency of laser energy conversion into hot electrons, a
ve is the velocity of hot electrons. For the intensity in o
case, it is estimated thath is in the range of a few to ten
percent. This is in accordance with the above estimate
well as with some other measurements@34#.

IV. CONCLUSION

In conclusion, the propagation of hot electrons throu
high-density plasmas has been studied using optical pro
techniques. A number of ionization tracks produced by
electrons have been observed inside Al-coated glass tar
The plasma on the rear surface of a 20-mm Al foil has also
been analyzed via optical probing. The jetlike tracks in t
Al-coated fused glass originate from the focal spot, w
about 150–300mm in length and 8mm in width. These
tracks are parallel to each other and separated by a dist
of 13 mm. The jets have a transverse structure and fo
bundles of ionized filaments. The structure is consistent w
2D PIC simulation, which shows that the propagation o
beam of hot electrons generated in the interaction region
propagates through the target is highly collimated by a str
self-generated magnetic field in the target.
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Third-order harmonic generation by self-guided femtosecond pulses in air
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Strong third-order harmonic~TH! emission is observed with a conversion efficiency higher than 1023 from
a plasma channel formed by self-guided femtosecond laser pulses propagating in air. The main characteristics
of TH emission in various conditions and the phase-matching condition between the fundamental and the TH
wave are investigated. An optimized condition is found, under which the TH conversion efficiency is maxi-
mized. Our experimental results show that radiation of the emission in ultraviolet wavelength range makes a
major attribution to TH emission, whereas the effects of self-phase modulation are not important when intense
laser pulses interact with gaseous media.

DOI: 10.1103/PhysRevE.67.015401 PACS number~s!: 52.35.Mw, 52.40.Db
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I. INTRODUCTION

The propagation of intense laser pulses in transpa
matter causes strong nonlinear effects such as self-focu
@1,2#, self-phase modulation~SPM! @3–5#, four-wave mixing
@6–9#, and stimulated Raman processes. Propagation o
intense laser pulse in air will lead to self-focusing due to
Kerr effect. The mechanism for femtosecond laser pul
propagating over long distance in air is the balance betw
the Kerr self-focusing due to the nonlinear effects in air a
defocusing due to the tunneling ionization and the diffract
of the laser beam@10–12#. Recently, much attention has bee
paid to harmonic generation by the self-guided femtosec
pulses in gaseous media. The dynamic equilibrium betw
the self-focusing due to nonlinear intensity-dependent ref
tive index and defocusing due to plasmas in the channel
support a long plasma channel in the interaction of the
tense laser pulses and gaseous media. This is beneficial t
high harmonic conversion efficiency in the interaction, b
cause the conversion efficiency between the fundame
wave and harmonic wave does not only depend on lase
tensity, but also on interaction length. Usually, tight focusi
is used to gain higher laser intensity in the interaction regi
but it also leads to very short interaction length. Moreov
the ionization of gas always prevents high laser intensity
to defocusing. Therefore extending the interaction length
promising way to get high conversion efficiency. We can
very long interaction length because of self-guiding wh
intense laser pulses interact with gaseous media. Theore
and experimental results@16–21# have demonstrated that
femtosecond laser pulse can propagate many Rayl
lengths due to self-guiding. The third-order harmonic~TH!
generation in gaseous media has been studied for m
years. Fedotovet al. @22# have studied the effects of the tem
poral and spatial self-action of light in atmospheric air. M

*Author to whom correspondence should be addressed. Emai
dress: jzhang@aphy.iphy.ac.cn
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cus et al. @23# and Zhuet al. @24# tightly focused a femto-
second laser beam in atmospheric pressure methane
studied the TH generation process. In the process of
trashort laser pulse propagation in air, the radiation of U
waves is considered as a result of the self-phase modula
which leads to supercontinuum spectra expanding to
waves when the ultrashort laser pulse propagates very
distance in air. However, the physics mechanism of TH g
eration in air is still not well understood.

In this paper, we will exploit the relationship between t
TH generation and self-guiding propagation of intense la
pulses in air. It is demonstrated that the energy convers
efficiency of the fundamental wave to TH wave is very hig
with a maximum efficiency up to 1.231023, because the
interaction length is largely prolonged due to the self-guid
propagation of an ultrashort laser pulse in air. Our expe
mental results show that the emission of UV waves should
mainly responsible for the TH emission generation rat
than self-phase modulation, when ultraintense laser pu
interact with air.

In this paper, we will exploit the relationship between t
TH generation and the self-guiding propagation of ultra
tense laser pulses in air. It is demonstrated that the en
conversion efficiency of the fundamental wave to TH wa
is very high, with maximum efficiency reaching 1.231023,
because the interaction length is largely prolonged due to
self-guiding propagation of ultrashort laser pulse in air.
earlier publications, in the process of ultrashort laser pu
propagation in air, the radiation of UV wave is considered
a result of the self-phase modulation, which leads to sup
continuum spectra expanding to UV waves when the
trashort laser pulse propagates very long distance in air.
experimental results show that the emission of UV wav
should be attributed to TH rather than self-phase modulat
when the ultraintense laser pulse interacts with air.

II. EXPERIMENTAL SETUP

Figure 1 is a schematic diagram of the experimental se
The laser system is a Ti:sapphire chirped-pulse amplifica
d-
©2003 The American Physical Society01-1
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system~JG-II!, which can provide up to 640 mJ energy, in 3
fs pulses, at a central wavelength of 800 nm. To prev
defocusing effects due to high intensity, in our experim
the maximum pulse energy used is about 28 mJ. In orde
reduce the necessary distance before the formation of l
plasma channel, femtosecond laser pulses are slightly
cused with different positive lens (f 525,40,60,80,100 cm)
in air. The optical breakdown can be clearly observed in
with the appearance of the spark at the focus of the lens
experiment, we observe that ultrashort laser pulses propa
many Rayleigh lengths, forming a long plasma chann
Generally, the length of the channel varies with the fo
length of the focusing lens. A band filter is used to suppr
the fundamental signal, which propagates in the same di
tion. The TH wave is collected into a photomultiplier tub
with a f 525 cm quartz lens, and the TH spectra are detec
with a spectrometer and processed by a computer. In
experiment, the characteristics of the spectra of the TH w
are studied in various conditions. We find that there exists
optimum condition, under which maximum conversion ef
ciency from the fundamental wave into the TH emission c
be obtained.

III. RESULTS AND DISCUSSION

In order to study the characteristics of the TH emission
various conditions, we measure the spectrum of the fun
mental wave emission in air from the position where fi
ments are formed by focusing the laser beam. The broade
spectrum of the fundamental wave due to SPM is obser
as shown in Fig. 2. The solid and dotted curves represen
spectral profile with and without anf 525 cm lens, respec
tively. It can be seen that the fundamental spectra are gre
braodened because of the formation of the plasma filam
channel in the air. This phenomenon can be attributed
self-phase modulation, which can greatly broaden the sp
tral component. The profile of the broadened spectrum
asymmetric and exhibits a blue shift. The broadening at s
wavelength is more obvious than that at long waveleng
This is very consistent with theory and experiments@5#.

After the filaments, very strong TH emission can be o
served by applying a band filter, which can filter out fund
mental waves. The TH spectrum is shown in Fig. 3. The p

FIG. 1. A schematic representation of the experimental se
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of the TH spectrum occurs at 274 nm, which is red-shift
relative to the three fold~270 nm! of the fundamental wave
length ~810 nm!. Moreover, the spectral profile of the TH i
clearly oscillatory. This spectral modulation may simult
neously be caused by two mechanisms. One is that the
emission is generated with the modulated fundamental l
as in Fig. 2. The other one is that the TH itself may expe
ence self-phase modulation@14#.

As is well known, the phase matching is necessary for
efficient conversion of the fundamental wave to the T
emission. The phase matching condition requires@13#

n~v!5n~3v!. ~1!

Usually, air is a homogeneous medium and has nor
dispersion. So it is very difficult to satisfy this condition. B
when intense laser pulses form plasma channel in the air,
condition is easily satisfied. Since the fundamental wave
tensity is much stronger than that of the TH emission,
intensity-dependent refractive index due to the Kerr effec
fundamental waves is much larger than that in the TH em
sion. Hence, Eq.~1! can be written as

n0~v!1n2I ~v!2ne/2nc~v!5n0~3v!2ne/2nc~3v!,
~2!

wheren0 is the refractive index of the air, andn2 is the Kerr
nonlinear coefficient,ne is the electron density. Here w

p.
FIG. 2. The spectrum of the fundamental wave with and with

lens.

FIG. 3. The spectra of the TH with a fundamental wave la
energy ofE528 mJ and a lens with a focal length off 540 cm.
1-2
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have neglected the intensity-dependent refractive index a
ing from the TH emission, because the intensity of the
emission is very small. Considering the electron density
plasma channel is about 1016–1017/cm23 as measured in
Ref. @11#, we can get phase-matching laser intensity of ab
1013–1014 W/cm2, which is consistent with the laser inten
sity required for self-guiding in air@11,21#. Generally, the
output intensity of the TH emission is about@15#

I 3v~Z!5
~3v!2

n3vnv
3 «0c4

I v
3 l e f f

2 , ~3!

where l e f f5xe f fZ(xe f f5ê3vx (3):êvêvêv) is the effective
interaction length, which represents the interaction length
which the phase-matching condition is maintained. From
~3!, the conversion efficiency is proportional to the produ
of the fundamental wave intensity and the effective lengt

In our experiment, the output energy of the TH emiss
versus focal length of the lens is shown in Fig. 4. The high
conversion efficiency is larger than 1.231023. It is interest-
ing to note that the conversion efficiency to the TH emiss
is maximized when the focal length of the lens is abo
40–60 cm. From Eq.~3!, we can explain the existence of th
optimum focal length corresponding to the maximum co
version efficiency, because the output power of the TH em
sion is proportional to the laser intensity and the effect
interaction lengthl e f f . So for a shorter~long! focal length,
the laser intensity is higher~lower! in the channel, butl e f f
will be shorter~longer!. Thus, there exists an optimum foc
length, with which the product of the laser intensity wi
effective interaction length will be maximized. On the oth
hand, for a shorter focal length, the conversion efficien
will be reduced due to ionization, which consumes a lot
fundamental wave energy.

With a fixed focal length of the lens (f 540 cm), the TH
spectral profile is plotted versus various pulse energies
Fig. 5. For higher energy, the spectral width of the TH
almost constant and the spectral profile of the TH is sim
to that of the fundamental wave as shown in Fig. 5~curves
and a and b!. For lower energy, the TH spectrum becom
narrower as shown in Fig. 5~curves c and d!. With increas-
ing energy, the oscillation of the TH spectra becomes m
serious. This can be explained as follows. For higher ene

FIG. 4. The conversion efficiency between the fundamen
wave and the TH versus focal length of the lens.
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of the fundamental wave, the self-phase modulation cov
more spectral components and causes more serious os
tions in the fundamental wave. Thus, the higher fundame
wave energy results in stronger modulation and wider spe
in the TH emission. When the laser energy at the fundam
tal wave is less than 2.6 mJ in our experiment, the TH em
sion is not observable. At this energy, the corresponding la
intensity can be estimated to be 2.531013 W/cm2 from the
focus spot size. This fundamental laser intensity may be c
sidered as threshold for generating TH emission in air.
can evaluate the approximate threshold of the laser inten
required for generation of the TH in theory. The ionizatio
term in Eq.~2! can be omitted at threshold laser intensity,
the laser threshold intensity is

I ~v!5@n0~3v!2n0~v!/n2#'231013 W/cm2. ~4!

This is almost the same as the direct estimate of the exp
mental value.

For a fixed energy (E528 mJ) of laser pulse, the mea
sured TH spectral profile versus various focal lengths of
lens is shown in Fig. 6. With increasing focal length, the T
spectra are red shifted, which is largest atf 560 cm as
shown by curveC in Fig. 6. When the focal length is longe
than this focal length, the TH spectra become blue shift
The reason for this phenomenon may be self-phase mod
tion. That is to say, relative red shift or blue shift may
decided by product of the laser intensity and effective int
action length, because the product of laser pulse inten

l
FIG. 5. The spectrum of the TH versus focal length of the le

FIG. 6. The spectrum of the TH versus laser energy.
1-3
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with effective interaction length is maximum at aroundf
560 cm, which corresponds to the maximum conversion
ficiency 1.231023 @25–27#.

IV. CONCLUSION

Because of the self-guiding of the ultrashort laser pul
in air, the interaction length between the ultrashort la
pulse and air is greatly elongated. During the interaction
the ultrashort laser with air, very strong TH emission is o
served, with a maximum conversion efficiency higher th
1023. At the same time, the characteristics of the TH spec
are investigated, for different focal lengths and different e
ergies of the laser pulse. We find that there exists an optim
focal length of the lens for the conversion efficiency to t
TH emission for a constant input fundamental energy. T
means that there is an optimum product of the laser inten
en

et

e

01540
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with interaction length. Experimental results show that t
radiation of UV waves in supercontinuum should attribute
harmonic generation instead of self-phase modulation w
the intense laser pulses interact with gaseous media. M
over, our experimental results not only show that the sup
continuum, which is observed during the propagation of
ultrashort laser pulse in air, originated from SPM or stim
lated Raman processes, but also demonstrate that the t
order harmonic contributes to the supercontinuum gen
tion.
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ABSTRACT Two independent femtosecond Ti:sapphire and
Cr:forsterite lasers were stably synchronized by crossing both
lasers inside the Ti:sapphire crystal. We obtained two-color
femtosecond pulse trains at the completely different wave-
lengths of around 820 nm and 1250 nm respectively. This new
technique overcomes the gain competition and enables us to
greatly broaden the tunable ranges. By optimizing the over-
lap of the beams, we realized a large tolerance of cavity-length
mismatch of 5 µm and demonstrated long-term synchronization
that continuously remained over several hours. The measured
FWHM of the cross-correlation trace is 74± 2 fs based on the
43±2-fs Ti:sapphire and 52±1-fs Cr:forsterite lasers. The ex-
act coincidence with the theoretical calculated value infers the
two-color laser being synchronized with a timing jitter of only
a few femtoseconds.

PACS 42.60.Fc; 42.60.By; 42.65.Re

1 Introduction

The technology of Kerr-lens mode locking (KLM)
in solid-state lasers has greatly pushed the development
of femtosecond science. Up to now, the Ti:sapphire and
Cr:forsterite lasers have been demonstrated as the two suc-
cessful examples among the available KLM lasers. By in-
ducing the intra-cavity self-phase-modulation (SPM) effect,
recently C. Chudoba et al. [1] and R. Ell et al. [2] directly gen-
erated few-cycle pulses from both lasers with ultra-broadband
spectra. Obviously, synchronizing the above lasers will give
us a potential to produce two-color femtosecond pulses in un-
precedented bandwidths and pulse durations. Such a laser will
be an ideal tool as the frequency comb for the measurement of
absolute optical frequency in metrology [3].

Previous two-color femtosecond solid-state lasers, using
either active synchronization with an electrical feedback
device [3–5] or passive synchronization by the nonlinear
coupling effect, used only a Ti:sapphire crystal as the gain
medium [6–11]. Because of the single gain medium, the lat-
ter laser suffered from limited bandwidths, poor tunability and
close optical frequencies.

✉ Fax: +81-298-615102, E-mail: z.wei@aist.go.jp

In this paper, we present a novel passive technique of
synchronizing two different femtosecond lasers based on
the nonlinear coupling mechanism between Ti:sapphire and
Cr:forsterite lasers. By crossing both lasers inside the Ti:sap-
phire crystal, we obtained two-color femtosecond pulse trains
at the completely different wavelengths of around 820 nm and
1250 nm. This design overcomes the gain competition and
gives us a potential of broadening the bandwidths and tun-
ability. Compared to the active synchronization with electrical
feedback scheme, the passive technique was stimulated by
cross-phase modulation (XPM) and should be capable of op-
erating at lower fluctuation, which will result in a very small
timing jitter.

The mechanism of passive synchronization can be at-
tributed to the XPM effect between two coupled femtosecond
KLM lasers. Considering the lasers to operate at the repeti-
tion rates of f1 and f2 respectively, before the synchronization
occurs, they cross in the Kerr medium at a repetition rate of
f1 − f2 and suffer the instantaneous frequencies of ω1 and ω2:

ω1 = ω01 −n2 (ω01, ω01)
∂I1

∂t
−n2 (ω01, ω02)

δ

v2

∂I2

∂t
(1)

ω2 = ω02 −n2 (ω02, ω02)
∂I2

∂t
−n2 (ω02, ω01)

δ

v1

∂I1

∂t
(2)

Here Ii(i = 1, 2) is the intra-cavity laser intensity, ω0i is
the central frequency, n2(ω01, ω01) and n2(ω02, ω02) are the
SPM nonlinear indexes for laser 1 and laser 2 respectively,
n2(ω01, ω02) is the XPM nonlinear index, vi is the mode vol-
ume and δ is the overlap volume between the two lasers.
Considering the instant of time when both laser pulses start to
cross, for the case of laser 1 behind laser 2, the leading part
of laser 1 crosses with the trailing part of laser 2. From (1)
and (2), we easily deduce that the spectrum of laser 1 is shifted
into the blue because of the negative slope of intensity I2 in
the trailing pulse, and laser 2 is shifted into the red because
of the positive slope of intensity I1 in the leading pulse. In the
laser cavities with negative group dispersions, the round-trip
time of laser 1 will decrease but that of laser 2 will increase. If
both cavity lengths have been adjusted to be nearly equal, the
time interval of both laser pulses inside the Kerr medium will
be shortened after one round trip and the next crossing will be
further enhanced in the time domain. Therefore, the time in-
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terval will become shorter and shorter, until both laser pulses
maximally overlap in the time domain. Vice versa, if the laser
1 is ahead of the laser 2, the crossing will happen at the trailing
part of laser 1 and the leading part of laser 2; which leads laser
1 and laser 2 in red and blue shifts respectively. So, we once
again deduce that laser 2 will speed up and laser 1 will slow
down corresponding to the times of the round trip in the cav-
ities with negative group dispersions, resulting in both laser
pulses also being maximally overlapped.

Once both laser pulses are maximally overlapped, the
shifts of carrier frequency vanish because of the symmetri-
cal spectral broadening and both pulses operate at the same
round-trip time. For any minor jitter between the two pulses
arising from noise and environmental perturbations, due to the
above dynamics process the pulses can automatically maxi-
mally overlap again after enough round trips. This behavior
corresponds to a pulling effect of two laser pulses on each
other; in this case both pulses are locked together and the laser
performs a synchronized operation.

2 Experimental setup

We synchronized the femtosecond KLM Ti:sap-
phire and Cr:forsterite lasers by coupling both laser pulses in
the Ti:sapphire crystal. This design is based on two reasons:
(i) the Ti:sapphire crystal is transparent for the Cr:forsterite
laser and (ii) the high nonlinear index n2 is expected in the
Ti:sapphire crystal. A schematic of the novel two-color fem-
tosecond laser is shown in Fig. 1. It consists of a prism dis-
persion controlled KLM Ti:sapphire laser and a self-starting
KLM Cr:forsterite laser. The gain media are Ti:sapphire and
Cr:forsterite crystals with the lengths of 4 mm and 7 mm re-
spectively. Both of them were set at Brewster angles and
maintained at the temperatures of 11 ◦C and 1 ◦C respectively.
The Cr:forsterite crystal was also covered in a small plas-
tic box and purged by flowing nitrogen to keep the surface
dry. In order to induce a stronger XPM effect for synchro-
nization by beam crossing with a narrower angle, we used
two pairs of D-shaped concave mirrors around the Ti:sapphire
crystal and set the mirrors at the gaps of less than 1 mm by

FIGURE 1 Experimental setup. Both Ti:sapphire and Cr:forsterite lasers
are coupled inside the Ti:sapphire crystal by half-cut mirrors M1 to M4.
M1–M6: CVI TLM2 mirrors with ROC of 10 cm and diameter of 0.5 in; M7:
HR with ROC of 20 cm and diameter of 1 in; M8: mini-plate HR with 10-mm
diameter × 1-mm thickness; T1 and T2: output couplers with transmissivities
of 5% and 3% ; P1 and P2: fused-silica prisms; P3 and P4: SF6 prisms; PD1
and PD2: fast photodiodes; PZT: piezo-transducer; RG: orange glass filter;
AC: auto correlator; CC: cross correlator. F.C1. and F.C2.: frequency coun-
ters; O.S.: oscilloscope; M3–M7 and T2 were coated at 1300 nm, others were
coated at 850 nm

using independent mirror mounts. Where M1 and M2 were
the focus mirrors for the Ti:sapphire laser, M3 and M4 were
inserted into the Cr:forsterite laser cavity for introducing an
additional focal point inside the Ti:sapphire crystal. This de-
sign greatly enhances the coupling between two laser beams
with the standard commercial mirrors. For reliable KLM of
the Cr:forsterite laser [12], a broadband SESAM (semicon-
ductor saturable-absorber mirror) was used as the end mirror.
A pair of fused-silica prisms (P1 and P2) and a pair of SF6
prisms (P3 and P4) were used to compensate the dispersion
inside the respective cavities. Considering the basic condi-
tion of synchronizing lasers, we set both cavities at the same
length. A piezo-transducer (PZT) was also used to drive the
end mirror M8 in the Ti:sapphire laser to fine tune the match
of cavity lengths between the two lasers. To measure the cross
correlation easily in the latter, the lengths of the two arms
from the Ti:sapphire crystal to output couplers of T1 and T2
were aligned as close as possible. An orange glass filter was
placed behind the coupler T1 to block the remaining pump
laser. After reflection by two pairs of mirrors, both Ti:sapphire
and Cr:forsterite lasers were input to the auto correlators and
cross correlator for the measurement of pulse durations and
the cross-correlation trace.

We pumped the Ti:sapphire and Cr:forsterite lasers with
the all-solid-state 532-nm (S-P Inc., Millennia Xs) and
1.06-µm lasers (S-P Inc., T-40Z-106C) respectively. Both
pump sources are diode-pumped Nd : YVO4 lasers. Under
the pump powers of 5 W at the 532-nm laser and 9 W at the
1.06-µm laser, we obtained the stable KLM powers of about
600 mW and 110 mW from the Ti:sapphire and Cr:forsterite
lasers respectively. The distance between the beam spots on
two close D-shaped mirrors (M2 and M4) was about 3 mm.
No obvious power reduction was observed in the Cr:forsterite
laser compared to the standard configuration with five mir-
rors. By changing the inserted material of the prisms, we
obtained the shortest pulses as 11 fs and 40 fs from each laser.

3 Results and discussion

3.1 Observation of synchronization

To observe the synchronization between the Ti:sap-
phire and Cr:forsterite lasers, we first used two frequency
counters (HP 53132A) to measure the repetition rates of both
KLM lasers. By fine tuning the cavity length of the Ti:sap-
phire laser, the repetition rates can be set at the same values;
covering the lasers with a closed box to prevent air turbu-
lence enables repetition rates with an accuracy of 1 ±Hz and
no obvious drift within one minute. Then, an oscilloscope
(HP 54616B) was used to monitor the pulse trains of both
lasers; triggering using one pulse train allows the other pulse
train to be viewed. Before successful synchronization, the
other pulse train could not be clearly displayed on the oscil-
loscope. Although the repetition rates were tuned to exactly
the same values with the aid of frequency counters, slips of the
trace were always observed due to the existing environmental
perturbations (Fig. 2a). We considered this as failed synchro-
nization due to weak coupling between the two pulses.

By aligning the overlap between two laser beams inside
the Ti:sapphire crystal and re-driving the PZT again to fit the
match of the cavity lengths, we found that the pulse trains
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FIGURE 2 The pulse traces of Ti:sapphire (top) and Cr:forsterite (bottom)
lasers at the modes of free running (a) and synchronization (b). The oscil-
loscope was triggered by the Ti:sapphire laser and set at 10 ns/div. Both
repetition rates have been pre-set at the same values. In (a) the pulse trains
of the Cr:forsterite laser shows the slip of the trace due to the environmental
perturbations before success in synchronization. The traces in (b) show the
pulse locking when synchronization occurs

were locked together when both repetition rates tended to be
the same. The repetition rate of the Cr:forsterite laser jumped
to the same value as that of the Ti:sapphire laser and then
the oscilloscope showed the stable trace as shown in Fig. 2b.
Even if we continuously changed the repetition rate of the
Ti:sapphire laser by tuning the PZT, the pulse locking still re-
mained, until further driving the PZT collapsed the lock; then
the pulse-train trace of the Cr:forsterite laser displayed slip
again. This phenomenon reflected the typical synchronization
between the Ti:sapphire and Cr:forsterite lasers.

Figure 3 shows the behaviors of the repetition rates of
Ti:sapphire (squares) and Cr:forsterite (circles) lasers when
the PZT is extended (in Fig. 3a, the cavity length is decreased)
and shortened (Fig. 3b) respectively. The horizontal scales are
shifts of the end mirror M8 driven by the PZT; the repetition
rates are plotted on the vertical coordinate axis. At the begin-
ning both lasers worked at the different round-trip frequencies
independently; adjusting the displacement of M8 via the PZT
will change the repetition rate of the Ti:sapphire laser. When
the repetition rate of the Ti:sapphire laser is close enough
to that of the Cr:forsterite laser, the Cr:forsterite laser will
be captured by the Ti:sapphire laser and then forced to fol-
low the repetition rate determined by the cavity length of the
Ti:sapphire laser. It reveals a master–slave behavior within the
regime of synchronization, until out of the tolerance region of

FIGURE 3 The repetition rates of the Ti:sapphire (normal cross squares)
and Cr:forsterite (slope cross circles) lasers versus the offset of cavity length
by shortening (a) and lengthening (b) the cavity length of the Ti:sapphire
laser. The synchronization occurs in the range (shade) from A (C) to B (D).
fS1 is the locked repetition rate at the critical positions of starting synchro-
nization, fS2 is that at the next positions. To easily scale the ordinate we
subtracted 75.761000 Hz from the exact repetition rate

cavity-length mismatch. Then the Cr:forsterite laser returned
to its initial repetition rate and was independent of the fur-
ther shift of the PZT. In general, this feature was explained as
the higher power and shorter pulse duration of the Ti:sapphire
laser. Since the Ti:sapphire laser induces a stronger nonlinear
effect on the Cr:forsterite laser than the Cr:forsterite laser on
the Ti:sapphire laser, this results in the Cr:forsterite laser be-
ing pulled to match the repetition rate of the Ti:sapphire laser.
In fact, although the Cr:forsterite laser causes a weaker non-
linear effect, it still should affect the feature of the Ti:sapphire
laser. We present further experimental results and an explana-
tion in Sect. 3.2.

With the optimized coupling of two laser pulses inside the
Ti:sapphire crystal and the suitable pulse durations, we ob-
served that the synchronization occurred when the difference
in the repetition rates was close to about 15 Hz (around the
starting positions A and C). Further, a long tolerance of cavity-
length mismatch over 2.5 µm was demonstrated. The differ-
ence in repetition rates was over 60 Hz out of the synchronized
regime (around the end positions B and D) by continuously
tuning the cavity length via the PZT. In general, driving the
PZT in the reverse direction showed similar behaviors except
for a backward shift of the synchronized regime. Although
we measured both synchronized regimes partly overlapped in
the initial experiment, our recent work showed the reversed
synchronization normally occurred around the starting pos-
ition (A) of the first synchronized regime. When driving the
PZT oppositely before the end position B (or D), we found
that the synchronization almost covered both regimes, until
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the mirror M8 shifted around the end position D (or B) in the
reversed synchronized regime, corresponding to a total toler-
ance of about 5 µm. The long-term synchronized operation
maintained over many hours was also obtained by shifting M8
in the middle region of the synchronized regimes.

3.2 Wavelength towing and tuning

Under the synchronized mode, we observed that
both laser wavelengths were shifted relative to each other
in opposite directions as the end mirror M8 was driven via
the PZT [13]. Figure 4 shows the measured results when
we scanned the offset of cavity length over the synchro-
nized regimes. Compared to the measurement of repetition
rates, a bigger error existed in estimating the central wave-
length because of the resolution of spectrometers for broad-
band spectra. However, the measured data still well revealed
the unique feature of wavelength towing in the synchronized
regime [14]. Different to the result in the pure two-color fem-
tosecond Ti:sapphire lasers [15], our experiment showed that
both wavelengths were affected by the coupling process. In
fact, this feature can be explained with the XPM mechanism.

For our discussion, we denote the repetition frequencies
of free-running Ti:sapphire and Cr:forsterite lasers as fTi

and fCi , where i = 1, 2 correspond to the notation in Fig. 3.
When we shorten the cavity length by moving the end mir-
ror M8 to the critical position A for synchronization (Fig. 4a),

FIGURE 4 The wavelengths of the Ti:sapphire (normal cross squares) and
Cr:forsterite (slope cross circles) lasers versus the offset of cavity length by
shortening (a) and lengthening (b) the cavity length of the Ti:sapphire laser.
Because of the increasing nonlinear coupling effect, the wavelengths of both
lasers were shifted to λT1 und λC1 respectively at the critical positions A and
C for synchronization. Further changing the cavity length will reverse shift
the two wavelengths to λT2 und λC2 respectively for pulse locking. The XPM
effect vanished from the synchronized regime and led to both lasers freely
operating at the original wavelengths

an occasional overlap between two laser pulses in the Ti:sap-
phire crystal will start the synchronization. After the next
round trip, the Ti:sapphire laser pulse will arrive at the crys-
tal behind the pulse of the Cr:forsterite laser because of its
slightly lower repetition rate fT1 than fC1. Then, the nonlinear
coupling will occur at the leading and trailing Ti:sapphire and
Cr:forsterite laser pulses respectively. In this case the former
should be blue-shifted to wavelength λT1 and the latter should
be red-shifted to λC1. Considered the negative group disper-
sion inside laser cavities, the repetition rate fT1 will increase
and fC1 will decrease, resulting in them evolving to the same
value fS1 ( fT1 < fS1 < fC1) and then being locked together.
With the further shortening of its cavity length, the Ti:sapphire
laser has a potential to be operated at a bigger repetition rate
fT2, so that its pulse is going to be ahead of the Cr:forsterite
laser pulse. In this situation the opposite wavelengths shift
(λT2 and λC2) compared to the coupling process at the criti-
cal position A, resulting in both lasers once again evolving to
a new common repetition rate fS2. When continuously tun-
ing the cavity length, not only the repetition rates, but also
the wavelengths, showed similar behaviors and shifted rea-
sonably, until they left the end position B of the synchronized
regime where the XPM effect can not compensate the differ-
ence from the free-running one any more. Above the critical
point, both lasers operated independently again and operated
at the free-running wavelengths. Vice versa, by lengthening
the cavity length, the synchronized lasers showed the opposite
shift in wavelengths with a similar mechanism (Fig. 4b).

The behaviors of both repetition rates observed in Fig. 3
are also consistent with the above explanation of the XPM
mechanism. Compared to the normal free-running mode, we
clearly found that the repetition rate of the Ti:sapphire laser
was varied at an increasing slope as the displacement of M8
was close to the synchronizing border A (or C). The rea-
son is that the increasing nonlinear effect gradually plays
a significant role for the repetition rate of the Ti:sapphire
laser besides the cavity length changing during this process.
With the increasing nonlinear effect, the repetition rate of the
Cr:forsterite laser was also shifted at the same time. When
the cavity length was tuned at the critical position A (or C),
the nonlinear coupling effects between the two lasers were ca-
pable of evolving their repetition rates ( fT1 and fC1) to the
same one ( fS1) and then they locked the two repetition rates
together. Within the synchronized regime, both laser pulses
cross in the opposite parts as the cavity-length tuning, so that
the locked repetition rate varied at a smaller slope than that
in the free-running mode, until they arrive at the end border
B (or D). Once further tuning the cavity length has collapsed
the synchronization, we can see the sudden recovery of both
repetition rates to the values in the free-running mode. In view
of the above analysis, we consider the contribution of the
Ti:sapphire laser was not so strictly dominant in the synchro-
nization, in spite of its master-like behavior on the repetition
rate. In the synchronized operation, the values of the locked
repetition frequency and the laser wavelengths should be bal-
anced with both lasers. Not only the power and pulse width
of each laser, but also the intra-cavity dispersion of the lasers,
should affect the values.

By changing the insertion of two prisms, we could tune
the corresponding laser wavelengths independently. Figure 5
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FIGURE 5 The tuning characteristics for synchronized operation of the
Ti:sapphire (a) and Cr:forsterite (b) lasers. Both output powers versus their
wavelengths were plotted as the cross square lines. The normalized spectra
for both lasers showed the characteristic of bandwidth versus wavelengths

shows the tunable ranges of both laser branches with synchro-
nizing mode, which were limited by the lower laser power
in the longer-wavelength side and bandwidths of the mir-
rors (whose center wavelengths are 850 nm and 1300 nm) in
the shorter-wavelength side, respectively. For the Ti:sapphire
laser, the maximum output power was 590 mW around the
central wavelength of 820 nm and that for the Cr:forsterite
laser was 105 mW around 1250 nm. We measured that the
pulse widths of both lasers are inversely proportional to
their bandwidths. Although the shortest pulses appeared at
the central wavelengths around 810 nm and 1280 nm respec-
tively, synchronizing lasers under those situations showed the
shorter tolerance of cavity-length mismatch.

3.3 Measurement of cross correlation

To measure the cross correlation, we aligned the
synchronized lasers operated with the best stability and a long
tolerance of cavity-length mismatch. A home-made cross cor-
relator was used to measure the correlation trace between
the Ti:sapphire and Cr:forsterite lasers (Fig. 6). After passing
through a variable delay line with the PZT-controlled roof re-
flector, the Ti:sapphire laser beam was overlapped with the
Cr:forsterite laser beam on the metal beam splitter (B.S.). The
co-linear beams of both lasers were focused in the nonlin-
ear crystal BBO to generate the sum-frequency signal (SFG).
After the collimating with the second lens, a grating was used
to separate the SFG and two SHG signals generated by the
Ti:sapphire and Cr:forsterite lasers respectively. This setting
enables us to catch easily the cross signal with the eyes. By

FIGURE 6 Schematic of the configuration for measurement of the cross-
correlation traces. B.S.: metal beam splitter. The inset picture shows the beam
patterns dispersed with the grating. The green one in the middle is the SFG
between the two lasers. The blue and red ones are the SHG of the Ti:sapphire
and Cr:forsterite lasers respectively

FIGURE 7 Fringe-resolved interferometric autocorrelation traces of the
synchronized Ti:sapphire (a) and Cr:forsterite (b) lasers. The pulse durations
were 43± 2 fs and 52± 1 fs with the assumption of a sech2 shape, corres-
ponding to the spectra centered around 820 nm and 1250 nm respectively

blocking the two SHG signals with a pinhole, we can accu-
rately record the cross-correlation trace with a PMT and an
oscilloscope.

Before the cross-correlation measurement between the
Ti:sapphire and Cr:forsterite lasers, we first measured their
pulse durations at the BBO crystal with the same configura-
tion. Figure 7 shows the typical interferometric autocorrela-
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FIGURE 8 The cross-correlation trace between the Ti:sapphire and
Cr:forsterite lasers. The measured width (FWHM) is 74 ± 2 fs within the
experimental accuracy

tion traces. With careful calibration, we deduced both pulse
widths of 43±2 fs and 52±1 fswith the assumption of a sech2

shape, corresponding to the spectra centered at around 820 nm
and 1250 nm respectively. Different to the autocorrelation, the
cross-correlation measurement had some difficulty because
of the delay matching of the two lasers (i.e. distance match-
ing from the Ti:sapphire crystal to the beam splitter). Setting
the distances as close as possible, we observed two alternate
SFG signals at the central wavelength of around 495 nm by
scanning the delay line via the PZT, which correspond to the
forward and backward synchronized regimes started by short-
ening and lengthening the cavity length. We also found that
the forward and backward synchronized regimes have a simi-
lar allowable range of cavity-length mismatch. Adjusting the
length from the Ti:sapphire crystal to the output coupler T1
(or T2) enables us to observe the two types of SFG signal at the
same delay range. By sweeping the delay line, we measured
the typical cross-correlation trace as shown in Fig. 8. Using
the same calibration of delay-time scale as the case of fringe-
resolved autocorrelation, we deduced the width (FWHM) of
the cross-correlation trace of 74±2 fs within the experimental
accuracy. Based on the pulse durations of the Ti:sapphire and
Cr:forsterite lasers, we also calculated the theoretical value of
74 ±2 fs with a sech2 fit. The surprising coincidence between
the two values infers that the two-color laser is synchronized
with a timing jitter of only a few femtoseconds.

4 Conclusions

In summary, we successfully realized the sta-
ble synchronization between two independent femtosecond
Ti:sapphire and Cr:forsterite lasers by crossing them inside
the Ti:sapphire crystal. A long tolerance of cavity-length mis-
match of 5 µm and a long-term synchronized operation over

many hours were demonstrated. For the first time, our experi-
ment demonstrated the unique towing effects in both repe-
tition rates and wavelengths between the two lasers. Using
a simple picture with the nonlinear coupling effect, we sat-
isfactorily explained behaviors of the synchronizing process
and gave a basis for detailed analysis in the future. Sliding
prisms inside the cavities also enables us to tune the wave-
lengths of the two lasers independently under the synchroniz-
ing mode. Tuning the two central wavelengths around 820 nm
and 1250 nm, we measured that the pulse durations were 43±
2 fs and 52 ±1 fs respectively within the experimental accu-
racy. The calculated width (FWHM) of the cross-correlation
trace coincides exactly with the measured value of 74 ±2 fs,
inferred that the two-color laser is synchronized with a timing
jitter of only a few femtoseconds. The novel two-color fem-
tosecond laser will not only supply an ideal tool for ultra-fast
spectroscopy and frequency metrology, but also enable us to
open a way to synchronize any different femtosecond KLM
lasers.
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Abstract

The generation of coherent soft X rays is studied using a terawatt picosecond Nd:glass laser system. Two different
methods are investigated as candidates for efficient generation of such radiation, namely, longitudinally pumped
transient collisional excitation nickel-like molybdenum X-ray laser, and high-harmonic generation from solid–vacuum
interfaces. In the course of experiments on longitudinally pumped X-ray lasers, unexpected jetlike structures are
observed in the visible emission of the molybdenum plasma, extending over a length of several millimeters. An
interesting characteristic of this phenomena is that clear jets are observed only for longitudinal pump intensities between
5 3 1014 and 73 1014 W0cm2. The effects of a finite scale length density gradient on surface harmonics is also
investigated. The efficiency of harmonic generation from near-solid density plasma is found to increase by a factor of 2
to 3 when using prepulses. The scale length of the preplasma is simulated using a one-dimensional hydrodynamic code,
and the increase in efficiency is verified to be in accordance with particle-in-cell simulation results.

Keywords: Harmonic generation; Plasma jet; Preplasma; X-ray lasers

1. INTRODUCTION

Scientists have strived to generate coherent sources of X rays
using various methods, with high motivation for application
in such areas as lithography, spectroscopy, and biological
imaging. As a result, saturated nickel-like ion X-ray lasers
with wavelengths between 13.9 and 20.3 nm have been
generated using pump energies as small as 7 J~Dunnet al.,
2000!, and capillary discharge technology has succeeded in
developing high repetition rate extreme-ultraviolet lasers at
46.9 nm~Roccaet al., 1994!. Relatively large amplification
of water-window X-ray lasers have been observed using
huge fusion devices, and various works are now underway
to reduce the energy requirement of such lasers for in-
creased accessibility. There are, however, still many hurdles
to clear before the X-ray laser technology matures enough
for application research to flourish. One of the most impor-
tant factors is a higher repetition-rate operation, which should
be accompanied by shorter wavelengths and higher
efficiency.

We are presently attempting to demonstrate a high-
repetition rate coherent X-ray source by adopting two dif-
ferent methods. The first is longitudinal pumping of
transient collisional-excitation X-ray lasers, where the high-
intensity picosecond-duration main pulse pumps the pre-
formed plasma from a longitudinal direction, rather than
the transverse pumping used in conventional schemes. As
a result of the smaller gain volume and the higher small-
signal gain coefficient achieved in such pumping configu-
rations, the total pump energy required for saturation is
greatly reduced, and is about 250 mJ for the 18.9-nm nickel-
like molybdenum laser. Another promising method for
highly efficient generation of coherent soft X rays is har-
monic generation from a solid–vacuum interface. Simula-
tions ~Gibbon, 1996! have shown that the conversion
efficiency to the higher-order harmonics is a constantly
increasing function of the pump laser intensity. Experi-
ments using large Nd:glass lasers have demonstrated con-
version efficiencies greater than 1026 for harmonics up to
the 68th order at 15.5 nm~Norreyset al., 1996!.

In this paper, we present results of our experimental in-
vestigations on the above two novel schemes of coherent
soft X-ray generation. We will describe several interesting
characteristics of the picosecond laser–plasma interaction
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revealed in these investigations. We will first give in Sec-
tion 2 a short description of the high-peak-power picosec-
ond laser system used in the present work. We will then
present in Section 3 investigations of the interaction of a
high-intensity picosecond laser pulse pumping a preformed
plasma from a longitudinal direction. An unusually long
jetlike emission from the plasma is observed, which extends
over a length of 10 mm. A distinctive characteristic of the
present phenomena is that it is only observed under longi-
tudinal pump intensities between 53 1014 and 73 1014

W0cm2. In Section 4, we investigate the effects of density
gradients at the surface–vacuum interface on the conversion
efficiency of surface harmonics. The optimum ratio and
time interval between the intensity of the main pulse and
prepulse is experimentally clarified. Simulations are per-
formed, which show that the density gradients of the pre-
formed plasma which results in the highest efficiencies are
in accordance with predictions based on particle-in-cell sim-
ulation results of Lichterset al. ~Lichters & Meyer-ter-
Vehn, 1997!.

2. LASER

In this work, we use the picosecond terawatt chirped pulse
amplification laser system at the Institute for Solid State
Physics of the University of Tokyo~Itataniet al., 1996!. A

schematic diagram of the layout of the system is shown in
Figure 1. The master oscillator is a laser-diode-pumped
mode-locked Nd:YLF laser~Lightwave model 131!, which
produces a stable train of 10-ps pulses at a wavelength of
1053 nm. These pulses are coupled into a 110-m-long,
polarization-preserving single-mode fiber. With a combina-
tion of self-phase modulation and group-velocity-dispersion
effects, the spectrum of the laser pulse is broadened and
chirped. The high pointing stability and intensity stability of
the laser-diode-pumped oscillator assures the stable opera-
tion of the whole system, which is especially important for a
single-shot device. The chirped pulses are then sent to a
folded two-pass stretcher equipped with one gold-coated
holographic grating~Jobin-Yvon, 1740 l0mm!. The tempo-
ral duration of the resulting pulse is stretched to 600 ps. A
hard aperture is placed within the stretcher to limit the spec-
tral bandwidth to 3 nm, which is necessary to keep the
intensity of the pedestal low. The hard aperture is also used
to match the central wavelength of the laser pulse to that of
the gain bandwidth of the Nd:phosphate glass amplifier, at
1054 nm. The seed is then preamplified by a Ti:sapphire
regenerative amplifier, which is pumped by the second har-
monic of a Q-switched Nd:YAG laser. The typical output
energy from the regenerative amplifier is 1 mJ, which is then
sent through a four-pass 25-mm aperture flashlamp-pumped
Nd:phosphate glass rod amplifier. For the longitudinally

Fig. 1. Schematic diagram of the multiterawatt picosecond Nd:glass laser system.
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pumped X-ray laser experiments, the beam is then divided
into two beams using a beam splitter. The reflected beam is
used as a prepulse to produce the preformed plasma, while
the transmitted beam is sent to a parallel grating pair com-
pressor and compressed to a temporal duration of 2 ps. For
surface harmonics experiments, compressed pulses are split
into two beams to produce a picosecond prepulse. Large
aperture Faraday isolators and a Pockel’s cell is placed be-
tween the regenerative amplifier and the Nd:phosphate glass
amplifier to increase the contrast ratio in the main pulse, and
also to prevent amplified beams from returning to the vul-
nerable Ti:sapphire crystal and single-mode fiber. The con-
trast ratio between the pedestal to the main pulse is on the
order of 1026, which is achieved mainly by spectral win-
dowing. The maximum possible energy of the output from
this system is 2 J, but it is usually operated at subjoule levels
to prevent damage to the optics.

3. LONGITUDINALLY PUMPED TCE
X-RAY LASERS

Figure 2 is a schematic diagram of our setup near the target
vacuum chamber. The 600-ps prepulse is line-focused onto
a 2-mm-long slab molybdenum target using a pair of cylin-
drical lenses. The 2-ps, p-polarized longitudinal beam is
incident onto the preplasma at a grazing incidence angle of
0.14 rad. This angle is selected to maximize the propagation
length of the picosecond laser through the preplasma, based
on ray trace simulations. Anf032 aspherical lens is used to
focus the longitudinal beam to a spot size of 140mm at the
entrance position of the preformed molybdenum plasma.
Charge coupling devices~CCD! and PIN photodiodes
observe the visible emission from the plasma, from a direc-
tion vertical to both the 2-ps beam and the 600-ps beam.
These detectors are used to obtain the image and temporal

profile of visible emission from the laser-produced plasma.
A 300-mm aperture calorimeter is also used to monitor the
energy of the laser pulse after interaction with the molybde-
num target or preformed plasma.

The transverse intensity profile of the longitudinal beam
observed using a CCD camera after interaction with the
preplasma is shown in Figure 3. Figure 3a is the picture
observed for a simultaneous irradiation of both the prepulse
and the main pulse. The peak intensity of the longitudinal
and transverse beams are 8.031014 W0cm2 and 1.931011

W0cm2, respectively, and the peak-to-peak time delay be-
tween the main pulse and prepulse is 3.1 ns. The ordinate in

Fig. 2. Schematic diagram of the experimental setup in the vicinity of the target.

Fig. 3. ~a! Transverse intensity profile of the transmitted longitudinal laser
through preplasma. The intensity profile~b! is compared with simulation
results~c!.
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Figure 3 corresponds to a direction vertical to the target
surface, and the origin corresponds to the specular direction
of the reflected longitudinal beam. We find that when the
longitudinal beam travels through the preplasma produced
by the transverse 600-ps laser, the beam profile on the neg-
ative angle side disappears, and instead a scattered pattern is
observed at angles between 0.10 and 0.16 rad from the
specular direction. The intensity of the transmitted beam is
also considerably reduced compared with those observed
without the prepulse.

Numerical simulations are performed to model the exper-
imental observation, using a one-dimensional hydrodynamic
code HYADES~Larsen & Lane, 1994! and a paraxial ap-
proximation ray tracing code. Outputs from the hydrodynam-
ics code such as electron density, temperature, and average
ionization are fed into the ray tracing code, which includes
absorption of the incident laser based on the inverse brems-
strahlung effect. The experimental conditions such as pump
intensity, temporal duration, and incidence angle are used as
the input to the codes, without any artificial manipulations.
Using the various outputs from these codes, we then calcu-
late the angular intensity profile of the transmitted beam and
compare the results with our experimental observations. In
Figure 3c, we show the results of this simulation, and the
experimentally observed profile is shown in Figure 3b. Al-
though there are some differences in the position of the
beamlets, the overall profile is excellently reproduced. When
we look into the details of the simulation results, we find
that the absence of the beam on the negative side of the
specular direction is mainly due to defocusing of the beam,
while the bright beamlets are the result of focusing of the
beams after traveling through the preplasma.

Next we observed the visible emission from the plasma
using a CCD camera. We show in Figure 4a the picture that
was taken with an interference band-pass filter centered at a
wavelength of 527 nm. The longitudinal beam enters from
the left, and the transverse beam from the top, and the ap-
proximate position of the 2-mm-long Mo target is drawn in
the figure. The peak intensity of the longitudinal beam in
this case is 6.431014 W0cm2. Interestingly enough, several
jetlike emissions are observed, which exist over a length of

several millimeters. Additional filters were added to de-
crease the fluence to the CCD, but the jetlike emission is still
observed, as is shown in Figure 4b. When we irradiate the
target with the 600-ps transverse pump only, no such jetlike
emission is observed, even if the filters are reduced.

Next, with the shield left on, we observed the temporal
profile of the plasma emission using a fast PIN photo-
diode. Scattered pump laser was eliminated by using a
heat-absorbing filter. As a result, the emission is found to
last for about 1ms, which is typical for visible emissions
from a laser-produced plasma. From spectroscopic obser-
vations we find that the jetlike emission consists mainly of
line emission from singly ionized and neutral Mo, and
continuum emissions are relatively weak. Another interest-
ing aspect of the present phenomena is that the jetlike
emission is clearly observable only for a longitudinal pump
intensity range between 53 1014 and 73 1014 W0cm2.
The actual cause for such jets is presently under investiga-
tion. However, this phenomenon may have some common
mechanisms involved with a recently observed generation
of massive plasma blocks moving toward the incident la-
ser beam~Vogel & Kochan, 2001!.

4. HARMONICS FROM A SOLID–VACUUM
INTERFACE

Recent developments in generating ultrahigh peak power
lasers~Perry & Mourou, 1994! have made possible a new
range of experiments on laser–matter interactions. One of the
most interesting phenomena is high-order harmonic gener-
ation from a solid surface. This method has attracted much
attention because of the possibility of generating coherent
X rays with wavelengths up to the water window at conver-
sion efficiencies higher than those attainable with gas tar-
gets. Several experiments~Carmanet al., 1981a, 1981b;
Kohlweyeret al., 1995; von der Lindeet al., 1995, 1996;
Norreyset al., 1996; Zepfet al., 1998; Földeset al., 1999,
2000; Ishizawaet al., 1999, 2000, 2001; Ganeevet al.,
2001! and theoretical results~Bezzerideset al., 1982; Wilks
et al., 1993; Gibbon, 1996; Lichters & Meyer-ter-Vehn 1997!
have been reported. Recently, the PIC simulation by Lich-
terset al.~1997! predicts that varying the density scale length
L, which is produced when a high-intensity laser pulse ir-
radiates the solid target, influences the harmonic emission.
In an experiment, Zepfet al. ~1998! showed that the har-
monic efficiency depends strongly on the density scale length
L0l, wherel is the wavelength of the incident laser. Almost
all previous experiments on harmonic generation from solid
surfaces have been performed using a single pump pulse. In
this work, we demonstrate a higher efficiency for harmonic
generation by controlling the density scale length using dou-
ble pulses. Harmonics of higher order are observed, and de-
tailed model calculations are carried out using simulations.

The experiment was performed using the previously de-
scribed chirped pulse amplification~CPA! Nd:glass laser
system~Itataniet al., 1996! for the driving laser. The 1054-nm

Fig. 4. Plasma emission in the visible wavelength observed with~a! a
527-nm band-pass filter, and~b! with additional neutral density filters.
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wavelength laser pulse is point focused onto anAl-deposited
target within a vacuum chamber by using a 100-mm focal
length achromatic lens. The incidence angle of the laser is
758, the polarization of the driving laser is p-polarized, and
harmonics generated from the plasma surface in the specu-
lar direction are spectrally dispersed by a monochromator
and detected using a fast rise time photomultiplier. To mod-
ify the plasma scale length, we carried out experiments in
which a 2.2-ps prepulse irradiates the solid target 0–20 ps
prior to the arrival of the main Nd:glass laser pulse with the
same pulse duration. Figure 5 shows the harmonic intensi-
ties of the third harmonics, when the prepulse intensity is
~a! 0.04 and~b! 0.004 times that of the main pulse. We also
show in the figure error bars corresponding to the standard
deviation of the shot-to-shot variation in the harmonic in-
tensity. Our present observations are limited up to the fifth
harmonic. Although third harmonic radiation can also be
observed when a single pulse is used~corresponding to the

data for 0 delay time!, ;5-ps time difference results in an
increase in the harmonic signal by a factor of 2–3, which
then decreases after 10 ps when the prepulse intensity is
0.04 times that of the main pulse. The results of the fourth
and fifth harmonics are similar. The results for the fourth
harmonics are of greatest importance because the even har-
monics cannot be generated in a bulk of a preplasma, pro-
duced by amplified spontaneous emission or the pedestal. It
is assumed that the divergence of a harmonic generated by
irradiating double pulses is similar or larger than those gen-
erated by irradiating a single pulse, because the critical elec-
tron density surface will be more distorted for the former
condition. Therefore, there is a possibility that the harmonic
generation using the double pulses is more effective com-
pared with that by single pulse irradiation.

On the other hand, the harmonic intensity for a single
pulse~0 delay time! and double pulse irradiation is found to
be smaller when the prepulse intensity is 0.004 times that of
the main pulse. We can attribute this difference to the dif-
ference in the density scale lengthL0l, produced when the
laser pulse irradiates the solid target.

Figure 6 shows the density scale lengthL0l as a function
of the time difference between the main pulse and the pre-
pulse, obtained from calculation using a 1D hydrodynamic
code HYADES ~Rubenchiket al., 1998!. When a high-
intensity laser pulse is irradiated onto the solid target, the
ponderomotive force acts on the target. As a result, density
profiles initially resemble the step-shelf profiles~Estabrook
& Kruer, 1978!. We assume an upper shelf densityn0 of
27.56253 nc in order to compare our result with the PIC
simulation result of Lichters and Meyer-ter-Vehn~1997!,
wherenc is the critical density. We also assume that the
plasma density increases linearly over a length from vac-
uum to the upper-shelf density. The gray zone in Figure 6
shows the optimum condition for the density scale length
L0l obtained from the PIC simulation result of Lichters
et al.~1997!. These calculation results show that harmonics
are generated at a higher efficiency when the prepulse in-
tensity is 0.04 times that of the main pulse, the time differ-
ence is;5 ps, and the main pulse intensity is betweenIl2 5
531015 and 131016 W{cm22{mm2. This calculation result
is in good agreement with our experiment results. As a re-
sult, it is found that the conversion efficiency of the harmon-
ics does not strictly follow theIl2 scaling law, but rather
depends strongly on the density scale lengthL0l. A favor-
able density scale lengthL0l depends on a trade-off be-
tween harmonics generated as a result of the strong light
amplitude driving the free electron at the critical surface and
the effect of resonance absorption. In the future, we plan to
investigate the optimum double pulse irradiation condition
combining both experiment and simulation.

5. CONCLUSION

Investigations have been performed on the generation
of coherent short wavelength radiation using picosecond

Fig. 5. The harmonic intensities of the third harmonics, when the prepulse
intensity is~a! 0.04 and~b! 0.004 times that of the main pulse.
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Nd:glass lasers, and several new and interesting phenomena
have been observed. Long jetlike structures in the visible
emission have been unexpectedly observed, as a result of
the interaction of a high-intensity laser interacting with a
solid molybdenum target at an extremely oblique angle. The
efficiency of harmonic generation from a solid–vacuum in-
terface has been shown to increase by a factor of two to
three, by using a low intensity prepulse to modify the den-
sity scale length. Investigations are presently underway to
clarify the physics underlying these novel findings.

REFERENCES

Bezzerides, B., Jones, R.D. & Forslund, D.W. ~1982!. Plasma
mechanism for ultraviolet harmonic radiation due to intense
CO2 light. Phys. Rev. Lett.49, 202–205.

Carman, R.L., Forslund, D.W. & Kindel, J.M. ~1981a!. Visible
harmonic emission as a way of measuring profile steepening.
Phys. Rev. Lett.46, 29–32.

Carman, R.L., Rhodes, C.K. & Benjamin, R.F. ~1981b!. Obser-
vation of harmonics in the visible and ultraviolet created in
CO2-laser-produced plasmas.Phys. Rev. A24, 2649–2663.

Dunn, J., Li, Y., Osterheld, A.L., Nilsen, J., Hunter, J.R. &

Shlyaptsev, V.N. ~2000!. Gain saturation regime for laser-
driven tabletop, transient Ni-like ion X-ray lasers.Phys. Rev.
Lett.84, 4834–4837.

Estabrook, K. & Kruer, W.L. ~1978!. Properties of resonantly
heated electron distributions.Phys. Rev. Lett.40, 42–45.

Földes, I.B., Bakos, J.S., Bakonyi, Z., Nagy, T. & Szatmári,
S. ~1999!. Harmonic generation in plasmas of different density
gradients.Phys. Lett. A258, 312–316.

Földes, I.B., Bakos, J.S., Gál, K., Juhász, Z., Kedves, M.Á.,
Kocsis, G., Szatmári, S. & Veres, G. ~2000!. Properties of
high harmonics generated by ultrashort UV laser pulses on
solid surfaces.Laser Physics10, 264–269.

Ganeev, R.A., Chakere, J.A., Raghuramaiah, M., Sharma,
A.K., Naik, P.A. & Gupta, P.D. ~2001!. Experimental study of
harmonic generation from solid surfaces irradiated by multip-
icosecond laser pulses.Phys. Rev. E63, 02640201–6.

Gibbon, P. ~1996!. Harmonic generation by femtosecond laser-
solid interaction:Acoherent “water-window” light source?Phys.
Rev. Lett.76, 50–53.

Ishizawa, A., Inaba, K., Kanai, T., Ozaki, T. & Kuroda, H.
~1999!. High-order harmonic generation from a solid surface
plasma by using a picosecond laser.IEEE J. Quantum Electron-
ics 35, 60–65.

Ishizawa, A., Kanai, T., Ozaki, T. & Kuroda, H. ~2000!. The
spatial distribution of high-order harmonics from solid surface
plasmas.IEEE J. Quantum Electronics36, 665–668.

Ishizawa, A., Kanai, T., Ozaki, T. & Kuroda, H. ~2001!.
Enhancement of high-order harmonic generation efficiency from
solid surface plasma by controlling the electron density gradi-
ent of a picosecond laser produced plasmas.IEEE J. Quantum
Electronics37, 384–389.

Itatani, J., Kanai, T., Ozaki, T. & Kuroda, H. ~1996!. Nd:glass
and Ti:sapphire hybrid short pulse laser system.Prog. Cryst.
Growth Charact. Mater.33, 281–284.

Kohlweyer, S., Tsakiris, G.D., Wahlström, C.G., Tillman,
C. & Mercer, I. ~1995!. Harmonic generation from solid–
vacuum interface irradiated at high laser intensities.Opt Com-
mun.117, 431–438.

Larsen, J.T. & Lane, S.M. ~1994!. HYADES—A plasma hydro-
dynamics code for dense plasma studies.J. Quant. Spectrosc.
Radiat. Transf.51, 179–186.

Lichters, R. & Meyer-ter-Vehn, J. ~1997!. High laser harmon-
ics from plasma surface: Intensity and angular dependence,
cutoffs and resonance layers at density ramps.Inst. Phys. Conf.
Ser.154, 221.

Norreys, P.A., Zepf, M., Moustaizis, S., Fews, A.P., Zhang, J.,
Lee, P., Bakarezos, M., Danson, C.N., Dyson, A., Gibbon,
P., Loukakos, P., Neely, D., Walsh, F.N., Wark, J.S. &
Dangor, A.E. ~1996!. Efficient extreme UV harmonics gener-
ated from picosecond laser pulse interactions with solid targets.
Phys. Rev. Lett.76, 1832–1835.

Rocca, J.J., Shlyaptsev, V., Tomasel, F.G., Cotázar, O.D.,
Hartshorn, D. & Chilla, J.L.A. ~1994!. Demonstration of a
discharge pumped table-top soft X-ray laser.Phys. Rev. Lett.
73, 2192–2195.

Rubenchik, A.M., Feit, M.D., Perry, M.D. & Larsen, J.T.
~1998!. Numerical simulation of ultra-short laser pulse energy
deposition and bulk transport for material processing.Appl.
Surf. Sci.129, 193–198.

Vogel, N.I. & Kochan, N. ~2001!. Experimental investigation of
stochastic pulsation and formation of light bullets with mega-

Fig. 6. The density scale lengthL0l as a function of the time difference
between the main pulse and the prepulse when the prepulse intensity is
~a! 0.04 and~b! 0.004 times that of the main pulse. The gray zone shows the
optimum condition for the density scale lengthL0l from the PIC simulation
result by Lichters and Meyer-ter-Vehn~1997!.

64 H. Kuroda et al.



gauss magnetic fields by an intense laser pulse propagating in a
preionized plasma.Phys. Rev. Lett.86, 232–235.

von der Linde, D., Enger, T., Jenke, G., Agostini, P., Gril-
lon, G., Nibbering, E., Chambaret, J.-P., Mysyrowicz,
A. & Antonetti, A. ~1996!. Generation of ultrashort XUV
pulses by harmonic generation from solid surfaces.SPIE2770,
98–105.

von der Linde, D., Enger, T., Jenke, G., Agostini, P., Gril-
lon, G., Nibbering, E., Mysyrowicz, A. & Antonetti, A.
~1995!. Generation of high-order harmonics from solid sur-

faces by intense femtosecond laser pulses.Phys. Rev. A52,
R25–27.

Wilks, S.C., Kruer, W.L. & Mori, W.B. ~1993!. Odd harmonic
generation of ultra-intense laser pulses reflected from an over-
dense plasma.IEEE Trans. Plasma Sci.21, 120–124.

Zepf, M., Tsakiris, G.D., Pretzler, G., Watts, I., Chambers,
D.M., Norreys, P.A., Andiel, U., Dangor, A.E., Eidmann,
K., Gahn, C., Machacek, A., Wark, J.S. & Witte, K.
~1998!. Role of the plasma scale length in the harmonic gener-
ation from solid targets.Phys. Rev. E58, R5253–5256.

Coherent short wavelength radiation via picosecond Nd:glass lasers 65



PHYSICS OF PLASMAS VOLUME 9, NUMBER 8 AUGUST 2002
Measurement of energetic electrons from atomic clusters irradiated
by intense femtosecond laser pulses
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Spectra of energetic electrons in the 100 keV range were measured from the interaction of intense
femtosecond laser pulses with clusters of xenon or argon. The interaction of 28 fs pulses with cluster
targets revealed quite different results with respect to applied laser intensity. At the laser intensity of
131016 W/cm2, the absorption by xenon clusters was about 25%; however, at the laser intensity of
131017 W/cm2, the laser energy absorption drastically increased to 78%, and the efficient coupling
between the laser pulse and cluster target produced electrons with energy as high as 500 keV. The
estimated hot electron temperatures ranged from about 30 to 90 keV depending on atoms and
backing pressures. ©2002 American Institute of Physics.@DOI: 10.1063/1.1492804#
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I. INTRODUCTION

Recent development of ultrashort high-power la
technologies1,2 has opened a new regime of laser–matter
teractions in a very intense laser field. Using ultrashort hi
power lasers, it is now possible to study matter under
treme conditions, such as the fast ignition scheme for ine
confinement fusion,3 high harmonic generation,4,5 ultrashort
x-ray production,6 and laser accelerators.7 Interaction be-
tween intense ultrashort laser pulses and atomic clusters
also been studied intensively in recent years. High local d
sity within a cluster, coupled with low average density, c
ates unique conditions for efficient transfer of laser energ
a medium in a debris-free condition. Cluster targets can
sorb efficiently incident laser energy before significant e
pansion occurs8 and are very effective in producing stron
x-ray radiation,9 high-energy electrons10 and ions.11 In addi-
tion, fusion reactions have been demonstrated in las
cluster interactions.12

In contrast to investigations on x-rays9,13 and high-
energy ions11 produced by the intense irradiation of cluste
the electron measurement from laser–cluster interactions
not received much attention. The interaction of an inte
laser pulse with clusters can efficiently couple laser energ
electrons, comparable to the interaction of intense la
pulses with solid targets. Rapid heating of electrons in
cluster target prior to significant expansion of genera
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plasma yields an electron energy distribution that exhib
two distinctive peaks.10 Thermal electrons are the result o
collisional heating early in the pulse, and hot electrons,
the other hand, result from a resonance absorption du
resonant coupling of a laser field with electron plasma wa
at the critical density layer, where the electron plasma f
quency equals the laser frequency. The resonance absor
then can generate energetic electrons through wave brea
Shaoet al.10 reported a hot electron generation, up to 3 ke
with an applied laser intensity of 131016 W/cm2 and a pulse
duration of 150 fs. Their measured electron energy was l
ited to several keV to avoid an electric shortage in a tim
of-flight drift tube; therefore, more experimental results a
needed for proper understanding of intense laser–cluste
teractions, such as at higher laser intensity with various ki
of atoms and cluster parameters as well as a measure
range of much higher electron energy, especially at sho
laser pulse duration.

In this paper we report electron energy spectra with
ergy higher than 10 keV, obtained from the interaction
intense femtosecond pulses with argon or xenon clusters.
electrons were measured using a magnetic electron s
trometer, and, at a laser intensity of 131017 W/cm2, ob-
served electron energy was as high as 500 keV. Results f
the absorption measurement of laser energy by clusters
extreme ultraviolet~XUV ! spectra, obtained while scannin
laser pulse duration, showed the achievement of effic
coupling of intense laser pulses, even with the pulse dura
as short as 28 fs.
5 © 2002 American Institute of Physics
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II. EXPERIMENTAL SETUP

Experiments were carried out with a chirped-pulse a
plification Ti:Sapphire laser operating at a wavelength of 8
nm and a repetition rate of 10 Hz. The laser delivered pu
of 30 mJ energy in 28 fs pulses. The Ti:sapphire oscilla
was operated in a long cavity mode to facilitate good pu
selection in a Pockels cell so as to minimize the amplifi
tion of any leakage femtosecond pulses. The ratio betwe
femtosecond prepulse to a main pulse, less than 1025, was
measured with a frequency-resolved optical-gating~FROG!
system. A linearly polarized laser beam was focused wit
45 cm focal length spherical mirror, yielding a peak intens
of 131017 W/cm2 at 28 fs. We were able to vary the las
pulse length up to 2 ps by changing the distance betw
gratings in a pulse compressor.

Atomic clusters were produced with a pulsed sonic g
jet with a nozzle diameter of 0.2 mm. With sufficiently hig
backing pressure, clusters were produced in the gas jet
due to the adiabatic cooling of the expanding gas i
vacuum.14 The jet was operated with a backing pressure
to 20 bars. For large rare gas clusters, the mean cluster
~number of atoms per cluster! is reasonably well predicted b
the expression14,15 ^N&533(G* /1000)2.35 ~for G* .1000!,
whereG* is the dimensionless ‘‘Hagena parameter’’ giv
by G* 5k@d/tan(a)#0.85p0T0

22.29. Here k51650 for Ar and
k55500 for Xe, andd anda are the nozzle diameter (mm)
and the expansion angle, andp0 and T0 are the backing
pressure~mbar! and pre-expansion gas temperature~K!, re-
spectively. In experiments reported here, average cluste
dii were 88 Å for Xe at a backing pressure of 18 bars, 32
for Ar at 20 bars and 12 Å for Ar at 6 bars, deduced fro
Rayleigh scattering measurements along with the Hag
formula.13,15

The main diagnostic of hot electron measurements w
45°-focusing magnetic spectrometer, fitted with a perman
magnetic field of 650 Gauss, with a LiF thermoluminesc
dosimeter~TLD! as a detector. Recent development of ult
sensitive LiF TLD made thin TLDs feasible for hot electro
detection.16 The energy range of this instrument was betwe
7 keV to 1 MeV, and its energy resolution was better th
5%. The entrance hole of the electron spectrometer
aligned transversely to the laser propagation direction.
collection angle of the spectrometer was about 531023 sr.
The background level of TLD used was less than 5mGy
when it was pre-heated to 240 °C. When a TLD wrapp
with 18 mm thick Al foil was put in the spectrometer at th
position corresponding to 40 keV, the dose on the TLD d
matically dropped to severalmGy from several mGy in the
case of a bare TLD. This confirmed hot electrons mai
caused the dose on TLDs. In addition, by placing an arra
TLDs inside a hemispherical surface, the angular distribut
of hot electron emission was measured.

Time-integrated XUV emission was measured using
space-resolving, flat-field XUV spectrometer.17 The spec-
trograph utilized a varied line-spacing concave grating w
1200 grooves/mm in combination with gold-coated toroid
mirror, and a backside-illuminated x-ray charge-coupled
vice ~CCD! as a detector. The spectral resolution was
Downloaded 13 Sep 2002 to 141.213.19.45. Redistribution subject to A
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proximately 0.2 Å near 200 Å. The spectrograph was po
tioned to view the target perpendicularly to the las
propagation direction. For the measurement of laser ene
absorption, a large calorimeter was used in combination w
an interference filter that transmits only the laser waveleng
The experimental arrangement is shown in Fig. 1.

III. EXPERIMENTAL RESULTS

For the measurement of an electron spectrum rang
from 10 keV to 1 MeV, 15–20 pieces of circular TLDs of
mm in diameter were installed inside the electron spectro
eter. A dose of exposed TLDs was measured with a T
reader system~Teledyne 310!. The inset in Fig. 2 shows the
TLD heating process in time and typical glow curves r
corded with a photomultiplier tube~PMT! during the heating
process. The glow curve for an experimental TLD pie
~solid curve in the inset of Fig. 2!, placed at the electron
energy of 100 keV in the electron spectrometer, shows
experimental signal level, as compared to the backgro
level measured with an unexposed piece~dashed glow
curve!. We see that the glow signal of the TLD taken o
from the spectrometer was about 100 times higher than
unexposed piece.

FIG. 1. Experimental setup used for laser–cluster interactions.

FIG. 2. Hot electron spectrum from Xe, measured using a magnetic elec
spectrometer. Applied laser intensity was 131017 W/cm2, and backing pres-
sure of Xe was 18 bars. The inset shows the TLD heating process in
~dotted line! and typical glow curves of a TLD piece placed at 100 ke
electron energy~solid line! and an unexposed TLD~dashed line!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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The electron spectrum from xenon of 18 bars irradia
with a laser intensity of 131017 W/cm2 is shown in Fig. 2.
All results presented here were obtained with laser be
focused at 0.5 mm above the nozzle. The TLD dose w
calibrated for energy response and dose response.16 Figure 2
reveals that~1! hot electrons with energy in the 100 ke
range were generated,~2! the maximum energy of hot elec
trons was as high as 500 keV, and~3! the electron spectrum
is peaked around 100 keV. The peaked electron spect
indicates that a charge separation potential was develo
due to space charges that held low-energy electrons in
clusters.

Angular dependence of the hot electron emission in
plane that contains the laser propagation axis and laser
larization was measured. An array of TLD pieces wrapp
with 18 mm thick Al foil was placed around a hemispheric
surface. Since xenon ions with energy below 10 MeV, sc
tered laser light, most XUV emissions, and electrons w
energy below 50 keV cannot pass through the Al foil, th
arrangement can be used to detect hot electrons with en
higher than 50 keV. The result showed that hot electron em
sion was nearly isotropic.

In order to verify that detected hot electrons originat
from laser-irradiated clusters, additional experiments w
carried out. A prepulse containing 7% of laser energy w
delivered to the target at 80 ps before the main pulse. T
prepulse is still intense enough to make clusters start to
pand. Most clusters will be completely disassembled by
time the main pulse arrives, according to an expansion t
scale for a cluster–plasma,18 especially in the central part o
focused spot. Under these laser conditions, the obse
electron spectrum was quite different from that in Fig.
Compared to the electron spectrum in Fig. 2, the TLD d
in the case with the prepulse dramatically decreased to
than 1% and no peaked structure was observed. This fin
confirmed that the hot electrons in Fig. 2 came from
cluster–plasma. The experiment was repeated with a ci
larly polarized laser; however, hot electrons were not
tected in this case, either. Thus, the observed results sho
that the production of hot electrons originated from the re
nance absorption of linearly polarized laser pulses by c
ters.

For the investigation of the dependence of hot elect
spectrum on cluster size, we used argon as well as xe
with different backing pressures. Figure 3 shows the elec
spectra from argon and xenon irradiated with 28 fs la
pulses of an intensity 131017 W/cm2. We found that larger
clusters generated more hot electrons, especially in the
For small clusters such as Ar at 6 bars, the maximum e
tron energy did not reach 200 keV, but for Ar at 20 bars
maximum electron energy increased to higher than 500 k
For larger clusters such as Xe at 18 bars, the number of
electrons at the energy of 500 keV is several times lar
than that of Ar at 20 bars. The energy at which the elect
distribution peaks shows similar tendency. For Ar at 6 ba
the peak electron energy is about 50 keV; it is 70 keV for
at 20 bars and 100 keV for Xe at 20 bars. Consequently,
results showed that the interaction with larger clusters p
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duced more energetic electrons and increased space ch
potential.

A similar trend has been found for hot electron tempe
ture measured by fitting with a Maxwellian distribution wit
particular temperature. The hot electron temperature
tained in this way was about 70 keV for Ar 20 bars, and
keV for Ar 6 bars, as shown in Fig. 4. For the case of Xe
18 bars, the hot electron temperature was about 90 keV. If
use the temperature scaling law19,20 for hot electrons from
solid-target plasmas due to resonance absorption:Th(keV)
'731025(Il2)1/3, where laser intensityI is in units of
W/cm2 and wavelengthl is in units ofmm, the hot electron
temperature is about 30 keV, comparable to the measured
electron temperature for argon 6 bars and lower than thos
Ar 20 bars and Xe 18 bars. The hot electron temperat
estimated from the Maxwellian fitting increased with clus
size for given laser intensity. This may be understood
considering the difference in the duration of resonance

FIG. 3. Electron spectra from laser-irradiated clusters made from Xe ga
18 bars~solid circle!, Ar gas at 20 bars~open circle!, and Ar gas at 6 bars
~open square!. The duration and applied laser intensity were 28 fs and
31017 W/cm2, respectively.

FIG. 4. Hot electron temperature obtained by fitting with a Maxwelli
distribution: Ar gas at 20 bars~solid line! and at 6 bars~dashed line!. Dashed
lines show Maxwellian fitting. The duration and applied laser intensity w
28 fs and 131017 W/cm2, respectively.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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sorption and in the electric field strength of space cha
potential for various cluster sizes. A larger cluster can c
tain generated electrons more effectively, preventing a C
lomb explosion of cluster plasma and making the clus
evolve through hydrodynamic expansion.21 The larger cluster
can sustain its electron density above the critical den
longer than a small cluster so that the resonance absorp
can occur for longer period, which results in hot electr
production with higher temperature.

The dependence of laser absorption and XUV line int
sity on laser pulse duration has been measured. Figure~a!
shows the laser absorption by Xe clusters at 18 bars
function of laser pulse duration. The incident laser energy
30 mJ was kept the same while scanning the pulse dura
by changing the grating separation in the pulse compres
The laser intensity at the shortest pulse duration of 28 fs
131017 W/cm2. The maximum absorption for Xe cluste
reached as high as 78% and slowly decreased for lon
pulse duration. A similar tendency was observed in the X
line intensity~Xe71 4d– 6p at 108 Å!, as shown in Fig. 5~b!.
These results mean that a strong absorption occurred thr
efficient coupling even in the case of 28 fs pulses. The la
energy absorption and XUV line emission for Ar at 20 ba
showed a similar tendency, with a slightly more rapid d
crease than that of Xe.

When the laser energy decreased to 3 mJ, the behavi
XUV intensity to the pulse duration was much different fro
the 30 mJ case shown in Fig. 5. The laser intensity wa
31016 W/cm2 at 28 fs, and the pulse duration was scann
while maintaining the incident energy. For the case of Xe
18 bars, Fig. 6 shows that with the increase of pulse dura
the XUV intensity increased at first, then reached maxim
at the pulse duration of 500 fs, forming a plateau until 2
long pulses, and finally decreased with further increase of
pulse duration. The laser absorption measurement show
similar plateau structure and the absorption of laser ene
for the case of 28 fs pulse was only about 25%. Figure 6 a
shows that large clusters formed at 18 bars radiate m

FIG. 5. Laser absorption~a! and XUV intensity of Xe71 4d– 6p transition
at 108 Å ~b! for Xe clusters at 18 bars, given as a function of laser pu
duration. The pulse duration and applied laser intensity were 28 fs an
31017 W/cm2, respectively, and the pulse duration was scanned w
maintaining the incident laser energy of 30 mJ.
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more strongly than small clusters formed at 6.5 bars. Anot
difference for the two curves was found in the plateau str
ture; the clusters at 18 bars maintained its high XUV inte
sity up to the pulse duration of 2 ps, but the small clusters
6.5 bars did not show the plateau structure. The plat
structure of the XUV intensity over the pulse duration r
sulted from the long containment of a cluster plasma w
high electron density, above the critical density, providing
suitable condition for resonance absorption. The results
Fig. 6 show that the interaction with larger clusters sustain
the resonance condition for longer period of time th
smaller clusters. This supports the hydrodynamic expans
model by Milchberget al.21 that presented the resonance a
sorption in a critical density layer, instead of three times
critical density as seen in the uniform density model.22 Since
the assumption of uniform density plasma required in
latter model is too idealistic, it is hardly satisfied in re
cluster plasmas.23

The difference in cluster expansion dynamics betwe
the 30 and 3 mJ energy cases is attributed to a plasma de
evolution during a laser pulse. The inset in Fig. 6 shows
temporal profile of a 28 fs laser pulse measured usin
FROG system.24 When the laser energy and intensity are
mJ and 131017 W/cm2, respectively, the rising edge with a
intensity of about 1013 W/cm2 starts at 200 fs before th
peak. At this intensity the cluster can be heated and ioniz
This pre-heating procedure in the leading edge of the la
pulse makes the cluster expand while heated, providin
proper condition for resonance absorption before the la
peak arrives. So the majority of the laser energy can be re
nantly coupled to the pre-heated clusters, maximizing
sorption and XUV emission even at the pulse duration of
fs. On the other hand, if the laser peak intensity is decrea
by a factor of 10, the pre-heating will be shorter with mu

e
1

e
FIG. 6. Dependence of XUV intensity of Xe71 4d– 6p transition at 108 Å
on laser pulse duration for Xe clusters at 18 bars~solid circle! and at 6.5
bars ~open circle! irradiated with 3 mJ laser pulses, corresponding to
intensity of 131016 W/cm2 at 28 fs. The pulse duration was scanned wh
maintaining the incident laser energy. Inset shows the intensity profile
28 fs laser pulse measured using a FROG system.
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smaller absorbed energy, not enough to reach a condition
resonance absorption. In this case, the process of pre-he
will be insufficient, and the peak of the laser pulse will i
teract with comparably high local density cluster. Significa
resonance absorption will not occur at the pulse duration
28 fs; however, by increasing the pulse duration over sev
hundred femtoseconds, the laser pulse can make cluster
pand toward the resonance condition during the laser pu
As a result, the XUV intensity was enhanced with a lo
pulse in the 3 mJ case, as confirmed by our experime
results.

IV. CONCLUSION

The interaction of intense femtosecond laser pulses w
cluster targets of xenon and argon produced energetic e
trons. At a low energy irradiation, the interaction was n
efficient at the pulse duration of 28 fs~intensity of 1
31016 W/cm2! but grew stronger as the pulse duration w
increased to several hundred femtoseconds while keeping
plied laser energy the same. At the laser intensity o
31017 W/cm2, the coupling of laser and cluster plasmas w
efficient even with 28 fs laser pulses, and the strong inte
tion produced energetic electrons of energy as high as
keV, which is a significant enhancement of hot electron
ergy in cluster plasmas over the previous result.10 The esti-
mated hot electron temperatures ranged from about 30 t
keV depending on atoms and backing pressures.
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Transient characteristics of a neon-like x-ray laser at 19.6 nm
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A transient Ne-like x-ray laser at 19.6 nm (J50→1, 3p→3s) is numerically investigated using a
hydrodynamic code for a 100mm thick Ge planar target irradiated by a nanosecond prepulse
followed by a subpicosecond or a picosecond main optical laser pulse. Simulations are performed
for different main pulse lengths of 50 fs, 500 fs, 5 ps, and 50 ps but with fixed pulse energy. For a
drive pulse even as short as 500 fs, the x-ray laser gain still shows quasisteady state behaviors. A real
transient nature can only be seen when the x-ray laser is driven by a laser pulse with a duration as
short as tens of femtoseconds. ©2002 American Institute of Physics.@DOI: 10.1063/1.1458029#
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I. INTRODUCTION

Since the first demonstration of soft x-ray lasers
1985,1 quasisteady state~QSS! collisional x-ray lasers have
been investigated intensively.2–9 By comparison, the tran
sient collisional excitation~TCE! was proposed as an alte
native scheme to significantly save drive energy.10–14 In the
QSS excitation scheme, electrons at the lower level de
into the ground state due to the strong dipole radiation w
the upper level is populated through the monopole collisio
excitation. This results in a population inversion between
upper and lower energy levels. In recent years, the QS
usually reached by using a low intensity prepulse follow
by a high intensity main pulse.2–9 Saturated output has bee
demonstrated at many wavelengths from several tens of
to 5.8 nm,5–8 and the pump energy has been reduced to
than 100 joules for x-ray lasers with wavelengths of.10
nm. Recently, the QSS x-ray lasers also made a g
progress of improving the efficiency. Saturated output
been reached for Ne-like Fe~25.5 nm!, Ni-like Ag ~14.0 nm!,
and Ni-like Pd~14.7 nm! using only 30 J laser energy in th
main laser pulse.9

According to the theory of Afanasiev, the population i
version in the TCE scheme appears to be due to the diffe
transient pump rates of the energy levels.10 The analytical
approach for TCE was performed in an ideal model: the e
tron temperature has a sudden jump to high value durin
very short time and then becomes constant. The ioniza
process can be ignored. During the pump time, the theo
cal estimate of transient gain can be higher than 100 cm21.11

In experiments the hydrodynamic conditions of the TC
scheme can be realized by using a low intensity lo
prepulse to produce a preplasma with rich population of
like or Ne-like ions in the ground state. After the prepulse
high intensity short main pulse is used to make a jump
electron temperature. In the last five years, the CPA~Chirped
Pulse Amplification! laser technology has made the high i
tensity picosecond and femtosecond pulse lasers availab

a!Author to whom correspondence should be addressed. Electronic
jzhang@aphy.iphy.ac.cn
1411070-664X/2002/9(4)/1412/4/$19.00
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university laboratories. This situation has created a great p
sibility to realize TCE x-ray lasers at small laser laboratori
thus making the wide application of x-ray lasers possib
More than 100 cm21 local gain for the Ne-like Ge x-ray lase
at 19.6 nm was predicted using 1 ns prepulse at
31012 W/cm2 and 2 ps main pulse at 1015 W/cm2.11 The
first experiments were performed by using a nanosec
prepulse and a picosecond main pulse.12–16The pump energy
for a saturated laser output has been reduced to 10 J.16 Nilsen
analyzed the population kinetics for a transient Ne-like
x-ray laser at wavelengths of 32.6 and 30.1 nm. The res
show that over picosecond scales, the gain of the Ne-like
laser has a quasisteady state nature with regard to the e
librium of the excited-state population.17 A similarity model
for the hydrodynamic characteristics of Ni-like TCE x-ra
lasers was also developed,18 which can be very useful to
optimize the drive pulse parameters.

Analytical analysis shows,10 that the transient excitation
time of a fixed ionization stage decreases with the increas
nuclear charge. Thus in the Ne-like Ge plasma, the trans
collisional pumping should have a shorter time scale th
Ne-like Ti ions. In this paper, we model the Ne-like Ge x-r
laser at 19.6 nm numerically to investigate plasma conditi
and the gain characteristics in QSS and TCE regimes, res
tively. The simulations were performed for main pum
pulses with fixed energy but various pulse durations from
fs to 50 ps. The transient nature of x-ray laser pumping
be reflected from the ionization balance in the plasma. Co
parison of gain characteristics and the plasma state for
ferent drive pulses shows that real transient nature of
Ne-like Ge x-ray laser at 19.6 nm can be generated by la
pulses with tens of femtosecond duration.

II. PLASMA MODELING

Simulations were carried out for 100mm thick germa-
nium slab targets irradiated by a 1 nsprepulse and a pico
second main pulse at 1.06mm wavelength. Both pulses hav
a Gaussian profile in time. The 1D Lagrangian hydrod
namic code MED103 was used to simulate the time evo
tion of laser–plasma interactions and to calculate the g
il:
2 © 2002 American Institute of Physics
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coefficients. The MED103 code has been well tested
widely used for the investigation of x-ray lasers, lase
plasma interactions and laser fusion.19–21

It is well known that the preplasma for TCE should ha
a rich population of ground state ions. In order to obtain
optimum peak intensity of prepulse, the simulations ha
been performed for a 1 nsprepulse with different peak inten
sities of 131012 W/cm2, and 531012 W/cm2. Figure 1
shows the spatio-temporal profile of Ne-like ions fraction
plasmas produced by such prepulses. The peak intensi
prepulses exists at 1 ns in the figures. It is apparent that
131012 W/cm2 intensity prepulse is not high enough to io
ize the preplasma to a Ne-like state. The prepulse with a p
intensity of 531012 W/cm2 is enough to generate a rich Ne
like ionization population in the preplasma for a TCE x-r
laser.

In order to see the difference between TCE and Q
excitation we did calculations with different main pulse d
ration but a fixed energy. The main pulse durations use
the simulations are 50 ps, 5 ps, 500 fs, and 50 fs. The p
intensities of the main pulse are 1014 W/cm2, 1015 W/cm2,
1016 W/cm2, and 1017 W/cm2. All simulations performed
with a 1 nsprepulse at 531012 W/cm2. The peak to peak
time delay between the prepulse and main pulse was set
0.5 ns. The main pulse reaches its peak intensity at 150
on the time scale used in Figs. 2–4. For a high pump int

FIG. 1. The fraction of the ground state Ne-like ions versus space and
in the plasmas generated by 1 ns long prepulses with a peak intensity
31012 W/cm2 ~a! and 531012 W/cm2 ~b!. The initial position of target
surface is located at 100mm.
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sity 1016 W/cm2 and 1017 W/cm2, the effect of high field
ionization on the gain region has been considered and
correction to the absorption of laser radiation by inve
bremsstrahlung is included. By analyzing the spatial char
teristics of the results, we found that the high field ionizati
can affect the state of the plasma, but weakly affect the g
region. The high field ionization mainly has effects on t
characteristics of local regions close to the critical densit

III. RESULTS AND DISCUSSIONS

Figure 2 shows the spatio-temporal behaviors of g
contours for four different drive pulse durations of 50 fs, 5
fs, 5 ps, and 50 ps. The spatial and temporal evolution
electron temperature is presented in Fig. 3. Figure 4 sh
the fraction of ground state F-like ions in plasma. This
flects the ionization balance. The main characteristics of
x-ray laser are summarized in Table I.

It is apparent that the characteristics of the x-ray la
driven by a 50 ps main pulse are a typical QSS case.
high gain of 83 cm21 is due to the high density of Ne-like
ions in plasma. In case of 5 ps drive pulse, the elect
temperature increases rapidly from;200 eV to 2.2 keV near
the critical density, and from 400 eV to;1.5 keV in the

e
f 1

FIG. 2. Gain contours versus space and time for four values of the d
pulse durations 50 fs, 500 fs, 5 ps, and 50 ps. The gain in plot reduces
80 cm21 ~black! to 20 cm21 ~white! by step of 20 cm21.
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corona region ofne,nc when the main pulse comes. Durin
the main pulse pumping the ion temperature is almost
changed, 15% ions are over-ionized to F-like state. The
fs pulse driven x-ray laser has a similar situation with t
case driven by a 5 ps pump pulse. Detailed investigatio
shows that from 500 fs to 50 ps pulse duration, the maxim
gain coefficients slowly decrease from about 100 cm21 to 83
cm21. We should note that the peak gain coefficients a
electron temperature for 500 fs–5 ps drive pulse are loca
near the critical density and have narrow spatial width. In
corona region where the laser energy is mainly deposited
spatial gain extent, and electron temperature of plasmas
similar for 500 fs, 5 ps, and 50 ps drive pulse durations.
we believe that for Ne-like Ge x-ray lasers, the so-cal
‘‘TCE’’ scheme, which uses picoseconds pump pulses,
no difference from traditional QSS excitation in the fram
work. The high gain of short pulse driven x-ray laser is on
due to the relative high electron temperature.

For the shortest drive pulse of 50 fs, the maximum g
is 91 cm21 and comes 1.2 ps later after the drive pulse. T
peak electron temperature near the critical density can
grater than 6 keV. But this electron temperature is not s
able for collisional x-ray lasers. In the corona region, t
gain and electron temperature are much lower than th
driven by the other excitation schemes with longer dr

FIG. 3. Contours of electron temperature versus space and time of the
values of the drive pulse durations 50 fs, 500 fs, 5 ps, and 50 ps.
electron temperature in plot reduces from 1500 eV~black! to 600 eV~white!
by step of 300 eV.
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pulses, such as 500 fs, 5 ps, and 50 ps durations. Th
because the efficiency of absorption by the inverse brem
tralung for ultrashort laser pulses is much lower than for lo
pulses. From Fig. 4 we can see that for 50 fs laser pu
pumping, there is no overionization.

The ionization balance is the most important criterion
determine QSS and TCE x-ray lasers. The pure TCE does
allow any change of ionization balance during pumping, b
actually this condition cannot be realized. The simulati
results show that only a 50 fs drive pulse can basically av
the overionization in the plasma. Thus it can be seen that
Ne-like Ge x-ray laser at 19.6 nm pumped by a pulse as s
as 50 fs is the real transient collitional excitation.

ur
e
FIG. 4. Contours of the fraction of ground state F-like ions versus space
time for four values of the drive pulse durations 50 fs, 500 fs, 5 ps, and
ps. The contours from black to white represent fractions greater than 1
10%, 5%, and 1%.

TABLE I. Simulated gain and plasma conditions.

Intensity
of main

pulse~W/cm2!

Duration
of main

pulse~ps!

Maximum
local gain

~cm21!
Maximum
Te ~eV!

Fraction of
overionized

ions ~%!

1017 0.05 91 ;6000 ;2
1016 0.5 108 ;3000 ;5
1015 5 118 ;2200 ;10
1014 50 83 ;1300 15–20
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



a
ro

t
o

he
iv
p
ea
t

s

c
74
ig

M.
L.

f-
T.

e

S.
e,
ar

son,
.

H.
. S.

d E.

un.

.
J.

and

G.

N.

ner,

ys.

1415Phys. Plasmas, Vol. 9, No. 4, April 2002 Transient characteristics of a neon-like x-ray laser . . .
IV. CONCLUSIONS

In conclusion, we have investigated the Ne-like Ge x-r
laser at 19.6 nm numerically using a one-dimensional hyd
dynamic code MED103 for a 100mm thick Ge planar targe
irradiated by a nanosecond prepulse followed by a sh
drive pulse with different durations but a fixed energy. T
comparison of ionization balance created by different dr
pulse shows that in the dynamic range from 500 fs to 50
the transient collisional excitation does not exist. The r
transient x-ray laser of Ne-like GE at 19.6 nm waveleng
can only be generated by a short laser pulse with ten
femtosecond duration.
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Forward dynamics of water-plasmas produced by femtosecond laser
pulses
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The evolution of the forward density front of water-plasmas generated by ultrashort laser pulses on
an air–water interface is investigated with optical diagnostics. The density front is found to move
with supersonic speed at the beginning, as predicted by a hydrodynamics simulation. This
plasma-expansion process is followed by a fluid mechanical process. The expansion rate gradually
reduces to the acoustic speed in water. ©2002 American Institute of Physics.
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I. INTRODUCTON

Earlier work on laser-produced liquid plasmas conc
trated mainly on laser-induced breakdowns from focus
long laser pulses~ns or sub-ns! inside a liquid.1–3 More re-
cently, there has been much theoretical and experimenta
search on laser-produced bubbles in liquids. Many inter
ing phenomena, such as light emission from a sin
collapsing cavitation bubble, or single cavitation bubble
minescence, have been found.4–6 However, many practica
laser applications, such as laser surgery, etc.,7 involve the
interaction of a laser beam with an air–liquid interface.

In this paper we investigate water-plasmas produced
focusing a femtosecond laser pulse on the surface of wat
higher laser intensity is used in our experiments than th
used in the earlier works. Water is transparent for laser pr
ing, and it is soft for plasma expansion. Most experimen
techniques used in the study of laser plasmas are not a
cable in a liquid environment because most plasma parti
and x-ray photons, which carry much information about
plasma, cannot escape from the ambient liquid and the c
tainer wall, and thus cannot be monitored by the usual p
sive diagnostics. It is therefore convenient to study the
ward ~in the laser propagation direction! dynamical
processes with direct optical diagnostics in a laser-water
periment. Here, we present some observations on the ev
tion of the forward dynamics of water plasmas with an op
cal shadowgraphy technique. Our results are useful
elucidating how laser bubbles are formed, how they evo
and how they might affect ambient soft tissues.

II. EXPERIMENTAL SETUP

The experiment was carried out using the ultrash
pulse laser facility at the Institute of Physics of the Chine
Academy of Sciences. A Ti:sapphire laser system outpu
mJ in 150 fs pulses at 800 nm. The laser beam was focu
by a lens with a focal length of 20 mm onto distilled wat

a!Author to whom correspondence should be addressed. Electronic
jzhang@aphy.iphy.ac.cn
4021070-664X/2002/9(9)/4028/4/$19.00
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surface with an average intensity of 131016 W/cm2. The
incident angle was 15°. The forward evolution of the wa
plasma was monitored with an optical shadowgraphy te
nique. A small portion of the laser beam split from the ma
~interaction! beam was used after being frequency-doub
to 400 nm as a probe. The plasma was imaged by a mi
scope on a 16 bit, 512312 pixel charge-coupled devic
~CCD! camera. An assembly of neutral and interference
ters with a narrow bandwidth singled out the 400 nm pro
beam from the background emission. Varying the delay
the probe beam with respect to the main beam on succes
shots permitted mapping of the evolution of the dens
structure of the forward plasma as a function of time. T
pixel size of the CCD camera is 25mm, which gives a pixel-
size limited spatial resolution of about 4mm. The time reso-
lution was determined by the duration of the probe beam
about 150 fs. Other diagnostics included hot electron m
surements with LiF~Mg, Cu, P! thermoluminescence dosim
eter~TLDs!, and hard x-ray measurements with ag-ray spec-
trometer with NaI as detector.8,9 Intense hard x-ray photon
and electron emission were also observed in the wa
plasma generated by the main laser beam. These results
be presented elsewhere.

III. EXPERIMENTAL RESULTS AND SIMULATION

To understand the process of forward evolution of t
water-plasma, we used a one-dimensional two-tempera
hydrodynamics code~MED103!10,11 to simulate the behavio
of the water-plasma generated by 150 fs, 5 mJ laser pu
Figures 1~a! and~b! show snapshots of the spatial profiles
the mass densityr, pressurep, cell velocityv, electron tem-
peratureTe and ion temperatureTi at the time of the laser
peak and at 5 ps after the peak, respectively. The water
face was located at 1000mm; the laser pulse was inciden
from the right. The undisturbed water density was 1 g/cm3.
When the laser pulse reached its maximum energy, a
Mbar peak pressure was produced in water. The flow cell
the water surface expanded outwards. However, the in
cells moved into the water in an opposite direction~negative
velocity!. This led to a rise of the mass density in water.
il:
8 © 2002 American Institute of Physics
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4029Phys. Plasmas, Vol. 9, No. 9, September 2002 Forward dynamics of water-plasmas . . .
density cavitation was formed simultaneously. The ma
mum electron temperature was 240 eV, about 25 times hig
than the ion temperature. The ions and electrons could
reach collisional balance in such a short time scale beca
the corresponding relaxation time is much larger than
laser duration. After the laser pulse is dissipated, the pres
and electron temperature started to decrease. However
velocities of the flow cells continued to increase, and
higher density compression was produced. The mass c
pression ratio reached 2 times higher than that in the un
turbed water at 5 ps after the laser peak, as shown in
1~b!. The variation of the density, or refraction index,
water can be measured directly by optical diagnostics suc
interferometry, shadowgraphy, etc. Note that at 5 ps the
and electron temperatures are almost the same. This sh
that the electron-ion relaxation time is only a few picose
onds in water. Figure 1~c! presents two graphs that show th
forward evolution of mass density during 5–50 ps and 1–
ns, respectively. The mass density rises to the maxim
three times of the undisturbed water, at 9 ps. Then it
creases to the undisturbed density gradually as propaga
into water.

Figure 2~a! shows typical shadowgrams of the forwa
expansion of the water-plasma produced by different la
energy at the same delay time of 22.2 ns with respect to
main laser beam. The main interaction beam is incident fr
the top. The probe beam passes through the plasma re
parallel to the water surface. The laser energy was adju

FIG. 1. Snapshots of spatial profiles of the mass densityr, pressurep, cell
velocity v, electron temperatureTe and ion temperatureTi at the time of the
laser peak~a! and at 5 ps after the laser peak~b!; ~c! shows the forward
evolution of mass density during 5–50 ps and 1–10 ns. Water surfac
cates at 1000mm; laser is incident from the right.
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by neutral filters with different attenuation factors calibrat
in advance. The plasma plume expanding into air~backward
expanding! is invisible because the water near the glass fl
wall deflects~like a prism! the probe beam out of the optica
components. The forward expanding plasma~into the water!
can be seen because it is at the bottom of the concave w
surface. This is illustrated in Fig. 2~b!. From these shadow
grams we can see that a density cavitation is formed by
pressure of plasma expansion. As expected, the size o
cavitation is smaller for lower laser energy. When the la
energy was attenuated by a factor of 1000, no plas
shadow could be seen on the CCD camera. Possible ca
dates responsible for the filaments shown in Fig. 2~a! include
charged particles, clusters formed by laser vaporizing
sputtering, and the laser beam entering into water. Ion eff
are negligible because the energy of the ions generated a
irradiance of 131016 W/cm2 is not high enough to penetrat
several hundred microns of water. Some small clusters
jecting into the water are seen by the naked eye during
interaction. We use a digital video recorder to record th
clusters. The video images show that neutral water clus
are exploded out from the focal spot. But they need m
time to penetrate such a long distance. High-energy elect
and laser beam leaked into water can propagate a long
tance in water. However, the same directions of those fi
ments as the incident laser propagation imply that the la
leaked into water plays a main role in the formation of t
filaments.

In Fig. 2~a! cylindrical cumulative shock wave is eviden
near the laser axis in water. We believe that the shock w
is caused by the self-focusing of leaked laser in water. W
the leaked laser pulse enters the water, a hot, elongated
ment is formed around the laser axis because the laser p
is higher than the self-focusing threshold~'2 MW for wa-

o-

FIG. 2. ~a! Shadowgrams of the density front in water at 22.2 ns of the de
time with different laser energies;~b! a schematic drawing of the prob
beam and the plasma expansion. Laser is incident from the top. Only
ward expansion is recorded on CCD because the optical rays above w
surface are deflected out of the collective optical component by the w
near the glass flask wall~see the dash line!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4030 Phys. Plasmas, Vol. 9, No. 9, September 2002 Li et al.
ter!. A shock wave is produced as a result of the high pr
sure exerted by the filamentlike plasma. But the propaga
trajectory of the shock wave cannot be distinguished fr
the density perturbation induced by side leaked laser aro
the laser axis in some shots. Therefore no quantitative in
mation is obtained about the shock wave.

Figure 3 displays the expansion depth of the den
front into water versus the laser energy at a 22.2 ns de
time. The data from five measurements were averaged.
error bars correspond to the shot-shot fluctuations. The
perimental data were fitted by an allometric function: d
tance (mm)5a3 laser energy (mJ)]b, wherea andb are the
fitting parameters. Although the two parameters are differ
for different delay times, the parameterb falls within the
range 0.2–0.27. A cube root dependence of cavitation ra
on the pulse energy was obtained in the studies of nano
ond and picosecond laser breakdown in water.12 Our results
imply that shorter laser pulses are preferable in reducing
side effects in surgical applications.13

The temporal series of shadowgrams of the expans
taken from 27 ps to 22.2 ns after the main laser beam
shown in Fig. 4. The displacement of the density front fro
the water surface as a function of the delay time are show

FIG. 3. Distance of the density front from water surface as a function of
laser pulse energy at 22.2 ns of delay time. The experimental data are
by an allometric function.

FIG. 4. Time series of shadowgrams showing the evolution of density f
with the delay time in water for 5 mJ of laser energy.
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Fig. 5~a! for both 5 and 0.9 mJ laser energies. Two proces
of density expansion can be clearly identified: a quickly d
celerating process and a near uniform expansion proc
This is more apparent in Fig. 5~b!, which shows the mea
sured velocity of the density front as a function of time f
the case of 5 mJ laser energy by differentiating the exp
mental data in Fig. 5~a!. We find that these two processe
correspond to an initial plasma expansion followed by a p
fluid mechanical process, respectively. During the plasma
pansion, the high pressure produced by the expansion ex
the water in the focal spot. The pressure is transient beca
of the short duration of the laser pulse. Due to electron
combination and heat conduction, the plasma cools do
quickly. This leads to a quickly slowing-down of the veloci
of the density front. After the plasma cools down complete
typically on a nanosecond time scale, the movement of
density front is dominated by pure fluid mechanics and
velocity decays gradually to the acoustic speed in water.
line shows the theoretical velocity obtained from our sim
lation. We see that the theoretical velocity of the dens
front agrees with our measurements to within a factor o
during the plasma stage. However, great discrepancy e
in the later stage. In the code the equations of state u
assume the ions is a nondegenerate perfect gas and the
trons behave as an either nondegenerate or partially or f
degenerate perfect gas. The code does not take into acc
the practical equation of state of water and the dissipa
processes, so that it is valid mainly for the early stages w
plasma processes dominate. This leads to the discrepan
the pure fluid process. So one should be careful to estim
the forward expansion for the later stage using a hydro
namic code.

e
ted

t

FIG. 5. ~a! Measured dependence of distance of the density front from
water surface on the delay time for 5 mJ and 0.9 mJ laser energies~b!
Measured velocity of the density front for 5 mJ laser as a function of ti
obtained by differentiating the experimental data in~a!; the line shows the
theoretical velocity obtained by hydrodynamic simulation.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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The evolution of the backward expansion of the plas
into air is illustrated in Fig. 6. In order to observe the bac
ward expansion, the water surface was adjusted to be
vex, so the forward expansion cannot be seen in those
ages. Compared with the forward movement of the den
front, the expansion into air is faster than that into water

IV. CONCLUSIONS

In summary, the forward density evolution of water pla
mas produced by femtosecond laser pulses on an air–li
interface has been investigated by optical shadowgraphy
numerical simulation. The density front first moves with
supersonic speed but it slows down quickly as the plas
cools down. The expansion speed gradually reduces to
acoustic speed as the fluid dynamic effects become do
nate.

FIG. 6. Time series of shadowgrams showing the evolution of the backw
plasma expansion above water surface at 1 ns~a!, 2.5 ns~b!, 5 ns~c! and 10
ns ~d!, respectively, for a 5 mJ oflaser energy.
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Generation of high-amplitude plasma waves for particle acceleration
by cross-modulated laser wake fields
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A scheme is proposed to amplify the wake field of an ultrashort laser pulse by a second laser pulse
co-propagating behind with a duration of a few plasma wavelengths or longer for particle
acceleration. It is found that, due to the cross-phase modulation by the wake field, the second laser
pulse is modulated quickly and split into a multipulse train, where the durations of subpulses are
around a plasma oscillation period. This pulse train amplifies the wake field in turn to a high level
until wave breaking. With this scheme, a large-amplitude plasma wave can be generated with laser
pulses only at moderate intensities. For example, the effective acceleration field for trapped
electrons injected from wave-breaking exceeds 100 GeV/m for incident laser pulses at intensity
3.431017 W/cm2 in plasma at one percent of the critical density, as demonstrated by particle-in-cell
simulations. ©2002 American Institute of Physics.@DOI: 10.1063/1.1485771#
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I. INTRODUCTION

Since the plasma-based particle accelerators includ
the laser beat-wave accelerator and the standard wake
accelerators were suggested two decades ago,1 some innova-
tions have been proposed, which allow the plasma-based
celerators to work in different parameter regimes and diff
ent geometry configurations.2–7 In the proposed self-
modulated laser wake-field accelerator~SM–LWFA!,2–4 the
plasma wave is generated through a resonant self-modula
process of a relatively long pulse of a few plasma oscillat
periods, which is usually coupled with Raman forward sc
tering ~RFS!. For the plasma wave to grow up to a high lev
for efficient acceleration, a time scale of a few tens times t
for RFS growth;(v0 /vp

2)g0
2/a0 is necessary, wherev0 is

the laser frequency,vp is the plasma frequency,a0 is the
normalized laser amplitude, andg0;(11a0

2/2)1/2. In this
case, the corresponding spatial extension is usually la
than the Rayleigh length in tenuous plasma. Therefor
guiding channel for the laser pulse is necessary. On the o
hand, since the plasma wave generated through the
modulation and RFS processes grows from noise in
plasma, it is not controllable. In order to remove this unc
tainty, ways of seeding self-modulation of the laser pu
such as Raman seeding and plasmon seeding have
suggested.8 There is also another proposal to generate h
amplitude plasma waves by use of two slightly detun
counter-propagating laser pulses, an ultrashort timing p

a!Electronic mail: zmsheng@aphy.iphy.ac.cn
3141070-664X/2002/9(7)/3147/7/$19.00
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and a long pump pulse.7 This can be understood as a kind
Raman seeding. With the plasma wave excited in a c
trolled way, one may be able to inject electrons right at
acceleration phase of the high amplitude plasma wave, s
as in the scheme of the laser injected laser acceler
~LILAC !.5 In this scheme, electrons are injected by use
another ultrashort intense laser pulse intersecting with
high-amplitude plasma wave. It is supposed to be able
obtain energetic electron beams with low energy spread.

In this paper, we introduce a new scheme to genera
high amplitude wake field up to the wave-breaking amp
tude by use of two laser pulses with only modest intensit
The first pulse is an ultrashort laser pulse shorter tha
plasma oscillation period, which produces a seed wake fi
The second pulse is a relatively long pulse, such as a
plasma oscillation periods. During the propagation proce
the second pulse is cross-phase modulated~XPM! by the
density gradient of the seed wake field,9 and is split up into a
multipulse train,10,11 where each subpulse has durati
around a plasma oscillation period. This pulse train then
turn amplifies the seed wake field up to a high level in a w
as discussed in a number of papers.6 This process develops in
a time scale shorter than that for the SM–LWFA, and ther
no necessity for any particular timing between the tw
pulses. This scheme, named for short as XM–LWFA in
following, is demonstrated by use of particle-in-cell~PIC!
simulations. We mention that when the second pulse is
tially shorter than a plasma wavelength, it can be sign
cantly compressed by the wake field of the first pu
7 © 2002 American Institute of Physics
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through XPM if the amplitude of the wake-field excee
some threshold value.10,11

II. ONE-DIMENSIONAL PIC SIMULATIONS

For laser pulses propagating in a homogeneously te
ous plasma, the one-dimensional envelope evolution of
pulses and the excited wake field can be described by3,9–12

S 2i
]

]t
1e2

]2

]j2Da5S n

g
21Da, ~1!

]2f

]j2 5n21, ~2!

n5b2g/~11f2ggb
22!, ~3!

if we assume that the two pulses involved in the pres
XM–LWFA scheme are at the same frequency and propa
at a group velocity equal to the phase velocity of the plas
wake field. Herea is the slowly varying vector potential o
the laser pulse normalized bymc2/e, f is the scalar potentia
normalized bymc2/e, n is the electron density normalize
by the unperturbed density n0 , g5gb

2@11f
2bA(11f)22gb

22(11uau2/2)# is the relativistic factor,e
5vp /v0[(n0 /nc)

1/2 with vp5(4pn0e2/m)1/2 is the unper-
turbed plasma frequency andv0 the laser frequency,nc

5mv0
2/4pe2 is the critical density,t5tvp

2/v0 , j5kp(x
2bct) with kp5vp /c andb5vp /c are the phase velocity
of a background plasma wave, andgb5(12b2)21/2. From
Eq. ~1!, one finds immediately that the time scale for XPM
;(dn/n0)v0 /vp

2 in the present scheme, wheredn is the
electron density perturbation driven by the first ultrash
pulse. In comparison, the modulation of a laser pulse in
SM–LWFA grows from noise, i.e.,dn/n0;0. Therefore a
longer time scale or a larger plasma dimension is neces
to produce a high-amplitude plasma wave.

In the following studies, instead of solving the coupl
equations~1!–~3!, we conduct PIC simulations to study th
XM–LWFA with codes developed in the way described
Ref. 13. Since the high-amplitude wake-field generat
through XPM is essentially a one-dimensional~1D! effect,
we start with 1D PIC simulations. In our simulations, t
longitudinal pulse profile of the first pulse isua1u2

5a01
2 sin4(pt/t1), where 0<t<t1 ; herea1 is the vector po-

tential of the laser field normalized bymc2/e, time t andt1

is normalized by laser cycle 2p/v0 . The second pulse is
launched after a delay of a few plasma oscillation periods
has a similar profile with the first pulse in its leading a
trailing edges together with a homogeneous part in betwe
i.e.,

ua2u25H a02
2 sin4~pt/t2!, 0<t,t2/2,

a02
2 , t2/2<t,th1t2/2,

a02
2 sin4@p~ t2th!/t2#, th1t2/2<t<th1t2 .

~4!

Here we assume that the second pulse is at the same
quency with the first pulse,a2 is normalized bymc2/e, and
t2 andth are normalized by 2p/v0 . The simulation box is
1600l along the laser propagation direction~x direction!,
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where l is the laser wavelength in vacuum. Initially, th
plasma is homogeneous, locating in the middle of the sim
lation box. There are vacuum regions of 10l located at each
side of the boundaries in the simulation box. Typically w
use 10 particles per cell each for electrons and ions initia
and 10 cells in a laser wavelength.

Figure 1 illustrates the evolution of the laser pulses a
the electron density whena0150.8, a0250.5, t1510, t2

520, th550, and the electron densityn050.01nc initially.
The delay of the second pulse, not an important factor in
present scheme, is taken to be 30 laser cycles in this
ample. From Figs. 1~a!–1~c!, one sees how the second pul
is modulated by the wake field generated by the first pu
Because the density perturbation associated with the w
field of the first pulse is at a finite amplitude, the modulati
of the second pulse grows quickly. In a short time of a fe
hundreds of laser cycles;(dn/n0)v0 /vp

2 as estimated be
fore, it splits into a multipulse train. Meanwhile, the dens
perturbation/plasma wave is amplified by the modula
pulse up to a high level until the wave-breaking sets in. A
companying the plasma wave amplification, one notes
the energy loss of the second laser pulse goes on very

FIG. 1. Snapshots of laser pulses~nether solid line! and electron density
~upper solid line! at timet5150 ~a!, 400~b!, and 1200~c! laser cycles. The
initial plasma density isn/nc50.01 and the pulses are witha0150.8, a02

50.5, t1510, t2520, andth550.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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For example, over 80% of the initial energy are lost
plasma after propagating through a distance of about 1
laser wavelengths. We find that this process depends q
weakly on the rising time at the leading edge of the sec
pulse t2/2 provided it is longer than a plasma oscillatio
period. Figure 2 shows snapshots of the corresponding
quency spectra of the second pulse, indicating that the p
is strongly modulated by the wake field of the first pulse
the plasma frequency, accompanied by spectrum-broade
and frequency-shifting/positive pulse chirping. The fr
quency shift is caused by the electron density gradient
moving with the laser pulse.9 It has been pointed out tha
pulse chirping can lead to a significant change of the gro
of Raman forward scattering~RFS!, plasma wave excitation
and hot electron generation.14 In particular, a positively
chirped pulse increases the growth of RFS and hot elec
production as a result of group-velocity dispersion of lig
waves in plasmas. Thus the positive pulse chirping gener
naturally through XPM in our scheme is favorable f
plasma wave excitation and particle acceleration.

As a comparison, we show the pulse evolution a
plasma wave excitation only with the second pulse in Fi
3~a! and 3~b!. Without initial plasmon seeding, the sel

FIG. 2. Frequency spectra of the second pulse at different times in pla
The laser pulses and plasma parameters are the same as in Fig. 1.
Downloaded 27 Jun 2002 to 133.1.154.80. Redistribution subject to AIP
0
ite
d

e-
se
t
ing
-
o-

h

n
t
ed

d
.

modulation of the laser pulse develops slowly. Also it d
pends strongly on the rising time at the leading edge of
pulset2/2, a contrast to the XPM shown before which d
pends only weakly on the rising time of the pulse. In th
example, we have taken the rising time to be twice
plasma oscillation periods. Strong modulation and high a
plitude plasma wave generation begin to be observed a
propagation over 1500 laser wavelengths; Wave break
and particle acceleration are observed for laser propaga
over 1700 laser wavelengths as shown in Fig. 3~b!, as well as
in Fig. 5~a! plotting the maximum energy of electrons as
function of time observed in the simulations. It is also ob
ous that the energy loss of the laser pulse to plasma w
goes on slowly in this case. One finds that over 70% of ini
energy is remained in the pulse after propagation over 1

a.

FIG. 3. Snapshots of a laser pulse~nether solid line! and electron density
~upper solid line! at timet51000~a! and 1800~b! without an initial seeding
wake field. The initial plasma density isn/nc50.01 and the laser pulse i
with a0250.5, t2540, andth550. Frames~c! and~d! show the frequency
spectra of the laser pulse aroundt51000 and 1800 laser cycles, respe
tively.
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n
ed
m

u
x
F
ha
b
p
a
r
tr
he
Fi
c
tl
n

ow
th
ls
na

e

ngi-

ing
s the
ob-
ical
100
-

ex-
ld is

the
be-
s in-
e is
e

ron
sma
xi-

fte
a

ser

ns

3150 Phys. Plasmas, Vol. 9, No. 7, July 2002 Sheng et al.
laser wavelengths. Figures 3~c! and 3~d! shows the pulse
frequency spectra corresponding to Figs. 3~a! and 3~b!. This
example demonstrates that a seeding wake field is esse
to build up a high amplitude plasma wave in a controll
way, in a relatively shorter time scale or in a smaller plas
dimension.

Figure 4~a! shows a snapshot of the electron distrib
tions in longitudinal phase space inside the simulation bo
t51200 laser cycles found for the same parameters as in
1 with the presence of the seeding pulse. It is found t
energetic electrons mainly locate at the region occupied
the second pulse, where the plasma wave has high am
tudes. These energetic electrons result from the plasma w
breaking, which enables the electron injection into accele
tion phases to occur. One notes that there is not any elec
acceleration by the wake field of the first pulse in front of t
second pulse, since there is no electron injection there.
ure 4~b! displays electron distributions in phase spa
(px ,py). It is obvious that energetic electrons predominan
move in the longitudinal direction. Since energetic electro
co-move with the second pulse, it is interesting to kn
whether the electrons gain energy dominantly from
plasma wave or from the laser fields of the second pu
both of which could accelerate electrons in the longitudi
direction. From the equation of motions, one finds that15

FIG. 4. ~a! Electron distributions in phase space (px ,x) ~dots! and corre-
sponding longitudinal electric field~solid line! at timet51200 laser cycles;
~b! electron distributions in momentum space at the same time;~c! energy
gain from the longitudinal field versus that from the transverse fields a
interactions fort51200 laser cycles. The laser and plasma parameters
given in Fig. 1.
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dg/dt52~vxEx1v'E'!5dG i /dt1dG' /dt, ~5!

where G i52*0
t vxEx dt8 represents energy gain from th

plasma wave andG'52*0
t v'E' dt8 represents that directly

from the second laser pulse. From Fig. 4~c!, it is obvious that
energetic electrons are accelerated dominantly by the lo
tudinal field or the plasma wave in this case.

We have performed a series of simulations by chang
the laser pulse and plasma parameters. Figure 5 display
maximum energy of electrons as a function of time as
served in simulations. In plasma at one percent of the crit
density, some electrons are accelerated to energy over
MeV in about 1000l by a laser pulse only at moderate in
tensities, for example, 3.431017 W/cm2 in a simulation~for
a0250.5!. The corresponding average acceleration field
ceeds 100 GeV/m. For the same laser parameters, this fie
even larger in plasma with higher densities@see Fig. 5~b!#
and electrons are accelerated more quickly, even though
saturated energy is smaller in this case. Partially, this is
cause the time needed to modulate the second pulse i
versely proportional to plasma densities. The plasma wav
amplified more quickly to wave-breaking amplitude in th
high-density case. After certain time, the maximum elect
energy is found to become saturated. The higher the pla
density, the lower the maximum electron energy. The ma

r
re

FIG. 5. Maximum electron energy as a function of time for a variety of la
and plasma parameters as observed in the PIC simulations.~a! shows the
results obtained from 1D PIC simulations forn0 /nc50.01; heret1510
laser cycles for the first pulse,t2520 andth550 or 100 for the second
pulse.~b! shows the results obtained both from 1D and 2D PIC simulatio
for n0 /nc50.020 25; heret157 laser cycles for the first pulse,t2520 and
th550 for the second pulse.
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mum electron energy depends both on the electron den
and the amplitude of the plasma wave. This can be expla
as following. If assuming the plasma wave potential isf~j!,
wherej5x2bt and b is the phase velocity of the plasm
wave, it is easy to show that the HamiltonianH5(1
1px

2)1/22bpx2f(j) is a constant of motion. For an elec
tron to be trapped at the boundary of acceleration phase,
necessary thatpx5bgb , where gb5(12b2)21/2. The
maximum energy of electrons is found when electrons m
to a region with maximum scalar potentialfmax. As a result,
one finds1,5 gmax5gb

2@fmax11/gb1b(fmax
2 12fmax/gb)1/2#.

In cold plasmas, it is well known16 that the electric field can
be expressed as eE/mvpc5&@(12v0

2)21/22(1
2v2)21/2#1/2, and the potentialf5(12bv)/(12v2)1/2

1const, wherev0 andv are, respectively, the maximum ve
locity and velocity of electrons in the plasma wave. Thus
maximum potential change, corresponding to a change
velocity in the range@2v0 ,v0#, is given byfmax52bv0 /(1
2v0

2)1/2. Close to the wave-breaking limit, the resultin
maximum energy is around;4b2gb

3;4(nc /n0)3/2, if the
phase velocity of the plasma wave can be approximated
the group velocity of the laser pulse, i.e.,b5(1
2vp

2/v0
2)1/2. This scaling shows explicitly that the max

mum energy increases with decreasing plasma density,
sistent with our simulations. On the other hand, this estim
tion is much larger than the saturated energy level obse
in the simulation. This can be attributed to the fact that th
electrons with maximum energy observed in the simulat
are located just behind the leading front of the second pu
where the amplitude of the plasma wave is still far below
wave-breaking limit. In passing, one notes that if there is
seeding pulse, particle acceleration appears very late
shown in Fig. 5~a!.

III. TWO-DIMENSIONAL PIC SIMULATIONS

In real experiments, two-dimensional~2D! effects al-
ways have strong impact on electron acceleration in vari
schemes.17,18 Concerning the present scheme, since a la
pulse is always transversely inhomogeneous in practice,
amplitude of the wake field generated by the first pulse
also transversely inhomogeneous. As a result, its ph
modulation on the second pulse also becomes inhom
neous~here we assume that the wake field generated by
first pulse is at a low amplitude so that one can neglect
relativistic effect19 which tends to produce a horseshoe str
ture in electron density when the amplitude of the wake fi
is high enough!. Therefore, for the same transverse profil
one expects that the inhomogeneity of the cross-modul
laser wake field is larger than the normal laser wake field.
the other hand, when the amplitude of the wake field is a
plified to a certain level, transverse wave breaking occur20

The transverse wave breaking develops at a lower ampli
than that for longitudinal wave breaking in 1D geometry.
a result, for the same maximum laser intensities and p
durations, one expects that the electron acceleration thro
the present scheme in 2D simulations can only achiev
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lower level than that observed in 1D simulations. To confi
this, we have conducted 2D PIC simulation, taking the tra
verse profiles of both pulses to be Gaussian.

To reduce the time and spatial scale for the benefit
saving computer memory and computational time, we h
used relative large plasma density of 0.02nc . The simulation
box is 250l340l, with nine particles per cell each for elec
trons and ions and 10 cells in a laser wavelength. Figure~a!
shows a snapshot of the laser fields att5200 laser cycles,
obtained for laser pulses withs-polarized incidence~i.e., its
electric field component is perpendicular to the incide
plane!. As is obvious, it is strongly modulated at the perio
of a plasma wavelength. Figures 6~b!–6~d! show, respec-
tively, the electron density, longitudinal field and the qua
static magnetic field associated with the excited plasma w
at t5200. Transverse wave breaking has set in at this ti
As a result, bunches of electron beams separated in tr
verse space are generated. This is most obvious from
generated quasi-static magnetic field. Figure 6~e! shows that
accelerated electrons are located in the region occupied
the second pulse and co-move with it. This is similar to wh

FIG. 6. Snapshots of 2D PIC simulation for initial plasma densityn0 /nc

50.020 25, and pulse profiles witha0150.8, a0250.5, t157, t2520, th

550, and beam diameter of 14l for both pulses.~a! The transverse field;~b!
the electron density;~c! the longitudinal electric field;~d! the quasistatic
magnetic field;~e! the electron distribution in the longitudinal phase spa
~dots! and the laser field distribution on the axis~solid line!.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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is observed in the 1D case. Owing to the 2D structure m
tioned above, the maximum energy of electrons observe
2D simulations is smaller than in 1D simulations for t
same laser pulse and plasma parameters, as shown in
4~b!.

Figures 7~a! and 7~b! show the electron distributions i
momentum space, illustrating that the accelerated elect
move dominantly in the laser propagation direction, which
similar to the 1D simulations. As in 1D simulations, one c
calculate the electron energy gains from the longitudinal
transverse fields separately in 2D simulations, even tho
the meaning of the transverse and longitudinal fields is
strict in 2D geometry and they are somewhat mixed due
the finite transverse size of laser beams. Figure 7~c! shows
that electrons with modest energy obtain their energy do
nantly from the longitudinal field, while the most energe
electrons gain energy both from the excited plasma wave
the laser field of the second laser pulse. The latter is diffe
from the 1D simulations shown above.

IV. SUMMARY

By use of PIC simulations, we have demonstrated t
high-amplitude plasma waves can be generated efficie
with two laser pulses co-propagating in plasma at mode
intensities through XM–LWFA. In this scheme, the fir

FIG. 7. ~a! Electron distributions in phase space (px ,py) at timet5240; ~b!
electron distributions in phase space (px ,pz) at the same time;~c! energy
gain from the longitudinal field versus that from the transverse fields at
same time. The parameters for the laser pulses and plasma are the sa
for Fig. 6.
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pulse is an ultrashort pulse to generate a seed wake field
the second pulse is relatively long such as a few plas
oscillation periods to amplify the seed wake field through
cross-phase modulation process. As compared to the no
SM–LWFA scheme, the present scheme allows for hig
amplitude plasma-wave generation within relatively sm
plasma dimensions, with moderate light intensities, as w
as in a controlled way. Also it releases the necessity of us
ultrashort-intense laser pulses in the standard LWFA sch
and provides an easy way to realize the multiple-pu
scheme for high-amplitude plasma-wave generation.6 Our
simulations have shown that it is a very efficient way
transferring laser energy to plasma waves for particle ac
eration. Plasma wave-breaking, electron acceleration,
energy saturation are observed both in 1D and 2D PIC si
lations with laser pulses at moderate intensities. It is fou
that 2D effects tend to reduce the energy saturation leve
comparison with 1D simulations owing to the set-in of tran
verse wave breaking. Since there is no necessity for
particular timing between the two pulses used in this sche
it may be realized relatively easily in experiments.
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Simulation study of conversion of laser energy into x rays in laser plasmas
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A simulation study of the conversion process of laser energy into x rays from a gold foil target
irradiated by a 1 nslaser pulse with 1014 W/cm2 intensity at 0.35mm wavelength is presented. The
thickness of the foil is optimized to achieve high conversion efficiency on its rear side. The
optimized foil can provide unique plasmas with a low spatial gradient of temperature and density.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1497973#
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I. INTRODUCTION

With the rapid increase of laser intensities, it has beco
possible to simulate some astrophysical processes by con
ling the conditions of laser-produced plasmas.1–3 Most of the
astrophysical plasmas are in local thermodynamic equ
rium ~LTE! conditions. X rays converted from laser ener
in laser–plasma interaction can be used to irradiate on
target in order to generate a LTE plasma which is ideal
simulating astrophysical processes.

The conversion of intense laser pulses into incoher
x-ray radiation during the heating of highZ material has
been a subject of experimental and theoretical research s
the 1970’s.4–10 The effects of various parameters, such
intensity, wavelength, and pulse duration of the incident la
pulse on the x-ray conversion, have been studied
detail.11–15 In this paper, we present a detailed simulati
study of the effect of target thickness on the conversion
laser energy into soft x rays by using the one-dimensio
~1-D! radiation hydrodynamic codeMULTI ,16 which assumes
planar geometry symmetry. The laser-produced plasm
mainly divided into an optically thin conversion zone and
optically thick re-emission zone. This can be distinguish
by consideration of the characteristics of both tempera
and density in these two zones. Optimized thickness of
gold foil as a converter target is obtained. Taking the c
verter target as an intense x-ray source, we can get a un
plasma with a low spatial gradient of temperature and d
sity. This is important for simulation of astrophysical proce
in laboratories.

II. NUMERICAL SIMULATIONS

Our numerical simulations are based on the 1-D rad
tion hydrodynamic codeMULTI . It is a fully implicit code that
solves Lagrangian hydrodynamics together with multigro
radiation diffusion. It describes radiation diffusion coupl
with hydrodynamic motion and includes laser deposition
the inverse bremsstrahlung absorption with a dump at
critical density with a flux-limited electron heat conductio
tabulated equations of state, and nonlocal thermodyna

a!Author to whom all correspondence should be sent. Electronic m
jzhang@aphy.iphy.ac.cn
3971070-664X/2002/9(9)/3978/6/$19.00
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equilibrium atomic physics, which is of importance in e
panding laser-heated plasmas. Basic equations for plana
ometry of the target are as follows:11

]v
]t

2
]u

]m
50, ~1!

]u

]t
1

]p

]m
50, ~2!

]e

]t
1p

]v
]t

52
]SL

]m
2

]Se

]m
2(

k

]Sk

]m
, ~3!

]Sk

]m
5qk2ckP,kUk , ~4!

cgk
2 ]Uk

]m
52kR,kSk , ~5!

wherem is Lagrangian mass coordinates,v is specific vol-
ume ~v51/r, r5mass density!, p and u are pressure and
velocity respectively, ande is specific internal energy. The
term ]SL /]m represents the energy~per mass and time! de-
posited by the laser;]Se /]m term represents the energy co
duction through electron heat flux~per unit mass and time!
and]Sk /]m represents the radiation flux transport~per unit
mass, over different energy groups!. qk is the heat flux and
Uk the radiation energy density.kP,k andkR,k are the Planck
and Rosseland opacities, respectively. The code allows
two separate temperatures, namely electron temperaturTe

and radiation temperatureTrad. When the radiation field is
under an equilibrium condition, the radiation temperatu
can be derived from the radiation energy densityU:17

Trad5S U

s D 0.25

, ~6!

wheres5137 erg/cm3/eV4.
It is worthy of note that there are some limitations for

one-dimension simulation code, which may be the reason
some discrepancies in comparing the experiment results
the numerical simulations, because the planar target exp
ments may be affected by the lateral and plasma expan
when the laser spot size is very small. Meadet al.18 have
carefully compared the one- and two-dimensional models

l:
8 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



ve
o
m
th
er
cu
th
io

s

ua
as
al

o

tio
la
ra
ur
n
io
a

ua
a

ta
e
a
c

ics
to
as
l-
in
u

ta
d

er
ha
ti
ca
h
n
d

on
or

am
,
s
r-

r is
ion

ha-
x
the

the
dia-

on
eat
in

ela-

ion
n
the

laser

e
e

ndi-

3979Phys. Plasmas, Vol. 9, No. 9, September 2002 Simulation study of conversion of laser energy . . .
evaluate the effects of the lateral thermal transport and di
gence of the hydrodynamic blow-off, and treated tw
dimensional effects with a 1-D code for a divergent geo
etry. This lateral effect has been also eliminated in
uniform irradiation of a spherical target with multiple las
beams19 in the experiment. Nevertheless, many of the cal
lations have shown that it is simple and justified to use
1-D model for a general understanding of the convers
processes of laser energy into x rays in the plasmas.

In our simulation study, we consider the case as follow
a gold foil ~solid density 19.3 g/cm3! is irradiated by 1 ns
laser pulse with an intensity of 1014 W/cm2 at 0.35 mm
wavelength. The temporal pulse shape is a sine sq
SL0@sin(pt/2t)2# and the electron flux heat limiter is taken
0.08. For the radiation transport, we define 20 nonequ
spaced frequency groups at photon energies (hn<5 keV),
taking into account the spectral characteristics of the g
ions.

A steady-state approximate to describe the absorp
and emission coefficiency of x rays is used in our calcu
tion, which can make the emission and absorption of x-
radiation to be defined by the local value of the temperat
and density if the hydrodynamic time scale of density a
temperature variation is larger than the electron ionizat
time. Otherwise rate equations for the atomic processes h
to be solved simultaneously with the hydrodynamic eq
tions. The tables of the state equation and Rosseland
Planck mean opacities from the SESAME equation of s
and opacity library16 are required as input data by this cod
which is of greater advantage in saving computing time th
being calculated directly through rate equation. The effe
of the nonlocal thermodynamic equilibrium atomic phys
in the expanding heated highZ plasmas have been found
be important in determining the characteristics of the pl
mas and emission.8,20,21 Non-LTE parameters that were ca
culated independently using atomic physics model
~SNOP!22 are used for the plasma corona region in our sim
lation.

III. RESULTS AND DISCUSSION

A. The different zones of laser-produced plasmas

When a high power laser pulse irradiates on a solid
get with highZ, an expanding hot plasma is quickly forme
on the front surface of the target. The deposited laser en
is transported into the cold material by a number of mec
nisms, such as the electron heat conduction and radia
diffusion, etc. To gain further understanding and physi
insights of the interaction processes of the laser with higZ
material, the plasmas are divided into the conversion zo
the re-emission zone, the shock wave zone, and the un
turbed solid owing to the large density difference.

The simulation study of the variations of both electr
temperature and density versus the Lagrangian mass co
nate at different times is performed using theMULTI code.
The laser pulse comes from the right-hand side. Its par
eters are: intensity of 1014 W/cm2, pulse duration of 1 ns
wavelength of 0.35mm. The gold foil is massive and it
thickness is 1.0mm. Three regions with different characte
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istics are clearly visible in Figs. 1 and 2. The incident lase
mainly absorbed and converted into x rays in the convers
zone.

The conversion zone has the highest temperature~;1
keV! and the lowest density~,0.1 g/cc! of all zones. The
electron heat conduction is the important transport mec
nism in this region. It is optically thin for emitted thermal
rays, and thus radiates equally toward the front as well as
rear of the target, and is in the non-LTE condition.

The radiation emission toward the rear is absorbed in
re-emission zone. Its characteristics are determined by ra
tion heat conduction, i.e., by the diffusion of the radiati
toward the rear, so we often call this zone the radiation h
wave zone, whereas the electron transport is negligible
this zone. The temperature in the re-emission zone is r
tively low ~;100 eV!, and the density~0.1–1 g/cc! is much
higher than that in the conversion zone. The re-emiss
zone is under LTE condition and is optically thick for its ow
thermal radiation and emits blackbody radiation through

FIG. 1. Electron temperature vs mass coordinate at different times. The
comes from the right. The laser parameters are intensity 1014 W/cm2, wave-
length 0.35mm, and full width at half maximum of laser pulse 1 ns. Th
gold foil thickness is 1.0mm. The electron heat flux limiter is 0.08 and th
computation mesh number is 50 cells.

FIG. 2. Density vs mass coordinate at different times for the same co
tions as in Fig. 1. The laser comes from the right.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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conversion layer into the vacuum. In the shock wave reg
that takes up the recoil momentum of the expanding m
rial, the energy transfer is very small and can be neglec
because of the high density~.1 g/cc!. It is therefore not of
direct relevance to the conversion problems.

Of importance for the emission of radiation are the fi
two zones. In the simulation study of the x-ray emission,
use the CE~corona equilibrium! model in the low density
conversion zone and the LTE model in the higher den
re-emission zone in order to be similar to the experimen
conditions, especially in the case of a highZ target irradiated
by an intense laser. There are some differences betwee
two limits clarified by Eidmannet al.10 In the limiting case
of corona equilibrium, the specific emission coefficiency
approximately proportional to the density, which is the re
son why the temperature in the corona region is very hi
because the materials at low densities are not effectiv
cooled by the loss of energy in the form of thermal radiat
as they expand. However, the specific emission is indep
dent of the density in LTE case, thus a fluid element w
continue to radiate at the same rate as it expands
vacuum. This may cause the temperature to be much lo
in LTE than in CE conditions.

To distinguish the conversion zone from the re-emiss
zone, the profiles of the radiation temperature versus
space and time are obtained. The characteristics of the ra
tion temperature in those zones are analyzed~the conditions
are as in Fig. 1!. Figure 3~a! is the spatial distributions of the

FIG. 3. ~a! Both the radiation temperature and the electron temperature,
density vs the spatial coordinate at laser peak time~1 ns!. ~b! Spatial maxi-
mum of the electron temperature and radiation temperature vs time.
conditions are as in Fig. 1. The laser comes from the right.
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radiation temperature, the electron temperature, and den
versus spatial coordinate at peak power time (t51 ns). It
shows that the radiation temperature is constant in the o
cally thin conversion layer. However, it begins to decrease
the optically thick re-emission region that is influenced
absorption of x rays, and reaches the lowest values in
shock wave zone. Based on these characteristics, it is ea
distinguish these three zones. In Fig. 3~b!, we simulate the
temporal behavior of the electron temperature and the ra
tion temperature. We note that the rise time of both the e
tron temperature and the radiation temperature is quite c
to that of the incident laser pulse, whereas the fall time
longer, since the plasma continues to radiate its internal
ergy as it cools. The dominating cooling processes are ra
tion cooling and hydrodynamic expansion. The highest rad
tion temperature can reach to about;128 eV at the laser
peak time~1 ns! in this case.

B. Optimization of the foil thickness as a converter

It is of great interest to study the converter target as
intense x-ray source for various applications, such as in
direct driven inertial confinement fusion, x-ray laser studi
astrophysics and material properties, etc. The essential
tures of a converter are that it should be thick enough
absorb most of the incident laser energy to produce m
x-ray emission, but be thin enough for efficient x-ray rad
tion transport to the rear side of the target. Optimization
the thickness of a converter target has to take into acco
these two aspects.

We assume the conversion fraction isac in the conver-
sion zone, which is equally radiated in the two direction
When x rays propagate toward the rear, they are abso
and some fraction 0<g<1 of the absorbed x rays is re
emitted in the re-emission region. The x-ray conversion fr
tion has been expressed byhF5(11g)ac/2 at the front side
of the target andhR5(12g)ac/2 at the rear side under th
steady-state approximation conditions by Nishimuraet al.19

When the thickness of the foil is so thin that it only consis
of the conversion layer, the nearly symmetrical x-ray conv
sion fractions ofac/2 from each side of the target can b
obtained. Under these conditions, the re-emission coeffic
g can approach zero.

Figure 4~a! is the calculation of the conversion efficienc
of x rays ~the ratio of the x-ray radiation flux to absorbe
laser flux! from the laser pulse interacting with the gold fo
with different thickness. The simulation study shows that
rear emission trends to be nearly equal to the front emiss
if the gold foil is very thin. With thicker gold foil, the front
emission increases whereas the rear-side emission sig
cantly decreases.

The laser light is efficiently absorbed at the positi
close to or below its critical density by strong inverse brem
strahlung collision absorption which heats the plasma e
trons, leading to a temperature of several kiloelectron vo
The deposited laser energy is transported into the cold m
rial by the electron heat conduction and radiation diffusio
etc., converted by electron-ion collisions into excitation th
leads to x-ray emission, and converted hydrodynamica
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into convection ion kinetic energy. Figure 4~b! is the varia-
tion profile of the fraction of the total x-ray radiation flu
(front1rear) and the kinetic flux normalized to the absorb
laser flux, respectively, versus the foil thickness. From
simulation results, we can see that the conversion fractio
the absorbed laser energy into the kinetic increases with
decrease of the foil thickness and there are more kinetic
ergies into outward coronal motion at the expense of hea
of the foil and the resultant x radiation, which would ult
mately lead to a decrease in x-ray conversion efficiency,
pecially at a sufficiently thin foil. For the thicker target, th
fraction of both the kinetic energy and the x-ray radiati
energy would trend to be constant.

Figure 4~c! is the simulation results of the effect of th
target thickness on the absorbed laser flux and the x-ray
diation flux of the total and of the rear side, respectively

FIG. 4. ~a! Conversion efficiency both on the front side and the rear side
target thickness.~b! The variation profile of the fraction of the total x-ra
radiation flux (front1rear) and the kinetic flux normalized to the absorb
laser flux, respectively, vs the foil thickness.~c! The effect of the target
thickness on the absorbed laser flux and the x-ray radiation flux of the
and of the rear side, respectively. The laser parameters are as in Fig.
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shows that both the absorbed laser flux and the total x
radiation flux increase with foil thickness, more rapidly f
sufficiently thin foil than the thick foil, and trend to be con
stant over about 0.25mm. However, the x-ray radiation flux
at the rear surface increases in quite small thickness
reaches to the maximum at about 0.25mm thickness and then
begins to decrease with increasing of the foil thickness, t
it is dependent on both the laser deposition energy and
x-ray conversion efficiency of the rear side.

Figures 5~a!, 5~b!, and 5~c! are, respectively, the simula
tion results of the spatial variation of both density and el
tron temperature at the laser peak time~1 ns! with three
different thickness~0.18, 0.25, and 0.75mm! gold foils irra-
diated by the laser pulse.

When the foil is quite thin@see Fig. 5~a! ~0.18mm!#, we
can see that the foil rapidly expands at the beginning of
laser pulse and the density becomes very low~, 0.1 g/cc!,
lower than the critical densityrc ~rc5ncmizi heremi andzi

s

al

FIG. 5. Optimizing of the target thickness as a converter target. Density
temperature vs mass coordinate in~a! thin target with 0.18mm, ~b! massive
target with 0.75mm, and~c! medium target with 0.25mm. The laser param-
eters are as in Fig. 1. The laser comes from the right.
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are the ion mass and charge number, respectively, andnc is
the electron number density given by the condition that
plasmas frequency equals the laser frequencynL , nc

5pnLme /e2!, and there is no critical density interface to b
formed in this case and the plasma is almost transparen
the incident laser light. Although the x-ray conversion ef
ciency at the rear side is high~41%!, the x-ray radiation flux
of the rear is very low because only a small portion of t
incident laser flux is absorbed~32%!; most of laser flux is
transmitted through the foil.23

Figure 5~b! ~0.75 mm! is for a massive target, and
shows that the radiation heat wave does not reach the
side of the target. The density in the shock wave region n
the rear side is close to or even higher than the solid den
~>1 g/cc!. In this case, the gold foil is thick enough to a
sorb not only all of the laser energy but also the radiat
generated in the conversion zone, which results in the c
version efficiency at rear side being very small~, 2.96%!.

Figure 5~c! ~0.25mm! is in the condition that the thick
ness of the foil is in the medium range, where the plas
only consists of the conversion layer and a part of the ra
tion heat wave~RHW! zone. We can see that in this case t
foil is thick enough for the existence of a narrow RHW zo
in the target, which can result in the matter density be

FIG. 6. ~a! The profile of the conversion efficiency vs time.~b! Subkiloelec-
tron volt x-ray spectrum distribution both from the front and the rear vs
frequency~,1 keV! out of 20 groups. The solid line is the Planckian spe
trum compared with the x-ray spectrum on the front side, and the dash
line is the Planckian spectrum compared with the x-ray spectrum on the
side. The laser parameters are as in Fig. 1 with 0.25mm gold foil.
Downloaded 09 Sep 2002 to 192.77.52.179. Redistribution subject to A
e

or

ar
ar
ity

n
n-

a
-

g

high enough~0.1–1 g/cc! to absorb most of the laser energ
to produce more x-ray radiation; and the foil is thin enou
to ensure the conversion efficiency of the rear side is hig

By optimizing the thickness of the gold foil, the thick
ness of the converter target can be obtained, which is ab
0.25 mm in our condition, corresponding to a laser abso
tion coefficient of 0.86, and the x-ray conversion efficien
at the rear side is 30.6%.

In addition, we obtain subkiloelectron volt x-ray conve
sion efficiency at different times and the spectral output
the front surface as well as the rear surface of the targe
using this code. Figure 6~a! is the profile of the soft x-ray
conversion efficiency versus time. It can be seen that
conversion efficiency increases rapidly in the initial stage
the laser pulse and tends to be saturated after the laser
off. Figure 6~b! compares the time-integrated subkiloelectr
volt x-ray energy spectrum toward the front and the rear
the converter foil, whose spectrum maximum is about 2

e

ot
ar

FIG. 7. Density vs mesh number for a composite target of the sample
the converter with different thicknesses. The solid line and dash dot line
respectively, for the sample aluminum foil thickness of 2.0 and 3.0mm with
the corresponding gold converter thickness of 0.25mm. The mesh number is
defined for the sample~1–20! and the converter~20–75!. The laser param-
eters are as in Fig. 1. The laser comes from the right.

FIG. 8. The distribution profile of the density and the temperature vs sp
coordinate in an aluminum sample with 2.0mm radiation heated by a gold
converter target with 0.25mm is presented. The laser conditions are as
Fig. 1. The laser comes from the right.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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eV, with the Planckian spectral distributions. It shows th
the x-ray spectra approach the spectral distribution of
blackbody radiation. The radiation temperature athn
5250 eV estimated from the blackbody radiation is ab
105 eV at the front side and 95 eV at the rear.

C. Radiation heating by a converter

The converter target as an intense, approxima
Planckian x-ray source may be used for production of a u
form plasma with low gradient of temperature and dens
which is of importance for the testing of theoretical calcu
tions of opacities, radiation transfer, and dense plasma eff
in laboratory astrophysics.

The simulation study of the plasma conditions of a tar
heated by x rays from a converter target is performed. T
composite target consists of an aluminum foil sample an
gold foil converter. The profiles of the electron temperatu
and the matter density versus mesh number are shown in
7. The aluminum foil thickness is 2.0 and 3.0mm, respec-
tively, with a 0.25-mm-thick gold foil target. The total mesh
number is defined to be 75~1–20 meshes refer to the alum
num foil, 20–75 meshes refer to the gold foil!, the laser
parameters are a wavelength of 0.35mm, intensity of
1014 W/cm2 and 1 ns of pulse duration. The results show t
the shock compression begins to turn up and leads to
production of the large density gradient in the sample foi
the thickness of the sample foil is not thin enough. Accord
to our calculation, the maximum thickness of aluminum f
should be less than 2.4mm in order to obtain a uniform
plasma when the converter thickness is 0.25mm.

Figure 8 shows the distribution of the temperature a
density of plasma generated in the aluminum foil with 2
mm thickness heated by the x rays from a gold conve
target with 0.25mm thickness, and it is clearly seen that t
spatial gradient of the temperature and density of the pla
is very low ~the variation range is about 0.2–0.3 g/cc for t
matter density and is 65–110 eV for the electron tempe
ture!. This is required in simulating astrophysical proces
in laboratories.

IV. SUMMARY AND CONCLUSIONS

We have carried out a detailed simulation study of
conversion of laser energy into x rays from an Au foil targ
of different thicknesses irradiated by a laser pulse w
1014 W/cm2 intensity at 0.35mm wavelength in 1 ns pulse
using a one-dimensional Lagrangian codeMULTI . The simu-
lation study of the characteristics of the radiation tempe
ture in the plasma is performed. The results show that
radiation temperature is constant in the optical thin conv
sion layer, but it decreases in the optical thick radiation h
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wave~RHW! zone. Based on these characteristics, it is e
to distinguish the conversion layer from the RHW regio
The effects of the target thickness on the conversion e
ciency are investigated. Optimized thickness of the targe
a converter is obtained. The x-ray spectral profiles are
tained and the results show that the x-ray spectral distr
tion is similar to the Planckian distribution. Taking the go
converter target as an intense x-ray source, we can obta
LTE plasma with a low spatial gradient of temperature a
density.
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9I. B. Földes, K. Eidmann, G. Veres, J. S. Bakos, and K. Witte, Phys. R
E 64, 016410~2001!.

10R. Sigel, K. Eidmann, F. Lavarenne, and R. F. Schmalz, Phys. Fluids2,
199 ~1990!.

11K. Eidmann, R. F. Schmalz, and R. Sigel, Phys. Fluids B2, 208 ~1990!.
12P. Alaterre, H. Pepin, R. Fabbro, and B. Faral, Phys. Rev. A34, 4184

~1986!.
13W. C. Mead, E. M. Campbell, K. Estabrooket al., Phys. Fluids26, 2316

~1983!.
14H. Nishimura, F. Matsuoka, M. Yagi, K. Yamada, S. Nakai, G. H. McCa

and C. Yamanaka, Phys. Fluids26, 1688~1983!.
15M. D. Rosen, D. W. Phillion, and V. C. Rupert, Phys. Fluids22, 2020

~1979!.
16R. Ramis, R. Schmalz, and J. Meyer-ter-Vehn, Comput. Phys. Comm

49, 475 ~1988!.
17R. F. Schmalz, J. Meyer-ter-Vehn, and R. Ramis, Phys. Rev. A34, 2177

~1986!.
18W. C. Mead, E. K. Stoner, R. L. Kauffman, H. N. Kornblum, and B.

Lansinski, Phys. Rev. A38, 5275~1988!.
19H. Nishimura, Y. Kato, H. Takabeet al., Phys. Rev. A44, 8323~1991!.
20T. Mochizuki, T. Yabe, K. Okada, N. Ikeda, S. Kigel, S. Kiyokawa, and

Yamanaka, Phys. Rev. A33, 525 ~1986!.
21W. C. Mead, S. V. Coggeshall, S. R. Goldmanet al., Laser Interaction and

Related Plasma Phenomena~Plenum, New York, 1986!, Vol. 7, p. 723.
22K. Eidmann, EUR11930 EN, Inertial Confinement Fusion, edited by

Caruso and E. Sindoni, Verenna, 6–16 September 1988.
23P. Celliers and K. Eidmann, Phys. Rev. A41, 3270~1990!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



RAPID COMMUNICATIONS

PHYSICAL REVIEW E 66, 025402~R! ~2002!
Emission of a hot electron jet from intense femtosecond-laser–cluster interactions
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A directional hot electron jet with energy higher than 100 keV was generated along the laser propagation
direction from Ar clusters irradiated with a laser pulse of duration 28 fs and intensity 131017 W/cm2. The hot
electron jet was detected only with linearly polarized laser pulses, not with circularly polarized pulses. Channel
betatron resonance is believed to be the main accelerating mechanism for this directional hot electron jet.

DOI: 10.1103/PhysRevE.66.025402 PACS number~s!: 52.38.2r, 36.40.Vz, 33.80.Rv, 36.40.Gk
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Hot electrons generated by intense laser pulses inci
on rare gas targets have attracted much attention becau
their relevance to advanced concept accelerators and r
tion sources@1#. Recent development of ultrashort hig
power lasers using the chirped pulse amplification techni
has achieved laser intensity well above 1018 W/cm2, intense
enough to drive ionized electrons to relativistic velocity. T
ponderomotive force of intense laser field can result in re
tivistic self-focusing of the propagating laser beam and
rectional electron acceleration@1,2#. A high-energy electron
beam can be generated mainly through two mechanis
One is the laser wake-field acceleration~LWFA! @2#, in
which the ponderomotive force of a driving laser driv
plasma waves quasiresonantly. This mechanism is con
ered dominant at low gas density and high laser intens
The second acceleration mechanism is a direct laser a
eration~DLA ! at the channel betatron resonance~CBR! @3#,
observed when transverse oscillation of electrons at beta
frequency matches the laser frequency. The DLA can
stimulated at comparatively lower intensity than LWFA, b
at relatively high gas density@4#.

The interaction of intense ultrashort laser pulses with v
der Waals–bonded atomic clusters creates unique condi
for laser-matter interactions. The high local density within
cluster, coupled with low average-density gas, provides
effective coupling of the intense laser pulse with the int
acting medium. It has been observed that cluster tar
could absorb incident laser energy efficiently@5#. Efficient
coupling of intense ultrashort laser pulses with cluster targ
can generate high-temperature plasma with highly char
ions, and local electron density during the laser-pulse du
tion can be quite high since the plasma expansion is minim
These interaction conditions can provide quite different
vironments, compared to those of gas targets, produ
strong extreme ultraviolet~XUV ! emission@6#, along with
high-energy electrons@7# and ions@8#, or fusion neutrons@9#.
In this Rapid Communication, we report on the observat
of a hot electron jet emitted from atomic clusters irradia
with a femtosecond laser pulse at modest intensity
31017 W/cm2). The polarization dependence of the h
electron jet emission indicates that the hot electron je
generated through the DLA at CBR.
1063-651X/2002/66~2!/025402~4!/$20.00 66 0254
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The experiments on the generation of hot electron
were carried out with a chirped pulse amplification Ti:Sa
phire laser operating at 820 nm at a repetition rate of 10
The laser delivered 28-fs, 30-mJ pulses. The Ti:Sapphire
cillator was operated in a long cavity mode~45 MHz! to
minimize any leakage femtosecond prepulses. The line
polarized laser beam was focused with a spherical mirro
45-cm focal length, yielding a peak intensity of about
31017 W/cm2. A quarter-wave plate was used when a circ
larly polarized light was needed. Atomic Ar clusters we
produced with a pulsed gas jet with a nozzle diameter of
mm. With sufficiently high backing pressure, clusters a
formed in the gas jet flow due to the adiabatic cooling o
gas expanding into vacuum@10#. The jet was operated at
backing pressure up to 22 bars, and the gas jet could
cooled by passing the gas line through a liquid nitrogen r
ervoir that also cooled the nozzle tip@6#.

The diagnostic used for the measurement of hot elec
spectra was a 45° focusing magnetic spectrometer, place
a permanent magnetic field ofB5650 G. An array of LiF
thermoluminescent dosimeter~TLD! pieces ~model GR-
200F! was used as detectors. Recent development of u
sensitive LiF TLD provided thin TLD for hot electron detec
tion @11#. The energy range of this instrument is from 7 ke
to 1 MeV. Its energy resolution was better than 5%. T
background of these TLDs that were heat-treated at 240
was less than 10mGy ~1 Gy 5 the radiation dose of one
joule of energy absorbed per kilogram of matter!. For the
measurement of the forward direction, we also piled up
stack of TLD pieces wrapped with 18-mm Al foil to detect
hot electrons, which provided an electron spectrum after
convolution. With an array of TLDs attached inside a hem
sphere, the angular distribution of hot electron emission w
measured. The electron energy reaching the TLDs was c
trolled by the thickness of Al foil wrapped around the TL
film. Soft x-ray emission was measured using a spa
resolving, flat field XUV spectrometer@12#. We also used a
calorimeter to measure a laser absorption rate in laser-clu
interactions and a visible charge coupled device to measu
plasma length.

Hot electron spectra were measured in the transverse
forward directions at a laser intensity of 131017 W/cm2 and
Ar backing pressure of 20 bars. The gas jet was cooled do
to a temperature of270 °C using a cooling reservoir@6#.
Figure 1 shows that the hot electron energy in the transv
©2002 The American Physical Society02-1
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direction reached over 500 keV and that in the forward
rection it extended much further. The number of electrons
the forward direction was larger by three orders of mag
tude than that in the transverse direction when compare
the same solid angle of 431024 sr. Another important fea-
ture was a large difference in electron temperature. In
forward direction, hot electron temperature, fitted with
Maxwellian distribution, was as high as 250 keV; howev
in the transverse direction, it was only 60 keV. Consequen
it clearly shows that electrons were strongly accelera
along the laser propagation direction.

Hot electrons would not be observed if clusters were d
assembled before the arrival of a laser pulse. For verify
the hot electron generation through the interaction of inte
laser pulse with clusters, a prepulse was introduced be
the main pulse. A part~7%! of the laser pulse was split as th
prepulse and injected 80 ps before the main pulse. T
prepulse was still strong (.1015 W/cm2) enough to heat and
expand the clusters. Most clusters should be completely
assembled when the main pulse arrived 80 ps after
prepulse, according to the expansion time scale for clus
@13#, especially at the central part of the focal spot. With t
prepulse, the observed electron energy spectrum was q
different from the prepulse-free case. As shown in Fig. 1,
number of hot electrons and also the hot electron ene
decreased dramatically. Thus, the observed hot electron
the prepulse-free case were generated from irradiated c
ters.

Using hemispherically installed detectors, the angular d
tribution of hot electron generation was measured to iden
the directionality of hot electron generation. An array of TL
detectors wrapped with 18-mm-thick Al foil was placed on
the inner side of a hemisphere. This Al foil could block e
ergetic ions, scattered laser light, the majority of soft x ra
and electrons with energy below 50 keV. Thus, this syst
was suitable for the angular detection of energetic electro

FIG. 1. Hot electron spectra, measured along the transvers
rection ~open circle! and longitudinal direction~solid circle!, from
Ar clusters irradiated with a laser pulse of duration 28 fs and int
sity 131017 W/cm2. The electron spectrum~open square! taken
with a femtosecond prepulse at 80 ps before the main pulse is
shown.
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Hot electron angular distribution, shown in Fig. 2~a!, was
obtained with the same experimental conditions as in Fig
At this temperature and Ar backing pressure, an aver
cluster radius of about 40 Å was estimated from a Rayle
scattering measurement@14#. The angular detection of ho
electrons showed a sharply directional hot electron jet em
sion along the laser propagation direction. The angular div
gence of the hot electron jet was less than 30 ° at FWHM
electrons with energy above 50 keV. The highest TLD do
was nearly several tens of mGy, which is about 1000 tim
higher than that in the transverse emission. When a circula
polarized laser pulse was incident on the cluster, noticea
hot electron jet emission was not detected on TLDs plac
inside the hemisphere, as shown in Fig. 2~b!, and also in the
electron spectrometer, which means that the hot electron
emission occurred only from the interaction of a linearly p
larized laser pulse with atomic clusters.

It is of great importance to determine the emission mec

di-

-

lso

FIG. 2. Angular distribution of hot electrons at the horizont
plane with energy over 50 keV.~a! Linearly polarized laser pulse
with a duration of 28 fs and an intensity of 131017 W/cm2 was
interacting with Ar clusters and~b! circularly polarized laser pulse
with the same duration and intensity was incident on clusters.
2-2
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nism of the hot electron jet at our experimental conditio
Inverse bremsstrahlung cannot generate high-energy e
trons at this modest laser intensity@15#. The result obtained
with circularly polarized laser pulses also verifies this ass
tion. It is not possible for these electrons to come from p
toelectrons generated through high-order above-thres
ionization ~ATI ! process because the ponderomotive ene
~average kinetic energy of sinusoidally oscillating free el
trons! is less than 6 keV at this intensity@16#. These photo-
electrons cannot pass through the 18-mm Al foil and also the
direction of the electron emission from ATI is along the las
polarization@17#. Only two kinds of mechanisms can pro
duce hot electrons along the laser propagation directio
LWFA and CBR. With laser intensities well abov
1018 W/cm2, LWFA can produce energetic electrons alo
the laser propagation direction@1,2#. With ion inertia provid-
ing an electrostatic restoring force, an intense laser field
drive a large amplitude electron plasma wave, converting
laser energy into a longitudinal electrostatic laser wake fie
Propagating at nearly the speed of light, the electron pla
wave can accelerate electrons along the laser propag
direction. The laser intensity to stimulate the LWFA is mu
higher than the laser intensity used in our experiments.
observation that the emission of a hot electron jet was ab
in the cases of the prepulse and of the circularly polari
pulse rules out the possibility of LWFA because the hot el
tron emission cannot be greatly affected by a prepulse o
laser polarization in the case of LWFA@2#. In addition,
strong electron plasma waves for LWFA can be achie
when the laser-pulse duration is of the order of 1/vp , where
vp is the plasma frequency. In particular, the electron den
required for the quasiresonant condition to be establishe
given by 331029t22 @1#, where the pulse durationt is
given in seconds and the density in cm23. For a 30-fs laser
pulse, the optimum density will be 331018 cm23 ~similar to
the case with prepulse!, which is much less than the exper
mental conditions without prepulse (;531019 cm23). This
means that LWFA should be weak in this high-density d
main. On the other hand, even if LWFA is weakly stimulate
the overoptimum density will generate a backward elec
field and accelerate electrons backward, as shown in Ref.@4#.
Therefore, LWFA cannot be the mechanism to generate
hot electron jet at our experimental conditions, i.e., linea
polarized laser-cluster interactions.

CBR, on the other hand, may occur in the interaction
high-local-density cluster with a laser at modest intens
Relativistic self-channeling can occur when a laser pow
significantly exceeds the critical power for self-focusin
Pth'17(ne /nc)GW @18#, wherenc and ne are the critical
density (51.731021 cm23 at 820 nm! and electron density
respectively. Pukhovet al. @3# showed in their simulation
results that strong self-generated electric and magnetic fi
could confine energetic electrons in the relativistic chann
Energetic electrons in the fields can make oscillations at
betatron frequencyvb'vp /(2g)1/2 while drifting along the
channel, in whichg is the relativistic factor. Whenvb coin-
cides with the laser frequency seen by relativistically mov
electrons, CBR occurs and results in energy transfer fr
laser light to electrons. The energy gain in the transve
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motion is then converted into an energy gain in the longi
dinal direction via thev3B drift by a self-generated azi
muthal magnetic field, which was generated by the curren
accelerated electrons via ponderomotive expulsion of ba
ground plasma electrons from the channel@3#.

The hot electron spectrum in the transverse direction
Fig. 1 shows that electrons with energy above 100 keV w
generated. These energetic electrons could come from r
nance absorption at the critical density layer@19,20#, result-
ing from resonantly driven electrons in expanding clusters
the incident laser pulse. The electron spectrum in the c
with a prepulse~7% splitting of the main femtosecond puls!
in Fig. 1 shows that hot electron number was dramatica
reduced and electron energy dropped monotonically. Si
the prepulse destroyed clusters, electron density could
reach the critical density needed for resonance absorp
These results indicate that the hot electrons in the case w
out prepulse were generated in the laser-cluster interac
through the resonance absorption process. This was also
ported by an energy absorption measurement. Figur
shows the laser absorption by Ar targets with respect to
ferent backing pressure. The absorption of laser light w
more than 50% at a backing pressure of 20 bars. But in
case with prepulse, the interaction became much weaker
the absorption was less than 10%. Thus, the experime
results show that the efficient coupling of laser and clus
generates energetic electrons through resonance absorp
The energy of the electrons can be enhanced further thro
CBR under appropriate conditions.

For the stimulation of CBR the laser power must exce
the critical power for laser self-channeling, which depen
on electron density. The gas density at our experiment
631018 cm23. At the applied laser intensity of 1
31017 W/cm2, strong emission from Ar81 ions were ob-
served@14#, providing an average electron density close
531019 cm23. With this electron density, the laser pow
used, 1.1 TW, exceeds the self-focusing threshold ofPth
'0.6 TW. Because the local electron density in a clus

FIG. 3. Laser absorption as a function of the backing pressur
Ar in the case of a laser pulse without a prepulse~solid circle! and
with a prepulse of 80 ps in advance~open circle!. The laser intensity
was 131017 W/cm2.
2-3
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during the laser pulse can be much higher, a small-scale
sity modulation along the direction of the laser electric fie
can serve as an initial perturbation for the growth of po
deromotive filaments@21#. In this way, laser self-focusing
can be enhanced much more efficiently. However, deta
theoretical investigations on this kind of conditions have
been performed until now; it will be a challenging task that
required to develop for clear understanding of intense fe
tosecond laser interaction with clusters. On the other hand
the case with a prepulse most clusters are destroyed be
the arrival of the main pulse; so, the electron density can
be as high as that without prepulse. The threshold la
power for self-channeling will increase in this case. Thus
the case with prepulse CBR could not occur, consistent w
the observation of no jet emission.

One method to verify the CBR stimulation may be
detect the formation of a plasma channeling@4#. We obtained
visible images of plasma to show the formation of a plas
channel. The visible images of plasmas generated by l
pulses with and without prepulse are shown in Figs. 4~a! and
4~b!, respectively. The gas temperature was cooled up
270 °C. The plasma length obtained with a prepulse w
about 500mm @Fig. 4~a!#, and this length did not chang
significantly at different gas temperatures. In the case w
out prepulse, the plasma length increased by more tha
factor of 2, reaching 1400mm @Fig. 4~b!#, and the plasma
volume and brightness were increased with cooling. Beca
the self-channeling critical power dropped to below the
plied laser power, the plasma channel was formed and m
more laser energy is trapped in the channel. This will c
tribute to higher energy absorption. The electrons trappe
the channel start to continuously gain energy by catching
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laser pulse at the right phase and form a directional elec
jet along the laser propagation direction.

In conclusion, we observed the emission of a directio
hot electron jet when intense femtosecond laser pulses
duration of 28 fs and intensity of 131017 W/cm2 interacted
with Ar clusters. Experimental results from the polarizati
dependence, prepulse effect, and channel formation indi
that the hot electron jet emission came from CBR when
intense femtosecond laser pulse efficiently coupled w
clusters. There can be attractive applications using this re
The laser intensity for an electron accelerator can be
creased throughclusteringof a high-pressure gas. This wi
result in a new method to generate an electron beam at m
erate laser intensity, especially when a high atomic num
medium, such as argon, is used.

This research was supported by the Ministry of Scien
and Technology of Korea through the Creative Research
tiative Program. L.M.C. would like to thank Z.-M. Shen
and H. Lin for useful discussions.

FIG. 4. Visible images of plasma observed when Ar clust
were irradiated with~a! a laser pulse with a prepulse at 80 ps
advance, and~b! without prepulse. The experimental condition
were the same as in Fig. 2.
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Self-focusing and merging of two copropagating laser beams in underdense plasma

Quan-Li Dong, Zheng-Ming Sheng, and Jie Zhang
Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Science, Beijing 100080, China

~Received 28 March 2002; published 7 August 2002!

The propagation of two laser beams copropagating in underdense plasma has been studied numerically by
solving their coupled envelope equations. It shows that two beams can merge each other, or split into three
beams, or propagate with unstable trajectories, depending upon their power and initial beam separation. During
the merging process, strong emission of radiation is observed. It also shows that the density cavitation channels
due to the transverse ponderomotive force of the beams tend to trap them inside and prevent them from
merging each other.
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Optical spatial solitons have been attracting continued
terest since 1960’s@1#. A variety of nonlinear optical mate
rials, including Kerr media, photorefractive materials, qu
dratic nonlinear material, saturable nonlinear media,
plasmas, etc., can support the self-focusing/self-trapping
light beams. In some particular case, it appears as op
spatial solitons, provided that the diffraction of light beams
exactly balanced by the nonlinear focusing effect. Recen
there has been much interest in the interaction between
kind of spatial solitons as well as two or more light beam
which are launched into these nonlinear media in directi
either parallel to each other or at some crossing angles. C
pared with the interaction of one-dimensional temporal s
tons in optical fibers, the interaction between two opti
spatial solitons exhibits distinctive features such as mu
attraction/beam fusion@2–4#, repulsion, beam fission@5,6#,
and beam spiraling@7,8#, etc. This mutual interaction occur
intensively around the critical power or above for se
focusing/self-trapping, which ranges from a few microw
(mW) only in photorefractive materials biased with som
external dc field@9# up to terawatt~TW! or above in plasmas
@10,11#.

Energy transfer between interacting laser beams in pla
directly addresses fundamental aspect of laser plasma i
action and is also relevant to laser-driven inertial confin
fusion @12,13#. In plasma, usually the nonlinear coupling b
tween the interacting beams comes from the relativistic m
correction and the plasma density modification owing to
ponderomotive push on electrons@11#, if one neglects beam
coupling through stimulated Brillouin and Raman scatter
and ion-acoustic wave@12,13#. For examples, in the geom
etry of counterpropagating laser beams, Shvets and Puk
has proposed the electromagnetically induced guiding ow
to the formation of a high-amplitude density grating pr
duced by the interference of the two beams@14#; for two
spatially separated intense laser beams copropagating in
derdense plasma, Renet al. have observed the mutual bea
attraction and beam spiraling in recent three-dimensio
particle-in-cell simulations@8#. These features have been a
tributed mainly due to the relativistic effect. At weakly rel
tivistic light intensitiesIl2!1018 W/cm2 mm2 ~hereI is the
laser intensity andl the laser wavelength!, the correspond-
ing envelope equation of laser beams can be reduced to
in Kerr-type materials. However, when Il2
1063-651X/2002/66~2!/027402~4!/$20.00 66 0274
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>1018 W/cm2 mm2, each beam will produce significant den
sity depression along their propagation axes due to the tr
verse ponderomotive force of laser beams@11#, which cannot
be neglected. The effect of this density modification on
mutual interaction of spatially separated beams has not
been explored explicitly in earlier studies. This nonlinear
is found only in plasmas and is very important when the la
power exceeds the relativistic self-focusing threshold ab
17(v/vp)2 GW @11#, where v and vp are the laser fre-
quency and electron plasma frequency, respectively.

In this paper, we present numerical simulation studies
the interaction between two light beams launched into und
dense plasma in the direction parallel to each other. We s
a set of coupled envelope equations numerically with b
the relativistic nonlinearity and the ponderomotive-force
fect taken into account. We demonstrate that under so
circumstances, two beams can merge each other, split
three beams, or remain to be trapped in the density chan
Hosing propagation owing to the mutual interaction is o
served.

In the slowly varying envelope approximation, th
coupled evolution equations for two laser beams copropa
ing in underdense plasma can be written as@11,15#

2i
]a1

]t
1¹'

2 a11~12n/g!a150, ~1!

2i
]a2

]t
1¹'

2 a21~12n/g!a250, ~2!

which describe the beam propagation in a comoving fra
j5x2(k0c2/v0)t. Here a1 and a2 are the slowly varying
vector potentials of the two beams normalized bymc2/e,
respectively, the relativistic factorg5(11ua11a2u2)1/2, the
density n5Max(0,11“'

2 g) addressing the ponderomotiv
expulsion of electron density from the high intensity region
which is normalized by the unperturbed plasma densityn0.
Also heret5vp

2t/v0, with v0 the frequency of laser beam
andvp5(4pn0e2/m)1/2 the plasma frequency,“'

2 5]2/]y2

1]2/]z2 with transverse coordinatey and z normalized by
c/vp . We assume that the two beams are parallel polariz
The coupled Eqs.~1! and ~2! can describe the mutual inter
action of two beams through the nonlinear effects includ
©2002 The American Physical Society02-1



by
et
tro
e
t

se
b

us

cte
u
a

,
n

tic

y
n

r
an

m
io
r
ls

ity
m

he
th
ze
-

ins

s in
ed

e

ce
ing
n in
than
in

p-
dif-
gle

ore

in-

-

nd
u-
nter
on-
eam
sity
ing
are
eir
e-
ully
is-
ig.
ri-

s

-

ofile

odi-

BRIEF REPORTS PHYSICAL REVIEW E66, 027402 ~2002!
the relativistic nonlinearity and the density modification
the transverse ponderomotive force. However, certain kin
effects, such as electron acceleration, attraction of elec
filaments, and corresponding quasistatic magnetic gen
tion, etc.@16,17#, have been neglected. These are known
contribute to the merger of light filaments. Usually, the
effects are significant in plasma with moderate densities,
relatively weak in tenuous plasma@18,19#. Thus the results
described following should apply preferably in tenuo
plasma such asn0 /nc,0.01, wherenc is the critical density
of incident laser beams. In addition, since we have negle
the longitudinal profiles of laser beams, our results sho
apply to the case when the durations of the laser beams
much longer than a plasma oscillation period.

Equations~1! and~2! have been solved with the algorithm
of the alternating-directing implicit method@15#. A rectangu-
lar simulation box is used in they-z plane. In the simulations
the input beams are lunched along the x direction; the tra
verse beam profiles are in Gaussian witha15a01exp$2@(y
2y01)

21z2#/2r01
2 % and a25a02exp$2@(y2y02)

21z2#/2r02
2 %.

With these, the normalized threshold power for relativis
self-focusing for individual beams is reached whena01

2 r01
2

>16 anda02
2 r02

2 >16. One notes that it is important to stud
the beam interaction in rectangular geometry rather tha
slab geometry, so that one could compare the simulation
sults with real experiments; in slab geometry, there is not
power threshold for self-focusing@21#.

Our simulations show that the interaction of two bea
displays a variety of interesting features such as attract
fusion, fission, and beam hosing. Some of them are simila
those found in earlier studies in nonlinear optical materia
while some of them are distinctive owing to the nonlinear
related to the transverse ponderomotive force of light bea
in plasma. Figure 1~a! illustrates the evolution of the two
beams whena015a0250.6, r015r0258, y01510, andy02
5210. The two beams start to self-focus individually in t
earlier stage. Meanwhile, they appear to attract each o
Around t570, they are focused to the minimum spot si
and then begin to defocus. Aftert5100, the two beams be

FIG. 1. Evolution of the absolute amplitude of two beam
(ua1u21ua2u2)1/2 with initial parametersa015a0250.6, r015r02

58, y01510, andy025210. ~a! Taking into account the electron
density modification due to the ponderomotive force;~b! neglecting
the electron-density modification.
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gin to merge into a single beam very quickly, which rema
self-focused as a single beam afterwards. Figure 1~b! shows
the evolution of the two beams for the same parameters a
Fig. 1~a!, except for ignoring the density depression caus
by the transverse ponderomotive force, i.e., letn51 instead
of n5Max(0,11“'g). In this case, the two beams merg
into a single beam more quickly than that in Fig. 1~a!. One
notes that the final beam-spot size is smaller in Fig. 1~a! than
in Fig. 1~b!, demonstrating that the ponderomotive for
helps to trap the light beam. One also notes that, dur
merging process, there exists strong emission of radiatio
both cases. This emission appears to be much stronger
that when there is only one laser beam self-focusing
plasma@22#. This is more obvious in Fig. 2 showing sna
shots of the transverse section of the incident beams at
ferent times. One observes that, after merging into a sin
beam, its transverse section is nearly isotropic iny-z plane in
the central region. This suggests that a rounded beam is m
stable than other shaped beams in this case.

Figure 3 shows the beam evolution at a higher laser
tensity and a higher beam power whena015a0251, r01
5r0258, y01510, and y025210. In this case, electron
density modification is much stronger than that for Fig. 1~a!.
During the earlier stage, mutual attraction of beams is fou
while the two beams are undergoing self-focusing individ
ally. Afterwards, the beam intensities around the beam ce
regions increase significantly. As a result, the electr
density depression gets deeper around the individual b
axes until electron-density cavitation occurs. These den
cavities trap the two beams, preventing them from merg
into a single beam. The centroids of the two beams
shifted, respectively, from their original positions due to th
mutual attraction. Strong emission of radiation is found b
fore the trapping process. However, after the beams are f
trapped in their density cavities, there is almost no new em
sion of radiation from the trapped beams as shown in F
3~a!. Figure 3~b! shows snapshots of electron-density dist

FIG. 2. Snapshots of the transverse section of the beam pr
at t50 ~a!, 70 ~b!, 110 ~c!, and 170~d!. The initial parameters are
the same as in Fig. 1, taking into account the electron-density m
fication.
2-2
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BRIEF REPORTS PHYSICAL REVIEW E66, 027402 ~2002!
butions alongy axis cut atz50. If one excludes the electron
density modification by the ponderomotive force, the be
evolution is illustrated in Fig. 3~c!. It differs from Fig. 1~b!
for the case at lower incident power as well as from F
3~a!—the two beams neither merge into a single beam
remain individual self-focusing. In the earlier stage, the t
beams attract each other as usual. At certain time arount
560, rather than merging into a single beam, the two bea
split into three beams; one beam at the center propag
along the original incident direction of the two beams, wh
the other two beams propagate obliquely. This appears t
a more stable state than merging into a single beam. T
suggests that the density depression caused by the pon
motive force plays role in intense multibeam interaction
plasma. Figure 4 shows snapshots of the transverse se
of the incident beams when the ponderomotive force is ta
into account, corresponding to Fig. 3~a!. Strong emission of
radiation is found aroundt590 in Fig. 4~c!.

If one increases the initial distance between the centro
of the two beams, it is expected that their mutual interact
becomes weaker and the two beams would remain as
vidual. Figure 5 shows the evolution of the two beams
a015a0251, r015r0258, y01512, andy025212, i.e., with
larger displacement than that for Fig. 3. In earlier stage,
mutual attraction is still found while the two beams are u
dergoing self-focusing individually. Afterwards, howeve

FIG. 3. Evolution of the absolute amplitude of two beam
(ua1u21ua2u2)1/2 with initial parametersa015a0251, r015r0258,
y01510, and y025210. ~a! Taking into account the electron
density modification due to the ponderomotive force;~b! electron-
density profiles cut atz50 at t50 ~dotted line!, 50 ~dashed line!,
and 150~solid line!; ~c! beam evolution when ignoring the electro
density modification.
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rather than propagating straight forward in the density ch
nels, the two beams change their propagation directions c
tinually, i.e., the trajectories of both beams becomes
stable. This hosinglike instability is caused by both t

FIG. 4. Snapshots of the transverse section of the beam pr
at t50 ~a!, 50 ~b!, 90 ~c!, and 190~d!. The initial parameters are
the same as in Fig. 3 taking into account the electron-density m
fication.

FIG. 5. Evolution of the absolute amplitude of two beam
(ua1u21ua2u2)1/2 with initial parametersa015a0251, r015r0258,
y01512, and y025212. ~a! Taking into account the electron
density modification due to the ponderomotive force;~b! electron-
density profiles cut atz50 at t50 ~dotted line!, 70 ~dashed line!,
and 300~solid line!; ~c! beam evolution when ignoring the electron
density modification.
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BRIEF REPORTS PHYSICAL REVIEW E66, 027402 ~2002!
mutual attraction and density cavitation that prevents t
beams from merging into a single one. As a result, it ha
different physical origin from the normal hosing instabili
when a laser propagating in underdense plasma@20#, which
is caused by upward or downward tilting of the local wa
fronts due to the transverse phase velocity difference ac
the wave front. This kind of instability cannot be observ
for a single laser beam propagating in plasma in our sim
tions working in a comoving frame. As in earlier example
we have simulated the beam envelope evolution for the s
parameters, except for excluding the ponderomotive force
this case, similar to the case for Fig. 3~c!, one finds that two
beams split into three beams after a self-focusing stage a
beginning. In these three beams, one propagates straigh
ward along the initial direction of incident beams, while t
other two propagate at some angles from the initial propa
tion axis. Later on, they bend toward the central beam ow
to mutual attraction.
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In conclusion, the interaction of two copropagating lig
beams in underdense plasma has been studied numeri
Beam fusion/mergence, fission, and hosing during the pro
gation are observed. It shows that the relativistic nonlinea
can lead to beam fusion and fission, while the electr
density cavitation due to the transverse ponderomotive fo
of light beams tends to prevent the beam from merging i
a single beam for laser beams at high intensities. The mu
interaction may also cause hosing propagation of bea
Strong emission of radiation is found during beam fusi
process.

This work has been supported in part by the Natio
Natural Science Foundation of China~Grant Nos. 10105014
19825110, 10075075!, the Bai-Ren-Ji-Hua Program of th
Chinese Academy of Science, and the National High-Te
ICF program.
ry,
,

@1# G.I. Stegeman and M. Segev, Science286, 1518 ~1999!; G.I.
Stegeman, D.N. Christodoulides, and M. Segev, IEEE J.
Top. Quantum Electron.6, 1419~2000!.

@2# D. Anderson and M. Lisak, Phys. Rev. A32, 2270~1985!.
@3# W. Krolikowski et al., Opt. Lett.23, 97 ~1998!.
@4# V. Tikhonenko, J. Christou, and B. Luther-Davies, Phys. R

Lett. 76, 2698~1996!.
@5# W. Krolikowski and S.A. Holmstrom, Opt. Lett.22, 369

~1997!.
@6# L. Torner, J.P. Torres, and C.R. Menyuk, Opt. Lett.21, 462

~1996!; Y. Baeket al., ibid. 22, 1550~1997!.
@7# M.-F. Shih, M. Segev, and G. Salamo, Phys. Rev. Lett.78,

2551 ~1997!; A.V. Buryak et al., ibid. 82, 81 ~1999!; M.R.
Belic, A. Stepken, and F. Kaiser,ibid. 82, 544 ~1999!.

@8# C. Renet al., Phys. Rev. Lett.85, 2124~2000!.
@9# M. Segevet al., Phys. Rev. Lett.73, 3211~1994!; Z.-M. Sheng

et al., J. Opt. Soc. Am. B13, 854 ~1996!.
@10# P. Sprangle, C.M. Tang, and E. Esarey, IEEE Trans. Pla

Sci. PS-5, 145 ~1983!.
@11# G.Z. Sunet al., Phys. Fluids30, 526~1987!; A. Borisov et al.,

Phys. Rev. A45, 5830 ~1992!; Z.M. Sheng and J. Meyer-ter
Vehn, Phys. Rev. E54, 1833~1996!.
l.

.

a

@12# C.J. McKinstrieet al., Phys. Plasmas3, 2686~1996!; 5, 1142
~1998!.

@13# W.L. Kruer et al., Phys. Plasmas3, 382 ~1996!; V.V. Eliseev
et al., ibid. 3, 2215~1996!; H.A. Rose and S. Ghosal,ibid. 5,
1461 ~1998!; C. Labauneet al., ibid. 6, 2048 ~1999!; K.B.
Whartonet al., ibid. 6, 2144~1999!.

@14# G. Shvets and A. Pukhov, Phys. Rev. E59, 1033~1999!.
@15# Z.-M. Shenget al., Phys. Rev. E64, 066409~2001!; W. H.

Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flanne
Numerical Recipes in Fortran~Cambridge University Press
New York, 1992!, p. 861.

@16# A. Pukhov and J. Meyer-ter-Vehn, Phys. Rev. Lett.76, 3975
~1996!.

@17# Y. Sentokuet al., Phys. Rev. E65, 046408~2002!.
@18# J.C. Adamet al., Phys. Rev. Lett.78, 4765~1997!.
@19# G. Malkaet al., Phys. Rev. Lett.79, 2053~1997!.
@20# P. Sprangle, J. Krall, and E. Esarey, Phys. Rev. Lett.73, 3544

~1994!; G. Shvets and J.S. Wurtele,ibid. 73, 3540~1994!; B.J.
Duda et al., ibid. 83, 1978 ~1999!; C. Ren and W.B. Mori,
Phys. Plasmas8, 3118~2001!.

@21# K.C. Tzeng and W.B. Mori, Phys. Rev. Lett.81, 104 ~1998!.
@22# F. Vidal and T.W. Johnston, Phys. Rev. Lett.77, 1282~1996!.
2-4



ina

PHYSICAL REVIEW E 66, 046501 ~2002!
Effects of delay time on transient Ni-like x-ray lasers
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In transient collisional excitation scheme, a long~nanosecond! prepulse is used to perform and ionize
plasmas. After a delay time, a short~sub- or picosecond! intense laser pulse is used to rapidly heat the plasma.
This results in transient x-ray lasers with high gain. Effects of delay time on transient collisional excitation
nickel-like x-ray lasers are investigated analytically using a simple model. The calculations show that the
longer delay time can greatly relax the density gradient. This is very critical for the propagation of x-ray lasers.
However, a too long delay will reduce the electron temperature of the plasma before the arrival of the short
pulse. Increasing the intensity of the long pulse or extending the pulse duration can keep the temperature
required to maintain a high percentage of Ni-like ions while the delay time is longer. Similarly, increasing the
intensity of the short pulse or extending the duration can also raise the electron temperature, resulting in higher
gain coefficient. Our results indicate that extending the pulse duration is more efficient than that of increasing
the intensity.

DOI: 10.1103/PhysRevE.66.046501 PACS number~s!: 52.59.Ye, 42.55.Vc
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I. INTRODUCTION

Since high gain transient collisional excitation~TCE!
scheme was first demonstrated in 1997 with only a few Jo
pump energy@1#, great attention was attracted@2–5#. The
result of neonlike titanium TCE x-ray laser was reproduc
by Dunn in 1998 and extended to nickel-like palladium, a
nickel-like molybdenum with a gain coefficient of up t
35 cm21 @2,6–8#. Kalachnikov in 1998 also demonstrate
the saturation output of neonlike titanium TCE x-ray las
with only 5-J pump energy@9#. Nilsen modeled the neonlike
titanium transient x-ray laser@10# and calculated the hydro
dynamic evolution of the plasma under the experimen
conditions usingLASNEX and XRASER code @4#. In calcula-
tions, effects of the delay time between the long pulse
the following short pulse was investigated theoretically
the first time.

A suitable delay time between the long pulse and the s
pulse is beneficial for relaxing the plasma density gradie
and thus is very critical for the propagation of x-ray lase
@11#.

One of the main objectives to enhance the efficiency
x-ray lasers is to develop a ‘‘table-top’’ x-ray laser for app
cations @12,13,9#. In the ‘‘traditional’’ quasi-steady state
scheme, the prepulse is only to create a preplasma. The d
is used to make a longer scale length. The main pulse is
not only required to heat plasma to reach the electron t
perature required by population inversion, but also neede
ionize the plasma to a correct ionization state of Ni-like~or
Ne-like!. By comparison, the prepluses and main pul
serve different functions in the TCE scheme. The long~pre!
pulse is not only required to create a preplasma, but a
needed to prepare an optimized preplasma with a rich Ni-
~or Ne-like! ionization stage. Then the short~main! pulse

*Correspondence should be addressed to J. Zhang; Email add
jzhang@aphy.iphy.ac.cn.
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heats the plasma rapidly to reach required conditions w
high electron temperature while keeping the ion tempera
low. This is beneficial for forming a high gain transie
population inversion. For the TCE scheme, a longer de
can make a longer scale length. But a too long delay will a
reduce the temperature in the plasma@14#. Thus, if we would
like to use the delay to relax the plasma density gradient,
delay and the pulse duration between the long pulse and
short pulse should be optimized.

In this paper, we investigate the effects of the delay ti
on hydrodynamics of transient Ni-like Pd x-ray lasers us
the formulas of Ref.@14#. In order to understand the optim
zation conditions of plasmas, we calculate the electron te
perature, scale length, electron density for different de
time. The results show that extending the pulse duration
more efficient than that of increasing the intensity to gener
transient x-ray lasers with high gain.

II. ANALYTIC FORMULAS FOR TCE NI-LIKE X-RAY
LASERS

According to the formula of Ref.@14#, useful scaling laws
for plasma variables are used to describe the hydrodyna
process of TCE Ni-like x-ray lasers. The convenient un
listed in Table I are employed, which scale the variable w
underline in the whole derivation, to simplify the calculatio

ss:

TABLE I. Normalized values for scaled variables.

Physical variable Symbol Normalized value

Time t 1 ns
Laser intensity I 1014 W cm22

Laser wavelength l 1.053mm
Ablation mass m 1024 g cm22

Ion charge Z 65
Atomic mass A 240
Coulomb logarithm L 5
©2002 The American Physical Society01-1



a

an
re

d
an
he

le

he
d

t

d
ical
ion

on
er
he
-
re-
r is
cts
ion
n-

the

ve
the
sers
ray
the
r-
di-

the

, as
f

LI, LU, AND ZHANG PHYSICAL REVIEW E 66, 046501 ~2002!
The processes of laser pulses interacting with plasmas
divided into four distinct periods. They aret<t1L , t1L<t
<tm , tm<t<t2L , and t2L<t, respectively, wheret1L
5Dt1L is the long pulse duration,Dtm is the delay time,tm
5Dt1L1Dtm is the time when the short pulse arrives,Dt2L
is the short pulse duration,t2L5tm1Dt2L is the turning off
time of the short pulse.

A. During the time of tÏt1L

The long pulse creates an optimized preplasma. The
lytic solutions after the influence of the initial conditions a

T53.90 keVI 5/9A2/9L2/9l2/3t2/9, ~1a!

L52.8731022 cmI 10/27A22/27l4/9L4/27t31/27, ~1b!

n0520.8231020 cm23 I 11/54A4/27l25/9L22/54t214/27,
~1c!

whereI is the laser intensity,l is the laser wavelength,L is
the Coulomb logarithm,A is the atomic mass.T is the elec-
tron temperature,L is the scale length,n0 is the maximum
value of the electron density.

B. During the time of t1LÏtÏtm

After the timet1L , the long laser pulse is turned off an
the plasma continues to expand adiabatically. The exact
lytical solutions can be obtained for this period using t
condition beforet1L ,

T5T1Lt1L
2/3t22/3, ~2a!

L5L1Lt1L
25/9t5/9, ~2b!

no5n1Lt1L
7/9t27/9, ~2c!

whereT1L , L1L , andn1L are the electron temperature, sca
length, and electron density att1L .

C. During the time of tmÏtÏt2L

At time tm , when the short pulse has switched on, t
solutions can be obtained by considering the initial con
tions beforetm :

T523.12 keVI 2m21AZ21tS 12tm
5/3t25/31

Tmtm
2/3

T2
t25/3D ,

~3a!

L55.1631022 cmI 2
1/2m21/2t3/2

3S 12tm
5/3t25/31

Lm
2

L2
2tm

4/3
t25/3D 1/2

, ~3b!

n053.1631020 cm23 I 2
21/2m3/2A21Zt23/2

3S 12tm
25/3t25/31

n2
2tm

1/6

nm
2

t25/3D 21/2

, ~3c!
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re
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where Tm is the electron temperature attm , T2
523.12 keVI 2m21AZ21. Lm is the scale length attm , L2

55.1631022 cmI 2
1/2m21/2. nm is the electron density a

tm , n253.1631020 cm23 I 2
21/2m3/2A21Z.

D. During the time of t2LÏt

After the timet2L , the short laser pulse is turned off an
the plasma continues to expand adiabatically. The analyt
solutions can be obtained for this period using the condit
beforet2L :

T523.12 keVI 2m21AZ21t2L
5/3t22/3

3S 12tm
5/3t2L

25/31
Tmtm

2/3t2L
25/3

T2
D , ~4a!

L5L2t2L
5/6t2/3S 12tm

5/3t2L
25/31

Lm
2

L2
2

tm
2/3t2L

25/3D 1/2

, ~4b!

n05n2t2L
25/6t22/3S 12tm

25/3t2L
25/31

n2
2t2L

25/3

nm
2 tm

2/3 D 21/2

. ~4c!

III. RESULTS AND DISCUSSION

In order to understand the effects of the delay time
hydrodynamics of the transient collisional x-ray laser und
different conditions, we calculate the hydrodynamics of t
transient collisional Ni-like Pd x-ray laser for different inten
sity and duration for the long pulse and the short pulse,
spectively. First, we discuss why the transient x-ray lase
sensitiveto the delay time. Second, we investigate the effe
of the delay time by changing the intensity and the durat
for long pulse. Finally, we discuss how to effectively e
hance the electron temperature in the preplasma before
short pulse comes.

A. The effects of sensitivity of x-ray laser gain
to the delay time

Experimental results and numerical simulations ha
shown that the x-ray laser output is quite sensitive to
delay time between the long- and the short-pulse drive la
@15,4#. In order to understand the dependence of the x-
laser on the delay time, we calculate hydrodynamics of
transient collisional Ni-like Pd x-ray laser with three diffe
ent values of delay time of 1.1, 1.9, and 2.6 ns. The con
tions in the calculations are as almost the same as in Ref.@2#,
except the intensity of the long pulse ofI 153.0
31012 W/cm2.

The calculations show that the densities are 5.7931020,
4.4131020, and 3.6831020 cm23 for the three different de-
lay times, respectively, as shown in Fig. 1~a!. The difference
among the three densities will not much affect the gain of
x-ray lasers. In the calculations, 152.7mm is the longest
scale length for the 2.6 ns delay time, as shown in Fig. 1~b!.
For this delay time, the electron temperature is 160.9 eV
shown in Fig. 1~c!. This results in an average ionization o
1-2
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only 17.16, as shown in Fig. 1~d!. This is lower than the
requirement for rich Ni-like Pd ionization population. For th
1.9 ns of the delay time, the scale length is 134.3mm, which
is middle among the three scale lengths. But the tempera
is 187.6 eV, corresponding to an ionization of about 18.
This is almost the Ni-like Pd ionization population. For th
1.1 ns of the delay time, the scale length is 110.5mm, which
is the shortest one. The temperature is 237.1 eV, corresp
ing to an ionization of about 19.5. This is obviously ove
ionized. In nanosecond process, the ionization is sensiti
dependent on the temperature. The temperature depends
sitively on the delay time, as seen in the Fig. 1~c!. Thus the
different delay time cause ionization difference sensitive
From the comparison between the sensitivity of the ioni
tion to delay time and the x-ray laser output to delay time
is clear that the sensitivity of the x-ray laser output to t
delay time is finally due to the different ionization popul
tion. The scale length also depends sensitively on the d
time. However, This will not sensitively affect the gain of th
x-ray lasers.

We know that the main function of the long pulse is
prepare a preplasma with a rich Ni-like~or Ne-like! ioniza-
tion population and a low ion temperature before the arri
of the short pulse. And the main function of the delay time
to relax the density gradient, that is critical for the x-ray las
propagation@14#. Of course, a longer delay time can ma
the scale length longer. However, a rich Ni-like~or Ne-like!
ionization population is the most important condition. Th
in the design of the x-ray laser experiment, we not only ne
to optimize the scale length, but also need to optimize
ionization, which is more important than the scale length

FIG. 1. ~a! Electron density versusx with deferent delay,~b!
temperature versus delay,~c! temperature history,~d! ionization ver-
sus delay. The conditions areI 150.731012 W/cm2, t1L50.8 ns,
l51.053mm, I 255.231014 W/cm2, t2L51.1 ps, the delay timet
is from 1.1 to 2.6 ns.
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B. The efficiency of the long pulse heat under the delay time

From the calculations above, we know that a delay ti
will decrease the Ni-like~or Ne-like! ionization population
while it relaxes the density gradient. Thus we have to
crease the temperature so that the average ionization is
in the Ni-like ~or Ne-like! ionization state before the arriva
of the short pulse. There are two ways to increase the t
perature. The first one is to enhance the intensity of the l
pulse. The another one is to extend the duration of the lon
pulse. Here what we want to know is which one is mo
efficient.

We calculate the change of the intensity, scale length, d
sity, and temperature while extending the delay time from
to 2.6 ns and keeping the duration to be a constant of 0.8
The results show that the intensity has to be increased f
0.731012 to 4.031012 W/cm2 so that the most Pd ions ar
kept in Ni-like ionization stage, as shown in Fig. 2~a!. The
scale lengths are prolonged from 40 to 169.8mm with the
extension of the delay, as shown in Fig. 2~b!. And the elec-
tron density range is from 3.9031020 to 8.4431020 cm23, as
shown in Fig. 2~d!. However, the highest temperature durin
the short pulse laser is dropped from 1.84 keV to 800
with the extension of the delay, as shown in Fig. 2~c!.

As a comparison with the case of changing the pulse
tensity, we calculate the same parameters’ change by ext
ing the delay time from 0 to 1.0 ns and keep the intensity
a constant of 0.731012 W/cm2. The results show that the
durations are increased from 0.8 to 2.4 ns with the extens
of the delay time while keeping the Pd ions as Ni-like ion

FIG. 2. ~a! Delay time versus long-pulse intensity,~b! scale
length vs delay time,~c! temperature history,~d! electron density vs
x with deferent delay for the same long-pulse duration and Ni-l
ionization. The conditions areI 1 from 0.731012 to 4
31012 W/cm2, l51.053mm, t1L50.8 ns, I 255.231014 W/cm2,
t2L51.1 ps, the delay timet is from 0 to 2.6 ns.
1-3
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as shown in Fig. 3~a!. The scale lengths are prolonged fro
40 to 170.8mm with the extension of the delay, as shown
Fig. 3~b!. And the highest temperature is only dropped fro
1.84 to 1.1 keV during the short pulse with the extension
the delay time, as shown in Fig. 3~c!. The electron density
range is from 3.6431020 to 8.4431020 cm23, which is al-
most the same as the case above, as shown in Fig. 3~d!.

From the comparison, we know that the prolonged ran
of the scale lengths and density ranges are almost the s
for both cases. However, the intensity is increased from
31012 to 4.031012 W/cm2 when the duration is a constan
of 0.8 ns, and the duration is only increased from 0.8 to
ns when the intensity is a constant of 0.731012 W/cm2.
While keeping the Pd ionization stage in Ni-like, the ef
ciency of the heating pulse for prolonging the long-pu
duration while keeping the constant intensity is greater t
that for increasing the intensity while keeping the const
duration. It is significant because prolonging the pulse du
tion is much easier than increasing the pulse intensity in
x-ray laser experiment.

C. The influence of the delay time on the
short-pulse conditions

For the TCE scheme, the change of the ionization s
and ablation mass can be neglected during the short p
@14#. To help understand the influence of the delay time,

FIG. 3. ~a! Delay time versus full width at half maximum~long-
pulse duration!, ~b! scale length versus delay time,~c! temperature
history, ~d! electron density vsx for deferent delay for the sam
intensity and Ni-like ionization. The conditions areI 150.7
31012 W/cm2, the long-pulse durationt1L are from 0.8 to 2.4 ns,
l51.053mm, I 255.231014 W/cm2, t2L51.1 ps, the delay timet
is from 0 to 1.0 ns.
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calculate only the temperature changed with different de
time, which is very important for the gain, and find out th
optimized intensity or duration of the short pulse while kee
ing the electron temperature as 1.84 keV and the Pd ion
Ni-like.

The temperature during the short pulse goes down w
the extension of the delay time from Fig. 1~c! and Fig. 2~c!.
It is not beneficial for the output of the x-ray laser becau
the gain coefficient is proportional to the electron tempe
ture and inversely proportional to the square root of the
temperature. The ways to enhance the temperature are a
increase the intensity or the duration of the short pulse.

We first calculate the case of changing short-pulse int
sity while keeping the pulses duration the same for differ
long-pulse intensity or duration and delay time. The calcu
tions show that the short-pulse intensity needs to incre
from 5.231014 to 1.631015 W/cm2 with the delay extension
from 0 to 2.6 ns for a constant long-pulseduration, as shown
as the solid line in Fig. 4~a!. And the intensity only needs to
increase from 5.231014 to 1.231015 W/cm2 with the delay
extension from 0 to 1.0 ns for a constant long-pulse intens
as shown as the dashed line in Fig. 4~a!. The efficiency for
keeping the long-pulse intensity constant is greater than
for keeping the long-pulse duration constant.

Then we calculate the case of changing short-pulse d
tion while keeping the pulses intensity the same for differ
long-pulse intensity or duration and delay. The calculatio
show that the short-pulse durations need to increase from
to 3.4 ps with the delay extension from 0 to 2.6 ns for
constant long-pulse duration, as shown as the solid line
Fig. 4~b!. And the duration only need to increase from 1.1
2.3 ps with the delay extension from 0 to 1.0 ns for a co
stant long-pulse intensity, as shown as the dashed line in
4~b!. The efficiency for keeping the long-pulse intensity co

FIG. 4. ~a! The short-pulse intensity versus delay time for
constant long-pulse duration, the ionization is Ni-like and the el
tron temperature is optimized temperature of 1.84 keV during
short pulse. The conditions areI 1 from 0.731012 to 4
31012 W/cm2, l51.053mm, t1L50.8 ns, I 2 are from 5.231014

to 1.631015 W/cm2 or t2L are from 1.1 to 3.4 ps, the delay timet
is from 0 to 2.6 ns.~b! The short-pulse duration versus delay for
constant long-pulse intensity, the ionization is Ni-like and the el
tron temperature is optimized temperature of 1.84 keV during
short-pulse. The conditions areI 150.731012 W/cm2, l
51.053mm, t1L are from 0.8 ns to 2.4 ns,I 2 are from 5.231014 to
1.231015 W/cm2 or t2L are from 1.1 ps to 2.3 ps, the delay timet
is from 0 to 1.0 ns.
1-4
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stant is also greater than that for keeping the long-pulse
ration constant.

From the calculations above, the conclusion we get her
that increasing the duration of the short laser pulse will
more beneficial to enhance the temperature than that o
creasing the intensity. However, it should be noted that
duration for the short pulse could also not be too long
cause of the requirements of TEC limit.

IV. CONCLUSIONS

We investigate analytically the effects of delay time
nickel-like Pd TCE x-ray lasers using an analytical mod
The calculations show that a longer delay time can gre
relax the density gradient. This is very critical for the prop
gation of x-ray lasers. However, a too long delay will redu
the electron temperature before the arrival of the short pu
t-

S

A

04650
u-

is
e
n-
e
-

l.
ly
-

e.

Increasing the long-pulse intensity or extending the pu
duration can keep the temperature required, and there
high percentage of Ni-like Pd ions. Extending the long-pu
duration is more efficient than that of increasing the intens
Similarly, increasing the short-pulse intensity or extendi
the duration can also raise the temperature that is impor
for enhancing gain coefficient because it is proportional
the electron temperature and inversely proportional to
square root of the ion temperature. As a result, extending
short-pulse duration is also more efficient than that of
creasing the intensity.
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Characteristics of self-guided laser plasma channels generated by femtosecond laser pulses in

Hui Yang, Jie Zhang,* Yingjun Li, Jun Zhang, Yutong Li, Zhenglin Chen, Hao Teng, Zhiyi Wei, and Zhengming Shen
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With ultrashort laser pulses~25 fs! and low energy (E515 mJ), we observe laser plasma channels with a
length over 5 m in air. Thediameter of the plasma channel is measured to be 120mm. The average electron
density in the channel is inferred to be about 1018 W/cm3 with an interferometric method. At the same time, the
temporal evolution of the electron density in the plasma channel is investigated. The resistivity in the plasma
channel is measured to be less than 1V cm. It is suggested that the lifetime of the plasma channel can be
greatly prolonged by launching another long laser pulse along the plasma channel.

DOI: 10.1103/PhysRevE.66.016406 PACS number~s!: 52.35.Mw, 52.40.Db
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I. INTRODUCTION

There is a great interest in understanding the propaga
process of femtosecond laser pulses through air@1–9#. In
1996, Braunet al. @1# observed self-focusing into filamen
in air with infrared laser pulses. The filaments can per
over several tens of meters. The mechanism for femtosec
laser pulses propagating over long distance in air is the
ance between the kerr self-focusing due to the nonlinear
fects in air and defocusing due to the tunneling ionizat
and diffraction of the laser beam@6#.

In this paper, we present our investigations on charac
istics of plasma channels in air generated by femtosec
laser pulses. With an interferometric method, the initial a
erage electron density in the channel is measured to be a
1018 cm23. The resistivity of the channel is found to be le
than 1V cm. A plasma channel with a length longer than 5
is observed and the channel diameter is measured to be a
120 mm.

II. EXPERIMENTAL SETUP

In our experiments, femtosecond laser pulses w
slightly focused with a positive lens (f 540 cm, 2 m, 4 m! in
air. At the same time, with an interferometric method
shown in Fig. 1, the electron density in the plasma chan
was measured. The laser system is a home-made Ti:sap
laser system, that can provide up to 45 mJ energy, in 2
pulses, at a central wavelength of 800 nm. The laser b
was focused in air and formed a plasma channel. A sm
portion of the laser beam was frequency doubled by a B
crystal to serve as a probing laser beam. The delay betw
the main laser beam and the probing laser beam could
adjusted. After transmitting through the plasma channel,
probing beam was focused through a Wollaston prism an
polarizer. Finally the interferometric fringes were record
by a charge-coupled device~CCD! camera. At the same time
we measured the length and diameter of the plasma cha
with a CCD camera (5123512 pixels) with a pixel size of
24 mm.

*Author to whom correspondence should be addressed. Emai
dress: jzhang@aphy.iphy.ac.cn
1063-651X/2002/66~1!/016406~4!/$20.00 66 0164
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III. RESULTS AND ANALYSIS

A typical image of the plasma channel is shown in Fig.
where a lens withf 52 m was used to slightly focus the las
beam. Generally the length of the channel varied with
focus length of the lens. The length of the channel was ab
30 cm when using a lens off 51.5 m. It became longer tha
50 cm as shown in Fig. 2~a!, when a lens off 52 m was
used. Furthermore, when a lens withf 54 m was used, a
good conductive plasma channel with a length greater tha
m was observed. From Fig. 2~b!, we can find that the lase
intensity distribution in the channel is close to a Gauss
and the Gaussian-fitting diameter of the filament is ab
120 mm. The Rayleigh length of the laser beam is about
mm for this diameter. We then know that the laser beam
propagate over hundred Rayleigh lengths. This result is
good agreement with our calculations@6#.

An analysis shows that the electron distribution initia
created by the laser pulse can be very quickly smoothed
recombination and collisional processes. To measure
electron density in the channel, we used an interferome
method as shown in Fig. 1@12#. Because the laser intensit
in the channel is only about 1014 W/cm2, the static magnetic
field can be omitted. The refractive index in air therefore c
be expressed as

N2512vp
2/vL

2 , ~1!

whereN is the refractive index of the plasma channel,vp is
the plasma frequency, andvL is the laser frequency. Whe
the probing beam traverses the plasmas channel, the ph
shifted probing beam can be written as

DF5E ~kp2k0!dl5E ~N21!v/cdl, ~2!

where k05v/c is the wave number.N2512vp
2/vc

251
2ne /nc , nc5v2m«0 /e2 is the critical density. If the
plasma density is small enough, we then ha
ne /nc(vP

2 /v
C

2)!1. This condition is satisfied in our exper
ment. So the phase shift of the interference fringe is

DF5
v

c E F S 12
ne

nc
D 1/2

21Gdl'
v

2cnc
E nedl. ~3!d-
©2002 The American Physical Society06-1
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FIG. 1. Schematic of the experimental setu
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Assuming that the shift number isD, andDF52pD, then
we have

E nedl52Dncl. ~4!

In this experiment, we are interested in the average elec
density, so the expression~4! can be rewritten as

ned52Dncl, ~5!

whered is the diameter of the plasma channel. In the exp
ment, when the delay between the main laser and the pro
beam is about 600 ps, the shift of the interference fringes
measured as shown in Figs. 3~a! and 3~b!. The average shift
number can be measured to beD̄51/8. We can then obtain

ne52.731018 cm23. ~6!

The temporal history of the electron density was m
sured by the interferometric method as shown in Fig. 4. T

FIG. 2. ~a! The image of a part of the plasma channel formed
a femtosecond laser beam with anf 52 m lens.~b! The relative
intensity (I R) distribution in the channel fitted by a Gaussian fun
tion ~dotted curve!.
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solid curve is the measured result and the dotted line is
fitting curve by the following expression:

ne56.1831018exp2t/0.684. ~7!

We can estimate the lifetime of the plasma channel fr
this result. After the plasma channel is formed, dynamics
the channel will follow the equation of continuity as follow
@10,11#:

]ne

]t
1

]Vne

]z
5ane2hne2bepnenpn . ~8!

]np

]t
1

]Vnp

]z
5ane2bepnenpn2bnpnnnp , ~9!

]nn

]t
1

]Vnn

]z
5hne2bnpnnnpn . ~10!

y
FIG. 3. ~a! The image of the interferometric fringes by a CC

camera.~b! The average shift in every interferometric fringe. Th
dotted curve represents the probing beam traversed the pla
channel, and the solid curve represents the probing beam in
space.
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CHARACTERISTICS OF SELF-GUIDED LASER PLASMA . . . PHYSICAL REVIEW E66, 016406 ~2002!
wherene ,np ,nn are electron density, positive ions, and neg
tive ions in air, respectively, as reported in Refs.@7,8#, and
a,h,bep ,bnp are the collisional ionization rate, the attac
ment rate, the electron-ion recombination coefficient, and
ion-ion recombination coefficient, respectively. Assumi
that the plasma density in the channel is uniform in sp
and neglecting the collisional ionization rate, we takeh
52.53107 s21 for the attachment rate of electrons to ox
gen, bep52.2310213 m3/s for the electron-ion recombina
tion, andbnp52.2310213 m3/s for ion-ion recombination.
Taking the following initial conditions,

ne~ t50!5np~ t50!51018 cm23, nn~ t50!50,

we can then obtain temporal evolution of the electron den
in the channel as shown by curvea in Fig. 5, and find that
the electron density decays three orders within 30 ns fr
curvea. In Fig. 5, the dashed curvec is an exponential deca
fitting. So from curvea andc in Fig. 5, we can find that in
the initial period, the electron density follows an exponen
decay as we measured shown in Fig. 4. But at the lon
time, the decay of the electron will deviate from the exp
nential decay. In many applications such as triggered lig
ning, plasma channels with longer lifetime are required. U
ally, the plasma lifetime is constrained by the stro
attachment of electrons to oxygen molecules to form ne
tive ions O2 and O2

2 in air @11#. In order to maintain a high
electron density in plasma channel, another long laser p
is launched along the plasma channel, with an intensityI 2 to
detach electrons from O2 and O2

2 . So we add another term
g lnn in Eqs. ~8!–~10!, where g l is the detachment coeffi
cient. For simplicity we can set the detachment rateh to be
equal to the attachment rate, and the required intensitI 2
56.83105 W/cm2 was given by Ref.@11#. Then we can cal-
culate the electron density in the plasma channel again,
find that the lifetime of the plasma is greatly prolonged,
shown by curveb in Fig. 5. The decay time for three orde
is now greatly extended in the order ofms. This is an effi-
cient way to extend the lifetime of plasma channel.

We measured the conductivity of the plasma channel
ing a similar method as described in Ref.@5#. Because the

FIG. 4. The decay of the electron density in the plasma chan
versus time.
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collisional frequency of electrons is about 1/n51.1 ps in air,
this is much shorter than the characteristic time for the e
lution of an electron plasma. So we can treat it with a stea
limit, which is Ohm’s law. In our experiment, the paralle
copper plates were separated by 6.5 cm. The electrical
nals were recorded by a digital oscilloscope with a 500 M
bandwidth~Tekex Corporation!. A 8 k V resistance was use
to limit the current and the signal voltage was obtained fr
a 50V resistance by an oscilloscope. The signal voltage
shown in Fig. 4, when the applied voltage is 1500 V. T
peak signal voltage across a 50V resistance was 1580 mV
Following Ohm’s law, we have

h50.76V cm. ~11!

Because the connection between the plasma channel
the copper electrodes was not perfect, so the measured v
is only the upper limit of the resistivity of the channel.

IV. CONCLUSIONS

Plasma channels over 5 m were observed when a femto
second laser pulse propagated in air. The plasma lifetime
be greatly prolonged by launching another long laser pu
along the plasma channel. The size of the plasma cha
was measured to be about 120mm. Furthermore, the elec
tron density in the plasma channel was measured to be a
ne52.731018 cm23 with an interferometric method and th
resistivity of the plasma channel was less than 1V cm, re-
spectively. These experimental results are in good agreem
with our theoretical analysis.
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FIG. 5. The temporal dependence of the electron density in
channel. The solid curvea represents the free decay of the electr
density in the channel, the dotted curveb represents the tempora
evolution of the electron density in the plasma channels with
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c represents the exponential decay fitting.
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A multi-pass preamplifier with two pairs of spherical mirrors has been developed, and an extrac-
tion efficiency as high as 23 % has been obtained. This corresponds to a gain of 4 × 106. To our
best knowledge, this is the highest efficiency achieved for multi-pass preamplifiers.

I. INTRODUCTION

In recent years, the great progress on chirped-pulse
amplification (CPA) Ti:sapphire lasers has led to a rapid
increase in peak power and to wide applications of ultra-
short pulse lasers, such as high field physics, fast igni-
tion laser fusion, ultrafast X-ray generation, relativistic
plasma physics, etc. A peak power of 1.5PW has been
achieved with a CPA technique in a glass laser system
[1]. Shaping the spectrum in a special regenerative pre-
amplifier has also been used to compress amplified pulses
to sub-20fs [2].

A typical CPA laser system consists of a femtosecond
(fs) laser oscillator, a pulse stretcher, a preamplifier, a
main amplifier, and a compressor. Firstly, a train of
seeding fs pulses is generated by a mode-locking laser
oscillator. For amplification of seeding pulses with nJ
energy to a higher level without nonlinear effects and
damage, a stretcher is used to extend the seeding pulse
to hundreds of picosecond (ps). After synchronization
with the pump laser pulse, the stretched pulses are in-
jected into a preamplifier for gain amplification and for
further power amplification with the main amplifier. Fi-
nally, the amplified pulses are compressed to the duration
of seeding pulses by a negative dispersion system, which
normally consists of a pair of gratings to cancel the posi-
tive dispersion from the stretcher and the optical compo-
nents in the amplification process. During this process,
the preamplifier plays an important role in generating
chirped pulses with enough energy and bandwidth.

There are two types of preamplifiers, regenerative [3]
and multi-pass [4]. In general, a regenerative amplifier
is composed of a cavity and a pulse picker, just like
an oscillator. The regenerative amplifier supports good
beam quality and high efficiency. However, its stability
strongly depends on the design and alignment of the cav-
ity as well as the pump energy. Moreover, the laser op-
eration in the resonator results in strong gain-narrowing

∗E-mail: jzhang@aphy.iphy.ac.cn

and material dispersion. Both of these effects will lead to
non-idealy compressed pulses. As for the multi-pass am-
plifier, the gain-narrowing effect and material dispersion
can be minimized and in principle shorter compressed
pulses can be obtained. Because of these benefits, multi-
pass amplifiers are now widely used as preamplifiers [5].
However, with this design, the only shortcoming is the
efficiency is normally lower than the efficiency of a re-
generative preamplifier. In this paper, we report a novel
multi-pass amplifier, which can not only compensate the
gain-narrowing effects, but also obtain an efficiency as
high as 23 %. To our best knowledge, not only is this the
highest efficiency achieved for multi-pass pre-amplifiers,
but it is also close to the best result for a generative
preamplifier [6].

II. EXPERIMENTAL RESULTS

Figure 1 is the experimental configuration constructed
at the Institute of Physics, Chinese Academy of Sci-
ences. It consists of a homemade 13 fs self-mode-locked
Ti:sapphire oscillator, an Öffner stretcher, two-stage am-
plifiers and a grating compressor. The final output is
peak power of 1.4 TW in 25-fs pulses [7]. The detailed

Fig. 1. Schematic of a TW laser system.

-831-
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Fig. 2. An 8-pass preamplifier.

optical scheme for the preamplifier is shown in Fig. 2.
Two pairs of spherical mirrors with curvature radii of
1039 mm and 931 mm, respectively, are aligned in a con-
focal configuration. A 5× 5× 9-mm3 Brewster-angle cut
Ti:sapphire crystal is located at the common focal point.
All mirrors are 30 mm in diameter and coated with a
high reflectivity dielectric film for the wavelength range
between 700 and 900 nm at normal incidence. Compared
with the previous design with a smaller aperture of 25.4
mm, the new mirrors with bigger apertures make it much
easier to align and to support 10- to 12-pass amplifica-
tion.

The amplification principle can be illustrated with the
propagation of chirped pulses in this unstable cavity. Be-
cause of the asymmetric design of the curvature radii
at a 1:1.1 ratio, the amplified laser beam will vertically
move to the optical axis after each pass. This will lead
to well-separated laser beams on the spherical mirrors;
these beams can be picked up from the system. More
precisely, the distance between the beam spots on the
mirrors will be decreased by a factor of 1 : 1.12. Figure
3 shows the beam-spot distribution on the mirror during
amplification, where 4 spots represent 8-pass amplifica-
tion.

In addition, the areas of the laser beams on the spher-
ical mirrors are decreased by a factor of 1.12. On each
amplification pass, the focal spot size on the crystal will
be enlarged by a factor of 1.12. Therefore, the energy

Fig. 3. Beam patterns on the reflective mirror.

Fig. 4. Evolution of the amplified energy in an 8-pass
preamplifier.

density in the gain medium will be equalized and will
not reach gain saturation. This promises higher energy
without gain narrowing. In order to study the depen-
dence of the amplified energy on the number of passes,
we set a small rectangle mirror in a movable stage. By
transversally moving the stage, we could easily control
the pass and pick out the last amplified laser pulse from
the system for measurement.

After stretching and pulse picking with the Pockels
cell, the energy in the seeding pulses for amplification is
decreased to about 2nJ. A Ti:sapphire crystal is single-
sided pumped with a 35-mJ, 532-nm Nd:YAG laser at
a 10-Hz repetition rate (S-P company). For good over-
lap with the chirped pulse, a lens with a 700-mm focal
length is used to focus the pump laser and to keep the
focus spot behind the gain medium to prevent optical
damage. The typical pump spot size on the crystal is
about 1.5 mm. Figure 4 shows the evolution of the am-
plified energy in a 8-pass preamplifier. The amplified
energy grows exponentially. Stable amplified pulses with
an output energy as high as 5 mJ are obtained under this
pump energy. Our theoretical calculation shows that the
focal spot size on the crystal for the last pass (8th pass)
is about 950 µm, corresponding to an energy density o
f about 0.7 J/cm2. This is close to the saturation flu-
ence for a Ti:sapphire crystal. However, the peak power
density is still below the threshold for nonlinear effects.
It is the special design with an increased focal spot size
on the crystal at each amplification pass that minimizes
the saturation effect and the nonlinear effect, although
the amplified energy is increased on successive passes.
This assures an increase in the amplified energy with-
out serious gain narrowing and nonlinear effects. With
further careful alignment, an output energy as high as 8
mJ without ASE(Amplified Spontaneous Emission) from
the preamplifier was obtained. This corresponds to a
gain of 4 × 106 and an efficiency of 23 %. This is an
obviously improved result compared with the reports for
normal multi-pass and even for some regenerative ampli-
fiers. The energy stability is better than 3 %, and the
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Fig. 5. Spectrum of the seeding pulse before a preamplifier.

Fig. 6. Spectrum of a compressed pulse.

beam structure is a uniform TEM00.
Figure 5 and 6 show the spectrum of the seeding pulse

before the preamplifier and the spectrum of the com-
pressed pulse after the final compressor, respectively.

This demonstrates our multi-pass amplifiers can main-
tain high bandwidths and support short pulses.

III. CONCLUSION

In conclusion, we have developed an asymmetric con-
focal reflective multi-pass preamplifier with 4 mirrors. A
gain and efficiency as high as 4 × 106 and 23 % have been
achieved respectively. This well assures energy amplifi-
cation in main amplifier to 65 mJ under a 255 mJ pump.
With an acceptable gain-narrowing in this design, 25-fs
compressed pulses are obtained. This corresponds to a
1.4-TW peak power.
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The emission of hot electrons is measured in the interaction of femtosecond laser pulses with
foil targets at a moderate laser intensity. A collimated jet of backward hot electrons is observed
in the target’s normal direction whereas forward hot electrons are found to be deflected to the
laser propagation direction. The low energy electrons spread into a much wider cone angle due
to the collisional effects in the plasma and the target material. These results are supported by
3D Monte Carlo simulations. The temperature dependence of the hot electrons and laser absorp-
tion measurements imply the resonance absorption is partly responsible for the generation of hot
electrons.

I. INTRODUCTION

The rapid development of short-pulse ultra-intense
lasers provides a powerful tool to study relativistic laser-
plasma interactions and to explore new approaches to
ignite inertial confinement fusion (ICF). The fast igni-
tor concept proposed by Tabak et al. is a very promising
way to achieve this goal [1]. One of the major physical is-
sues to implement fast ignition is the generation and the
propagation of energetic hot electrons in a high-density
plasma. The laser energy conversion efficiency to hot
electrons, the electron direction, and the effective tem-
perature are main issues of studies. Recently, energetic
hot electrons escaping from plasmas were studied exper-
imentally and theoretically [2-7]. Hot electrons with en-
ergies up to 100 MeV were observed in laser-solid inter-
actions at an intensity as high as 3 × 1020 W/cm2 [8].
Malka et al. measured relativistic electrons produced by
a relativistic intensity laser pulse interacting with solid
targets [9]. The results were attributed to a J ×B accel-
eration mechanism [10]. The forward moving relativistic
electrons propagating along the laser pulse beam were
studied in the plasma channel of picosecond laser pulses
[11,12].

Collimated electron beams in vacuum and dense plas-
mas have been observed by several research groups.
Tatarakis et al. found a plasma at the rear surface of thin
foils. The plasma was believed to have been formed by a
collimated electron beam [13]. A more direct experiment
was carried out using a transparent glass target coated
with an aluminum layer, in which an ionization track in-
duced by a beam of MeV electrons was clearly observed
[14,15]. Norreys et al. observed a highly directional g-
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ray beam with energies above 10 MeV nearly opposite to
the target normal direction by using the photo-neutron
reaction in copper, which indicated the generation of a
directional relativistic electron beam [16]. These experi-
mental results imply that the transport of hot electrons
can be collimated by self-generated magnetic fields. The
generation of hot electron jets and the pinching effects of
magnetic fields were reproduced in particle-in-cell (PIC)
simulations [17,18].

Many mechanisms can produce hot electrons. In the
interaction of an intense laser pulse with a sharp solid-
vacuum interface, the ponderomotive potential model
and the Brunel absorption model [19] play important
roles. Other mechanisms, such as wake fields [20], para-
metric instabilities [21,22], B-loop mechanisms [23], and
propagating waves [24], are effective when a large-scale
preplasma is formed before the arrival of the main laser
beam.

The directional emission of hot electrons is not a phe-
nomenon unique to relativistic laser intensities. In this
paper, we report the observation of an electron jet pro-
duced at a moderate laser intensity. The angular dis-
tribution of the backward and the forward hot electrons,
the electron energy spectrum, the generation mechanism,
and the transport of hot electrons into cold target mate-
rial were investigated in ultrashort-pulse. laser-foil tar-
get experiments.

II. EXPERIMENTAL SETUP

The experiments were carried out at the ultrashort
pulse laser facility at the Institute of Physics, Chinese
Academy of Sciences. The Ti:sapphire laser system has a
5-mJ output energy in 150 fs at 796 nm. The p-polarized

-825-
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Fig. 1. Schematic of experimental setup. A 4π calorimeter
was used to measure the energy absorption. The laser energy
was monitored by using the calorimeter outside the target
chamber. The energy distribution and the spatial distribution
of hot electrons ejected from the plasma were detected by an
electron spectrometer and by radiochromic films surrounding
the plasma, respectively. A NaI system was used to monitor
the intensity of hard x-ray emission, which monitored the
focal condition.

laser beam was focused by an f/5 lens onto solid targets
with an average intensity of 5 × 1015 W/cm2. The target
was moved 0.5 mm per second so that the laser pulses
interacted with a fresh target surface for every shot. For
some shots, a pre-pulse with 8 % of the energy of the
main laser pulse was applied to create a pre-plasma with
which the main laser pulse interacted after a 50-ps delay
time.

Figure 1 shows the experimental layout. In the first
laser, thick- foil, target experiments, the laser beam was
incident onto a 100 -µm-thick aluminum foil at 45◦ to the
target normal. A 6-channel electron spectrometer with
380-G permanent magnets was set in the normal direc-
tion to measure the electron energy distribution in the
range of 7 − 500 keV [25]. LiF was used as the detector.
Radiochromic film with an aluminum filter surrounding
the focal spot recorded the backward electrons escap-
ing from the plasma at the frontside of the target. A
4π calorimeter measured the laser energy absorption. A
2-mm-thick cylinder made of quartz and placed inside
the calorimeter blocked the charged particle and X-ray
emission. In order to study the forward hot electrons,
more relevant to the ‘fast ignition’ concept, the laser,
thin-foil, target experiments were performed, too. For-
ward energetic hot electrons along the laser propagation
direction, after they penetrated the thin foil target, were
recorded by using a radiochromic film at the backside of
the target. Five-µm-thick foil targets were employed in
these experiments. The incident ameasurement showed
a higher coupling efficiency at a 30◦ incidence. The NaI

Fig. 2. (a) The angular distribution of backward hot elec-
trons with energies over 50 keV in the incident plane. The
electrons were generated by p-polarized light at 45◦ incidence
with a pre-pulse 50 ps before the main beam. The laser in-
tensity was 5 × 1015 W/cm2. The peak was located at the
normal direction (45◦). (b) A sketch of the backward ener-
getic electron emission in front of the target.

detector system shown in Fig. 1 was used to measure
the hard X-ray emission [26].

III. EXERIMENTAL RESULTS AND
DISCUSSION

1. Thick Foil Experiments

1. Angular distribution of backward hot electrons

An aluminum filter assembly was used in front of the
radiochromic film to determine the desirable electron en-
ergy range. The radiochromic film recorded the elec-
trons, ions, and hard X-ray photons passing through the
filter assembly. However, the film sensitivity to charged
particles is higher than it is to photons. Pervious ion
measurements using CR-39 detectors showed that the
maximum proton energy produced under similar condi-
tions was less than 500 keV [27], corresponding to a pen-
etration depth about 4 µm in aluminum material. There-
fore, the ion contribution to the film exposure is negli-
gible because the thickness of aluminum filter used was



Studies of Interactions of Femtosecond Laser Pulses with Foil Targets – J. Zhang et al. -827-

Fig. 3. Typical normal-direction energy spectrum of back-
ward hot electrons produced in laser, thick-foil target inter-
actions. The foil was irradiated by p-polarized laser at 45
incidence with a pre-pulse separated from the main beam by
50 ps. The laser intensity was 5 × 1015 W/cm2. Two hot
electron temperatures are obtained from exponential fits to
the experimental data.

greater than 8 µm at least. To check the effects of hard
X-rays on the film exposure, we performed a verification
experiment. Two permanent magnets were employed to
deflect electrons with energies less than 500 keV. This
would remove most of the electrons escaping from the
plasma (see Fig. 3). Comparison of the D value of the
film with and without an external magnetic field showed
that the contribution of hard X-rays was two orders of
magnitude lower than that of electrons. This result as-
sured us that the exposure of the film was mainly caused
by electrons.

Figure 2 shows the angular distribution in the in-
cident plane of backward hot electrons with energies
greater than 50 keV. The electrons were generated by
a p-polarized laser beam at 45◦ incidence with a pre-
pulse 50 ps in front of the main pulse. The solid line
in Fig. 2(a) is a microdensitometer trace of the angular
distribution of hot electrons produced in a 100 µm-thick
aluminum foil. The dotted line is a Gaussian fit. Each
data point here represents an average of 30 shots. Zero
degrees on the x-axis corresponds to the backward di-
rection of laser pulse. We can see that the backward
electrons escaping from plasma in a direction normal to
the target were well collimated.

The observed electron jet is very similar to the theo-
retical results obtained by Ruhl et al. [17] and Sentoku et
al. [18] using PIC and Vlasov simulations. They found
that electron jets were generated in the interaction of a
p-polarized laser beam incident at 30◦ and 45◦ on a fully
ionized target with an underdense pre-plasma corona.
Self-generated magnetic fields occurred simultaneously
and collimated the energetic electrons. The scaling law
for the angle of the ejected electrons determined by lat-
eral canonical momentum conservation in boost frame

Fig. 4. Angular dependence of the measured reflectance for
a p-polarized beam (square) and a s-polarized beam (circle)
with a pre-pulse 50 ps before the main beam. Each point is
the average of several shots with the statistical errors shown
as error bars.

coordinates was proposed as

θ
′

= tan−1

[√
1 + αλ2/1018 − 1√

αλ2/1018
tan θ

]
, (1)

where θ
′

is the angle of electron emission relative to the
target normal. θ is the laser incident angle. λ2 is the laser
intensity in W cm−2 µm2. α is estimated to 2.8 W−1cm2

µm−2 for non-relativistic intensities by using PIC and
Vlasov simulations, which relates the mean longitudinal
momentum to the laser intensity. Under our experimen-
tal conditions, this formula yields an electron emission
angle of ∼ 3◦ to the normal direction. This value is very
close to our result of 2.5◦.

2. Electron energy spectrum

A typical hot-electron energy spectrum measured in
the normal direction is shown in Fig. 3. The laser pulses
irradiated the aluminum foil at 45◦. Eight percent pre-
pulses were introduced so as to arrive at the target sur-
face 50 ps earlier than the main pulse. It is apparent
that two groups of hot electrons were generated in the
interaction. The experimental data were fitted using a
Boltzmann distribution, and the effective temperatures
were 10 keV and 66 keV. The lower temperature is consis-
tent with conventional resonant absorption scaling [21],
Th = 6× 10−5[Iλ2 (Wcm−2µm2)]0.33 keV, which gives 9
keV for an intensity of 5 × 1015 W/cm2. The 66-keV hot
temperature is higher than the value iven by ponderomo-
tive potential energy scaling [10]. However, the scaling
proposed by Beg et al. [28], Th = 100[Iλ2 (Wcm−2µm2)
]1/3 keV, gives a hot temperature of 32 keV, which is not
very different from our experimental value.

3. Energy absorption measurement
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Fig. 5. (a) Angular distribution of forward hot electrons
with energies greater than 30 keV and measured at the back-
side of a 5 µm thick foil target. The dotted line and the
dashed line are for the cases with and without the pre-pulse,
respectively. A peak at −8◦ with a 24◦ FWHM is superposed
on a very broad continuous distribution for the case with a
pre-pulse. No such peak is seen for the distribution without
a pre-pulse. (b) Sketch of the electron emission at the back-
side of the target for the case with a pre-pulse. Low energy
electrons spread into a wide angle as a continuum of higher
energy electrons.

Hot electron generation is closely related to laser-
plasma coupling processes. We carried out an absorption
experiment to confirm the dominant energy absorption
mechanism. Initially, we used two separated calorimeters
with 20-mm-diameter apertures to measure the scattered
laser light. The spatial distribution of scattered light
was obtained by setting the calorimeters at different po-
sitions. It was found that nearly all of the light was
reflected into a small solid angle in the specular direc-
tion when the laser beam was incident obliquely without
a pre-pulse. This implies that short pulses interact with
a very thin skin layer of less than a laser wavelength.
However, the light was scattered into a wide solid an-
gle when a prepulse was introduced. Therefore, in the
later experiments, the separated calorimeters were re-
placed by a 4π spherical calorimeter. The 4pi spherical
calorimeter collected all the scattered light, except the
backreflected light. This part is only a few percent and
is thus negligible.

The results of absorption measurements conducted
with a 100- µm-thick aluminum foil target for both p-

Fig. 6. Theoretical angular distribution of hot electrons
recorded behind a 5 -µm-thick aluminum foil, as obtained by
using a 3D Monte Carlo code. The circle is for an isotropic
electron source (shown × 5). θ is the angle relative to the
direction normal to the surface of aluminum foil. For colli-
mated electron beams perpendicular to the foil, the divergent
angles are wider for lower energy electrons.

polarized and s-polarized laser beams are shown in Fig.
4. A pre-pulse 50 ps in front of the main pulse was intro-
duced. The absolute absorption coefficient could not be
obtained because the calorimeter was not calibrated. We
can see that the absorption is both angle and polariza-
tion dependent. This is one of the main characteristics
of resonance absorption. The maximum absorption for
p-polarized laser pulse was at a 20◦ angle of incidence.
This corresponded to a plasma scale length L 2λ. These
results may imply that resonance absorption plays an im-
portant role in laser plasma coupling. Other processes,
such as vacuum heating [19,20], may also be responsible
for the generation of energetic hot electrons.

2. Thin Foil Experiments

Hot electrons produced in laser-plasma interactions
were ejected from the focal spot. Some of them escaped
into vacuum from the plasma region after overcoming
the charge separation potential. We have presented their
angular distribution in Part A, Section 1. On the other
hand, the hot electrons in the forward direction will be
transported into the overdense plasma region and the
cold target region. Hot electrons with higher energies
even run through the foil target. In fast ignition studies,
a bunch of directional energetic electrons is required.

We measured the angular distribution of forward elec-
trons by using radiochromic films with an aluminum fil-
ter set at the backside of the foil target. Figure 5 shows
that angular distribution of the forward hot electrons
with energies greater than 30 keV. The target was a 5-
µm-thick aluminum foil. The incident laser intensity was
5 × 1015 W/cm2. The incident angle was 30◦, and the
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laser beam was p-polarized in these experiments. The
dotted line and the dashed line in Fig. 5(a) denote the
results obtained with an 8 % pre-pulse 50 ps in front
of the main pulse and without a pre-pulse, respectively.
Zero degreea on the x-axis corresponds to the direc-
tion of laser propagation. A negative angle represents
an angle measured clockwise from the direction of laser
propagation. Although the angular distribution didn’t
cover the entire solid angle of the backside of the target,
we can see immediately that a) the angular distribution
without pre-pulses is isotropic b) the electron flux with
pre-pulses is stronger than that without pre-pulses; c)
the distribution wi th pre-pulses consists of two compo-
nents, a very broad distribution, which can be regarded
as a continuous background and a peak, superposed on
a continuous background. When the distribution is fit-
ted with a Gaussian distribution (shown as a solid line),
the FWHM of the peak is 24, and the maximum occurs
at -8◦. Compared with the backward electrons, which
emit in the normal direction, the forward electrons are
deflected close to the direction of laser propagation.

The forward hot electrons recorded on the ra-
diochromic films have to pass through two regions: the
plasma region and the cold target region. The physi-
cal processes are different for these two regions. In the
plasma region, the main effects on hot electron transport
are due to the self-generated electric and magnetic fields
apart from collisional effects. On the other hand, in the
cold target region, the collisions of hot electrons with tar-
get ions as well as with bound and free electrons, leads
to a change of direction and energy loss. We employ a
3D Monte Carlo code to calculate the transport of the
energetic electron beam inside an aluminum foil. The
foil thickness is chosen to be 5 mm, the same as the foil
target used in the experiments. An electron source is put
at the front surface of the foil. The electron number and
energy are recorded behind the foil. In the first modeling,
electrons with energies of 500 keV, 80 keV, and 30 keV
were perpendicularly poured into the foil. In the second
modeling, an electron so urce with an energy of 500 keV
was set to be isotropic. We divided the 2p space behind
the foil into many small annular zones. The differential
solid angle for each zone is 2πd(cos θ). Figure 6 shows the
angular distribution of electrons passing through the foil.
For normal incidence in the first model, almost all of the
500-keV electrons fall into the 0 annular zone. That is
to say, these electrons remain well collimated. However,
the angular divergence increases decreasing electron en-
ergy. For 80-keV electrons as an example, only 46 % of
the electrons fall into the 26 cone angle and are shown as
the open circles in Fig. 6. For the isotopic input in the
second model, the distribution remains isotropic within
the range of 0 70. The number of electrons falling into a
range greater than 70 decreases because of longer paths
in the target. Here, we are not interested in the elec-
trons that are very far away from the direction of laser
propagation.

The emission direction of hot electrons is different for

different acceleration mechanisms. Resonance absorp-
tion produces electrons in the direction of the electron
density gradient, which was partially observed for the
backward electrons in our experiments. the pondero-
motive potential and the wake field mechanism generate
hot electrons along the direction of laser propagation.
However, they become important only for significantly
higher laser intensities. No such longitudinal acceler-
ation scheme was present for our intensity of 5 × 1015

W/cm2. The collision effect and angular scattering, both
in the plasma region and the cold target region, are the
main reasons for the angular divergence of hot electrons,
but these effects cannot explain the deflection of the hot
electron peak toward the direction of laser propagation.
It is well known that intense electric fields and magnetic
fields exist in laser- plasma interactions. These fields play
important roles in plasma behaviors, including electron
transport into solid targets. Davies et al. considered the
transport of hot electrons by using a relativistic Fokker-
Planck equation. They proposed that the growth rate
of the magnetic field could be written approximately as
[30]

∂B

∂t
∼ 8× 10−9 ηfaI

dλ
Tps−1, (2)

where η is the resistivity in Ω ·m, fa is the absorption
fraction, I is the laser intensity in W/cm2, d is the focal
spot diameter in ns, λ is the laser wavelength in ns, and
B is the self-generated magnetic field in T. The magnetic
field will reach a large magnitude very rapidly. The role
of the electric field is to reduce the kinetic energy of hot
electrons. The magnetic fields can collimate and deflect
the hot electrons. This may be a reasonable explanation
for the experimental deflection of the energetic electron
beam toward the direction of laser propagation.

Our hard X-ray measurements showed that the pre-
pulses could enhance the hot electron number and tem-
perature dramatically [26]. The hot temperature de-
duced from the hard X-ray spectrum was about 10
keV for the case without prepulse. When a pre-pulse
was used, the hard X-ray spectrum presented double
Maxwellian distributions. A group of electrons was ac-
celerated to a much higher energy close to the tempera-
ture measured using the electron spectrometer (Fig. 3).
Therefore, the angular distribution of forward electrons
without pre-pulses (dashed line in Fig. 5) was scattered
seriously due to their lower energy, which results in the
less number recorded and in poor directionality.

Based on the angular distribution of backward hot
electrons in thick foil interactions, the electron energy
spectrum, the hard X-ray measurement, and the theo-
retical calculation of electron transport in aluminum ma-
terial, the angular distribution of forward hot electrons
may be explained as follows: When the forward hot elec-
trons produced in the laser interactions pass through the
plasma region, they are deflected by the self-generated
magnetic field and tend to propagate along the laser axis.
Collisional effects in the plasma region and in the cold
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material region lead to energy loss and broaden the angu-
lar distribution. Multiple scattering of hot electrons with
higher energies is not very effective, so they remain direc-
tional. However, hot electrons with lower energies can be
steered significantly due to serious scattering. Therefore,
they present as a continuum-like background.

We can see from the above analysis that the electrons
suffer serious scattering and are sensitive to the electro-
magnetic fields during transport in a dense plasma and
a cold target material. More recently, a collimated pro-
ton beam with up to 55 MeV of energy was observed in
petawatt laser plasma interactions [31]. It is not easy to
deflect protons by collisions and electromagnetic fields
due to their large mass. Thus, the trajectory of protons
approximates a straight line in a dense plasma. Fur-
thermore, the efficiency of energy transfer of protons to
nuclear fuel is much higher than that of hot electrons,
so protons may became competitive candidates for the
energy carrier in fast ignitor concept studies.

IV. CONCLUSION

The angular distributions and the energy spectrum of
hot electrons produced in interactions of femtosecond
laser pulses with aluminum plasmas were investigated
at a moderate intensity. A collimated jet of hot elec-
trons was observed in a direction normal to surface. The
ejected angle agreed with angular scaling from canonical
momentum conservation. However, the forward ener-
getic electron beam passing through the foil target was
deflected close to the laser propagation direction, which
might be due to self-generated magnetic fields. The lower
energy electrons diffused into a much wider cone angle
due to the collisional effect in the plasma and the tar-
get material. This process was supported by 3D Monte
Carlo simulations. The hot temperature obtained from
the electron spectrum and the absorption measurement
implies that resonance absorption may be partially re-
sponsible for the generation of hot electrons.
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Hot electron generation via vacuum heating process in femtosecond
laser–solid interactions
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Hot electron generation by the vacuum heating process has been studied in the interaction of 150 fs,
5 mJ, 800 nmP-polarized laser pulses with solid targets. The measurements have suggested that the
‘‘vacuum heating’’ is the main heating process for the hot electrons with high energies. The energy
of the vacuum-heated hot electrons has been found to be higher than the prediction from the scaling
law of resonance absorption. Particle-in-cell simulations have confirmed that the hot electrons are
mainly generated by the vacuum heating process under certain experimental conditions. ©2001
American Institute of Physics.@DOI: 10.1063/1.1371956#
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I. INTRODUCTION

Rapid developments in intense ultrashort la
technology,1 have opened a new regime of laser–matter
teraction, in which intense laser pulses deposit their ene
into solid targets faster than the hydrodynamic expansion
the target surface.2 Thus, using table-top ultrashort pulse l
sers, it is now possible to study laser–matter interaction
der extreme conditions in relation to the fast ignition sche
for inertial confinement fusion ~ICF!,3 harmonic
generation,4,5 ultrashort x-ray generation6 and laser-cluster
Coulumb explosions,7 etc.

Hot electrons in laser-plasmas can be generated by
ferent absorption or acceleration mechanisms under diffe
experimental conditions.8–11 Previous measurements8 of the
absorption of laser pulses by solid targets showed that at
laser intensities inverse Bremsstrahlung~IB! is the main ab-
sorption mechanism, which depends on the electrical c
ductivity associated with electron mean-free-path com
rable to the interatomic spacing. The measurements sho
three distinct regions as a function of laser intensity. At lo
intensitiesI ,1013W/cm2, the absorption was quite high. Fo
an intensity in the range of 1013W/cm2,I ,1014W/cm2, the
absorption decreased as the laser intensity increased.
absorption then increased with laser intensity for an inten
.331014W/cm2. These measurements are broadly con
tent with collisional absorption theory. Another experime9

showed that at high intensities of 331015W/cm2, the ab-
sorption was at a low level of 10% and practically indepe
dent of the target material. This behavior was attributed
the high reflection from an over-dense plasma layer cau
by the rapid ionization of a thin front layer of the targe
Brunel10 proposed over ten years ago that moderately inte
P-polarized laser pulses incident obliquely on an atomica
abrupt metal surface could be strongly absorbed by pul
electrons into vacuum during an optical cycle, then return
them to the surface with approximately the quiver veloci

a!Author to whom correspondence should be addressed. Electronic
jzhang@aphy.iphy.ac.cn
2921070-664X/2001/8(6)/2925/5/$18.00
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This is the so-called vacuum heating process. La
simulations11 by Paul Gibbon predicted that, with a sligh
surface expansion of scale lengths, the laser optical fi
would pull more electrons into the vacuum and the la
energy would be more strongly absorbed, as long as the s
length L5(] ln ne/]z)21 does not significantly exceed th
electron quiver amplitudexosc5eE/mv2.

Recently, hot electron generation was studied at mod
ate intensities.12,13 Both hot electron spectra and x-ray spe
tra from the Bremsstrahlung radiation, when hot electro
undergo de-acceleration in solid targets, showed that, w
smooth solid targets were irradiated obliquely
P-polarized laser pulses, a group of hot electrons can
resonantly heated to a quasi-Maxwellian temperature cha
terized by the scaling:Th}(Il2)1/3,14 while another group of
hot electrons with higher energies can be produced by n
linear resonant absorption if there is a thin layer of coro
preplasma in front of the target surface. Typically electro
produced by the IB absorption process are known as ther
electrons and have energies less than keV at modest
intensities.9 The electrons generated by resonance absorp
and the other nonlinear resonant absorption are called
electrons, that have much higher kinetic energies.

In this paper, we report a study on hot electron gene
tion from aluminum solid targets irradiated by intense
trashort laser pulses. The measurements of the laser ab
tion suggested that the vacuum heating~VH! was responsible
for the generation of the hot electrons with high energi
Particle-in-cell~PIC! simulations also showed that the ele
tron spectrum generated by the vacuum heating proces
consistent with the experimental results.

II. EXPERIMENTAL SETUP

The experiments were carried out at the Laboratory
Optical Physics of the Institute of Physics with a Ti:Sapph
chirped pulse amplification~CPA! laser system operating a
around 800 nm at a repetition rate of 10 Hz. The laser de
ered 5 mJ energy in 150 fs pulses and produced a peak
diance of 831015W/cm2 at the focus. The contrast ratio o
il:
5 © 2001 American Institute of Physics

P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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the laser pulses was measured to be;1025 at 2 ps before the
peak and 1026 at 1 ns, by third-order autocorrelation tec
niques. The target material used was 100mm thick pure Al
on glass plates. The roughness of the surface was less th
mm. The target mount was controlled by step-motors inxyz
dimension to ensure the laser pulses interacted with a f
target surface for each shot.

The main diagnostic of the hot electrons was a magn
spectrometer, fitted with a permanent magnetic field oB
5380 Gauss. An array of LiF thermoluminescent dosimet
~TLDs! was used as detectors. Recent development of u
sensitive LiF TLD material provides the possibility of usin
a thin TLD for hot electron detection.15 The energy range
this instrument covered was from 7 to 500 keV. The colle
tion angle of the spectrometer was on the order of 131023

Steradiant. Its energy resolution was better than 2%. Bec
the TLDs are insensitive to visible light, it was not necess
to use aluminum foils in front of the TLDs. The backgroun
of these TLDs was less than 1.2mGy when they were heate
to 240 °C. When we placed a piece of 20mm Al foil on the
surface of the TLD, which was located in the position of t
spectrometer, corresponding to an energy of 20 keV,
dose on the TLDs would drop dramatically from several te
of mGy to severalmGy. This verified that the dose on th
TLDs was mainly caused by hot electrons.

Two calibratedg-ray spectrometers were also used
study the x-ray Bremsstrahlung radiation from t
laser–plasma.13 The g-ray spectrometer consisted of a N
detector, an electronic gated shutter, a photomultiplier,
amplifier and a multichannel energy analyzer. A 20 mm
ameter hole in a 50 mm thick Pb block was used to collim
the x-ray radiation and to shield the detector. The dete
response was calibrated using a 511 keV and a 1.274 M
g-ray 22Na source and a 665 keV137Cs source.

The plasma absorption was measured by a calorime
Slightly focusing~with an f/10 lens! of the reflected beam
ensured that the whole beam was collected by the calo
eter. An 800 nm filter was placed at the entrance of
calorimeter ensured only the reflected and scattered lase
ergy could be measured.

III. ABSORPTION MEASUREMENTS

All of the experimental results presented here were
tained for laser pulses incident on the target at an angl
45° with respect to the normal of Al targets.

The measurement of reflectivity~solid dots! from the
target is shown in Fig. 1 for different focused laser intensit
on the target. The scattered light out of the collecting op
was found to be negligible. When the focused laser inten
was 531012W/cm2, no hard x-ray photons could be de
tected. The measured reflectivity was found to be as hig
80%. This is consistent with the previous measurements8 in
which the IB absorption was believed to take a major ro
As the laser intensity was increased fromI .3
31013W/cm2, x-ray photons began to be detectable and
x-ray flux and photon energy increased with the laser int
sity. In the meantime, the measured reflectivity decreased
higher laser intensities. This implies that there were ot
Downloaded 05 Oct 2001 to 133.1.154.100. Redistribution subject to AI
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absorption mechanisms starting to play a role, which gen
ated the hot electrons. Compared with the calculated res
using the Fresnel–Drude formula with Perrot and Dharm
wardana’s conductivity model8 ~shown in Fig. 1, by the solid
line!, we can see that our measurements also began to d
ate from the previous measurements8 and the calculation
from I .331013W/cm2. Increasingly more energy was ab
sorbed through other mechanisms for higher laser intensi
At an intensity of 431015W/cm2, the total absorption was a
high as more than 80%, in which nearly 40% extra la
energy was absorbed through other mechanisms.

Unlike the calculation from the Fresnel–Drude formu
or the previous experimental results,8 in which IB was the
main absorption mechanism, it can be seen that the e
absorption, therefore the total absorption, increased with
laser intensity. This behavior is consistent with Grim
measurements16 using femtosecond time-resolved reflecti
ity.

We can now investigate the possible mechanisms for
extra absorption in the measurements. The laser pulse d
tion was 150 fs and the pedestal was not enough to gene
significant plasma expansion before the peak of the la
pulse.17 The plasma scale-length was measured to be be
0.01l using a shadowgraphy technique. The electron qui
amplitude under the experimental laser intensity w
Xosc/l;0.02. Therefore, the plasma scale length was sa
fied with the requirements of the VH heating process.

There are other competing linear absorption mec
nisms, such as anomalous skin effect~ASE!,18 sheath inverse
Bremsstrahlung~SIB!,19 sheath transit absorption~STA!,20

and resonance absorption~RA!14 in the laser–plasma inter
actions. If we choose an intensity ofI 51015W/cm2, for ex-
ample, the peak electron temperature ofkTe;100 eV, this
would result in a collision frequencyn;531015s21. The
skin depth in our experiment isl s;10n th /n.21 This is much
thicker than the required collisionless transit of the sk
depth (l s;100 Å!n th /n) for efficient ASE, SIB, and STA
absorption processes. Therefore, the ASE, SIB, and S
processes contribute very little to the absorption under

FIG. 1. The laser reflectivity~solid circle! vs laser intensity on Al target for
P-polarized 45° irradiation. The solid line is from calculation of IB absor
tion with Fresnel–Drude formulas. The dotted line is the IB absorption p
the VH absorption withh56 ~without plasma expansion!. The dashed line
is the IB absorption plus the VH absorption withh520 ~with slight plasma
expansion!.
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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experimental conditions. On the other hand, the RA abso
tion involves a slow, many-cycle building up of a resona
plasma wave, which eventually breaks, and an electric fi
at the critical surface. For the steep plasma gradients in
experiments, the building up time might be too short for R
to efficiently enhance the critical surface field. Paul Gibbo
simulation11 showed that the VH dominates over the res
nance absorption for scale lengths ofL/l,0.1. According to
his simulations, the absorbed energy goes into two kind
hot electrons. A bi-Maxwellian distribution will be forme
by the electrons heated, within the laser penetration depth
the RA absorption process, and the VH heated electrons
much higher energies, escaped from the high-density bou
ary.

In principle, the VH absorption can be distinguish
from other competing linear mechanisms by its intrinsic
tensity dependencef VH;AIl2 and its unique incident angl
and polarization dependence. From Fig. 1, we can find
the extra energy absorption is mainly due to the VH proc
because of the intensity dependence, as described by B
equation. The fractional VH absorption is

f VH5~h/2p!~vosc
3 /vL

2c cosu!, ~1!

wherevL5eEL /mv is the electron velocity in the inciden
laser field~EL is the incident laser electric field! andvosc is
the quiver velocity due to the total electric field of incide
and reflected fields E05jEL sinu. Here h51.75(1
12v th /vosc) is an empirical scaling value determined by t
density gradient.10 In order to compare the fractional VH
absorption and the measurements in Fig. 1, the fractio
absorption from IB should be considered. The solid line
Fig. 1 is the calculation from the IB collisional theory. It
apparent that the absorption in our experiments was ma
the IB absorption for laser intensities ofI ,331013W/cm2,
while some other absorption mechanisms played roles
higher laser intensitiesI .331013W/cm2. If we assume
there was no hydrodynamic expansion in the interactionh
56), the total energy absorption~VH1IB! would be much
lower than the experimental data~as the dotted line shows i
Fig. 1!. This implies that the ideal abrupt density gradie
without any plasma expansion does not fit for our expe
mental situation. If we assume that there is a slight plas
expansion so that we can assumeh520, just as Grimes
did,16 in the empirical scaling value, the total energy abso
tion curve~the dashed line in Fig. 1! will be very close to the
experiment data. This change is more realistic for exp
ments because a slight plasma expansion will build at
pedestal of the laser pulse anyway. As a result, we found
extra absorption is nearly 40% at the intensity
31015W/cm2. This calculation based on Brunel’s VH inten
sity dependencef VH}AIl2. However, if we choose Grimes
intensity dependencef VH}(Il2)0.64,16 the extra absorption
would be nearly 55%, beyond the difference between exp
mental data and IB value under the intensity of
31015W/cm2. Therefore, we found that Brunel’s VH lase
intensity dependence is more reliable.

From this comparison, we can find:~1! The VH is the
main absorption mechanism apart from the IB absorption
our experiments, especially at high intensities, because
Downloaded 05 Oct 2001 to 133.1.154.100. Redistribution subject to AI
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VH absorption is proportional to the square root of las
intensity. ~2! The measured absorption is somewhat lar
than Brunel’s idealized case. This supports the assumptio
enhancement of VH absorption for a slightly expand
plasma11 because the laser field can penetrate further into
surface and can pull more electrons into the VH orbits. A
result, electrons will have a longer mean-free-path in
plasma to gain higher energies. Paul Gibbon predicted a 6
VH absorption22 for an expanded plasma at an intensity
431015W/cm2. This is more or less similar to our exper
ment data.

The optimum incident angle for maximum absorptio
was found to be about 45° in our experiment. By contra
the optimal incident angle for the RA absorption is genera
in the range of 20° – 30°. This is additional evidence
showing that the VH absorption is the main mechanism
account for the extra absorption in our experiments.

IV. HOT ELECTRON MEASUREMENTS

The out-going electron energy spectrum@Fig. 2~A!# gen-
erated by the interaction at an intensity of 531015W/cm2

was measured directly using the electron magnetic spectr
eter placed in the normal direction of the solid target. T
spectrum exhibits bi-Maxwellian distribution. The lower h
electron temperature was independent of target materials
was generated by RA mechanism with the scaling la
TH(keV)'631025(Il2)0.33.14 At the laser intensity of 5
31015W/cm2, it is about 8 keV. This group of electrons

FIG. 2. ~A! The energy spectrum of hot electrons emission and~B! the
Bremsstrahlung hard x-ray radiation from the Al target. The solid lines
two figures are the Maxwellian distribution fit for the temperature.
P license or copyright, see http://ojps.aip.org/pop/popcr.jsp



an
ur

on
h
at
s

o

b
rg
in
g

t
u
om

ia
th

ho
a
m

wa
t

ri

h
m

ul
ur

t
ns
tr

d

r
g
th
ns
la

i
-
t

led
s’

et
g

ed
the
mas
the

eld

2928 Phys. Plasmas, Vol. 8, No. 6, June 2001 Chen et al.
called bulk plasma electrons by Paul Gibbon in Refs. 11
22. Another group of hot electrons with higher temperat
about 47 keV at the intensity of 531015W/cm2, was gener-
ated by the VH process. This bi-Maxwellian hot electr
distribution is similar to Paul Gibbon’s simulation wit
mobile-ions.22 This strongly suggests that the vacuum he
ing is the main absorption mechanism to heat hot electron
our experiments. That means at the contrast ratio of 105, the
VH mechanism is really stimulated and it is the main h
electron heating mechanism.

The hard x-ray spectrum is generally dominated
Bremsstrahlung radiation, which is produced by high ene
hot electrons colliding with atom nuclei. The shape and
tensity of the Bremsstrahlung radiation is the principle dia
nostic for the injecting hot electron flux and temperature13,23

because the Bremsstrahlung hard x-ray spectrum has
same Maxwellian distribution as colliding electrons. In o
experiments, the hard x-ray Bremsstrahlung radiation fr
injecting electrons was measured by the NaIg-ray spectrom-
eter. The hard x-ray spectrum also shows a bi-Maxwell
distribution and the hot electron temperature was nearly
same as that measured by the electron spectrometer, s
in Fig. 2~B!. The temperature deduced from the hard x-r
spectrum is slightly lower than that from electron spectru
The reason why the energy of the injecting hot electrons
less than that of out-going electrons might be because
injecting electrons experience deceleration when reente
the solid targets.

V. PIC SIMULATIONS

Simulations using a 122-dimensional~i.e., x, vx , vy , vz!
fully electromagnetic particle in cell~LPIC11! code have
been performed, where an electromagnetic wave is launc
obliquely from the left-hand side onto an overdense plas
located on the right-hand side withne /nc520, Te

5200 eV.21 Based on the simulation results of Pa
Gibbon,22 we chose the ratio of thermal electron temperat
to ions asTe /Ti53 – 5, and mass ratiomi /Zme51836,
original plasma scale lengthL50.004. A square-sine profile
of incident laser pulse was used. Typically 15032680 elec-
trons and ions and 2680 cells were used. We consider
initial situation in which the ions are mobile and electro
are pulled out into vacuum by the component of the elec
cal field normal to the target.

Figure 3 shows the electron phase space att512.574
andt513.170 optical cycles~i.e., electron phase normalize
by 2p!, respectively. Here we chosea50.06, corresponding
an laser intensity of 531015W/cm2. We can see anothe
group of electrons accelerated by the laser field appearin
t513.170 after a half of optical cycle, in comparison wi
the case att512.574. We also notice most of the electro
heated before cannot return to the target surface in one
cycle. This implies that these electrons are not quivering
the laser field and a huge electrostatic field~charge separa
tion potential! will be produced by them. It is known tha
only those electrons ionized invt50° – 80° can return to
ions.24 This suggests that a group of electrons will be pul
out at each optical cycle and an array of electron ‘‘train
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will be generated in the normal direction of the targ
surface,25 forming an electron jet emission in the integratin
angular distribution.26 On the other hand, some of the heat
electrons will come back to the target surface, due to
strong charge separation potential, to heat the target plas
after several optical cycles. This is the accurate picture of
VH.27

Figure 4 is the spectrum of electrons heated by laser fi

FIG. 3. Simulated electron phase spacePx vs X at t512.574 and 13.170
optical cycle ~i.e., electron phase normalized by 2p!. a50.06, L/l
50.004. The target boundary is atX510.3.Px is normalized bymec. X is
normalized by laser wavelengthl.

FIG. 4. Simulated spectrum of electrons heated by the laser pulse att515
~solid downtriangle.!, 30 ~open circles!, and 70~solid squarej! optical
cycles, respectively.
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at different optical cycles. It is apparent that the number
heated electrons increases with interacting time. This d
onstrates that the VH is stimulated and heats a group
electrons in each optical cycle. Here we can also see
more electrons with higher energies are generated at the
ing edge of the pulse at the curve oft530. This means the
laser field accelerates the electrons greatly in the rising e
of laser pulse.

Figure 5 is the time-integrated hot electron energy sp
trum after 75 optical cycles, when it is at the end of las
pulse. This is a typical bi-Maxwellian energy distributio
The higher energy hot electron temperature is about 42
for L50.004l, a50.06. This agrees well with experiment
measurement. In order to check the dependence of temp
ture on scale-length, the scale-length was changed f
0.001 to 0.07 in the simulations. We found the temperat
only slightly changed. The reason is that in this region
scale length, the electrons were accelerated by VH with
total electric field~incident electric field plus reflected elec
trical field!, which is similar for those two scale-lengths, th
enhancement of critical surface (v5vp) field, which is very
sensitive to the scale length, is negligible.

VI. CONCLUSIONS

In summary, we have studied the energy absorption,
hot electron generation in the interaction ofP-polarized fem-
tosecond laser pulses with Aluminum solid targets. The m
surements have suggested that Vacuum Heating is the
heating mechanism for the hot electrons with high energ
The PIC simulations have shown that the hot electrons
pulled out from the target on every optical cycle, forming
electron train-structure in the normal direction of the targ
These simulations are consistent with the conclusion that
hot electrons are mainly generated by the vacuum hea
process under our experimental conditions.
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Electron acceleration by static and oscillating electric fields produced
in the interaction between femtosecond laser pulses and solid targets

Q. L. Dong and J. Zhanga)

Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences,
Beijing 100080, People’s Republic of China

~Received 15 August 2000; accepted 14 December 2000!

The interaction of modest, femtosecond~fs! laser pulses with solid targets is studied with
particle-in-cell~PIC! simulations. A bi-temperature distribution of hot electrons is found. The first
hot electron temperature can be attributed to the resonance absorption of the laser field, whereas the
second hot electron temperature is identified to be due to the combined acceleration by the static
electric field in front of the target and by the laser induced oscillating electric field in the thin plasma
layer between the vacuum and the target. ©2001 American Institute of Physics.
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I. INTRODUCTION

Hot electrons can be produced in ultrashort pulse la
plasma interaction through different processes, such as r
nance absorption,1 vacuum heating,2 parametric instabilities,3

ponderomotive V3B acceleration,4 and wake-field
acceleration.5 Umstadter and Modena demonstrated the
pendence of the production of relativistic electrons on la
intensity and plasma density in their investigation on pa
metric instability of underdense plasmas.6,7 If the plasma
density distribution is inhomogeneous with a large enou
scale lengthL5(] ln ne /]x)21, the resonance absorptio
will take place8 where the scaling for hot electron temper
tureTH;631025(Il)0.33 was derived and generally is con
sistent with experiments.9–11 A plasma wave can be drive
by the laser electric component parallel to the density gra
ent. When the wave breaks, hot electrons can be produc9

The process of interaction between femtosecond~fs! laser
pulses and plasmas with a step-like density profile~solid
targets! was investigated by several groups throu
experiments,12 particle-in-cell ~PIC! simulations13 and ana-
lytical theories.14 The main absorption mechanism was
tributed to the vacuum heating~VH!.12,13 However, some
physics problems in this interaction process, such as elec
acceleration are still unclear, in particular, there are very
studies on the interaction of intermediately intense, fem
second laser pulses with solid targets. In this paper,
present our investigation of the plasma heating process
electron acceleration in the interaction between interme
ately intense fs laser pulses and solid targets.

II. PIC SIMULATIONS AND LABORATORY
EXPERIMENTS

To investigate the interaction process between fs la
pulses and solid targets, we use a 1D3V fully relativistic P
code Lpic11 ~Ref. 15! which solves Maxwellian equation

a!Author to whom correspondence should be addressed. Electronic
jzhang@aphy.iphy.ac.cn
1021070-664X/2001/8(3)/1025/4/$18.00
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for the fields and the motion equations for macropartic
simultaneously. The simulation box has a length of 20l
along thex direction. A region of 7l in the middle of the box
is occupied by a plasma whose electron density rises ex
nentially from 1025nc at the point of 10l to 20nc with a
scale lengthL of 0.04l, wherenc is the critical density for
laser pulses with a wavelength ofl. A p-polarized laser
pulse is launched from the left boundary of the box with
incident angle of 45° from the normal of the target. T
normalized strength of the laser field is taken as 0.06~nor-
malized througha05eEL0 /mv0c, whereEL0 andv0 are the
amplitude and the frequency of the laser field;c is the light
velocity in the vacuum;e and m are charge and mass o
electrons, respectively!. 56 periods of the laser field is take
as the pulse duration. These parameters correspond t
intensity of 531015 W mm2/cm2 in 150 fs pulses used in ou
laboratory experiments. In the simulation, initial electr
temperature is assumed to be 100 eV, and ions are mob

Figure 1~a! gives the energy distribution of hot electron
with momentum directing into targets at a time of the 35
laser period in the PIC simulation. The hot electron distrib
tion has a bi-temperature structure. The first hot elect
temperature is about 6 keV, which is consistent with t
scaling of the resonance absorption mechanism fora0

50.06. The second hot electron temperature is 43 keV. T
is similar to the main characteristic of our experimental d
@Fig. 1~b!# Obviously, this high temperature can not simp
be attributed to the resonance absorption. There are s
mechanisms for hot electron production in underdense p
mas in front of the target, as suggested by Ref. 10. One
these mechanisms is Raman scattering. The growth thres
of the Raman scattering process is determined by the crit
(vosc/c)2.2/k0L, whereyosc5eEL0 /mv0 is the quiver ve-
locity of electrons in the laser field; andk0 is the wave num-
ber of the laser field. In our simulation, however, (vosc/c)2 is
only as small as 0.0036, much smaller than 2/k0L550, sug-
gesting that Raman scattering cannot take place in our
periments. So it is necessary to find new acceleration me
il:
5 © 2001 American Institute of Physics
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1026 Phys. Plasmas, Vol. 8, No. 3, March 2001 Q. L. Dong and J. Zhang
nism to explain the production of the high energy electro
under the experimental conditions.

In the laboratory, it is usual to use bremsstrahlung x-
emission as plasma diagnostics.16–18 Simple estimates and
experiments with monoenergetic electron beams shows
x-ray emission by an electron propagating through solid
gets can be expressed asj sol(E,hn)}(E2hn), whereE is
the kinetic energy of electrons andhn is the energy of radi-
ated photons.18 With the assumption of electron distribution
one can deduce the effective electron temperature from
x-ray spectrum in experiments.18–20 In our experiments, the
x-ray radiation up to a few hundreds keV is measured us
a calibrated x-ray spectrometer set behind the targets. Fi
1~b! gives the measured x-ray spectra, achieved after de
volution the detector response and the transmission effec
filters and solid targets. We put together in Fig. 1 the elect
energy spectrum from the PIC simulation and the x-ray sp
trum from laboratory experiments. The two/thre
dimensional effects and the complication of productio
transmission and detection of x rays make it very difficult
compare directly the results from PIC simulation and lab
ratory experiments. But two common characteristics of
two results are worth pointing out here. First, the simula
electron spectrum and the measured x-ray spectrum
show a bi-temperature structure. The maximum energy
hot electrons extends to a few hundred of keV with the s
ond temperature of tens of keV. Secondly, PIC simulatio
and experimental results both show the fact that there are
electrons penetrating into solid targets, which indicates
accelerating electric field pointing out of targets.

Figure 2~a! shows the snapshot of the electron pha
space. Three characteristics of the electron distribution at
phase space should be noted. First, some electrons are a

FIG. 1. ~a! Electron energy distribution at the 35th laser period from the P
simulation.~b! X-ray spectrum measured behind the back of the Al targe
experiments.
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erated up to 0.5c in both directions in and out of the targe
Obviously, this cannot be achieved only through direct la
field acceleration, since the laser amplitude is only 0.06. S
ondly, inside the plasma, electrons with velocities larger th
0.2c are directed into the plasma, and only out of the tar
are there some electrons with negative velocities up to 0c.
This implies that hot electrons with negative velocities a
accelerated in a thin layer of the plasma at the interface
tween the target and the vacuum, whereas, those with hi
positive velocities are mainly accelerated in the vacuu
since they are injected into the plasma from the vacuum
clearly shown in the snapshot. Thirdly, as shown by ot
snapshots of electron phase space in different laser per
electrons are pulled out of targets and ejected into
vacuum every cycle by the laser electric component. Ma
of them stay out of the targets, building up an electr
cloud.21

Those electrons staying out of the target are driven
the laser electric component and oscillate with the same
quency as the laser field. Figures 2~b! and 2~c! show the
transverse momentumPy vs the longitudinal momentumPx

of electrons at different times. It is apparent from the figu
that there are a great number of electrons with oscillat
transverse momentum, whereas the longitudinal momen
of these electrons is almost zero.Py’s amplitude reaches
0.12(mv0c/e). This can be explained by taking into accou
the enhanced laser field in Fig. 2~d!, which shows theEy part
of the laser fields in front of the target. At the time of th
30th laser period, the amplitude of the laser field increase
a factor of 2. We note that in Figs. 2~b! and 2~c!, electron
distribution at the larger positive longitudinal momentu

FIG. 2. ~a! Electron longitudinal momentumPx vsx in the 28th laser period.
~b!, ~c! Electron transverse momentumPy vs longitudinal momentumPx at
time 42.560th and 42.957th laser period.~d! Transverse partEy of the elec-
tric component of the laser electromagnetic field.
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does not change with time. This is because those elect
with such high momentum are inside the target where
laser field cannot penetrate and therefore has no effect
electrons. This situation is also implied by Fig. 2~a!.

III. ELECTRON ACCELERATION

In order to understand the acceleration mechanism of
electrons, we diagnose the laser-induced longitudinal elec
field at different times in Fig. 3. As we can see, all of t
inducedEx curves show that there always is a negative st
charge separation potential in front of the target. This el
trostatic field forms when the electrons are pulled out a
ions remain in the target due to the ion heavy mass. Exp
ments using an inductance-capacitance-resistance~LCR! cir-
cuit to deduce the positive target potential demonstrate
existence of the electrostatic field.22 According to the results
of PIC simulation, the electrostatic field has an avera
strength of 0.1~normalized througheEx /mv0c), corre-
sponding to an accelerating field of about 1011 V/m. Inside
the target, however, the longitudinal electric fieldEx oscil-
lates as shown by the two curves for the first and second
of the 42nd laser period. Especially in the layer of the plas
between vacuum and target,Ex can even reach a value a
high as 0.4. The inset is theEx spectrum diagnosed at the 9l
position. The zero frequency component is strong evide
of the quasisteady potential during the interaction proce
The second harmonic with a small blue shift is from the la
light scattered by the oscillation of electrons inside the tar
discussed above. Other frequency components may be
duced by Thomson scattering or by some other mechanis
But they do not play any important roles, since from F
2~d!, it can be seen thatEy does not show these frequencie
apparently.

Electrons with large positive velocities are accelera
by the quasistatic electric field in the vacuum and injec
into the target. In the vacuum, the electron motion equa
is mdy/dt52e(Es(x)1EL(t,x)), Es(x) and EL(t,x) are
the electrostatic field and the oscillating longitudinal comp
nent of the laser electric field, respectively. The laser m
netic component effect is omitted for simplicity, althoug
after acceleration due to the static potential in front of
target, the magnetic effect is comparable to the laser ele
component. In the equation,Es(x) can be obtained by read

FIG. 3. Laser inducedEx vs x at different time. Inset: Spectrum ofEx

measured at 1 wavelength before the target for all the interaction time
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ing the data of the PIC simulation results. Since the indu
Ex always exists and changes little with time, we select
intermediate Es strength. EL(t,x)52(12h)EL0 cos(v0t
1k0x1F) when x<10.3l or EL(t,x)50 when x.10.3l
with a rough approximation. Here,h540% is the absorption
coefficient according to laboratory experiments and P
simulations;F is the initial phase of the laser pulse when
begins to interact with an electron. Figure 4 gives the in
gration results, with and without the laser field having diffe
ent initial phaseF1 and F2 . We can see that the induce
Es(x) by itself can accelerate electrons to about 0.4c.

The oscillating part of the laser-induced longitudin
electric fieldEx in the plasma layer between the vacuum a
the target plays an important role in producing hot electro
penetrating into or escaping away from targets. When
part ofEx is negative and the laser has a proper initial pha
electrons returning from the vacuum can be accelerated
sequently up to 0.5c, whose temperature can be deduc
from the x-ray spectrum obtained in the laboratory expe
ment. If this part ofEx is positive, electrons accelerated
the vacuum will be decelerated to a lower velocity. On t
other hand, the positiveEx in the plasma layer will pull
electrons out of the target, as shown in Fig. 2~a!. The two
groups of hot electrons with opposite directions, which a
produced by different parts of the laser-induced longitudi
electric field, constitute the second temperature of the ene
distribution of electrons injected into or ejected out fro
targets, respectively. Moreover, from Fig. 2~a!, we can ex-
clude the plasma wave action in producing hot electrons
cause of the very small density scale length and the fact
many energetic electrons with positive velocities are injec
into the target by the electrostatic potential. The possibi
of electron acceleration by the ponderomotive force of la
beam can also be excluded due to the small laser stre
used in the simulation.

In order to understand the effects of initial conditions
the production of hot electrons, we did some simulatio
with different density scale lengths and laser intensities.
find that the production of the electrostatic field is not uniq
in the interaction between fs laser pulse and plasmas wi
step-like density profile. When the electron excursion len
in the laser field is larger than the density scale length, e
trons can be ejected out of its original region, causing
charge separation potential. Even in plasmas with a lar

FIG. 4. Electron velocity vsx, showing electrons accelerated by the induc
static Ex . The effects of the Laser electric componentEL is also shown:
Curve a and b withEL(F1) andEL(F2), respectively; Curve c without the
EL function.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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scale length, electrons can still be separated from i
through plasma wave breaking toward the vacuum.11

IV. CONCLUSION

In summary, through PIC simulations, the electron
celeration by the static and oscillating electric fields is st
ied, which produce the bi-temperature structure of the
electron distribution. The first hot electron temperature is d
to the resonance absorption. Those electrons are the
part of the accelerated electrons in the interaction proc
The second hot electron temperature is due to the comb
acceleration by the static electric field in front of the targ
and the oscillating electric field in the thin layer plasma b
tween vacuum and target surface, which accelerate elect
to higher energies.
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An investigation of longitudinal intensity modulation of a relativistic laser beam in near-critical
homogeneous plasma (ne� 1

4ncr) is performed in this paper. On the basis of a nonlinear Schro¨dinger
equation of electromagnetic vector potential, a model equation of the intensity profile is derived via
the variational approach from Action and Lagrangian. Longitudinally uniform and longitudinally
modulated pulse structures are viewed as different solutions of this model equation. For these two
different types of pulse structure, their relative stability under different structure parameters is
numerically studied. Numerical results indicate that this relative stability depends closely on the
transverse structures of the laser pulse. ©2001 American Institute of Physics.
�DOI: 10.1063/1.1351550�

I. INTRODUCTION

The interaction of high-power lasers��TW level� with
plasma has been an active research area because of the great
progress in the development of compact terawatt lasers.1 In
this intensity level, the quiver velocity of electrons is close to
light speed. In addition to the well-known relativistic correc-
tion of electron mass, there is another important nonlinear
effect: ponderomotive cavitation, which refers to electrons
being expelled from the high laser intensity region, is not
negligible. In some theoretical works which contain both of
these two nonlinear effects,2 the laser pulse�relative to the
observer in the pulse frame� is described by a nonlinear
Schrödinger equation�NLSE� of the vector potential. A simi-
lar NLSE has been used in nonlinear optics in the weak field
limit where the cavitation effect is absent.3 In the framework
of the NLSE, self-focusing and the filamentary transverse
profile of the laser beam are thoroughly studied.2

Compared with the transverse profile, the longitudinal
profile of the laser beam, which is related to the generation of
the longitudinal wakefield, is more pertinent to a laser-driven
plasma acceleration application.4 As a promising mechanism
of wakefield generation, which can operate at higher laser
intensity and plasma density, self-modulation has been thor-

oughly studied on the basis of a coupled two-fluid model.5 In
those theories, self-modulation is taken as the dynamic fluc-
tuation of the laser intensity profile which arises from density
oscillation within a pulse driven by the finite rising edge of
the pulse. Moreover, those investigations are addressed to
laser-plasma interaction in the weak field regime where the
dimensionless field amplitudeA is far less than 1 and pon-
deromotive cavitation is not taken into account. In the strong
field regimeA�1, some theories in the framework of the
NLSE �Ref. 2� show that the laser will become self-focusing
in the transverse direction as its power becomes sufficiently
high. The generation of a nonlinear wakefield under a high-
intensity beam has been studied in a one-dimensional�1D�
fluid model.6 However, the effect of the self-focusing trans-
verse structure on self-modulation is less explored. In the
weak field regime, the effects of pulse transverse inhomoge-
neity on self-modulation have been studied on the basis of a
coupled two-fluid model.5 On the other hand, we know, from
Poission’s equation, that a large-amplitude wakefield de-
mands a sufficient amount of electrons in the interaction re-
gion to undertake oscillation. Whereas ponderomotive cavi-
tation causes electron density to decrease in the interaction
region, this seems unfavorable to generation of a wakefield.
Hence, the effect of transverse focusing on self-modulation
is deserving of study.

Here, as in discussions of the self-focusing transverse
profile,2 we intend to study self-modulation in the framework
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of the NLSE. Unlike previous theories,5 we focus our study
on the pulse body, regardless of its head and tail edge, and
study whether there exist other modulation mechanisms in
addition to that due to the pulse head. For the self-focusing
pulse body, if its intensity profile is longitudinally invariant,
the resulting transverse quiver energy of a single electron in
a section perpendicular to the propagation axis, as well as the
number of electrons having this quiver energy quantum, is
also longitudinally invariant. Nevertheless, for other possible
longitudinally variant profiles, for example, the self-
modulated profile, the transverse quiver energy is not so
simple. In the high-intensity section, the quiver energy of a
single electron is high but the number of electrons having
this quiver energy is low, since more electrons are expelled
away from the high-intensity region. Whereas in the low-
intensity section, the contrary case presents itself. By com-
paring the respective total quiver energy of electrons, we can
know the relative stability among those possible intensity
profiles. In this paper, we will study, after taking into ac-
count the transverse self-focusing effect, the self-modulation
of the intense laser pulse via the analysis on the stability of
the longitudinal intensity profiles. Moreover, we confine our
study to plasma with a density larger than a quarter of the
critical density in order to avoid modulation due to forward
Raman scattering.7 Theoretically, the investigations of self-
modulation in the parameter regime with high laser intensity
(A�1) and high plasma density (ne�0.25ncr) have been
less reported. There are two reasons for us to focus our in-
vestigation on this density regime. The first arises from the
fact that the stimulated Raman scattering cannot occur in this
regime and, hence, cannot produce the modulation of the
laser pulse. In order to understand the behavior of a high-
power laser pulse in this regime, it is necessary to study the
possibility of self-modulation due to other mechanisms in
addition to Raman scattering. The other reason is that, for
some applications, such as laser inertial confinement, the la-
ser pulse interacts with a target of varying density from an
overdense regime to an extremely tenuous regime, the inter-
action in the intermediate regime is also important to influ-
ence the effect of the pressurization of the laser pulse on the
overdense target core. Furthermore, self-modulation has
been regarded as an effective mechanism to excite a large-
amplitude plasma wave to accelerate electrons to high en-
ergy. Thus, the effect of a laser pulse on a target will increase
if the self-modulation can occur in the intermediate regime,
in addition to the regime of density below the quarter critical
density, because the acceleration length is not confined to the
regime of the density below the quarter critical regime.

This paper is arranged as follows. The theoretical model
is given in Sec. II. The numerical results of the model equa-
tions are discussed in Sec. III. A brief summary is presented
in Sec. IV.

II. THEORY

A. Model equation

In general, the laser-plasma interaction is described by a
set of fluid equations of vector potentialA scalar potential�,
electronic density, and flowing speed.2 By casting those

equations to the pulse frame, which moves in laser phase
speed, i.e.,A�a exp(ikz�i	t), where the normalization ofa,
�a�2, represents the laser intensity and equals that ofA, �A�2,
a nonlinear Schro¨dinger equation is readily attained:2

i
 ta��
1

2	 * � c2��
2 a�

c2

4

��a�
 tta �

�
1

4

ikc2

	

�a�

1

2	
V�a �a,

�1�

V�
	p,0

2


�	2�

1

4
k2c2

�� c2��
2 �
 tt�

c2

4
�
z0z0

�2
z0

��
��


� ,

and the corresponding Hamiltonian, which depends on the
independent variables,I �intensity profile� and� �phase pro-
file�, is

H�
1

2	 � � k
��

2
Ic2������2Ic2�

1

4
�
���2Ic2

�
k2c2

4
I�2	p,0

2 �1�I�	2I�
���I �2

4I�1�I �
c2

�
1

4

�
�I �2

4I�1�I �
c2� d�, �2�

where��z�ct is the intrapulse longitudinal coordinate and
d��dxdyd� is the pulse volume.I��a�2 and��0 are de-
fined at the pulse center and the pulse extends from���l to
��l in the longitudinal direction. Here,�� denotes the
transverse gradient relative to the transverse coordinate and
has its form in plan geometrye����ex�x�ey�y .

The steady-state structure equation, attained from
�Ls/�I�0 �see LagrangianLs in Eq. �A21� in the Appen-
dix�, is

�S����	2�/c2�� �
2

4

��
2 I

I�I2 �
1

4
���I �2

2I�1

�I�I2�2�
�

1

4 � �
2

4


�
2I

I�I2 �
1

4
�
�I �2

2I�1

�I�I2�2�
�

	p,0
2

c2

1

�1�I
, �3�

where S(�)�2	���2 is defined in the Appendix�Eq.
�A21�� and� is the frequency associated witha and reflects
the frequency shift due to the spatially varying laser ampli-
tude. The boundary conditions are
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I� �r�����0; ��I� �r����0,
�4�

I� ��������0; 
�I� �������0.

For a long-duration pulse, we use the�-independent solution
to describe the intensity profile in its body. Equation�3� is
reduced to

�S����	2�/c2�� �
2

4

��
2 I

I�I2 �
1

4
���I �2

2I�1

�I�I2�2�
�

	p,0
2

c2

1

�1�I
. �5�

This equation is actually equivalent to


£


I
���� 
£


���I � ��0, �6�

where £ is the Lagrangian density, which is defined in the
Appendix. Via a Legendre transform, we define a functional
Q, which depends on the independent variablesI and�,

Q�£�

£


���I �
���I �. �7�

For Q, there is

��Q��
£


I
���� 
£


���I � � ���I. �8�

For any solution of Eq.�5�, the values of functionalQ at this
solution arer independent,��Q�0. Note thatQ is not
equivalent to Hamiltonian densityh��
£/
(
 ta)�(
 ta)
�£. Thus, there isQ�Q(r��), i.e.,

S���I��	2I��
���I��2

4I��1�I��
c2�2	p,0

2 �1�I�

��2	p,0
2 �U,

U� lim
�r�→�

���I �2

I
� lim

�r�→�

���a �2. �9�

Here, the boundary conditions includea(r→�) and �a(r
→�). a(r→�)�0 is essential, since it has been adopted in

the derivation of the Lagrangian and model equations. As for
another boundary condition�a(r→�), its nonzero but finite
value will not influence the Lagrangian and model equations
derived in its zero value. For finite nonzero�a(r→�), the
boundary conditions ofI:I(r→�) and �I(r→�)�2a�a,
are both zero due to the zero value ofa at r→�. Because
U�0(����a(r→�)��0) can also lead to the same
boundary condition ofI with U�0, it should not be ignored
in discussing the solubility of Eq.�9�.

Since the spatial variance ofa is related to magnetic-
field amplitude,�a(r→�)�0 implies a nonzero magnetic-
field amplitude atr→�. Actually, this extension of�a(r
→�) to its nonzero value situation is useful to consider the
effect of the pulse transverse surface where electrons outside
the pulse can influence the laser field distribution via their
collective current. The magnetic field of this outside current
provides the boundary condition to the laser field. Because
we do not limit the pulse distribution in the transverse direc-
tion, it seems that electrons outside the pulse, which are
taken as extending tor→�, do not exist. Hence, their effects
are expressed in the form of the surface boundary condition
on the laser field. From another viewpoint, if we discuss, at
first, the finite transverse distribution of the laser pulse and
takeR as the transverse boundary, now the outside electrons
refer to those locating atr�R, they can provide various
boundary conditions atr�R to the laser pulse according to
their state.�a(r�R)�0 represents a possible boundary
condition determined by the outside electrons. As we study
the special case withR��, the effect of the outside elec-
trons now is expressed as the surface boundary condition at
R��.

Using a transformy2��1�I�1, we obtain

I�y4�2y2, ��I�4�y3�y ���y . �10�

Equation�9� becomes an elementary form

��y2��y2��2	p,0
2 �2S̃� S̃y2��y2�2�, �11�

whereS̃�S�	2�(��	)2�0. This equation has the solu-
tions in slab geometry

y2�	
4�	p,0

2 � s̃ �

	p,0
2 sin�2�s̃�	p,0

2 �x��lt ���	p,0
2 �2s̃

�0, if 	p,0
2 � s̃�0,

2�4�	p,0
2 � s̃ � exp���4��	p,0

2 � s̃ ��x��lt ��

�exp���4�	p,0
2 � s̃ ��x��lt ���

2	p,0
2 �4s̃

2�4�	p,0
2 � s̃ �

� 2

� s̃

, if 	p,0
2 � s̃�0,

�12�

wherex� is the transverse coordinate in slab geometry andlt
is an integral constant. For	p,0

2 � s̃�0, y2�0 solution
should be discarded. For	p,0

2 � s̃�0, I has an analytic form
which exhibits a focusing feature and monotonically ap-
proaches zero atr��. As lt meets

lt��
1

4�	p,0
2 � s̃

ln
	p,0

2

4�	p,0
2 � s̃ �

, �13�

y2 at 	p,0
2 � s̃�0 has a symmetric dependence onx�
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y2�4� 1�
s̃

	p,0
2 � 1

� ch�2�	p,0
2 � s̃x���

	p,0
2 �2s̃

	p,0
2 � , �14�

and thus the resulting transverse intensity profileI also de-
pends onx� symmetrically.

For U�0, there is

��y2�����Uy2�2	p,0
2 y4�2S̃y4� S̃y6��y2�2�

���ay8�by6�cy4�dy2. �15�

Even though we can use a translation:ỹ2�y2�t to trans-
form the right-hand side of this equation to same form as that
in Eq. �11�, the nature of the new equation ofỹ2 is compli-
cated. Here, constantt is only introduced for the convenience
of solving the equation and is not time variable, and it is
determined as follows: the coefficients of the linear term of
ỹ2, ỹ21

, and that of the zero-order term,ỹ20
, are zero and the

right-hand side of Eq.�15� has the general form:ã(t) ỹ24

� b̃(t) ỹ23
� c̃(t,U) ỹ22

, thus the equation ofỹ2 can be solved
in the same way asy2 in theU�0 scenario. We note thatã,
b̃, c̃ aret dependent due to the transform, and especiallyc̃ is
alsoU dependent. Hence,t should meet

at4�bt3�ct2�dt�0,
�16�

4at3�3bt2�2ct�d�0,

i.e., t meets

3at2�2bt�c�0, �17�

andd�2U has the relation with the solution of this equation

d��at3�bt2�ct. �18�

Clearly, only for some special value ofU can these two
equations be simultaneously satisfied. Hence, forU�0, we
directly seek a numerical solution of Eq.�15�.

For given�, I with different lt satisfy Eq.�9� under the
respective origin transverse boundary condition:��I�x��0 .
Hence, the origin of the transverse boundary condition is
necessary to specify the solutions of Eqs.�5� and �3�. Simi-
larly, the origin boundary conditions, both transverse and
longitudinal, have the same importance to specify the solu-
tions of Eq.�3�. For a long-duration pulse, the longitudinal
homogeneous solution of Eq.�3� meeting 
�I���0�0 de-
scribes its body. We will discuss, in the following paragraph,
the structure stability of a longitudinally homogeneous struc-
ture relative to other longitudinally modulated ones which
satisfy
�I���0�0.

B. Stability of the longitudinal homogeneous
structure relative to a longitudinal modulated one

Although our aim is at the longitudinal structure, the
transverse structure of the pulse, especially for a self-
focusing beam, should not be ignored. In principle, we can
solve the longitudinally modulated structures from Eq.�3� by
choosing the relevant origin conditions, both the transverse
and longitudinal ones. However, such an exact three-
dimensional �3D� structure calculation is a cumbersome

computational task. Hence, we develop an approximate
method, saving computer time. In this approximation, the
longitudinally homogeneous structure is taken as a back-
ground for various modulated structures growing from it.

Because we treat two different profile types, the longitu-
dinally uniform structure and the longitudinally modulated
one, as two different solutions of the model equation, it is
natural for us to study, whena0��I0e�i�0t meets propaga-
tion Eq. �1�, the conditionag��I0�Ige�i(�0��g)t, which
that ensuresag is also satisfying the propagation equation.
The essence of our approximation is the invariance of varia-
tional equation�Ls/�I�0:

�Ls

�I 

I�I0�Ig

�0�
�Ls

�I 

I�I0

, �19�

whereI�I0g andI0 is the even function ofx� while g is the
odd function. Here, the transverse coordinate we used is
���x���. Actually, this invariance means the condition
I0�Ig if I0�Ig is also, likeI0 , the solution of Eq.�3�. For
the two different possible forms of the laser field,ag anda0 ,
we can analysis their relative stability from the variation of
Ls:

ReLs�ag��ReLs�a0��� dS* I0d��dHs, �20�

Im Ls�ag��Im Ls�a0��� c2
k

	2 
�Igd�, �21�

dS�S��0��g��S��0�, �22�

dHs�Hs�I0�Ig��Hs�I0��� �G1Ig
2�G2��Ig�2�d�,

�23�

where ag��I0�Ige�i(�0��g)t, a0��I0e�i�0t, �g is the
space-independent frequency shift caused byIg , and d� is
the volume unit of the region occupied by the laser field.
Here, the variation ofLs comes from the variation of the
intensity profileIg and that of frequency�g . We discuss the
two possible field forms, having slight variations of the in-
tensity profile and frequency, hence, only low-order terms of
Ig , �g are kept inLs(ag)�Ls(a0). As for backgrounda0 ,
its amplitudeI0 and frequency�0 satisfy Eqs.�3� and �4�.
The coefficients in the integral kernel ofdHs are

G1��
	p,0

2

2
�1�I0��3/2�c2

�2I0

2 � 1

I0
2�

1

�1�I0�2� ,

�24�

G2�c2
1

2 � 1

I0
�

1

1�I0
� . �25�

Note that the higher-order terms have been neglected be-
causeIg is small, and the odd-order terms are absent, since
their spatial integrals are zero. ForIg�I0g with transverse
homogeneousg, there is


�Ig�I0
�g�
�I0* g; ��Ig�
��I0

I0
Ig , �26�

and we substitute it intodHs to achieve
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dHs�� � �G1�G2� ��I0

I0
� 2� Ig

2�G2�
�Ig�2� d�. �27�

Since I0 and �0 are related via Eq.�3�, we consider
backgrounds at different�0 , i.e., different frequency shifts
relative to laser frequency	 in vacuum. We choose two
types of focusingI0 as the background. One, at theU�0
scenario in which the amplitude of the magnetic field at the
transverse boundary of the laser field is zero or no collective
charge current outside the laser pulse exists to effect the the
laser field distribution, has the formI0�y4�2y2 with y2

expressed as formula�14� at the�0�� 1
2	 case. In this�0

�� 1
2	 case, the frequency of the laser field is shifted from

	 due to the transverse intensity profile of the laser field.
Since the intensity profile can cause the frequency shift, vari-
ous different frequency shifts have their respective transverse
profiles. Whether there exists an intensity profile correspond-
ing to the zero-frequency shift case�0�0 depends on the
solubility of Eq. �3� at �0�0. Because	2 is larger than
	p,e

2 , one can find, from Eq.�3�, that, unless intensityI can
be negative, the intensity profile at�0�0 is not a transverse
uniform one with zero spatial gradient. The other, in theU
�0 scenario, is the numerical solution of Eq.�5� when the
origin boundary condition is�I�x��0�0 and�0 is chosen as
zero. The effect of the difference between various back-
groundsI0 on g will be studied via a numerical experiment
in the following paragraph.

The invariance of the variational equation, or Eq.�18�,
yields

0�
�dLs

�I0
�

�dLs

�Ig
. �28�

It should be stressed that�dLs/�I0 is the even function,
while �dLs/�Ig is the odd one. Thus, Eq.�28� has a solution
only when

�dLs

�I0
�0,

�dLs

�Ig
�0. �29�

The first equality in this equation gives the relation between
�g and Ig :

dS��0 ,�g��
dHs

�I0d�
, �30�

and the second one reads

� � G2
�
2Ig�
�G2
�Ig��G1�G2� ��I0

I0
� 2� Ig� dx��0,

�31�

i.e., this is an equation ofg�Ig /I0 :

T2
�
2g�T1
�g�T0g�0, �32�

where three coefficients are dependent on the background
profile I0 ,

T2�� �G2I0�dx�; ,

T1�� �2G2
�I0�I0
�G2�dx�; , �33�

T0�� � G2
��I0�
�G2
�I0

��G1�G2I0� ��I0

I0
� 2� � dx� .

Obviously,g(�)�0 is a trivial solution of Eq.�32� and
meets the origin condition
�g�0, correspondingly, we ob-
tain dHs�g(�)�0�0. The nature of other nontrivial solutions
depends on (T2 ,T1 ,T0), which are determined by back-
ground I0 . For longitudinally homogeneousI0 with 
�I0

�0, the three coefficients read

T0�� �G1I0�G2

���I0�2

I0
�dx� ,

�34�

T1�0, T2�� G2I0dx��0,

and the resulting analytic solutions are

g�� sh���T20���, if T20�T0 /T2�0

sin���T20���, if T20�T0 /T2�0
. �35�

Hence, modulated structures can only exist for longitudinal
homogeneousI0 with T20�0 �i.e., T0�0�. From the expres-
sions of T0 and dHs, we know that T0�0 implies G1

�G2�(��I0)2/I0
2�, as well asdHs, can possibly be negative.

SinceG2 is always positive�see Eq.�25��, only G1 , which
depends on plasma densityNi and intensity gradient�I0 ,
can lead to negativedHs. Once nontrivial solutions ofg with
negative dHs exist, the I0 background is unstable, since
other steady-state structuresI�I0(1�g) have lowerHs than
I0 does.

C. Dynamic modulation

So far, we have studied the static modulation of the
steady-state longitudinal uniform backgrounds. For those
backgrounds, as shown in the Appendix, their phase� meets

����k, ����0�
 t��
 tt� and, hence, the intensity pro-
files are time-independent
 tI�0. Correspondingly, we can
undertake a discussion on the basis ofH expressed as Eq.
�2�, where
 tI-dependent terms in the real part of the action,
Re Ac �see Eq.�A19� in the Appendix�, are absent. Now, we
discuss the case of
����k�q, (q�0) and ����0
�
 t��
 tt�. Nonzero phase gradientq implies the shift in
the fundamental wave vector�k as a result of the interac-
tion. Using the continuity equation ofa �see Eq.�A10� in the
Appendix�, we rewrite the
 tI-dependent terms in Re Ac as

�
 tI �2

4I�1�I �
�c2

q2c2

�	���2

�
�I �2

4I�1�I �
, �36�

and substitute it intoH andHs,
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H̃�H�� �c2
q2c2

�	���2

�
�I �2

4I�1�I ��d�, �37�

H̃s�Hs�� �q2c2

4
I�c2

q2c2

�	���2

�
�I �2

4I�1�I ��d�. �38�

For q�0, the intensity profile can still possibly be time-
independent
 tI�0 if its longitudinal gradient
�I�0. Those
q�0 steady states have not been included in our previous
discussion. Now, we study them in the parallel approaches
adopted previously with some slight changes:Hs is now re-
placed byH̃s, and the model equation becomes

�S����	2�

c2 �
q2c2

4
�� �

2

4

��
2 I

I�I2 �
1

4
���I �2

2I�1

�I�I2�2�
�

1

4
� 1�

q2c2

�	���2� � �
2

4


�
2I

I�I2

�
1

4
�
�I �2

2I�1

�I�I2�2� �
	p,0

2

c2

1

�1�I
. �39�

Obviously,H̃s and the model equation return toHs and Eq.
�3� asq�0.

ComparingHs with H̃s, we find that they have different
dependence on the
�I-dependent terms and theI-dependent
ones. This difference leads to the resulting coefficient of
dH̃s: G̃2��1��q2c2/(	��)2��G2 /�G2 , while G̃1

�G1dH̃s now reads

dH̃s�� � �G1�G̃2� ��I0

I0
� 2� Ig

2�G̃2�
�Ig�2� d�. �40�

Furthermore, the variation ofG̃2 will causeT̃2 and of T̃02.
Hence, for theq/�0 steady-state background, the existence
and the stability of the modulated structures should be care-
fully considered. Forq/�0, the continuity equation implies
that once the structures become modulated (
�I�0), the
modulation is not time independent. Hence, we term the
modulation in this case a dynamic one.

III. NUMERICAL RESULTS AND DISCUSSION

In the following numerical calculation, we put field the
vector potentiala in units of Compton potentiale2/m2c2, the
length in units of the laser wavelength in microns�, and the
ion densityNi in units of the critical densitym0,e	

2/4�e2.
The laser frequency is taken as 1. In particular, our calcula-
tion is toward the strong field limitI��a�2�1.

We solve Eq.�5� to obtain a longitudinally uniform fo-
cusing backgroundI0 in the U�0 scenario. We seek the
solution of the formI�� i�0

� � ix�
2i and coefficients� i are

calculated one by one. The calculation results show that the
absolute value of those� i decrease with risingi and their
signs change alternatively. These ensure the convergence of
the solution at�x����. Moreover, the calculated coeffi-
cients show�� i�1 /� i� to be almost constant. Thus, for sim-
plicity, we fit I to a general forma/(1��b�x�

2 ). Some typical
results with the above features are plotted in Fig. 1. Then, we

calculate Eq.�32� with two different backgrounds:I0 at U
�0 andI0 at U�0. Here, ion densityNi is from 1

4	
2 to 	2

and�0 is choosen as�1
2	 and 0 forU�0 andU�0, respec-

tively. T20�T0 /T2 �see Eq.�33�� at the different values of
ion densityNi are given in Fig. 2. For the parameter regime
we used,T20 in both these two scenarios are negative and,
hence, the resultingg(�) are not sinuous. This result reveals
the nature of the background, which has a close relation to
the static longitudinal modulation. For the focusing back-
ground, it is unfavorable for growing the static modulated
distortion, since even thought0 is positive near the axis re-
gion, negativet0 in other regions makes the integralT0

�� t0dx� negative, wheret0 is the integral kernel in the
definition of T0 �see Eq.�33��. Hence, the variation of the
two controllable parameters: plasma densityNi and laser
powerP��Idx� , and that of boundary conditionU, do not
influence the result that the static modulation is depressed.

Contrarily, for the transverse homogeneous structureI
�I(x��0)(�x���P/I0), its G1��(	p,0

2 /2)�1�I(x�

�0)��3/2�0, G2�0 and relevantT0���G1Idx��0, thus
its T20 is positive and the resulting sinuous modulations ex-
ist. The stability of those sinuous modulations depends on
whether theirdHs are lower than that of the longitudinally

FIG. 1. �a� � i at U�0. �b� Corresponding� i�1 /� i .
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uniform background structure (dHs�0). Due toG1�0, it is
possible thatdHs is negative for someg. In other words,
longitudinally static modulation can occur in the nonfocusing
beam within the near-critical plasma with density 0.25�Ni

�1.
Then, we solve Eq.�39� to seek theq�0 longitudinally

uniform focusing background and follow a parallel proce-
dure to discuss the dynamic modulation. RelevantT20 for
different parameters are plotted in Fig. 3�a�. Comparing
these results with previous results, we find thatq�0 causes
the essential change. For any possible field form, we intro-
duce a quantityD�(��	)2�(q2c2/4), which depends on
the phase of the field form and specifies the corresponding
intensity profile. We know, from previous theory, that the
intensity profiles depend on the space gradient and time gra-
dient of the phase,q and�. Therefore, with theD parameter
varying, the intensity profile changes correspondingly. In
some special parameter regime�D� s̃�(q2c2/4)�0�, as
shown in Fig. 3�a�, T20 is positive and suggests the existence
of dynamic modulation. The reason for positiveT20 is that
T2 can become negative at highq. Then, the Hamiltonian
values for those negativeT20 are calculated to determine the
stability of the modulation. The calculation results, which are

plotted in Figs. 3�b� and 3�c�, show that, in some narrow
parameter regimes which are represented by dots under the
horizontal line, profiles with dynamic modulation are more
stable than backgroundI0 . Hence, for some steady-state lon-
gitudinally uniform profiles, whether they are stable relative
to the longitudinal modulation is determined by their space-

FIG. 2. T0 vs D at various parameters, whereD� s̃�(q2c2/4). �a� and �b�
correspond to different boundary conditionU, respectively.

FIG. 3. �a� T20 vs D at q�0. �b� dHs vs D at q�0. �c� dHs vs U at
q�0.
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gradient of field phaseq, and other parameters: plasma den-
sity Ni , frequency-shift�0 , and boundary conditionU, have
less effect on their stability.

IV. SUMMARY

So far, we have presented a theoretical investigation on
the self-modulation of the intense laser beam in the near-
critical plasma, in which the self-modulation is understood
from the viewpoint of the structure stability. In contrast with
some published works on this issue, for example, Ref. 5,
which start from a set of fluid equations and are focused in
the weak field limit �a��1 and tenuous plasma withNi

�0.25, we construct our theory on the basis of a nonlinear
Schrödinger equation of laser vector potentiala and focus
our investigation on the strong field limita�1 and the near-
critical plasma with 0.25�Ni�1. Especially, we take the
transverse structure into account and regard the longitudi-
nally homogeneous self-focusing structure as a reference,
then we further study its stability relative to the longitudi-
nally modulated structures by comparing their Hamiltonian
values. In some published works,5 the effect of the transverse
profile on the evolution of the longitudinal modulation is
numerically studied in the weak field limit and tenuous
plasma. In these works,5 the self-modulation, however, arises
from the modulation in the refractive index due to the plasma
wave, which is induced by the rising edge of the pulse and
propagates in the following pulse body. Here, we consider
this effect in view of the structure stability of the pulse body.
Furthermore, we confine our consideration to the strong field
limit and near-critical plasma.

Our calculations indicate that the details of the reference
structures have a close relation to the existence of the modu-
lated structure. Here, the details refer to four parameters:
plasma densityNi , boundary conditionU, frequency-shift
�0 and the space gradient of field phaseq. For the parameter
regime we used, there exist no longitudinally static-
modulated solutions of the steady-state structure equation
and, hence, the occurrence of longitudinally static modula-
tion is excluded, while dynamic modulation can exist and be
more stable than some backgrounds in some parameter re-
gimes. The result reveals that, among these four parameters,
q or the longitudinal gradient of the phase of the background
vector potential, has the closest relation to the structure sta-
bility of the background profiles.

In short, we have discussed, in the strong field limit, the
occurrence of spontaneous modulation due to the structure
stability of the pulse. This mechanism can be taken as a
complement to the pulse-head mechanism to increase our
knowledge of self-modulation.

In addition, we note the recent published work by Duda
et al.8 dealing with the hosing instability of a laser beam in
tenuous plasma. Despite the difference in our respective in-
vestigation subjects, the kernel part of the theory in this pa-
per has some similarities with that in the work of Dudaet al.
These two works both adopt a variational principle method
to deal with the intensity instability and derive a set of mo-
tion equations describing the intensity fluctuation around
some reference intensity profiles. The intensity fluctuations

are discussed in the framework of these motion equations,
which depend on the nature of the reference intensity profile.
The most marked difference between these two works is that
in this paper, the reference intensity profiles are numerically
solved from the structure equation, whereas in the work by
Dudaet al., they are not obtained numerically. Since the de-
rived motion equations of the intensity fluctuations are
greatly dependent on the nature of the reference intensity
profile, in order to make the discussion of the intensity fluc-
tuation more believable, it is necessary to obtain the refer-
ence profile from the structure equation.
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APPENDIX

We view a pulse as a moving 3D region occupied by
radiation. For laboratory longitudinal-coordinatez, there is a
pulse center longitudinal-coordinatez0 and an intrapulse
longitudinal-coordinate� meeting, z�z0��; (�l���l,)
and
zz�

1
4�
���
z0z0

�2
�
z0
�, where 2l is the longitudinal

length of the pulse and is less than the plasma thickness.
Wave equations of the vector potential of radiation field

A� and scalar potential� are written as

���
2 �

1

4
�
���2
�
z0

�
z0z0
��

1

c2 
 tt�A���
4�

c
j� ,

�A1�

���
2 �

1

4
�
���2
�
z0

�
z0z0
��

1

c2 
 tt����4��, �A2�

where j�eNiv i�eneve��eneve and��eNi�ene . From
the motion equation of electron

dtpe��e� ����
1

c

 tA�

ve

c
���A � , �A3�

wherepe�me,0ve and��1�(p� /me,0c)2/�1�(vz /c)2

is the relativistic factor,vz is the speed of the longitudinal
quasistatic electronic current andA�A� represents the vec-
tor potential of the laser field. One can find that as

�e��me,0c
2�const, �•vz�0, �A4�

there is

p��eA� , pz�me,0vz , dtvz�0, �A5�

and time-averaged �over (2	0)�1� meets

��z��1�� e�A��
me,0c

2� 2� �1��vz /c �2. �A6�

For convenience, we choose the energy constant as zero.
Thus, the effect of the longitudinal quasistatic current is rep-
resented byz���1�(vz /c)2��1. For an ultraintense laser
pulse with dimensionless vector potentiale�A��/me,0c

2�1
or e�A��/me,0c

2�1, the perturbation expanding of the elec-
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tronic momentum about the vector potential4,6 is improper
and, therefore, we choose a cut: letp�eA. Similarly, the
linear-dependent part of electrostatic potential� on A is also
zero. Thus, for the second-order perturbation (�v2 ,�n2),
there are


 t�v2�
�e�
m

����2��L�,


 t�n2�n0�* �v2�0,
�A7�

�2��2�4��e��n2 ,

�L�quiver energy.

Obviously, as��2���L holds everywhere, there are�v2

�0 and temporal-independent�n2 ,��2 meeting those equa-
tions if �L is temporal independent. For a pulse head with

��L�0, the local electrostatic potential yields the relevant
charge separation force
���
���2 to cancel this laser
pressure. We, therefore, term the equilibrium (p,�ne)
�(eA,�2�L) as a first-order response of the plasma, and
any derivation from this equilibrium as higher order.

We cast our model to the pulse frame by expressing
vector potentialA� as the product of a rapid temporarily
oscillating expi(kz0�	t) and a temporarily slowly varyinga:

A��e��a�x,y ,�;t �expi�k* z0�	t ��cc�,
�A8�

k�
	

c
�1�	p,0

2 /	2,

where	p,0
2 �4�e2N0 /me,0 and 	 is the laser frequency in

vacuum,N0�Ne�Ni is the electronic or ionic mean density,
andme,0 is the rest mass of electrons. The vector potential in
this form yields aZ0-independent field distribution�A�2, like
the results of a paraxial approximation in which the field
amplitude is weakly dependent on the longitudinal coordi-
nate. Here, we have hypothesized that, when electromagnetic
energy is conserved, the global moving of the pulse in the
homogeneous plasma does not lead to a change of its struc-
ture. Hence,�A� does not explicitly depend on pulse center
coordinateZ0 , i.e., 
Z0

�A��0. Slowly varying vector poten-
tial a meets

i
 ta��
1

2	* � c2��
2 a�

c2

4

��a�
 tta �

�
1

4

ikc2

	

�a�

1

2	
V�a �a,

V�
	p,0

2


�	2�

1

4
k2c2

�� c2��
2 �
 tt�

c2

4
�
z0z0

�2
z0

��
��


� .

�A9�

Moreover, there is the continuity equation ofI��a�2:


 tI�
1

	�
 t�
� � 
 tt��c2��

2 ��
c2

4

��� � I�c2�����I

�
c2

4

��
�I�

kc2

4

�I� , �A10�

whereI��a�2�0, � is the phase ofa. I and� are both real.
ConsideringW(I,�I,�2I,
 tI,
 ttI), which meets

Va�
�W

�a*
�

�W

�I
a, �A11�

this equality leads to

V�

W


I
���


W


��I
���

2 
W


��
2 I

�
�


W



xiI
�
��


W



��I

�
 t


W



 tI
�
 tt


W



 ttI
. �A12�

We compareV in this form with its previous form

V�
	p,0

2

�1�I �1/2�	2�
1

4
k2c2�c2

��
2 I

2�1�I �

�c2
���I �2

4�1�I �2 �
c2

4 � 
�
2I

2�1�I �
�

�
�I �2

4�1�I �2�
�� 
 ttI

2�1�I �
�

�
 tI �2

4�1�I �2� , �A13�

where the
z0
-dependent term has been dropped due to the

approximation
z0
I�0. From the comparison, we knowW

must have the following form:

W�V ��F�I ��M �I �* �c2���I �2�c2 1
4�
�I �2��
 tI �2�

�G�I �* �c2��
2 I�c2 1

4
�
2I�
 ttI�. �A14�

Otherwise, if M�M (I,�I), there will exist a term like
�2I�I, which is not included inV. Thus, there are


F


I
�

	p,0
2

�1�I �1/2�	2�
k2c2

4
,


G


I
�M�

1

4�1�I �
, �A15�


2G


I2 �

M


I
�

�1

4�1�I �2 ,

and

F�	p,0
2

* 2�1�I�	2* I�
k2c2

4 * I,


G


I
�M�

1

4�1�I �
, �A16�


G


I
��

1

4�1�I �
, M����1�

1

4�1�I �
.

It is easy to find
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W�2	p,0
2 �1�I �1/2�	2I�

k2c2

4
I

�

c2���I �2�
c2

4
�
�I �2��
 tI �2

4�1�I �

��* � c2���1

4
ln�1�I ���I �

�
c2

4

��1

4
ln�1�I �
�I��
 t�1

4
ln�1�I �
 tI � � ,

�A17�

where� is constant. SinceI is zero at the pulse boundary,
there is

� Wd��� �2	p,0
2 �1�I �1/2�	2I�

k2c2

4
I

�
c2���I �2� �c2/4� �
�I �2��
 tI �2

4�1�I � �d�. �A18�

Now, we write out Action and Hamiltonian, where
Re Ac and Im Ac represent the real and imaginary parts of
Action, respectively,

Action�� � a* i
 ta�ic2
k

4	
a* 
�a�

1

2	* �
 ta* 
 ta

�c2��a* ��a�
c2

4

�a* 
�a��

1

2	
W� d�dt

�Im Ac�Re Ac, �A19�

Im Ac�� � i
1

2

 tI�ic2

k

8	

�I�d�dt,

Re Ac�� � � � I� 1

2	
�
 t��2�
 t� �

�
1

2	

�
 tI �2

4I�1�I ��d��H� dt,

H�
1

2	 � � k
��

2
Ic2������2Ic2�

1

4
�
���2Ic2

�
k2c2

4
I�2	p,0

2 �1�I�	2I�
���I �2

4I�1�I �
c2

�
1

4

�
�I �2

4I�1�I �
c2� d�.

It should be noted that the Hamiltonian does not contain
terms explicitly dependent on
 tI.

Since the first-order response of the plasma is related to
the steady structure (
 tI�0), we confine our investigation to
the steady structure. As� meets

����0, 
����k,
�A20�


 t����, 
 tt��0,

where� is time independent, the continuity equation indi-
cates
 tI�0. There is

Action→Acts�� Lsdt,

Im Ls�� c2
k

2	

�Id��0,

ReLs�
1

2	 � S���* Id��Hs, �A21�

S����2	���2,

Hs�
1

2	 � �2	p,0
2 �1�I�	2I�

���I �2

4I�1�I �
c2

�
1

4

�
�I �2

4I�1�I �
c2�d�,

where the upper-indexs denotes the steady state. Since we
are interested in an ultraintense laser beam with dimension-
less intensityI�1, we do not intend to make some simplifi-
cation in the model Hamiltonian, and the resulting equation
as a weak-relativistic limit case where the relativistic factor
is expanded to the low order ofI.

The variation principle�Acts/�I�0 yields the steady
structure equation

�S����	2�/c2�� �
2

4

��
2 I

I�I2 �
1

4
���I �2

2I�1

�I�I2�2�
�

1

4 � �
2

4


�
2I

I�I2 �
1

4
�
�I �2

2I�1

�I�I2�2�
�

	p,0
2

c2

1

�1�I
, �A22�

� can be taken as the frequency shift associated with
the structure. In addition, there are�r���x2�y2→� and�
��� boundary conditions

I� �r�����0, ��I� �r����0,
�A23�

I� ��������0, 
�I� �������0,

and the positivity requirement on solutionI�0. Furthermore,
as the total photon numberM��Id���P(�)d� is given,
whereP(�) is the laser flux or power through the transverse
section located at�, Hs is determined by the solution of Eq.
�A22�.
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Experimental study of a subpicosecond pulse laser interacting with metallic and dielectric targets
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We have studied laser absorption, hot electron emission, and the energy spectrum of hot electrons produced
during the interaction of a 150 fs, 5 mJ, 800 nmp-polarized laser pulse at 831015 W/cm2 with metallic and
dielectric target materials. Because dielectric targets are much less conductive, the charge separation potential
in dielectric targets is higher than that of metallic targets. This leads to a smaller laser absorption, fewer
emitted electrons, and a lower hot electron temperature in dielectric than in metallic targets.
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I. INTRODUCTION

The recent availability of intense ultrashort subpicoseco
laser pulses@1# has enabled investigation of a new regime
laser-matter interaction in which intense laser pulses are
posited into a solid target faster than the target surface
hydrodynamically expand@2#. Thus, using high power lase
systems of table-top size, it is now possible to study inter
tion physics under extreme conditions in relation to the f
ignition scheme for inertial confinement fusion@3#, harmonic
generation@4,5#, and ultrashort x-ray generation@6#, etc.

Previous measurements@7# of absorption of high contras
laser pulses have shown that at low laser intensities inv
bremsstrahlung~IB! is the main absorption mechanism and
is dependent on the electrical conductivity associated with
electron mean free path comparable to the interatomic s
ing. However, at high intensities exceeding 331015W/cm2,
the absorption reaches ‘‘resistivity saturation’’ at a low lev
of 10% and becomes essentially independent of the ta
material. This behavior was attributed to the generation o
highly reflecting overdense plasma layer caused by ra
ionization of a thin front layer of the target. It seems that t
plasma properties should be independent of the target m
rial. However, Saemann and Eidmann@8# reported that the
total x-ray emission from Al targets is much higher than th
from glass targets with x-ray photons in the range of 1–
keV. This implies that there are still many material depe
dent aspects in intense-laser–matter interactions. In par
lar, for laser pulses incident obliquely on targets, Brunel@9#
and Gibbon and Bell@10# proposed thatp-polarized laser
pulses could be strongly absorbed by pulling electrons
vacuum during an optical cycle and then returning them
the surface with approximately the quiver velocity. This
called the ‘‘vacuum heating’’~VH! mechanism@9#.

In this paper, we report a systematic study of the la
absorption and hot electron emission from aluminum a
glass targets~with a similar averageZ! irradiated by intense
ultrashort laser pulses with sufficiently high contrast su
that the surface expansion is no greater than the peak am
tude of electron quiver motion during the interaction. W

*Author to whom correspondence should be addressed. Emai
dress: jzhang@aphy.iphy.ac.cn
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found that the total number of hot electrons with energ
over 7 keV from aluminum targets was considerably mo
than that from glass targets. The charge separation pote
we measured was greater than the prediction of Yanget al.
@11,12#, and in metallic targets this potential was found to
lower than that of dielectric targets because the free elect
partly ‘‘neutralize’’ the potential.

II. EXPERIMENTAL SETUP

The experiments were carried out at the Laboratory
Optical Physics of the Institute of Physics with a Ti:sapph
chirped pulse amplification~CPA! laser system operating a
around 800 nm at a repetition rate of 10 Hz. The laser de
ered 5 mJ energy in 150 fs pulses and produced a peak
tensity on the target of 831015W/cm2 at a laser focus of 20
mm diameter. The contrast ratio was approximately 1025 at 1
ps before the peak of the pulse. The targets we used we
mm thick Al and glass plate targets. The roughness of
surface was less than 1mm. The mount was controlled by
microstep motors in thexyz dimensions to ensure that th
laser interacted with fresh target surface at each shot.

The main diagnostic of fast electrons was a magne
spectrometer, fitted with a permanent magnetic field ofB
5380 G. An array of LiF thermoluminescent dosimet
~TLDs! detectors was used behind the spectrometer to de
hot electrons. The recent development of ultrasensitive
TLDs provides the possibility of using thin TLDs for ho
electron detection@13#. The energy range of this instrumen
covered from 7 to 500 keV. The collection angle of the sp
trometer was on the order of 131023 sr. Its energy resolu-
tion was better than 2%. Because the TLDs are insensitiv
visible light, it was not necessary to use aluminum foils
front of the TLDs. The background of these TLDs was le
than 1.2mGy when they were heated to 240 °C.

The metallic target potential used to diagnose the to
number of electrons emitted in each shot was measured
rectly by a fast oscilloscope~Tektronix TDS 520A! @14,15#.
The leakage of the frequency doubled output of aQ-switched
Nd:YAG ~yttrium aluminum garnet! laser that pumped the
CPA laser system was used to trigger the oscilloscope s
to ensure the synchronization of the detection signal with
femtosecond laser pulse. The target was connected by a
short wire to a sealed electric connector on one end flang
d-
©2001 The American Physical Society03-1



th
llo

o
h
he
th

e

th
o

en
d.

ne
it

e
Fi
d

w
ri
w

ti

e

tic
oi
ni
ig
A

on
r

sio

epa-
se
lled
al-

ns

ely
on

ypi-
re
re
m-
la-
of
is
any

of

ic
er

lly.

L. M. CHEN et al. PHYSICAL REVIEW E 63 036403
the cylindrical vacuum chamber. Then the signal from
target was fed via a coaxial cable to the input of the osci
scope. The input impedance of the oscilloscope of 50V was
matched to that of the connected cable in order to av
reflection of signals. A Faraday cup 17 cm away from t
target without a bias voltage in the direction normal to t
target was also used to collect electrons emitted from
plasma.

The plasma absorption was measured by calorimet
Slight focusing~with an f /10 lens! of the reflected beam
ensured that all the scattering signals were collected by
calorimeters. An interference filter at a central wavelength
800 nm was placed at the window of the calorimeter to
sure that only the reflected laser signal could be detecte

III. RESULTS AND DISCUSSION

All the experimental results presented here were obtai
for laser pulses incident on targets at an angle of 45° w
respect to the target normal without any prepulse.

The energy spectrum of the outgoing electrons was m
sured with the electron magnetic spectrometer shown in
1. The spectrum of ingoing electrons was measured in
rectly by a NaIg-ray spectrometer@16#. The hot electron
spectrum resembles a bi-Maxwellian distribution. The lo
hot electron temperature is independent of target mate
and is generated by a resonance absorption mechanism
the scaling lawTH (keV)'631025(Il2)0.33 @17#. The high
hot electron temperature is generated by the vacuum hea
process@18,19#. This bi-Maxwellian hot electron distribution
was also predicted by the simulation of Gibbon and B
@10#.

For the high hot electron temperature, the two diagnos
gave similar values. We can thus deduce that those outg
and ingoing electrons are heated by the same mecha
@19#. The Al and glass targets were measured and the h
hot electron temperature obtained for each: 62 keV for
and 44 keV for glass targets. The number of hot electr
(Ek.10 keV) measured in this way for Al is almost fou
times greater than for SiO2 targets.

The energy spectrum we measured is from the emis

FIG. 1. The hot electron spectrum from Al~open circles! and
glass~solid squares! targets irradiated byp-polarized femtosecond
laser pulses at 831015 W/cm2.
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of hot electrons with energies greater than the charge s
ration potential~CSP! generated by less mobile ions. Tho
electrons with energies less than the CSP would be pu
back to the surface by the CSP. Figure 2 shows the norm
ized amplitude~in units of mv0c/e) of the oscillating elec-
tric field in the direction normal to the solid surface. Herem
is the mass of an electron,v0 is the laser frequency,c is the
speed of light ande is the charge of an electron. The1x
direction in Fig. 2 is in toward the target. The simulatio
used a one-dimensional 1D fully electromagneticLPIC11

code, where an electromagnetic wave is launched obliqu
from the left-hand side into an overdense plasma located
the right-hand side. ne /nc520, Te5100 eV, Te /Ti53 – 5,
and the mass ratiomi /Zme51836. A Gaussian profile for
the incident laser pulse was assumed in the simulation. T
cally 15032680 electrons and ions and 2680 cells we
used. We consider an initial situation in which the ions a
mobile and electrons are pulled out into vacuum by the co
ponent of electrical field normal to the target. The simu
tions show that an ‘‘electron cloud’’ always exists in front
the target, forming a strong negative electric field. Th
means a charge separation potential is generated and m
hot electrons will be pushed back to the target surface.

The CSP we measured is greater than the prediction

FIG. 2. The amplitude of the oscillating longitudinal electr
field in Al targets att512.773 and 13.179 optical cycles of the las
field. The solid surface is atX510.3~.10.3 is into the target!. The
electric field at the target boundary changes its polarity periodica
The electric field here is in normalized units ofmv0c/e.
3-2



rp

l t
ca
ri-
es

th
he

-
o
e
ci

ur

ea
e
th
ou
ffe
tr
e
r
p
, t
i

le
al

u
itt
on
th

re
h

ar
Th
th
p
n
m

ha
h
t

d
t 1
c
h

keV.
er-

that

nal
red
SP

the
tly

nnot
ce.

less

oci-
ith
n Al
red

at
w-
he

ts.
ent

ic
e

EXPERIMENTAL STUDY OF A SUBPICOSECOND PULSE . . . PHYSICAL REVIEW E 63 036403
Bastianiet al. @20#, calculated from the sheath-transit abso
tion ~STA! of Yang et al. @11#. The sheath electric field is

E~x,t !52
mne

2

elD

2

& exp~0.5!2~x/lD!
1

2cky

v

3B0 cos~vt1f!. ~1!

The first term on the right-hand side of Eq.~1! is the sheath
electrical field associated with the electrostatic potentia
be determined by the self-consistent Poisson equation. If
culated with Eq.~1!, the sheath potential under our expe
mental conditions is not more than 5 keV. That is much l
than what we measured.

From our experimental conditions, we can calculate
CSP like this: the total electron number emitted from t
target was measured to be about 6.53109 for each shot@15#.
The focal spot diameter was about 20mm. The average dis
tance between maximum positive and negative field is ab
0.2l ~see Fig. 2!, that is, 0.16mm. Thus we can see that th
electrons and less mobile ions form a ‘‘capacitor’’ of capa
tance 7310215F. So the potential on this ‘‘capacitor’’ is
about 60 kV. This is more or less the same as we meas
with the electron spectrometer.

The energy spectrum of hot electrons in Fig. 1 was m
sured at the same laser intensity with Al and glass targ
The peak position for the two target materials is almost
same but the maximum dose from Al targets is about f
times that from glass targets, so there must be some e
decreasing the CSP in metallic targets relative to dielec
targets. One possible cause might be the great differenc
electrical conductivity between metallic and dielectric ta
gets. That is, when electrons are emitted from the focal s
of the target and generate the charge separation potential
potential will be decreased immediately by free electrons
the metallic target, but the dielectric target has no free e
trons to ‘‘neutralize’’ this potential due to its zero electric
conductivity.

This phenomenon can be observed also through meas
ment of the average hot electron energy and the total em
electron number. The total number of escaping electr
from metallic targets can be measured exactly through
target potential@15# and is 6.53109 at an intensity of 8
31015W/cm2. But the dielectric targets cannot be measu
by this method. Other ways have to be found to solve t
problem. A feasible way is to place a metallic probe~or
metallic collector! in the direction normal to the target ne
the target surface. It can collect the emitted electrons.
first negative peak of the single diagram measured by
oscilloscope suggested that this was produced by esca
electrons. The value for the Al targets was about 1.6 V a
0.38 V for the glass targets. This showed that the total nu
ber of escaping electrons from Al targets is four times t
from glass targets. The average energy of the emitted
electrons was measured with a Faraday cup triggered by
target potential or the probe near the target surface. The
tance from the focal spot to the Faraday cup was abou
cm. In our experiment, the flight time from the target surfa
to the Faraday cup was about 1.5 ns for the Al target. T
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means the average hot electron energy was about 50
The flight time was about 1.3 ns for glass targets. The av
age hot electron energy of glass is slightly greater than
of Al targets.

According to the capacitor model, the CSP is proportio
to the emitted electron number. But the CSP’s we measu
in Al and glass targets were almost the same. As the C
builds up in Al targets at the focal spot, electrons around
focal spot are attracted to neutralize this potential instan
and cause decrease of the CSP. So, from Fig. 2, we ca
find a permanent positive electric field in the solid surfa
But in dielectric targets~as shown in Fig. 3! the electrons
near the focal spot are fixed. They cannot neutralize the
mobile ions, so this CSP keeps the same value.

Another difference between Al and glass targets ass
ated with electrical conductivity is the laser absorption. W
calorimeters, we measured the laser energy absorption i
and glass targets shown in Fig. 4. The level of light scatte
from the collecting optics was found to be negligible@7#.
When the incident laser was focused on Al targets
1013W/cm2, the reflection coefficient was about 80%, sho
ing that the energy absorption for IB is near 20%. For t
laser focused on Al targets at 831015W/cm2, the reflectivity
dropped to 20%.

But this phenomenon did not occur for the glass targe
As the laser intensity increased, the reflection coeffici
dropped to a minimum at the intensity of 1013W/cm2 and

FIG. 3. The amplitude of the oscillating longitudinal electr
field in glass targets att523.355 and 23.950 optical cycles. Th
solid surface is atX510.3 ~.10.3 is into the target!.
3-3
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then kept increasing up to 1015W/cm2. Compared with di-
electric targets, metallic targets are easy to ionize and h
many more electrons to form the plasma wave which c
tributes to the laser energy absorption. In other words,
laser can pump electrons from metallic targets continuou
because of the metal’s great electrical conductivity and th
electrons can get more energy from the laser pulses. So
absorption coefficient in metallic targets is greater than t
in dielectric targets. This process was shown clearly in F
2 and 3. In metallic targets, the strong oscillating elec
field will pull electrons out from inner target layers durin
the positive half period and push them out of the target s
face in the negative half period. Electrons can be hea
continuously in this way. But in dielectric targets a stro

FIG. 4. The laser energy reflectivity vs laser intensity at 4
incidence on Al and glass targets.
ve
-
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ly
e
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t
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r-
d

positive electric field is always exhibited behind the so
surface. This field reenforces the CSP and prevents elect
from accelerating. Of course, this phenomenon can also
explained numerically by the Fresnel equations in the Dru
model, where the complex index of refraction@n251
1 i4ps(n)/v# is related to the dc resistivity of the targe
material (rdc5nme /Nee

2).

IV. CONCLUSION

In summary, we have studied the energy absorption,
electron emission, and hot electron energy spectrum p
duced during the interaction of ap-polarized laser pulse a
831015W/cm2 with metallic and dielectric target materials
The charge separation potential we measured was gre
than the prediction of Yanget al. using the STA mechanism
because the main heating process is the VH mechanism
der our experimental conditions. In metallic targets t
charge separation potential is lower than that of dielec
targets because free electrons continuously ‘‘neutralize’’ t
potential. The laser absorption in metallic targets is hig
than that in dielectric targets. The total number of electro
emitted from metallic targets is more than that from diele
tric targets and the hot electron temperature in metallic
gets is higher than that of dielectric targets.
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Absorption of femtosecond laser pulses in interaction with solid targets

Q. L. Dong, J. Zhang,* and H. Teng
Laboratory of Optical Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China
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We have studied the effects of the plasma density scale length on the absorption mechanism of the femto-
second~fs! laser pulses interacting with solid targets. Experiments and particle-in-cell~PIC! simulations dem-
onstrate that the vacuum heating is the main absorption in the plasma in the interaction of fs laser pulses with
solid targets when no prepulses are applied. The energy spectrum of hot electrons ejected out of or injected into
the plasma show a bitemperature distribution. While the first temperature of the two groups of hot electrons can
be attributed to the ‘‘pull-and-push’’ exertion of the laser field, the second temperature refers to the electrons
accelerated by the static part~in front of the target! and the oscillating part~in the plasma layer! of the
laser-induced electric field, respectively. PIC simulations also show that with an appropriate density scale
length, the femtosecond laser energy can be absorbed locally through different mechanisms.

DOI: 10.1103/PhysRevE.64.026411 PACS number~s!: 52.38.2r, 52.50.Jm, 52.65.Rr
ti
n
fu

lso
si

ti
e
ls
ti
l-

ha
o
ou
be
io

o

io
w

en
th
th
h
rg
g

rr
tro

ant
ect

ng

ec-
le

the
-
ith
of
rget
nto
ser
-

he
trate
first
n

ar to
der
de-
of

ets
ale
ue

of
ng
the
on

de
a

on
I. INTRODUCTION

The research of the femtosecond laser-plasma interac
is of importance because of many potential applicatio
such as the fast ignition scheme of inertial confinement
sion @1#, plasma-based particle accelerator@2#, and coherent
x/g ray sources@3#, etc. The laser-produced plasmas a
provide a test bed for the high temperature, high-den
plasmas relative to some astrophysical phenomena@4#. Those
topics are strongly dependent on the laser energy absorp
in plasmas@5–12#. However, with long laser pulses, th
plasma evolution during the duration of the laser pu
makes the physical process in the laser-plasma interac
very complex. The recent availability of the intense u
trashort lasers with chirped pulse amplification~CPA! @13#
has enabled the investigation of different physics mec
nisms by significantly reducing the hydrodynamic effects
plasmas during the interaction. In this paper, we report
study on the absorption mechanism in the interaction
tween femtosecond laser pulses and plasmas with var
density scale lengths. In Sec. II, the vacuum heating~VH!
mechanism is demonstrated to be responsible for the abs
tion through particle-in-cell~PIC! simulations and laboratory
experiments for an abrupt density profile in the interact
between femtosecond laser pulses and solid targets. We
show that the laser-induced longitudinal electric field perp
dicular to the target surface plays an important role in
electron acceleration and the laser absorption. In Sec. III,
effects of the density scale length on the absorption mec
nism are investigated using PIC simulation. The laser ene
can be absorbed locally if an appropriate density scale len
is used.

II. ABSORPTION AT THE PLASMA SURFACE

The absorption mechanism for ultrashort laser pulses i
diating on solid targets or a plasma with a very steep elec

*Author to whom correspondence should be addressed. Electr
address: jzhang@aphy.iphy.ac.cn
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density profile was studied by several authors@5–7,9,10#. At
normal incidence for intermediate intensities, the domin
absorption mechanism includes the normal skin eff
(eE0 /mv0

2!v th /n! l s), the anomalous skin effect (v th /n
@eE0 /mv0

2@ l s) @9#, and the sheath inverse bremsstrahlu
absorption SIB (eE0 /mv0

2! l s!v th /n) @10#, etc. Heree, m,
and v th are the charge, mass, and thermal velocity of el
trons.E0 andv0 is the electric field amplitude and the cyc
frequency of the laser field, respectively.n is the collision
ratio between electrons and ions in the skin layer of
plasma with a thickness ofl s . However, the interaction pro
cess between ap-polarized laser pulse and a plasma w
steep density profile differs much in that the electric field
the laser, which has component perpendicular to the ta
surface, can directly pull electrons out of and send them i
the plasma. If the excursion length of electrons in the la
field during one cycle, i.e.,r 05eE0 /mv0

2, exceeds the den
sity scale length of the plasmaL5(] ln ne /]x)21, those
electrons will then deposit their quivering energy into t
over-dense plasma where the laser field can not pene
into. Such an absorption process is called VH and was
predicted by Brunel@5#, and then studied further by Gibbo
@6# and Kato@7#. This topic is still worthy of further inves-
tigation because some physical processes are still uncle
us, for example, the electron acceleration mechanism un
such conditions. Furthermore, there are few experiments
voted to the investigation of this absorption mechanism
ultrashort laser pulses directly interacting with solid targ
due to the difficulties to measure the electron density sc
length. But such problem is solved perfectly by the techniq
of frequency domain interferometry to give 0.01l resolution
or better@14#.

In this section, we first give out some characteristics
VH obtained through PIC simulations, then by combini
experiments and PIC simulations, we demonstrate
vacuum heating mechanism of the ultrashort laser pulse
solid target surface.

A. Vacuum heating in PIC simulations

We used a 1D3V relativistic electromagnetic PIC co
LPIC11 @15# to simulate fs laser pulses interacting with
ic
©2001 The American Physical Society11-1
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solid target. In order to understand the detailed proces
laser absorption, most PIC variables are initialized based
the conditions of the experiments conducted at our labo
tory for better comparison of PIC simulations with labor
tory experiments. The simulation box has a length of 20l
along thex direction. A region of 5.5l in the middle of the
box is occupied by the plasma with an electron density ris
exponentially from 0.01nc at the point of 10l to 35nc with a
scale lengthL of 0.04l. Here,nc is the critical density for the
laser pulses with a wavelength ofl. The initial electron tem-
perature was set to be 100 eV and ions are mobile@16#. A
p-polarized fs laser pulse was launched from the left bou
ary at an incidence angle of 45° between the laser prop
tion andx direction. It has a duration of 56 periods and
relativistic intensity of 0.06, corresponding to the conditio
of our experiments of laser wavelength, duration, and int
sity of 0.8 mm, 150 fs and 531015 W mm2 cm22, respec-
tively.

For the intensity and time scale studied here, the produ
plasma has little time to expand and the electrons’ qui
amplituder 0 and the density scale lengthL satisfy the con-
dition of r 0 /L.1. This suggests that the classical resona
absorption is weak, because as a collective action, pla
oscillation needs the particles ‘‘keeping in order’’ for a tim
long enough so that its amplitude grows in a space interva
the critical density position where the plasma frequen
equals to the driver frequency@8#. However under the con
ditions we consider here, the electrons are pulled out of
gets in the first half of the laser cycle. Some of them are s
back again in the same cycle, while others stay out of
target until several laser cycles later. Figure 1 shows
electron orbits in the space-time coordinates. The fact
these electrons have the parabolic orbits suggests that the
a force pointing to the target. In order to understand t
phenomenon, we diagnose the laser-induced electric
through the simulation box, and obtain the snapshot of
componentEx perpendicular to the target surface, which
shown in Fig. 2~a!. It can be seen clearly that a negati
electric field locate in front of the target. The spectrum ofEx
shows a zero component indicating that the negative ele
field exists in the laser-plasma interaction process. It is
negative electric field that results in the electron parab
orbits. Obviously, the negative electric field is induced by
charge separation as some electrons are pulled out and
ing out of the plasma, constituting an electron cloud in fro

FIG. 1. Electron orbits in the space-time coordinate.
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of the target, while ions stay at their original position due
their great mass ratio to electrons. This electron cloud pl
an important role in the absorption of the laser energy as
can see later.

In the skin layer of the plasma, the longitudinal elect
field Ex oscillates with the frequency equal tov0. Its maxi-
mum value here can reach 0.4~normalized through
eEx /mv0) with a spatial width of half of the laser wave
length along thex direction. The negative static electric fiel
in front of the target and the oscillating part ofEx play the
dominant role in accelerating electrons out of or into t
plasma. In Fig. 3, we give out the simulated energy spectr
of hot electrons going out of the plasmas as well as an
perimental one measured using a magnetic spectromete
in front of the target in the normal direction. Both spect
show a bitemperature structure. The two equivalent temp
tures are determined from the quasiexponential slope.
first temperatureTh1 refers to electrons being heated by t
laser’s ‘‘pull-and-push’’ exertion. However, the second te
peratureTh2 is much higher thanTh1 and cannot be simply
attributed to such a process. In fact, this group of the o
going hot electrons is accelerated by the oscillating par
the longitudinal electric fieldEx . Such electrons can over
come the static field in front of the target and be detected
the magnetic spectrometer. On the other hand, the static
of the electric field will accelerate those electrons staying
to higher energies. This can be seen as those with pos
momentum up to 0.4 inside the plasma as shown in Fig. 2~b!.
Such energetic electrons will be decelerated in the overde
plasmas, emitting x rays from which, after deconvolution
the detector response and the transmission effects of s
targets, the temperature of hot electrons penetrating into
overdense plasma can be deduced@17#. Experiments con-
ducted here show that the x-ray spectra also has a sim
bitemperature structure with the second one referring

FIG. 2. Laser-induced longitudinalEx ~a! and the electron phas
space~b! in the 25th laser cycle.
1-2
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those electrons accelerated by the static field as mentio
above.

An important aspect of the physics studied here is
detailed behavior of the laser energy absorption. By moni
ing the reflected laser flux at the left boundary, we get
detailed behavior of absorption during the laser-plasma in
action. In our simulations, there are two main absorpt
peaks during the laser-plasma interaction process. The
sorption behaviors should be understood by taking into
count the electron cloud in front of the targets. We get
evolution of the electron density and the laser-induced e
tric field in front of the targets. This is shown in Fig. 4. On
the laser begins to interact with the plasma at about te
period, the two diagnostic variables increase gradually,
at later time corresponding to the two main absorption pea
there are two minima~electron density! or maxima~electric
field!, respectively. This shows us a picture of the interact
process. Once the laser pulse reaches the plasma target,
trons are pulled out and accumulate in front of the target
a negative electrostatic field builds up as shown by Fig. 2~a!.
This process continues until the dc field reaches a minim
value which is about two times the longitudinal part of t
laser electric component, say,Ex52E0 sin(p/4). Then many
electrons will be sent back into the plasma in groups by
charge separation potential. Since these electrons are qu
ing with the laser electric component, the returning elect
bunch can result in great absorption of laser energy nona

FIG. 3. The electron energy spectrum obtained from the P
simulation~a! and the laboratory experiments~b!.
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batically. The total absorption due to the VH process c
reach 46% as deduced from the ratio of the incident a
reflected energy.

To ensure that our simulation withL50.04l is not a spe-
cial case, we did several simulations with the same se
parameters described but with differentL, which varies be-
tween 0.01l and 0.1l. We wish that this should reduce th
density scale length difference between our simulations
the laboratory experiments. It was found that as long asL is
controlled within a certain range (L,0.1l), the physics
mechanism to produce hot electrons is independent
plasma density scale length. The main results obtained f
the simulations forL between 0.01l and 0.1l are also the
same as the case withL50.04l. These simulations confirm
that during the interaction between fs laser and solid targ
the vacuum heating is the main absorption mechanism.

B. The vacuum heating in experiments

The experiments were conducted at the Laboratory of O
tical Physics of the Institute of Physics with a Ti:sapph
chirped pulse amplification~CPA! laser system operating a
around 800 nm at a repetition rate of 10 Hz. The laser de
ered 5 mJ energy in 150 fs with a peak-to-pedestal cont
ratio of 105 at 1 ps. Thep-polarized laser pulse~with a po-
larization ratio of 95%) was focused at an incidence angle
45° on an Al target. The target was moved in the direct
parallel to the target surface to ensure that the laser p
interacts directly with a fresh surface at each shot. By m
ing the target perpendicularly to the target surface, we get
focused intensities varying in the range between 531012 and
531015 W mm2/cm2 at the best focus. The absorption of th
laser beam was determined by measuring the scattered
specularly reflected lights with a group of calorimeters. T
electron density scale length is monitored by the interfero
etry in frequency domain.

Figure 5 gives the determined absorption~hollow-circle
line! in experiments. As a comparison, we also plotted
measured absorption by the inverse bremsstrahlung~IB! pro-
cess in the plasma~solid line! given by Price@18#. The great
discrepancy between the two groups of data is not surpris
In order to investigate the process during the interaction,

C

FIG. 4. The temporal evolution of the electron density and
static electric field in front of the target.
1-3
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did some PIC simulations using the electron scale len
measured by the technique of the frequency domain inter
ometry and the temperature deduced by supposing iso
mal expansion of plasma in the experiments@19#. The values
of L applied are:L50.01;0.02l when I ,1014 W/cm2; L
50.0460.01l for I between 1014 and 531015 W/cm2; L
50.0760.01l when I .531015 W/cm2. The PIC simula-
tions show that the absorption ratio from PIC simulations
a fixed intensity is more sensitive to the density scale len
L at low intensities than at high intensities. The collisi
between electrons and electrons/ions is not included in
PIC code. The simulation results show that, under those c
ditions, the vacuum heating dominates the absorption of la
pulses. After we added the experimental data of IB abso
tion to the values from PIC simulations and compared
sum ~solid-circle line! with our experimental results, w
found a good agreement. This implies that the vacuum h
ing does exist in the experiments at the intermediate inte
ties. We noticed the discrepancy at the low and high inten
end. The reasons are different and can be explained as
lows. At lower intensities, the laser intensity is just over t
ionization threshold. The ionization process and the in
atomic absorption play important roles in the interaction. T
behavior of such plasma can not be simulated by the
method. At higher intensities, an overdense plasma
formed. However, because the plasma surface is disturbe
the electric component dragging electrons out of and push
them back into the plasma, it cannot be regarded as a pla
mirror as in the experiments conducted by Price@18#. Given
the IB absorption is increased due to the plasma surface
turbance, we believe that the sum of the absorption du
VH and IB will give a better agreement with our experimen
at the higher intensity.

FIG. 5. Absorption ratio versus laser intensities. Our experim
tal value: hollow-circle line; The IB absorption@18#, solid line; the
VH absorption, solid-square line; the sum of VH and IB, sol
circle line. In PIC simulations, theL are applied as the following
L50.01;0.02l when I ,1014 W/cm2; L50.0460.01l for I be-
tween 1014 and 531015 W/cm2; L50.0760.01l when I .5
31015 W/cm2.
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III. VOLUME HEATING OF PLASMAS

For plasmas with a larger density scale length, the abs
ing region shifts from overdense plasma towards critical d
sity with the corresponding change in the absorption mec
nism, for example, change to resonance absorption~RA!
when L,1l. However, recent PIC simulations@20# and
laboratory experiments by Zhanget al. @21# demonstrated
more than one absorption peak for different scale leng
This indicates that during the interaction between fs la
pulses and plasmas with a larger scale lengthL.1l, other
absorption mechanisms will play roles apart from the IB a
RA. In this section, we investigate the absorption of
trashort laser pulses by plasmas with various scale leng
We focus on the parametric instabilities taking place in
underdense plasma.

Figure 6~a! gives the electron distribution in the phas
space with the initial condition:a050.2, L52l. The regular
Langmiur wave breaks in the region at the critical dens
causing density profile disturbance as shown by solid line
Fig. 6~b!. Corresponding to the wave break, the laser pu
deposits its energy irreversibly to hot electrons in this regi
limited by half of the Langmiur wavelength@solid-circle line
in Fig. 6~b!#. The absorption process in this region can
considered as RA. We also find another wide absorption p
crossing the region between 0.25nc and 0.5nc . This absorp-
tion peak should be attributed to the two-plasmon decay
stability ~TPD! in that the1

2 v0 and 3
2 v0 components appea

in the electromagnetic fields with the conversion efficien
about 1% as shown in its time integrated spectra. Inde
with parameters mentioned above, the predicted TPD thre
old in inhomogeneous plasmas is satisfied, i.e.,k0Lv0

2/v th
2

;4.3. Here,v05eE0 /mv0 is the electron quiver velocity

-

FIG. 6. The electron distribution in its phase space~a!. ~b! The
disturbed electron density profile~solid line! and the relative ab-
sorption ~solid-circle line!. The parameters for the simulation a
L52l anda050.2.
1-4
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in the laser field;k0 is the laser wave number. Also, there
a disturbance at the position of 2.25nc in the snapshot of the
phase space@Fig. 6~a!# and on the density profile@Fig. 6~b!#.
Such disturbance is caused by the3

2 v0 part of the electro-
magnetic field, which is generally considered to be the s
ondary signature of TPD.

It is a well known problem that the primary unstab
Langmiur wave from TPD is required to propagate a dista
to match with photons of frequencyv0 to produce the3

2 v0
light. The disturbance of density profile at9

4 nc also indicates
the existence of the Langmiur wave propagating towards
higher density with increasing wavelength. This case is m
clearer whenL increases as shown in Fig. 7~a!. Such Lang-
miur waves will be reflected at the corresponding critic
surface, causing irregular density profile in a wide ran
from 0.5nc to 0.8nc which can be seen from Fig. 7~b!.

The TPD parametric instability provides anomalous a
sorption mechanism by which laser energy is converted
that of hot electrons. Figure 7~c! gives out the temporal evo
lution of the electron energy spectrum, showing the sud
acceleration of electrons through wave break, producin
non-Maxwellian distribution of electrons. Such an accele
tion process is quite different from that in the VH proce
where the hot electron energy increases gradually with ti
The energetic component of the electron distribution m
transport into the overdense plasma during the laser pu
They can be used to ignite the precompressed fuel in the
ignition scheme of the inertial confinement fusion@1#. The
non-Maxwellian distribution of electrons also has a p
nounced effect on the physical process in the overdense

FIG. 7. The electron phase space~a!, the disturbed electron
density profile~b!, and the temporal evolution of the electron e
ergy distribution ~c!. The parameters for the simulation areL
525l anda050.2.
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gion of plasmas. For example, the ratio of some special
ellite lines in the x-ray spectroscopy from the overden
plasma can be greatly enhanced@22,23#. However, the trans-
portation of such energetic electrons may be inhibited by
self-generated magnetic field or by the local electrosta
field produced by the charge separation due to the finite c
ductivity of plasmas@24#. High absorption can still be
achieved by the heat flow parallel to the target surface@25#.
It needs at least two-dimensional PIC simulations to inve
gate the detail of the laser absorption at higher intensitie
which the inclusion of the target deformation in conside
ation is necessary.

The time-integrated spectra of the reflected laser pulse
shown in Fig. 8 for three different density scale length. W
a steep electron density profile, the integral harmonics of
reflected laser pulse dominate the whole spectrum as sh
in Fig. 8~a!. Such spectra is caused by electrons, which
pulled out of and then sent back into plasmas inducing d
turbance at the plasma surface@15,26#. In the simulation with
a smoother profile, the obtained spectrum is dominated
the harmonics of12 v0 @Figs. 8~b! and 8~c!#, which is the
consequence of TPD as demonstrated above. However,
much larger scale lengthL525l, the plasma wave and th
laser pulse propagate a long distance together so that the1

2 v0
component is significantly reduced compared to that withL
52l. There is also a line emission of the plasma as show
Fig. 8~a!. Such line emission is one feature of the Langm
wave in the plasma stimulated here by the injected electr
originating from the plasma surface as shown in Fig. 1 a
Fig. 2~b!. A time-integrated spectra from another simulati
with the same parameters but fixed ions is given as a do

FIG. 8. The time-integrated spectra for different parameters
shown in the graphs.
1-5
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line in Fig. 8~a! for a comparison. With ions mobile, th
broadening of the harmonic lines is obvious, indicating t
when studying the spectra from the plasma, it is necessa
include the ion motion especially when the laser pulse
long or very intense.

IV. CONCLUSION

In summary, we have reported our investigation of t
absorption of fs laser pulses interacting with solid targe
Our experiments and PIC simulations indicate that with
prepulses, the vacuum heating and the IB mechanism
the dominant role in the laser’s absorption. Experime
show that the two groups of electrons ejected out of and
injected into the plasma both have a bitemperature distr
tion. According to the PIC simulation, the first temperatu
of the ejected and injected electrons refers to electr
heated by the laser pulse’s ‘‘pull-and-push’’ exertion. Ho
ever, the second temperatures of such electrons are ind
by different parts of the longitudinal electric field. The se
ond temperature of hot electrons penetrating into the o
dense plasma refers to those staying out of the target
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being accelerated by the static electric field. On the ot
hand, the second temperature of out-going hot electrons
fers to those accelerated by the oscillating part of the lon
tudinal electric field in the skin layer. We also studied t
interaction between fs laser pulses and preperformed plas
with various density scale lengthsL. The PIC simulations
show that fs laser pulses, interacting with plasmas with
intermediateL, can be absorbed locally along the dens
profile. The main absorption mechanism in this case is c
sidered to be parametric instabilities apart from RA and
The time-integrated spectra of the reflected pulse are
given, confirming these absorption mechanisms discus
above.
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A simple similarity model is presented to study the hydrodynamics of transient collisional excitation nick-
ellike x-ray lasers. Scaling laws for the temperature, scale length, and electron density are obtained by analytic
derivation. The hydrodynamic characteristics of transient Ni-like Pd x-ray lasers are investigated using this
model. The calculations agree well with Dunn’s experimental results.
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I. INTRODUCTION

Two main objectives on developing x-ray lasers are
deliver a coherent, monochromatic, saturated output at
cessively shorter wavelengths toward, the ‘‘water window
and to provide a ‘‘table-top’’ x-ray laser for application
@1–3#. ‘‘Traditional’’ collisionally pumped Ni-like x-ray la-
sers are believed to be more promising to provide the s
rated output in the spectral band near the ‘‘water windo
@4,5#. However, the efficiency of the ‘‘traditional’’ colli-
sional excitation schemes is still far below the requireme
for the ‘‘table-top’’ operation mode.

Recently, a novel transient collisional excitation~TCE!
scheme has been demonstrated by Nickleset al. for the Ne-
like Ti 3p-3s (J50→1) transition at 32.6 nm, where a hig
gain of 19 cm21 is measured with only a few Joule pum
energy @6,7#. More recent results have been reported
Dunn et al. @8#, where a gain coefficient of 35 cm21 and a
gain-length product of 12.5 were measured on the 4d-4p
(J50→1) transition for the Ni-like Pd laser at 14.7 nm
using only 5 J pump energy. This new scheme greatly e
hances the efficiency of collisional excitation schemes
increasing the gain coefficient and shows us a way towa
‘‘table-top’’ x-ray lasers@9#.

To date, the design and analysis of TCE x-ray lasers re
heavily on complicated one- or two-dimensional numeri
simulations of hydrodynamics and atomic kinetics@10#. In
this paper, we present a simple model for the TCE Ni-l
x-ray lasers and make a detailed analysis using a set of
similar, coupled ordinary differential equations. The purpo
of our work is to understand the hydrodynamic characteri
of the transient collisional x-ray lasers and to provide
simple tool for experimentalists to quickly scan and optim
parameters to design experiments.

II. SIMILARITY EQUATIONS AND EQUATION OF
STATE

The ‘‘standard’’ TCE x-ray lasers are pumped@8# by a
combination of irradiation of nanosecond and picosecond
ser pulses. The nanosecond laser pulse is used to crea
optimized preplasma with Ni-like~or Ne-like! ionization

*Author to whom correspondence should be addressed. Emai
dress: Jzhang@aphy.iphy.ac.cn
1063-651X/2001/63~3!/036410~6!/$15.00 63 0364
o
c-
’

u-
’

ts

y

-
y
s

s
l

lf-
e
ic

-
an

stage and longer scale length. Then, the picosecond p
heats plasma rapidly to reach required conditions with h
electron temperature while keeping a low ion temperatu
This is beneficial to produce high gain because the gain
efficient is proportional to the electron temperature and
versely proportional to the square root of the ion tempe
ture.

It is well known that the region of interest for x-ray las
gain is the corona region ofne,nc and there is an isotherma
expansion region during the pulse. The velocity distributio
of electrons and ions reach their own Maxwellian equil
rium in this region, respectively. Because the mass of
ions is much heavier than that of the electrons, we assu
that the ions are a background of the electrons and plasm
an ideal gas. Thus single-fluid, ideal hydrodynamic equati
are adopted in the work,

]r

]t
1

]ry

]x
50, ~1!

rS ]y

]t
1y

]y

]xD52
]p

]x
, ~2!

]

]t FrS «1
y2

2 D G52
]

]x FryS «1
y2

2 D1ryG1rH, ~3!

wherex is the spatial coordinate measured perpendicula
the slab surface;t is time;r, y, p, andT are the mass density
velocity, pressure, and temperature, respectively;« is the in-
ternal energy per unit mass; andH is the net heating rate pe
unit mass. The equation of state and the laser heat depos
will be discussed below.

To obtain the similarity equations, we assume that
expansion of the plasma is homogeneous and satisfies
rarefactional wave solution varied with time:

y5Cs1x/t, ~4!

where Cs is the transient isothermal sound speed (Cs

5ATZ/Mi5T1/2Z1/2/Mi
1/2). The momentum equation@Eq.

~2!# separates in space and time with these assumptions.
solution of the spatial part~at constant time! gives an expo-
nential attenuation density profile, which is normalized w
the continuity equation,

r5m/L exp~2x/L !, ~5!
d-
©2001 The American Physical Society10-1
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wherem is the mass ablated by the laser pulse from the s
target andL is the scale length of the plasma. With the equ
tion of the mass ablation rate derived by De Grootet al. @11#,
which is valid for the ablation process of the thick slab tar
irradiated by a ns laser pulse, we derive the relations betw
the ablation mass and the intensity of the drive laser and
target element with the assumption of a homogeneous
cess of the ablation:

m5m0t2/3, ~6!

where

m052.55310213l 2/3@A/~Z11!#7/6/~Z ln L!1/3, ~7!

where the unit ofm is g/cm2, the unit oft is ns, the unit ofI
is W/cm2, A is the atomic number of the element,Z is the
average charge of ion, and lnL is the natural Coulomb loga
rithm. With the assumption of the homogeneous expans
the momentum and energy equations can be simplified t

LCsS l

2

d ln T

dt
11D5

pt

r
, ~8!

Cv

dT

dt
5H2

p

rt
, ~9!

whereCv ([d«/dT) is the specific heat per unit mass.
The laser heating rate changes witht ib , i.e., H

'I t ib /m, whent ib,1, while the laser heating rate is a co
stant, i.e.,H'I /m, when t ib.1, wheret ib is the inverse
bremsstrahlung optical depth through the plasma:

t ib5E k ibdx. ~10!

The opacityk ib is determined by the following equation@12#:

k ib5S 2

p D 1/24

3 S Zne
2e6l2 ln L

c3~mcT!3/2~12nc
2/nc

2!1/2D , ~11!

wherel is the laser wavelength,ne is the electron density,nc
is the critical density ('1.131021/l2 cm23), T is the elec-
tron temperature in energy unit,me is the electron mass, an
c is the light velocity.

In the corona region ofne<nc , electron temperature i
higher than a few tens eV, and the corona model for
average charge of ion may be adopted@13#:

Z' 2
3 @ATe~eV!#1/3. ~12!

The formulas we use for the EOS are

p5ZTr/M , and Cv5 3
2 Z/Mi ~13!

whereMi is the ion mass.
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III. ANALYTIC SOLUTIONS OF THE SIMILARITY
EQUATIONS

Useful scaling laws for plasma variables have been
rived from analytic solutions for flat-top laser pulses by u
ing a similarity model of the Ni-like scheme. We employe
convenient units listed in Table I@14# and scaled the variable
with underlines in the whole derivation in order to simpli
the calculation. Two distinct periods for the long pulse
,t<t1L and t1L<t<tm , wheretI1L5Dt1L is the long pulse
duration andtm is the delay between the long pulse and t
short pulse! and two distinct periods for the short pulse (tm
<t<t2L and t>t2L , where tI2L5tm1Dt2L and Dt2L is the
short pulse duration! are adopted in order to clearly show th
physics process in the calculation.

A. Analytic solutions for the long laser pulse

The purpose for the long laser pulse is to produce a lo
scale length plasma with optimized initial conditions; t
heating and ionization processes take place for the wh
pulse duration. The laser energy is mainly deposited near
critical density.

1. During the time of tÏt1L

During the time oft<t1L , an expression for the optica
depth is obtained by integrating Eq.~10! over the density
profile since the heating and ionization processes take p
in the region where the electron density is close to the crit
density@13#. That is,

t ib55.757Ap31023mI 2AI 2ZI 3LI lI 2T3/2L, ~14!

whereLI is taken as a constant in the corona. Solving E
~8! and ~9! with Eqs. ~6!, ~12!, and ~13!, the analytic solu-
tions satisfying the similarity equations, after the influence
the initial conditions disappeared, i.e., takingt ib,1, are

T53.902 keVII5/9AI 2/9LI 2/9lI 2/3tI2/9. ~15a!

Becauset is close to t1L , the temperature is kept nearl
constant due to a balance of laser heating with expan
cooling, see Fig. 1,

L52.8731022 cmII10/27AI 22/27lI 4/9LI 4/27tI31/27, ~15b!

n0520.8231020cm23II11/54AI 4/27lI 25/9LI 22/54tI214/27,
~15c!

TABLE I. Normalized values for scaled variables.

Physical variable Symbol Normalized valu

Time t 1 ns
Laser intensity I 1014 W m22

Laser wavelength l 1.053mm
Ablation mass m 1024 g cm22

Ion charge Z 65
Atomic mass A 240
Coulomb logarithm L 5
0-2
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FIG. 1. ~a! Temporal history for electron tem
perature,~b! scale length history,~c! electron
density vsx at the center of the pulse, and~d!
electron density history at differentx for different
long pulse duration of a flat-top pulse with th
same short pulse conditions. The solid line is t
solutions forI 150.731012 W/cm2, l51.053mm,
Dt IL50.8 ns, I 255.231014 W/cm2, and Dt2L

51.1 ps. The dashed line is the solutions forI 1

50.631012 W/cm2, l51.053mm, DtIL51.2 ns,
I 255.231014 W/cm2, andDt2L51.1 ps.
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the
wheren0 is the maximum value ofne . Using Eq.~5!, we can
determine the electron density for positionx and timet with
Eq. ~15c!.

2. During the time of tO1LÏtÏtm

After the timet1L , the long laser pulse is turned off an
the plasma continues to expand adiabatically. The exact
lytical solutions can be obtained for this period using t
condition beforet1L :

T5T1LtI1L
2/3tI22/3, ~16a!

L5L1LtI1L
25/9tI5/9, ~16b!

no5n1LtI1L
7/9tI27/9, ~16c!

whereT1L , L1L , andn1L are the electron temperature, sca
length, and electron density att1L .

B. Analytic solutions for the short laser pulse

For the case of a ‘‘standard’’ transient collisional x-ra
laser, the second pulse is so short that we can believe
following. First, we can assume thatm5m0t1L

2/3 is a constant
after the timet1L and the heating rate is constant after t
time tm (H5I /m) with t ib.1 because the preplasma is n
transparent for the second pulse since the transparent
perature is proportional to the three-fourth power of the
tensity. Second, there is not enough time tochange the state
of ion charge. This meansZ can be taken as a constant. T
formula we use for the EOS here is Eq.~13!.
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1. During the time of tmÏtÏt2L

At time tm , when the second short laser pulse has star
the solutions can be obtained by considering the initial c
ditions beforetm :

T523.123 keVII2mI 21AI ZI 21tIS 12tm
5/3t25/31

Tntm
2/3

T2
t25/3D ,

~17a!

where Tm is the electron temperature attm , T2
523.123 keVII2mI 21AI ZI 21,

L55.16431022 cmII2
1/2mI 21/2tI3/2

3S 12tm
5/3t25/31

Lm
2

L2
2tm

4/3 t25/3D 1/2

, ~17b!

where Lm is the scale length at tm , L255.164
31022 cmII2

1/2mI 21/2,

n053.15731020cm23II2
21/2mI 3/2AI 21ZI tI23/2

3S 12tm
25/3t25/31

n2
2tm

1/6

nm
2 t25/3D 21/2

, ~17c!

where nI m is the electron density attm , n253.157
31020cm23II2

21/2mI 3/2AI 21ZI .

2. During the time of t2LÏt

After the timet2L , the second short laser pulse is turn
off and the plasma continues to expand adiabatically. T
analytical solutions can be obtained for this period using
condition beforet2L :
0-3
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T523.123 keVII2mI 21AI ZI 21tI2L
5/3tI22/3

3S 12tm
5/3t2L

25/31
Tmtnl

2/3t2L
25/3

T2
D , ~18a!

L5L2t2L
5/6tI2/3S 12tm

5/3t2L
25/31

Lm
2

L2
2 tm

2/3t2L
25/3D 1/2

, ~18b!

n05n2tI2L
25/6tI22/3S 12tm

25/3t2L
25/31

n2
2t2L

25/3

nm
2 tIm

2/3 D 21/2

. ~18c!

IV. RESULTS AND DISCUSSION

It is well known that the laser energy is mainly deposit
in the corona region ofne<nc . The model is more valid for
heavy elements than for light elements@13#. This comes
from the corona model of the average state of charge
order to justify the model, we calculate the hydrodynam
of the transient collisional Ni-like Pd x-ray laser under t
same experimental conditions as Ref.@8# and compare the
results between our model calculation and the experime

The first goal for the long laser pulse is to produce m
Ni-like ions. A longer constant temperature period is,
course, beneficial for the production of a sort of ions fro
Eq. ~12!. The electron temperature during the isothermal
riod is the two-ninth power of the time from Eq.~15a!. This
makes the temperature almost a constant at the later
during the long pulse. Thus, the longer the pulse duration
the closer to a constant temperature for the later time
temperature is, as shown in Fig. 1~a!. Simultaneously, the
longer pulse duration can also make a longer scale length
shown in Fig. 1~b!. This is beneficial for the propagation o
an x-ray laser pulse.

The second goal is to enhance efficiency. The law of
hancing efficiency is certainly to use the lower intensity
reach the electron temperature required by ionization for
long pulse. It will be highly efficient when the long pulse n
only ionizes the plasma to the Ni-like ions, but also achie
thermodynamic equilibrium between electrons and io
Thus, we define the ratio of time of the long pulse duration
the equilibrium time as a standard of approximation. T
time of the thermodynamic equilibrium is

tei5S 4p«0

e2 D 2 3mime
21/2~Te!

3/2

8A2pZ2ni~ log10L!
. ~19!

Equation~19! can also be used to judge whether the sh
pulse duration is short enough to ignore the ionizat
change. We can neglect the change ofZ if the ratio between
the short pulse duration and the equilibrium time is sma
that 1024.

We calculated the Ni-like Pd ions for the long pulse und
the same conditions of Dunn’s experiment (I 150.7
31012W/cm2, l51.053mm, t1L50.8 ns, slab target!. The
calculated results show that the maximum electron temp
ture during the long pulse is 188 eV, which can ionize the
to an average state of chargeZ518.1, as shown by the soli
line in Fig. 1~a!. The scale length is about 40mm, as the
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solid line shows in Fig. 1~b!. The electron density is 7.52
31020cm23, as shown by the solid line in Fig. 1~c!. How-
ever, the equilibrium time is about 1.4 ns. Thet1L /tei is
about 0.57. For comparison, we also calculated the elec
temperature and the average state of charge with the co
tions of I 150.631012W/cm2, l51.053mm, t1L51.2 ns,
slab target and the same short pulse. The results areTe
5188.8 eV, Z518.1, L560mm, ne57.2831020cm23,
shown by the dashed line in Fig. 1. The equilibrium time
about 1.8 ns. Thet1L /tei is about 0.67. For the short lase
pulse, the temperature is 1.84 keV under Dunn’s condit
and 2.07 keV in the second case. The equilibrium time
about 55.5 and 66.2 ns, respectively. The radiot2L /tei is
about 1.9831025 and 1.6631025, respectively. It is clear
that the pulse duration for the long pulses is shorter than
equilibrium time for both cases. However, it is more efficie
for the second case than Dunn’s case and the scale leng
longer than Dunn’s. The conclusion we get here is that
lower intensity and longer duration of the long laser pu
will be more beneficial to enhance the efficiency. The el
tron density history at different positions for the two cases
shown in Fig. 1~d!.

In contrast with the period during the long pulse, the fi
important thing for the period during the short pulse is th
Te cannot be lower thanDEu @8#, whereDEu is the upper
laser level excitation energy. The reason for the requirem
of Te.DEu is that we want to achieve the optimum gai
Here DEu5450.3 eV. The calculation results show that t
electron temperature during the short pulse is 1.84 keV un
the same conditions of Dunn’s experiment (I 255.2
31014W/cm2, l51.053mm, t2L51.1 ps, slab target!. This
is about four times as large asDEu5450.3 eV, and the
plasma can be heated rapidly, as shown by the solid lin
Fig. 1~a!. The second important thing for the period durin
the short pulse is to use a pump pulse with a duration so l
that it can heat the electron temperature up rapidly wh
keeping the ion temperature as low as possible. This will
advantageous to enhance the gain coefficient because
proportional to the electron temperature and inversely p
portional to the square root of the ion temperature.

In order to show the hydrodynamic characteristic of t
plasma for the short pulse, we investigated the relations
electron temperature, scale length, and electron density
different pulse duration and intensity. The result shows t
the electron temperature increases rapidly from 330 eV
1.84 keV with an increase of pulse duration from 110 fs
1.1 ps, as shown in Figs. 2~a! and 2~c!. At the same time, the
scale length increases from 50 to 80mm with the increase of
pulse duration, too, which makes the density gradient m
relaxed for the longer pulse than the shorter one, as show
Fig. 2~b!. The electron density is 7.531020cm23. It is clear
that a shorter pulse is not beneficial for the production of
x-ray laser under the same intensity.

For the same pulse duration, the electron temperature
creases rapidly from 1.84 to 16.7 keV with an increase
intensity from 5.231014 to 5231014W/cm2, as shown in
Figs. 2~a! and 2~d!. This is much more beneficial to enhanc
the gain coefficient. The scale length increases from 80
217 mm, as shown in Fig. 2~b!. This is also much more
0-4
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FIG. 2. ~a! Temporal history for electron tem
perature,~b! electron density vsx at the center of
the pulse,~c! electron temperature vs the puls
duration while the intensity of the short pulse
being held constant (5.231014 W/cm2!, and
~d! electron temperature vs the intensity while th
pulse duration is being held constant~1.1 ps!.
The conditions are I 150.731012 W/cm2, l
51.053mm, Dt IL50.8 ns, Dt2L51.1 ps, and
Dt2L5110 fs, respectively, with the sam
intensity I 255.231014 W/cm2 or I 255.2
31014 W/cm2 and I 255231014 W/cm2, respec-
tively, with the same short pulse duratio
Dt2L51.1 ps.
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beneficial to enhance the total output of x-ray lasers. T
results show that the higher the intensity is, the more adv
tageous it is for the production of the transient populat
inversion under the same laser duration.

By comparison, we also calculated the case in which th
is a delay time between the long and short pulses. The
delay time is used and other conditions are identical
Dunn’s case. The results are shown in Fig. 3. The elec
03641
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temperature is 110 eV attm for the long pulse; it can only
ionize Pd toZ515.1, which is not Ni-like ion, as shown b
the solid line in Fig. 3~a!. But the scale length is increased
63 mm. This is longer than 40mm, as shown by the solid line
in Fig. 3~b!. For the short pulse, the electron temperature
heated rapidly to 2.82 keV. This is higher than 1.84 keV,
shown by the dashed line in Fig. 3~a!. The scale length is
enhanced to 147mm. This is about double of 80mm, as
-
FIG. 3. ~a! Temporal history for electron tem
perature,~b! scaling length history,~c! electron
density vsx at the center of the pulse, and~d!
electron density history for differentx from the
similarity equations. The conditions areI 150.7
31012 W/cm2, l51.053mm, Dt IL50.8 ns, I 2

55.231014 W/cm2, Dt2L51.1 ps, and the delay
time tIm51 ns.
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shown in Fig. 3~c!. The electron density is about 7.
31020cm23. It shows that delay time is not beneficial
enhance the efficiency for the long pulse. However, it c
enhance the efficiency for the short pulse, and more imp
tantly it can sufficiently relax the electron density. This c
certainly be beneficial for the propagation of an x-ray la
pulse. From this calculation, a conclusion might be possi
An optimum delay time might exist if the propagation
x-ray-laser pulses is considered. This would involve ra
tracing calculation.

V. CONCLUSIONS

In conclusion, we have developed a similarity model
transient x-ray lasers. The calculation results are in ag
n
r-

r
e.

-

r
e-

ment with Dunn’s experimental results. The results show t
a longer long laser pulse can provide higher efficiency,
production of Ni-like ions, and the relaxation of the dens
gradient, and the high intensity and moderate pulse dura
for the short laser pulse are beneficial to enhance both
gain coefficient and scale length. The model is useful for
approximate, quick parameter scan for experimental des
and analysis.
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Hot electrons in the interaction of femtosecond laser pulses with foil targets
at a moderate laser intensity
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3Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100039, People’s Republic of China
~Received 6 December 2000; revised manuscript received 9 April 2001; published 26 September 2001!

Characteristics of hot electrons produced in the interaction of femtosecond laser pulses with foil targets were
investigated at a moderate laser intensity. Both outgoing and ingoing hot electrons from the femtosecond laser
plasma were studied. A collimated jet of outgoing hot electrons was observed in the target normal direction. An
ingoing energetic hot-electron beam was found in the laser propagation direction, while the low-energy ingoing
electrons spread into wider cone angle due to the collisional effects in the plasma and target material. These
observations were supported by three-dimensional Monte Carlo simulations. The hot-electron temperature
obtained from electron spectra and absorption experiments implies that resonance absorption is partially re-
sponsible for the generation of hot electrons.

DOI: 10.1103/PhysRevE.64.046407 PACS number~s!: 52.25.Os, 52.38.2r
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I. INTRODUCTION

The rapid development of short pulse ultraintense las
provides powerful tools to study relativistic laser-plasma
teractions and explore approaches to ignition of inertial c
finement fusion. For example, the fast ignition concept p
posed by M. Tabaket al. is one of the most promising way
@1#. One of the major physics issues to implement fast ig
tion is the generation and propagation of energetic hot e
trons in high-density plasmas. Recently, the energetic
electrons outgoing from plasmas were studied experim
tally and theoretically@2–7#. Hot-electron energies up to 10
MeV were observed in laser-solid interactions at an inten
of 331020 W/cm2 using petawatt laser system at LLNL@8#.
G. Malka and J. L. Miquel also studied relativistic electro
produced by interaction of relativistically intense laser pul
with solid targets@9#. The high energy of hot electrons wa
attributed toJ3B acceleration mechanism@10#. On the other
hand, hot electrons ingoing along the laser propagation
rection, which is directly related with fast ignition, were al
studied in detail@11,12#. M. Tatarakis et al. observed a
plasma at the back surface of a thin foil. This was believe
be formed by a collimated electron beam passing through
foil @13#. A more direct experiment was carried out using
transparent glass target coated with an aluminum layer.
ionization track induced by a beam of energetic hot electr
was clearly observed through the target@14,15#. P. A. Nor-
reys et al. observed a highly directionalg-ray beam with
energies above 10 MeV in the direction nearly opposite
the target normal direction. This indicated the generation
directional relativistic electron beam@16#. These experimen
tal results imply that the hot-electrons could be collimated
self-generated magnetic fields. The generation of h

*Author to whom correspondence should be addressed. Ema
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063-651X/2001/64~4!/046407~6!/$20.00 64 0464
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electron jet and the pinching of magnetic fields were rep
duced by particle-in-cell~PIC! simulations@17,18#.

Many mechanisms can produce hot electrons. In the in
action of intense laser pulses with sharp solid-vacuum in
face, the ponderomotive potential model and Brunel abso
tion model@19# play important roles. Other mechanisms su
as wake fields@20#, parametric instabilities@21,22#, B-loop
mechanism@23#, and propagating wave@24# are effective
when a large-scale preplasma is formed before the arriva
the main laser beam.

In this paper, we show that the well-collimated emissi
of hot electrons is not only generated at relativistic las
intensities, but also at a moderate laser intensity. The ang
distribution of the outgoing and ingoing hot electrons, t
electron energy spectrum, the generation mechanism, and
transport of hot electrons into cold target material are inv
tigated in interaction of femtosecond laser pulses with f
targets.

II. EXPERIMENTAL SETUP

The experiments were carried out with a Ti:Sapphire la
system at the Institute of Physics, Chinese Academy of S
ences. The laser has a 5 mJoutput energy in 150 fs pulses a
796 nm. Ap-polarized laser beam was focused by anf /5 lens
onto foil targets with an average intensity o
531015 W/cm2. The target was moved 0.5 mm per seco
so that the laser pulses interacted with a fresh target sur
for every shot. For some shots, a prepulse with 8% energ
the main laser pulse was applied to create a preplasma
which the main laser pulse interacted after a 50-ps de
time.

Figure 1 shows the experimental layout. In the first part
the experiments, the laser beam was focused onto
100-mm-thick aluminum foil at 45° to the target normal. A
six-channel electron spectrometer with 380 G perman
magnets was set in the normal direction to measure the e
tron energy distribution in the range of 7–500 keV@25#. LiF
detectors were used. Radiochromic films with aluminum
d-
©2001 The American Physical Society07-1
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ters, surrounding the plasma generated by the laser be
recorded the outgoing hot electrons escaping from
plasma at the front side of the target. A 4p calorimeter mea-
sured the laser energy absorption. A 2-mm-thick quartz c
inder inside the calorimeter blocked charged particles a
x-ray emission. In order to study the ingoing hot electrons,
the second part of experiments, 5-mm thin foil targets were
used. The ingoing energetic hot electrons along the la
propagation direction, after passing through the thin fo
were recorded by a radiochromic film at the backside of t
target. The incident angle was chosen to be 30°, because
energy absorption measurement showed a higher coup
efficiency at 30° incidence angle. The NaI detective syste
shown in Fig. 1 was used to measure the x-ray emission@26#.
This system has become our routine diagnostic not only

FIG. 1. Schematic of experimental setup. A 4p calorimeter was
used to measure the energy absorption. The laser energy was m
tored by the calorimeter outside the target chamber. The ene
distribution and the spatial distribution of hot electrons ejected fro
the plasma were detected by an electron spectrometer and ra
chromic films surrounding the plasma, respectively. The NaI syst
was used to monitor the intensity of x-ray emission, which provid
information on focal quality.
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study the hard x-ray emission, but also to monitor the focal
condition.

III. RESULTS AND DISCUSSION

A. Thick foil experiments

1. Angular distribution of backward hot electrons

We used an aluminum filter assembly in front of the ra-
diochromic film to select the desirable electron energy range
The radiochromic film recorded the electrons, ions, and
x-rays passing through the filter assembly. However, the sen
sitivity of the film to charged particles is higher than that to
photons. Previous ion measurements using CR-39 showe
that the maximum proton energy produced under the sam
conditions was less than 500 keV@27#, whose penetration
depth was about 4mm in aluminum material. Therefore the
ion contribution to the film exposure is negligible because
the thickness of the aluminum filter used in our experiments
was at least larger than 8mm. To check the effects of x-rays
on the film exposure, a calibration experiment was per-
formed. Two permanent magnets were employed to remove
the electrons with energies less than 500 keV~see Fig. 3!.
Comparison of the exposure value of the film for the condi-
tions with and without external magnetic field showed that
the contribution of x rays was two-orders magnitude lower
than that of hot electrons. This comparison ensured us tha
the exposure of the film was mainly caused by hot electrons

Figure 2 shows the angular distribution of outgoing hot
electrons with energies greater than 50 keV in the incident
plane. The electrons were generated byp-polarized laser ir-
radiation at a 45° incidence angle with a prepulse 50 ps
before the main beam. The solid line in Fig. 2~a! is a mi-
crodensitometer trace of angular distribution of hot electrons
produced from a 100-mm-thick aluminum foil. The dotted
line is a Gaussian fit. Each data point here represents a
average of 30 shots. 0° on thex axis corresponds to the
backward direction of the laser beam. We can see that th
outgoing electrons escaped from the plasma in the target no
mal direction were well collimated.

The collimated electron jets observed here are very simi-
lar to the theoretical prediction obtained by H. Ruhlet al.
@17# and Y. Sentokuet al. @18# using PIC and Vlasov simu-
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.

FIG. 2. ~a! The angular distribution of outgoing hot electrons with energies over 50 keV in the incident plane. The electrons w
generated byp-polarized irradiation at 45° incidence with a prepulse 50 ps before the main beam. The laser intensity
531015 W/cm2. The peak located at the normal direction (45°).~b! Sketch of the outgoing energetic electron emission in front of the target
07-2
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HOT ELECTRONS IN THE INTERACTION OF . . . PHYSICAL REVIEW E 64 046407
lations. They found electron jets in the interaction o
p-polarized laser irradiation incident at 30° and 45° on
fully ionized target with an underdense preplasma coron
The self-generated magnetic fields occurred simultaneou
and collimated the energetic hot electrons. A scaling law
the outgoing angle of the hot electrons determined by late
canonical momentum conservation in boost frame coord
nates was proposed as

u85tan21FA11aIl2/101821

AaIl2/1018
tanuG , ~1!

whereu8 is the electron emission angle to the target norma
u is the laser incident angle,Il2 is the laser intensity in
W cm22 mm2, anda relates the mean longitudinal momen
tum to the laser intensity. Two simulations were made by H
Ruhl using PIC and Vlasov simulations for nonrelativisti
intensities and for relativistic intensities, respectively. Subs
tuting the simulation parameters used by the authors into E
~12! in Ref. @17#, one can obtain a52.8310218

W21 cm2 mm22 for the case of a nonrelativistic intensity,
anda51.25 W21310218cm2 mm22 for the case of a rela-
tivistic intensity. We adopta52.8310218 W21 cm2 mm22

here for our case. From Eq.~1!, one can get an electron
emission angle of;3° to the normal direction under our
experimental conditions. This value is very close to our r
sult.

2. Electron energy spectrum

A typical hot-electron energy spectrum measured in th
normal direction is shown in Fig. 3. The laser irradiated a
aluminum foil at 45° incidence angle. The 8% prepulse a
rived target surface 50 ps earlier than the main pulse. It
obvious that two groups of hot electrons were generated
the interaction. Fitted with the experimental data with Bol
zmann distribution, the effective temperatures are 10 and

FIG. 3. Typical energy spectrum of outgoing hot electrons me
sured in the normal direction produced in the laser-thick foil targ
experiments. The foil was irradiated byp-polarized laser at 45°
incidence with a prepulse of 50 ps separation time with the ma
beam. The laser intensity was 531015 W/cm2. The two hot-
electron temperatures were obtained from exponential fit to the e
perimental data.
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keV, respectively. The lower temperature is consistent w
the conventional resonant absorption scaling@21#, Th56
31025@ Il2(Wcm22 mm2)] 0.33 keV, which gives 9 keV for
the intensity 531015 W/cm2. The 66-keV hot temperature i
higher than the value given by ponderomotive potential
ergy scaling@10#. The scaling proposed by Beget al. @28#,
Th5100@ Il2/1017(W cm22 mm2)] 1/3 keV, gives a hot tem-
perature of 32 keV. This temperature value is different fro
our experimental value. However, taking the differences
the experimental conditions and the temperature meas
ment techniques into account, the two values are com
rable. (Ka x-ray spectra and bremsstrahlung spectra m
surement techniques were adopted by Beget al. The self-
generated magnetic fields may affect theKalpha
measurement technique@29#. Purely collisional interpreta-
tions of fast electron transport inKa emission experiments
will underestimate the number and energy of fast electr
@30#.!

3. Energy absorption measurement

Hot-electron generation is closely related to laser-plas
coupling processes. We carried out an energy absorption
periment to confirm the dominant energy absorption mec
nism. Initially we used two separate calorimeters with
mm diameter aperture to measure the scattered laser lig
The spatial distribution of scattered light was obtained
setting the calorimeters at different positions. We found t
nearly all of the light was reflected into a small solid angle
the specular direction when laser beam was incident
liquely without prepulses. This implies that short pulses
teract with a very thin skin layer less than a laser waveleng
However, the light was scattered into a wide solid ang
when a prepulse was introduced. Therefore, the separ
calorimeter was replaced by a 4p calorimeter in the later
experiments. The 4p calorimeter collected all the scattere
light except the back-reflected light, which is only a fe
percent and thus negligible.

The absorption measurements conducted with 100mm-
thick aluminum foil target for both p-polarized and
s-polarized laser beams are shown in Fig. 4. A prepulse 50
before the main beam was introduced. The absolute abs
tion coefficient could not be obtained because the calor
eter was not calibrated. We can see the reflectivity dep
dence on incident angle for bothp- and s-polarized
irradiation. Similar results have been observed in absorp
experiments with picosecond laser-plasma interacti
@31,32#. The maximum absorption for ap-polarized laser is
at a 20° incidence angle. This corresponds to a plasma s
length of L;2l. These results indicate that the resonan
absorption plays an important role in the laser-plasma c
pling process. Other processes such as vacuum hea
@19,33#, etc., may also be responsible for the generation
hot electrons with higher energy.

B. Thin foil experiments

Outgoing hot electrons produced in laser-plasma inter
tions were ejected from the plasma after overcoming
charge separation potential. On the other hand, the in-go
hot electrons in the forward direction will be transported in

-
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in
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Y. T. LI et al. PHYSICAL REVIEW E 64 046407
the overdense plasma region and cold target region. Hot e
trons with higher energies can even pass through the
target.

We measured the angular distribution of ingoing electro
using radiochromic films with aluminum filter set at the bac
side of the foil target. Figure 5 shows the angular distrib
tions of the in-going hot electrons with energies greater th
30 keV. The targets were 5-mm-thick aluminum foils. The
incident laser intensity was 531015 W/cm2. The incident
angle was 30° and the light wasp polarized in these experi-
ments. The dotted line and the dashed line in Fig. 5~a! denote
the results obtained with an 8% prepulse 50 ps before
main pulse and without prepulses, respectively. The 0° ox
axis corresponds the laser propagation direction. Nega
angle represents the angle clockwise from the laser propa
tion direction. From Fig. 5, we can see immediately that,~a!
the angular distribution of hot electrons for the case witho
preplasmas is isotropic;~b! the hot-electron flux for the case
with preplasmas is stronger than that without preplasmas;~c!
the distribution of hot electrons for the case with preplasm
consists of two components. One is a very broad distributio

FIG. 4. Angular dependence of the measured reflectance
p-polarized beam~square! and s-polarized beam~circle! with a
prepulse 50 ps before the main beam. Each point is the averag
several shots with the statistical error shown as error bar.
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which can be regarded as a uniform background. A pe
distribution at 28° is superposed on the uniform back
ground. Fitted with a Gaussian distribution~shown as solid
line!, the full width at half maximum~FWHM! of the peak is
24°, and the maximum emission is at28°. Compared with
the outgoing hot electrons, which emit in the normal direc
tion, the ingoing electrons are in the direction close to th
laser propagating direction.

The ingoing hot electrons recorded by Radiochrom
films have to pass two regions: the plasma region and t
cold target region. The physics processes are different f
these two regions. In the plasma region, the main effects
hot-electron transport come from the self-generated elect
and magnetic fields apart from collisional effects. On th
other hand, in the cold target region, the collisions of ho
electrons with target ions, bound and free electrons will lea
to the direction change and energy loss. We employed a th
dimensional~3D! Monte Carlo code to calculate the trans
port of the energetic electron beam inside an aluminum fo
The foil thickness was chosen to be 5mm, the same as the
foil target used in experiments. An electron source was set
be in the front surface of the foil. The electron number an
energy were recorded behind the foil. In the first simulation
electrons with energies of 500, 80, and 30 keV were perpe
dicularly injected into the foil, respectively. In the second
simulation, the electron source with energy of 500 keV wa
set to be isotropic. We divide the 2p space behind the foil
into many smaller annular zones. The differential solid ang
for each zone is 2pd(cosu). Figure 6 shows the angular
distribution of electrons passing through the foil. In the
Monte Carlo simulations, both the electron energy spect
and spatial distributions were calculated. However, we a
more interested in the angular distribution here, so the da
shown in Fig. 6, which represents the angular distributions
electrons, were obtained by integrating the whole electro
spectra in each annular zone. For the normal incidence in t
first simulation, almost all of the 500 keV electrons fall into
the 0° annular zone. That is to say, these electrons rem
well collimated. However, the angular divergence increas
with the reduction of electron energy. Taking 80 keV elec
trons for example, only 46% of electrons fall into the 26

or

of
angle as a
FIG. 5. ~a! Angular distribution of ingoing hot electrons with energies greater than 30 keV, measured at the backside of a 5mm-thick foil
target. The dotted line and dashed line are for the case with and without prepulse, respectively. A peak at28° with 24° FWHM is
superposed on a very broad uniform distribution for the case with prepulses. No such peak for the distribution without prepulses.~b! Sketch
of the hot-electron emission at the backside of the target for the case with prepulses. Low-energy electrons spread into wide
uniform background of the higher-energy hot electrons.
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HOT ELECTRONS IN THE INTERACTION OF . . . PHYSICAL REVIEW E 64 046407
cone angle, shown as the open circles in Fig. 6. For
isotopic input in the second simulation, the distribution r
mained isotropic within the range of angle 0°;70°. The
number of electrons falling into the range greater than 7
decreases because of their longer path in the target.

The emission direction of hot electrons is different f
different acceleration mechanisms. The resonance absor
produces electrons in the direction of electron density gra
ent, which is observed for the outgoing electrons in our
periments. Ponderomotive potential and wake field mec
nisms generate hot electrons along the laser propaga
direction. However, they are significant only for higher-las
intensities. No such longitudinal acceleration scheme pre
for our intensity of 531015 W/cm2. Both of the collisional
effects and the angular scattering processes in the pla
region and the cold target region are the main reasons for
angular divergence of hot electrons. But these effects ca
explain the collimation of the hot electrons in the las
propagation direction. It is well known that the intense ele
tric fields and magnetic fields exist in laser-plasma inter
tions. These fields may play important roles in electron tra
port process into solid targets. J. R. Davieset al. considered
the transport of hot electrons using a relativistic Fokk
Planck equation. The proposed growth rate of the magn
field can be written approximately@30# as

]B

]t
;331022

h f a

d S I

l D 2/3

T ps21, ~2!

whereh is the resistivity inV• m, f a is the absorption frac-
tion, I is the laser intensity in W/cm2, d is the focal spot
diameter in micro,l is the laser wavelength in micro,B is
the self-generated magnetic field in T. The magnetic fi
increases to a large magnitude very rapidly. The role of
electric field is to reduce the kinetic energy of hot electro
On the one hand, the self-generated magnetic fields can

FIG. 6. The theoretical angular distribution of hot electrons
corded behind a 5-mm-thick aluminum foil obtained by 3D Monte
Carlo code. The circle is for an isotropic electron source (sho
35). u is the angle relative to the normal direction of aluminu
foil. For the collimated electron beams perpendicular to the foil,
divergence angles are wider for the lower-energy electrons.
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limate the electrons, on the other hand the propagation di
tion of electron beam can be changed or deflected if
fields are nonsymmetrical distributed. The direction of h
electrons is easily changed by any minor nonsymmetry
magnetic fields due to their light mass. Our previous opti
diagnostic experiments using laser probing showed a n
symmetrical plasma expansion@34#. The deflection of pro-
tons due to self-generated magnetic fields was also obse
E. Clark, etc., observed a ring structure of protons, and
ring center deviated about 10° from the target normal in
ultraintense laser-solid interactions@35,36#. The authors be-
lieved that the protons were deflected by magnetic fie
Another experiment to study the effects of plasma den
scale length on the direction of hot electrons showed that
electron beams were produced, and depending on the s
ture of the magnetic fields, the two electron beams co
change their direction or coalesce together while travers
such fields@37#. These analyses suggest that the hot electr
propagating through the solid target might be bent by
magnetic fields in the interaction region and the overde
region.

The x-ray measurements showed that the prepulses c
enhance the emission and energy of hot electrons dram
cally @26#. The hot-electron temperature deduced from
x-ray spectrum was about 10 keV for the case with
prepulses. When a prepulse was used, the x-ray spec
presented a double Maxwellian distribution. A group of ele
trons was accelerated to a much higher energy~66 keV! mea-
sured by the electron spectrometer~Fig. 3!

Based on experimental results and theoretical calculat
the angular distribution of in-going hot electrons may
explained as follows. When the in-going hot electrons p
duced in the laser interactions pass through the plasma
gion, they are deflected by the self-generated magnetic fi
and tend to propagate in the laser propagation direction.
collisional effects in plasma region and in cold material
gion lead to the energy loss and broaden its angular distr
tion. The multiple scattering is not very effective for the h
electrons with higher energies, so they remain well dir
tional. However, the hot electrons with lower energies can
steered significantly due to the serious scattering, theref
they present as a uniform background.

We can see from the above analyses that the ingoing e
trons suffer serious scattering and are sensitive to the e
tromagnetic fields during transport in dense plasma and
target material. More recently, a collimated proton beam w
up to 55 MeV energy was observed in petawatt laser pla
interactions@38#. It is not easy to deflect protons by coll
sions and electromagnetic fields due to their large m
Thus, the trajectory of protons approximates a straight lin
dense plasma. Furthermore, the efficiency of the ene
transfer of protons to nuclear fuel is much higher than tha
hot electrons. So protons may become one of competi
candidates as energy carrier in the fast ignitor concept s
ies.

IV. CONCLUSION

The angular distributions, energy spectrum of hot el
trons produced in the interaction of femtosecond laser pu
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with the aluminum plasmas are investigated at a mode
intensity. A collimated jet of hot electrons is observed in t
target normal direction. The emission angle of the hot el
trons is in agreement with the angular scaling from the
nonical momentum conservation. However, the in-going e
ergetic electron beam passing through the foil target
observed to be in the laser propagation direction. This m
be the result of the self-generated magnetic fields. The lo
energy electrons, which spread into a wider cone angle
to the collisional effect in plasma and target material, pres
as continuous background. This process is supported by
s
u

v.
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Monte Carlo simulations. The hot temperatures obtaine
from the electron spectrum and absorption measurement s
gest that resonance absorption might be partially responsi
for the generation of hot electrons.
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Long plasma channels generated by femtosecond laser pulses
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Generation of a long plasma channel by femtosecond laser pulses is investigated. The results show that the
balance between the nonlinear self-focusing of the laser beam and plasma defocusing forms a long plasma
channel, which guides the laser beam to propagate a long distance in air. This phenomenon can be used to
trigger lightning.
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I. INTRODUCTION

Propagation of intense short laser pulses over a long
tance in gases and plasmas has been studied at different
ratories @1–4#. The propagation of intense laser pulses
important in a wide range of applications, such as guidin
very long electrical discharge for triggering lightning. Nat
ral lightning is very harmful to humankind, and causes hu
financial losses. For example, the power industry loses a
billion dollars every year because of lightning strikes. O
possible way of protecting dedicated facilities from lightni
strikes is to divert the lightning to a safe place.

The control of lightning was envisioned by Benjam
Franklin when he conducted his legendary experiments
1752. A modern method for triggering lightning is to fir
small rockets trailing ground wires toward thunder clou
However, its success rate is only about 60%. Moreove
cannot be launched on a semicontinuous basis. La
triggered lightning was proposed by Ball in 1974@5#, but it
was not successful due to the limitation of the laser techn
ogy at that time. Japanese researchers in Osaka reporte
periments of successful triggered lightning using 2-kJ C2

laser pulses@6#. As a result of the progress in chirped pul
amplification~CPA! technology, we can now obtain intens
ultrashort laser pulses from table-top laser systems. The l
intensity can reach the order of 1019 W cm22. This provides
a promising way to generate a long plasma channel to trig
lightning.

The formation of the long plasma channels is attributed
the balance of self-focusing and defocusing of the la
beam, due to the intensity-dependent nonlinear index of
and the axial plasma filaments created by tunneling ion
tion of air, respectively. Braunet al. @7# observed that ul-
trashort laser pulses can be self-channeled into a filam
with an intensity of 731013 W cm22 and propagate throug
a distance greater than 20 m. The average electron dens
the channel was found to be around 1017 cm23. The long
filaments provide a channel with enhanced conductivity t
could initiate and guide lightning. In this paper, we use
one-dimensional~1D! propagation code to simulate this pr

*Author to whom correspondence should be addressed. Emai
dress: jzhang@aphy.iphy.ac.cn
1063-651X/2001/65~1!/016406~5!/$20.00 65 0164
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cess and obtain results in agreement with experime
measurements.

II. PRINCIPLE OF FORMING A LONG PLASMA
CHANNEL

The formation of a long plasma channel in air is of k
importance for laser-triggered lightning. In vacuum, t
propagation distance of a Gaussian laser beam is confine
the Rayleigh lengthZR5kr0

2/2, wherer 0 is the laser spot
size at focus andk is the wave number. Generally, high las
intensities require tight focusing, which in turn results
very short propagation distance~e.g., whenr 0580 mm and
l50.8 mm, the Rayleigh length is onlyZR525 mm).
However, we shall show that it is possible for a laser beam
propagate over a greatly extended distance~many Rayleigh
lengths! in air. We find that the laser propagation in the air
strongly affected by the nonlinear self-focusing a
ionization-induced defocusing effects. The balance betw
these two effects can guide the propagation of laser pu
and create a long plasma channel.

The wave equation for laser propagation in a medium
be written as@8–10#

¹2E2
1

c2

]2

]t2
E5k2~12h2!E, ~1!

with the refractive index

h511h2I 2ne/2nc . ~2!

For air at 1 atm we haveh051 and the nonlinear indexh2
55310219 cm2 W21, I 5(c/8p)uEu2 is the laser intensity,
ne is the density of free electrons, andnc5mev

2/4pe2 is the
plasma critical density. The second term in Eq.~2! describes
the optic-field–induced nonlinear self-focusing in gas, wh
can be attributed to the fact that the central part of the be
having higher intensities, experiences a larger refractive
dex than the beam edge. The third term describes ionizat
induced defocusing, since there are more free electrons in
central part of the beam.

Let us consider a Gaussian laser beam focused upon
opening of a gas chamber with a field strengthE0and a mini-
mum spot sizer 0. Assuming the wave amplitude varie
slowly compared to the laser wavelength, the laser be
remains approximately Gaussian during its propagation
the gas. It can be expressed as
d-
©2001 The American Physical Society06-1
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uE~r ,y!u5E0~r 0 /r s!exp~2r 2/2r s
2!, ~3!

where we neglect the energy loss during propagation in
~3!, r s(z) is the spot size at which the field strength reduc
to e21 of its peak value at the propagation axis, andr 0 is the
laser beam waist atz50. The variation of the spot size in th
propagation direction is given by

d2r s /dz25~]h/]r !r s
14/k2r s

3 , ~4!

whereh is a function ofuEu and

]h/]r 5~]h/]uEu!~]uEu/]r !52~2r /r s
2!~ uEu]h/]uEu!.

We have assumed that around the spot size the facto
(uEu]h/]uEu) is slowly varying withr.

When laser intensity isI>1014 W cm22, tunnel ionization
dominates the ionization process@11–17#. According to the
tunneling model, the ionization rate is given by

dne~ t !/dt5w~ t !~N02ne!, ~5!

wherene(t) is the time-dependent electron density,N0 is the
initial neutral gas density, andw(t) is given by

w~ uEu!54VS Ei

Eh
D 5/2 Ea

uEu
expF2

2

3 S Ei

Eh
D 3/2 Ea

uEuG , ~6!

whereEi andEh are the ionization potential of the gas und
consideration and of hydrogen, respectively,V5me2/h3

54.1631016 s21 is the atomic frequency, andEa
5m2e5/h455.13109 V cm21 is the field strength at the
Bohr radius. For simplicity, considering a flat-top laser pu
beam in the time domain, the density of ionized electrons
be expressed as

ne5N0@12exp„2w~ uEut!…#, ~7!

wheret is the duration of laser pulses. From the above eq
tions we get

d2R

d2Z
5S 12a

P

PN
DR231

~DR21!

exp„DR1FDR/exp~DR!…
,

~8!

where a54/e, R5r s /r 0 , Z5z/zR , A5Ei /Eh , B5Ea /
E0 , C5N0Vtk2r 0

2A5/2Be1/2/nc , D52A3/2B exp(0.5)/3, F
56VAt, P is the laser power, andPN52p/k2h2 is the
critical power for nonlinear self-focusing.

We have now obtained the equation describing the va
tion of spot sizeR with respect to propagation distanceZ.
The first term on the right-hand side of the equation is
sponsible for the nonlinear self-focusing and the second t
for the plasma defocusing. A proper balance between the
effects could be used to guide the laser propagation ov
long distance.

III. CALCULATION RESULTS

We have assumed that the incident laser beam is focu
upon the opening of a gas chamber. If there is no gas in
01640
q.
s

of

e
n

a-

-

-
m
o
a

ed
de

the chamber, the laser beam will diffract with its spot si
increasing monotonically withZ, as shown in Fig. 1 by the
dotted curve (B). If there is gas inside but without any ion
ization processes, the propagation of the laser beam in
atomic gas is governed by

d2R/dZ25~12aP/PN!R23. ~9!

Its solution can be written as

R2511~12aP/PN!Z2, ~10!

where we have assumed thatR51 andZ50. When the laser
power isP.PN /a, the laser beam will be self-focused wit
a spot size decreasing monotonically during propagation
shown by the dashed curve~C! in Fig. 1. According to Eq.
~10!, when Z5(aP/PN21)ZR , the spot sizeR reduces to
zero and a singularity in field strength occurs. In reality, t
will not happen since the enhancement in field strength w
inevitably lead to ionization. The solid curve~A! in Fig. 1,
calculated from Eq.~8! with r 05180 ~we can get this with a
lens!, pulse energyE510 mJ (P567 GW), t5150 fs, and
a laser wavelength of 800 nm, shows the real situation
the propagation of an intense laser beam in ionizing ga
The variation of the beam radiusR with the propagation
distanceZ is presented. It shows that the beam radius
mains almost constant~about 180mm), and the slight oscil-
lation reflects the competition between self-focusing and
focusing. When the laser beam is focused to a certain ex
the tunneling ionization rate increases. The ionized electr
make the beam defocused. Because of defocusing, the
ization rate will decrease. The nonlinear effect in gases w
then make the beam focused again. We find the laser in
sity inside the channel to be about 1014 W cm22 in Fig. 2
~curveA), close to the threshold of the tunnel ionization
air. This result agrees with the measurements in Ref.@7#, in
which the laser intensity in the channel was measured to
731013 W cm22. CurvesB andC in Fig. 2 correspond to the
laser intensity of Fig. 1~curvesB andC). From Eq.~8!, we

FIG. 1. Variation of the laser-beam radius with the propagat
distanceZ. The dashed curve~C! is self-focusing without ioniza-
tion; the solid curve~A! represents propagation of a laser pulse
air; the dotted curve~B! is free propagation in vacuum (r 0

5180 mm, t5150 fs).
6-2



pu
.
p

rg

ar
i
a

om
y
p

ow
ul
ld
e
n cil-

-
ma

tio

gy

ma
an-

ma

LONG PLASMA CHANNELS GENERATED BY . . . PHYSICAL REVIEW E65 016406
simulate variation of the laser beam radius with the in
laser pulse energy~power!. The results are shown in Fig. 3
The behavior of the laser propagation is sensitive to the in
laser energy~power!. Only the laser energy~power! in the
range shown by curvesB, C, D, andE in Fig. 3 can lead to
an oscillated propagation of the laser beam to a very la
distance~many Rayleigh lengths!. A channel length larger
than 20 m was observed in the experiment in Ref.@7#. In
order to show the characteristics of the channel more cle
we only draw a short range covering two Rayleigh lengths
Figs. 1–3. Characters of the plasma channels formed
different because of a variation of the laser power. Fr
curvesB, C, D, andE in Fig. 3, there must exist an energ
~power! which can cause the laser-beam radius to kee
constant~such as curveC). The oscillation amplitude of the
laser-beam radius becomes very large when the laser p
departs from this power. So the small disturbance wo
cause the laser beam to spread and the laser beam cou
propagate a very long distance. Furthermore, this would g
erate a discontinued distribution of electrons in the chan
~as shown in Fig. 5 and Fig. 6!. For a too high or too low
laser power, the laser beam would spread as curvesA andF
in Fig. 3.

FIG. 2. The laser intensity in the channel versus the propaga
distance (r 05180 mm, t5150 fs).

FIG. 3. The laser-beam propagation for different initial ener
(r 05180 mm, t5150 fs).
01640
t
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el The density of ionized electrons in the channel also os
lates alongZ as shown in Fig. 4~a! and Fig. 4~b! correspond-
ing to Fig. 1~curveA). The electron density is semicontinu
ous and the maximum density at the center of the plas

n

FIG. 4. Spatial distribution of the electron density in the plas
channel.~a! represents the distribution of the electrons in the ch
nel. ~b! is the contour curve of the electron density~the pulse energy
E510 mJ, r 05180 mm, andt5150 fs).

FIG. 5. The contour curve of the electron density in the plas
channel with the pulse energyE512 mJ (r 05180 mm, and t
5150 fs).
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channel can reach 1018 cm23, while the average electro
density is about 1017 cm23. An average electron density o
about 631016 cm23 was mesured by Braunet al. @7# in the
laser channel. We find that the radius of the ionized chan
in Fig. 4 is about 40– 50mm and is a quarter radius of th
initial laser beam. In the calculation, we find that the plas
channel can be discontinued like beads when the laser po
largely departs from the optimum energy~power!. For ex-
ample, if the laser pulse energyE512 mJ orE54 mJ, the
plasma channel would be discontinued as shown in Fig
and Fig. 6.

In the above calculations, we did not consider the loss
the laser energy in the propagation, because usually this
ergy loss is very small. In the propagation process, the m
energy loss is due to the ionization. Assuming the plas
channel is in a column configuration and taking the aver
laser intensity to beI 51014 W/cm2, the energy loss is

Eloss51.6310219n̄epd0
2LUi /4. ~11!

If we take the ionized channelL51 m, d580 mm ~the ion-
ized channel diameter is about a quarter of the laser b
diameter from Fig. 4!, and assumen̄e5631016/cm3 ~in Ref.
@7#!, the ionization energy isUi515.5 eV, and the energ
loss is

FIG. 7. The propagation of a laser beam taking into account
loss of the laser energy. The inset shows details of a portion of
magnified plasma channel.

FIG. 6. The contour curve of the electron density in the plas
channel with the pulse energyE54 mJ (r 05180 mm, and t
5150 fs).
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Eloss50.74 mJ.

We find that the energy loss is relatively small compar
with the total input energy. The electron density in the cha
nel is almost uniform with our stimulation in Fig. 4. W
believe the laser energy decays approximately linearly
the laser energy with propagation distance becomes

«~z!5«~0!~12bz!, ~12!

whereb is the laser energy decay coefficient per Rayle
length and«(0) is the initial laser energy. Follwing the
above evaluation of the energy depletion and Eq.~12!, we
can getb50.094 per Rayleigh length. Becauseb is very
small, the«(z) can be written as

«~z!'«~0!exp~2bz!.

Therefore, the amplitude of Eq.~3! has to be multiplied
by exp(2bz/2). We can get new simulation results of las
propagation from Eq.~8! shown in Fig. 7. From it we find
that the radius of the channel begins to decrease and fin
collapse. This appearance is caused by a decay of the en
The laser beam has to keep the balance of the focusing
defocusing by decreasing the radius. At last, this bala
becomes unstable when the depletion of laser energy
comes large enough. Smaller laser radius and depletio
energy would lead to the collapse of the laser beam. In
stimulation process, we letb50.094, t5150 fs, and«(0)
510 mJ. From Fig. 7, we know that the laser beam c
propagate longer than 20 Rayleigh lengths and collapse~for
a laser beam ofr 05180 mm, the corresponding Rayleig
length isZR512.7 cm). In order to show this more clearl
we magnify a small part of the channel as the inset in Fig
The inset gives details for about five Rayleigh lengths in
process of the beam propagation. From it we can observe
oscillation of the beam, as in Fig. 1. Furthermore, in o
experimental measurements, we observed a plasma cha
longer than 5 m as shown in Fig. 8 ~laser parameterE
515 mJ,t525 fs). Because of the limited imaging range
the CCD camera, only a part of the laser channel can
taken in Fig. 8~about 50 cm!. Moreover, the resistivity of the
channel was measured to be smaller than 0.5V cm. Such a
long and conductive channel provides a good testbed for
investigation of triggered lightning.

IV. CONCLUSION

A short-pulse laser beam with a Gaussian profile c
propagate over a long distance in air due to the balance

e
e

FIG. 8. One portion of the laser plasma channel taken by a C
camera.

a
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tween focusing and defocusing of the laser beam. The va
tion of the beam radius with propagation distance is stud
There exists an optimum energy~power! which can lead the
laser beam to propagate a very long distance. It is found
the profile of the electron density in the channel is oscillat
and the peak electron density is about 1018 cm23 cm in the
channel.
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