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はじめに 

 
“より速い自然現象の理解と制御”を目指して，短パルスレーザーの開発とそれに関連

する様々な研究が近年盛んに行われています．今世紀に入り，パルス幅はフェムト（10−15）

秒領域を超え，アト（10−18）秒領域へ突入しました．現時点においては，約８０アト秒の

単一パルスの生成が報告されるに至っています．水素原子の基底状態の古典的な周期軌道

は約１５０アト秒であるので，こうしたアト秒パルスの登場は，原子・分子内の電子が時々

刻々運動する様子の実時間分析，さらには電子状態を制御という，原子・分子・光科学の

新しいパラダイムが開けたことを意味します． 実際に，アト秒パルスを利用した物質中の

電子状態の実時間分析についての先駆的な研究が行われ始め，今後もますます発展してい

くものと期待されています． 
 
こうした状況の下，平成１９年度日本学術振興会アメリカ合衆国との共同研究として「ア

ト秒光パルスの生成と原子分子ダイナミクスの実時間分析への応用」が採択されました．

本共同研究では，「超短」（カンザス州立大，Chang）「超高繰り返し」（電通大，桂川）「超

高強度」（理研，緑川）というそれぞれ異なる優れた特徴をもったアト秒パルス光源の開発・

計測を目指す日米の３つの実験グループと「電子間の相互作用」（電通大，渡辺，森下）「光

と電子の相互作用」（カンザス州立大，Lin）の２つの重要な観点からアト秒領域の超高速

過程の深い理解を目指す日米の２つの理論グループが融合して連携と協力を培い，光と物

質の相互作用の新しい知見を探求すると共に，次世代基盤技術の開拓を目指して行われま

した．また，学位取得直後の博士研究員，博士前期および後期過程の大学院生の交流を積

極的に行うことによって次世代の科学を担う研究者の育成を図ることも目標としました． 
 
具体的には，日米の実験および理論の研究者間の相互に訪問しあい，情報・技術交換を

行いました．日本国内においても，理研のグループと電通大のグループの間で，若手メン

バーを中心に適宜訪問しあってセミナーを開催し，情報交換や今後の課題を検討しました．

本共同研究は，日米双方のグループにとって，アト秒科学のさらなる発展へのステップと

なったものと思います． 
 
このような有意義な共同研究を実施するにあたり，参加者の皆様は勿論のこと，多くの

方々のご支援をいただきました．松澤通生先生（電気通信大学名誉教授），渡辺信一先生（電

気通信大学教授）には，たくさんの応援を頂きました．松澤通生先生と Tulane 大学 J.H. 
McGuire 先生の間で行われた学術振興会による日米共同研究「Correlation Effects in 
Collision Dynamics」（平成３，４年度），同じく「Collision Dynamics of Doubly Excited 
Atoms and Other Coulombic Three Body Systems」（平成６，７年度）は，原子物理分野

における日米間交流の契機となりました．また，渡辺信一先生によって行われました学術
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振興会による日米共同セミナー「強光子場中の原子過程と関連の多体効果」（平成１６年度）

では，本共同研究の日米双方の主要メンバーが参加し，アト秒パルスの生成とその応用が

メイントピックスとしてとりあげられ，アト秒科学における実験・理論相互の意見・技術

交換を通じた連携の重要性が認識されるようになり，本共同研究の提案に至りました．本

共同研究が有意義に行えたのも，日米の原子分子光物理の交流に対する両先生のご尽力の

賜物であります．本共同研究が，次世代の科学へのさらなる発展の契機としたいと思いま

す．そして，本共同研究の申請に関してレーザー技術の詳細を教えてくださった増子裕紀

博士，終始ご理解ご支援いただいた，緑川克美先生，桂川眞之先生，事務作業でお手伝い

いただいた，八木純子さん，伊藤順子さんに感謝いたします． 
 
 
 
この報告書では，本共同研究についての日米の参加メンバーリスト，交付決定額，日本

側メンバーによる関連論文を掲載しました． 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                 平成２１年３月 
 

日本側共同研究代表者 
森下亨 （電気通信大学 量子・物質工学科） 
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参加メンバーリスト（所属は，共同研究開始当時のもの） 
 
【日本側】 
森下亨（代表，電気通信大学） 
渡辺信一（電気通信大学） 
緑川克己（理化学研究所） 
須田亮（理化学研究所） 
桂川眞之（電気通信大学） 
加来昌典（宮崎大学） 
高橋栄治 （理化学研究所） 
鈴木隆行（電気通信大学） 
豊田広大（電気通信大学） 
松永浩和（電気通信大学） 
 
【アメリカ側】 
Chii-Dong Lin (Principal Investigator, Kansas State University) 
Zhenghu Chang (Kansas State University) 
Anh Thu Le (Kansas State University) 
Hiroki Mashiko (Kansas State University) 
Chengquan Li (Kansas State University) 
 
 
 
 
 
 
 
交付決定額 

 直接経費 間接経費 合計 
平成１９年度 2,500,000 円 0 円 2,500,000 円 
平成２０年度 2,500,000 円 0 円 2,500,000 円 
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日本側研究者訪問 

 
 
平成 19 年度 

氏 名・所 属 
期      間 
（現地到着日～現地出発日）

主たる訪問先 

森下亨・電気通信大学 
桂川眞行・電気通信大学 
鈴木隆行・電気通信大学 
渡辺信一・電気通信大学 
緑川克美・理化学研究所 
豊田広大・電気通信大学 
加来昌典・宮崎大学 

平成 19/8/6～8/31 
平成 19/8/22～8/26 
平成 19/8/18～8/26 
平成 20/1/12～1/18 
平成 20/3/9～3/12 
平成 20/3/3～3/11 
平成 20/3/27-3/30 

カンザス州立大学 
カンザス州立大学 
カンザス州立大学 
カンザス州立大学 
カンザス州立大学 
カンザス州立大学 
電気通信大学・日本大学 

 
 
 
 
 
 
 
平成 20 年度研究参加者(日本側) 

氏 名・所 属 
期      間 
（現地到着日～現地出発日）

主たる訪問先 

鈴木隆行・電気通信大学 
 
森下 亨・電気通信大学 
須田 亮・理化学研究所 
渡辺 信一・電気通信大学 

平成 20/5/3～5/10 
 
平成 20/7/18～8/29 
平成 20/9/28～10/2 
平成 20/11/22～11/30 

国際会議(CLEO/QELS08) 
サンノゼ 
カンザス州立大学 
カンザス州立大学 
国際会議(AISAMP8) 
オーストラリア 
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関連論文 

（Ａ）超高繰り返し超短パルス関連 
1. “Dual-frequency pulsed laser with an accurate gigahertz-beat note”, 

Y. Fujii and M. Katsuragawa, 
Opt. Lett. 32, 3065 (2007). 
マッハツェンダーRF 変調器を用いた二周波数発振注入同期レーザーを開発し，その性

能を系統的に報告した．周波数差が GHz の領域で，かつ RF 発振器の精度をもつ二周

波数レーザー発振を実現できることを示した． 
 

2. “Dual-wavelength injection-locked pulsed laser with highly predictable 
performance”, 
T. Onose and M. Katsuragawa, 
Opt. Express 15, 1600 (2007). 
二波長発振注入同期レーザーの制御性について，系統的な報告を行った．比較的単純

なモデルで計算されるレーザーの出力特性が実際のレーザーの性能を極めてよく再現

することを示した． 
 

3. “ラマン過程の断熱操作と超短パルス光発生制御技術への展開” 
桂川眞幸 
応用物理 76, 125（2007）. 
遠共鳴三準位系におけるラマンコヒーレンスの断熱生成と，その非線形光学過程への

応用について述べた．断熱励起を用いることで最大に近いラマンコヒーレンスが生成

され，位相整合に制約されない非線形光学過程が可能になることを示した．例として，

赤外から真空紫外近傍の広帯域にわたるラマンサイドバンド光の高効率同軸発生や，

それらのフーリエ合成によるユニークな超短パルス光の形成に関する研究を紹介した． 
 

4.  “Octave-Spanning Raman Comb with Carrier Envelope Offset Control”, 
T. Suzuki, M. Hirai, and M. Katsuragawa, 
Phys. Rev. Lett. 101, 243602 (2008) . 
基本波と倍波を同時に励起光として用いることで，オクターブを超える帯域に渡るラ

マンサイドバンド発生をデモした．さらに，発生させたラマンサイドバンド光の CEO
が自動的に制御できることを示した． 
 

5. “Stable confinement of nanosecond laser pulse in an enhancement cavity” 
R. Tanaka, T. Matsuzawa, H. Yokota, T. Suzuki, Y. Fujii, A. Mio, and M. 
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Katsuragawa, 
Opt. Express 16, 18667 (2008). 
ナノ秒の注入同期レーザー光をフイネスの高い外部共振器に安定に閉じ込める方法の

提案と実験によるデモを行った．理論的に予測される値まで，レーザー光の高強度化

が可能なことと，それが安定に実現されることを示した． 
 

6. “Spectral phase measurements for broad Raman sidebands by using spectral 
interferometry”, 
T. Suzuki, N. Sawayama, and M. Katsuragawa, 
Opt. Lett. 33, 2809 (2008). 
極めて離散性の高いスペクトルをもつ超短パルス光のスペクトル位相を評価する方法

の提案と，実際に実験による実証を行った．計測はスペクトル干渉の原理に基づいて

いる． 
 

（Ｂ）超高強度レーザー，高次高調波，アト秒パルス列関連 
7. “Dramatic enhancement of high-order harmonic generation”,  

E. J. Takahashi, T. Kanai, K. L. Ishikawa, Y. Nabekawa, and K. Midorikawa,  
Phys. Rev. Lett. 99, 053904 (2007). 
混合ガスをもちいることによって，XUV 光を励起レーザー光と同時に照射することによ

る高次高調波の飛躍的増大効果が，初めて実証された． 
 

8. “Destructive interference during high harmonic generation in mixed gases”, 
T. Kanai, E. J. Takahashi, Y. Nabekawa, and K. Midorikawa,  
Phys. Rev. Lett. 98, 153904 (2007). 
高次高調波発生において，わずかにイオン化ポテンシャルの異なるガスを混合して用

いることにより，高調波同士の干渉効果を利用して光電場中での電子の運動時間を計

測することに成功した． 

 

9. “Optimization of hollow fiber pulse compression using pressure gradients”, 
M. Nurhuda, A. Suda, M. Kaku, and K. Midorikawa, 
Appl. Phys. B 89, 209–215 (2007). 
SPM を利用する圧力勾配を持つ中空ファイバーパルス圧縮の最適化のためにメカニズ

ムを検証した結果，ファイバー入射口のレーザー強度が MPI 閾値以下でなければ，イ

オン化のためにスループットが大きく減少することがわかった．またテラワットレベ

ルを達成するための指針を示した． 
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10. “Attosecond nonlinear Fourier transformation spectroscopy of CO2 in extreme 
ultraviolet wavelength region”,  
T. Okino, K. Yamanouchi, T. Shimizu, R. Ma, Y. Nabekawa, and K. Midorikawa,  
J. Chem. Phys. 129, 161103 (2008). 
アト秒パルス列を CO2分子に照射し，その解離フラグメントの自己相関時間波形をフー

リエ変換することにより XUV 領域での 2光子吸収過程を明らかにした． 

 
11. “Two-photon double ionization of helium: An experimental lower bound of the total 

cross section”,  
P. Antoine, E. Foumouo, B. Piraux, T. Shimizu, H. Hasegawa, Y. Nabekawa, and K. 
Midorikawa,  
Phys. Rev. A 78, 023415 (2008). 
He 原子の 2 光子 2 重電離過程の断面積の絶対値をより正確に求めるため，1 光子電離

過程との比較を利用することにより実験値とのより一致が得られた． 
 

12. “Pointing stabilization of a high-repetition-rate high-power femtosecond laser for 
intense few-cycle pulse generation” 
T. Kanai, A. Suda, S. Bohman, M. Kaku, S. Yamaguchi, and K. Midorikawa 
Appl. Phys. Lett. 92, 061106  (2008) 
高繰り返し高強度フェムト秒レーザー用のビームポインティング安定化システムを開

発した．中空ファイバーパルス圧縮器の入り口におけるビーム位置を検出しフィード

バック制御することで，そのふらつきを±110μm から±4μm以下に抑制した．その結

果，出力エネルギーとスペクトル変動が改善され，安定した数サイクルパルスの発生

が可能となった． 
 

13. “Generation of 5 fs, 0.5 TW pulses focusable to relativistic intensities at 1 kHz”, 
S. Bohman, A. Suda,M. Kaku, M. Nurhuda, T. Kanai, S. Yamaguchi, and K. 
Midorikawa 
Opt. Express 16, 16684 (2008). 
圧力勾配中空ファイバーを用いたパルス圧縮によって，5 fs，0.5 TW の数サイクルパ

ルスを 1 kHz，で発生できることを実証した．ファイバー出射後のビームは回折限界程

度まで集光することができ 5x1018 W/cm2のピーク強度が得られた． 
 

14. “Auto-cleaning of deposited tin debris in a laser-produced plasma extreme 
ultraviolet source by using a liquid jet target containing tin chloride”, 
M. Kaku, S. Suetake, Y. Senba, M. Katto, S. Kubodera, 



viii 
 

Appl. Phys. B 93, 361 (2008) . 
レーザープラズマ EUV 光源のターゲット媒質として塩化スズ溶液を用いることによっ

て，1%以上の EUV 変換効率を達成すると共に，デブリの堆積と塩素によるエッチング

効果をバランスさせることによって，光学系へのデブリの付着が抑制されることを実

証した． 

 

15. “Suppression of suprathermal ions from a colloidal microjet target containing SnO2 
nanoparticles by using double laser pulses”, 
T. Higashiguchi, M. Kaku, M. Katto, and S. Kubodera, 
Appl. Phys. Lett. 91, 151503 (2007). 
酸化スズナノ粒子コロイドターゲットを用いるレーザープラズマ EUV 光源において，

ダブルパルス照射方式を用いることによって，EUV 変換効率を増加させると共に，イ

オンデブリを抑制することが可能であることを実証した． 
 

16. “Deposited debris characteristics and its reduction of a laser-produced plasma 
extreme ultraviolet source using a colloidal tin dioxide jet target”, 
M. Kaku, S. Suetake, Y. Senba, S. Kubodera, M. Katto, and T. Higashiguchi, 
Appl. Phys. Lett. 92, 181503 (2008). 
酸化スズナノ粒子コロイドターゲットを用いるレーザープラズマ EUV 光源において，

熱エネルギーを用いることによって，in-situ で光学系に堆積するデブリを低減するこ

とができることを実証した．  
 
（Ｃ）強レーザー場中のアト秒ダイナミクス関連 
17. “Analysis of two-dimensional high-energy photoelectron momentum distributions 

in the single ionization of atoms by intense laser pulses”, 
Z. Chen, T. Morishita, A.T. Le, and C.D. Lin, 
Phys. Rev. A 76, 043402 (2007). 
高強度レーザーパルスによる原子の光電子スペクトルを強光子場近似による計算結果

に基づき分析を行った．スペクトルの高エネルギー部分から，原子イオンによる電子

の弾性散乱断面積のボルン近似による値が得られることがわかった． 
 
18. “Siegert-state expansion in the Kramers-Henneberger frame: Interference 

substructure of above-threshold ionization peaks in the stabilization regime”, 
K. Toyota, O.I. Tolstikhin, T. Morishita, and S. Watanabe, 
Phys. Rev. A 76, 043418 (2007) . 
極強度高周波レーザーによる１次元原子のイオン化スペクトルに関して，
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Kramers-Henneberger 描像に基づく理論的研究を行った．イオン化の飽和が起きる極

強度領域において，異なる時刻に生成される放出電子の量子干渉に起因する，超閾イ

オン化ピークの新奇な構造を見出した． 
 
19. “Potential for ultrafast dynamic chemical imaging with few-cycle infrared lasers”, 

T. Morishita, A.-T. Le, Z. Chen, and C.D. Lin, 
New J. Phys. 10, 025001 (2008) . 
高強度レーザーパルスによる分子の光電子スペクトルから，分子イオンによる電子の

弾性散乱断面積が抽出できることを強光子場近似の範囲で示した． 
 
20. “Accurate retrieval of structural information from laser-induced photoelectron and 

high-harmonic spectra by few-cycle laser pulse”, 
T. Morishita, A.-T. Le, Z. Chen, and C.D. Lin, 
Phys. Rev. Lett. 100, 013903 (2008). 
高強度超短レーザーパルスによる原子の光電子スペクトルの高エネルギー成分から標

的原子イオンによる自由電子の弾性散乱微分断面積が，そして，高次高調波スペクト

ルから標的イオンによる光再結合断面積高精度で抽出できることを厳密計算結果によ

り示した．これは，数フェムト秒程度の分解能で分子の超高速イメージングの 可能性

を意味する． 
 

21. “Experimental retrieval of target structure information from laser-induced 
rescattered photoelectron momentum distributions”, 
M. Okunishi, T. Morishita, G. Prümper, K. Shimada, C.D. Lin, S. Watanabe, and K. 
Ueda, 
Phys. Rev. Lett. 100, 143001 (2008). 
800nm, 100 fs のレーザーによる Ne, Ar, Xe の光電子スペクトルから，それらのイオ

ンによる自由電子の弾性散乱微分散乱断面積を高精度で抽出できることを実験的に示

した． 
 

22. “Large angle electron diffraction structure in laser induced rescattering from rare 
gases”, 
D. Ray, B. Ulrich, I. Bocharova, C. Maharjan, P. Ranitovic, B. Gramkow, M. 
Magrakvelidze, S. De, I. V. Litvinyuk, A. T. Le, T. Morishita, C. D. Lin, G. G. Paulus, 
and C. L. Cocke, 
Phys. Rev. Lett. 100, 143002 (2008). 
7 fs の超短レーザーによる Xe, Kr, Ar の光電子スペクトルから，それらのイオンによ
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る自由電子の弾性散乱微分散乱断面積を高精度で抽出できることを実験的に示した． 
 

23. “Retrieval of electron-atom scattering cross sections from laser-induced electron 
rescattering of atomic negative ions in intense laser fields”, 
X. Zhou, Z. Chen, T. Morishita, A.-T. Le, and C. D. Lin, 
Phys. Rev. A 77, 053410 (2008). 
高強度レーザーによる原子負イオンの光電子スペクトルから，原子による電子の弾性

散乱断面積が精度よく抽出できることを，厳密数値計算結果により示した． 
 

24. “Extraction of the species-dependent dipole amplitude and phase from high-order 
harmonic spectra in rare-gas atoms”, 
A.-T. Le, T. Morishita, and C. D. Lin, 
Phys. Rev. A 78, 023814 (2008). 
高強度レーザーによる原子の高次高調波スペクトルから，原子による電子の光結合断

面積，さらには，その位相までもが精度よく抽出できることを，厳密数値計算結果に

より示した． 
 

25. “Retrieving photorecombination cross sections of atoms from high-order harmonic 
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We report that adiabatic manipulation of a Raman process allows us to produce an optical-frequency

comb from single-frequency lasers. We realize an octave-spanning Raman comb with carrier-envelope-

offset frequency control, by using dual-frequency laser radiation locked on a single laser cavity and

simultaneously its second harmonic. It is shown that in both the temporal and spectral domains, locking

the dual frequencies on a single laser cavity provides control of the carrier-envelope-offset frequency at

integer multiples of the free spectral range of the laser cavity.
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Optical-frequency combs have revolutionized frequency
metrology [1–4]. These combs directly linked optical fre-
quencies to radio and/or microwave frequencies beyond
5 orders of frequency difference, thus enabling optical
atomic clocks [5]. This method, in turn, realized to gen-
erate ultrashort laser pulses with control of the carrier-
envelope phase in the time domain [6]. Fascinating phe-
nomena, such as single attosecond pulse generation [7] and
an oscilloscope for light waves [8], were recently demon-
strated, extending the frontiers of optical science.

The optical-frequency comb was developed based on
mature femtosecond laser techniques. In contrast to this
approach, it would be very attractive if we could produce
such a coherent light source using a single-frequency laser.
This is because it enables us to design the light source with
considerable freedom as regards such characteristics as
carrier frequency and amplitude waveform. Recently, sev-
eral studies related to this idea, i.e., comb generation in a
microdisk [9] and monocycle and subcycle generation by
the synthesis of several coherent vibrational Raman com-
ponents [10,11], have been reported.

Here we report that adiabatic manipulation of the Raman
process allows us to produce a novel optical-frequency
comb from single-frequency lasers. We realize an octave-
spanning Raman comb with carrier-envelope-offset (CEO)
frequency control, by using dual-frequency laser radiation
locked on a single laser cavity and simultaneously its
second harmonic. We show that locking the dual frequen-
cies on a single laser cavity provides control of the CEO
frequency at integer multiples of the free spectral range
(FSR) of the laser cavity.

The diagram in Fig. 1(a) shows the scheme for the
present study. The states jgi and jei are Raman-transi-
tion-allowed two levels. �0 and ��1 are laser fields cou-
pling the two level via two photons. When the intermediate
state is far from resonant and therefore the system can be
reduced to a two-level system, good eigenstates for the
entire system are expressed by positive and negative super-
positions of the states jgi and jei. One of the two eigen-

states, which is asymptotic toward the ground state jgi for
the weak limit of the coupling-laser intensity, is expressed
as

jþi ¼ cos
�

2
exp

�
i
�

2

�
jgi þ sin

�

2
exp

�
�i �

2

�
jei: (1)

� is defined by tan� ¼ 2j�j
����ac

, and � ¼ j�jei�, �ac, and

� are the two-photon Rabi frequency, the ac-Stark shift,
and two-photon detuning, respectively. By adopting a
positive or negative sign for the two-photon detuning, we
can control the sign of the superposition state jþi and then
drive the state adiabatically from the ground state jgi to the

FIG. 1 (color online). Generation of octave-spanning Raman
comb with control of carrier-envelope-offset frequency.
(a) Experimental setup and scheme for Raman comb generation.
(b) �0, ��1, and 2��1 are located at equidistant frequency
markers whose spacing is the FSR of the dual-frequency
injection-locked Ti:sapphire laser. The expected parametric
Raman spectrum is shown, when �0 and ��1 are set so as to
satisfy the zero-CEO frequency condition.
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superposition state of jgi and jei. In this process, the
coherence between the states jgi and jei is

�ge ¼ 1
2 sin�ðtÞ expði�Þ: (2)

If we control the two-photon coupling-laser fields to give
the smallest two-photon detuning � while satisfying the
adiabatic condition [12], we realize �� �

2 (the superposi-

tion state with equal amplitudes for jgi and jei), that is, the
maximal coherence j�gej ¼ 0:5 with a realistic laser

intensity.
Producing such high coherence (ideally to a maximum

of j�gej ¼ 0:5) implies that an extremely significant po-

tential is provided. This is because an efficient parametric
Raman process is allowed to occur in a very short interac-
tion length within the unit coherence length [12–14].
Therefore, the generation process is not restricted by re-
fractive index dispersion. Consequently, the parametric
Raman beams are emitted coaxially to the excitation
coupling-laser beams, where the spatial overlap is maximal
between the excitation and generated beams [12–14]. It
should be noted that this coaxial generation can be ex-
tended to high-order processes over the visible spectrum
region. The generated high-order parametric Raman series
form a comb with equidistant frequency markers whose
spacing coincides precisely with the difference frequency
of the coupling-laser fields: �� ¼ �0 ���1.
Based on the above idea, here we show the generation of

an octave-spanning Raman comb with a CEO frequency
control. The key points are that the dual-frequency
coupling-laser fields �0 and ��1 are generated from a
single laser cavity [15], and the second harmonic 2��1
converted from one of the coupling-laser fields ��1 is
introduced simultaneously as an excitation field.

The coupling-laser fields �0 and ��1 generated by the
single laser cavity [Fig. 1(a)] necessarily have frequencies
that are integer multiples of the free spectral range (FSR:
1.24 GHz) of the laser cavity: �0 ¼ i� FSR,��1 ¼ k�
FSR (i and k integers). Driven by �0 and ��1, the high-
order parametric Raman components are expressed as
�0 þ n � �� ¼ �0 þ n � ð�0 � ��1Þ ¼ i � FSR þ
n � ði � kÞ � FSR (n integer), which are also laid at
equidistant frequency markers corresponding to the FSR
[Fig. 1(b)]. Consequently, the CEO frequency of the
Raman comb is restricted to integer multiples of the
FSR. In other words, if we choose longitudinal modes
that satisfy the condition �0 ¼ m� �� (m integer), the
Raman comb satisfies the zero-CEO frequency condition.

Introducing the second harmonic 2��1 provides another
high-order parametric Raman generation originating in
2��1 [14], as a result that the second harmonic is modu-
lated by a high coherence driven by the coupling-laser
fields �0 and ��1. The frequency spacing of this
second-harmonic comb also coincides precisely with that
originating in the coupling-laser fields. Furthermore, the
second harmonic 2��1 has good mutual coherence in time
and space for the coupling-laser field ��1. Therefore, as

shown in Fig. 1(b), if the coupling-laser fields�0 and��1
are set at appropriate longitudinal modes that satisfy zero-
CEO frequency and both combs broaden and overlap each
other, a single optical-frequency comb is realized over an
octave-spanning bandwidth.
This octave-spanning Raman comb is produced via a

generation process equivalent to the well-established f-2f
self-reference method [1–4], although the generation pro-
cedure is totally reverse to the f-2f method. That is, we
can extract the CEO frequency by measuring the frequency
difference that appears in the overlap region of both Raman
combs produced from the coupling-laser fields and the
second harmonic, thus also enabling feedback to the se-
lection and/or control of the CEO frequency.
We briefly describe the experimental system. As illus-

trated in Fig. 1(a), the system is composed of an excitation
laser, a Raman medium, and a measurement system. We
produced gaseous pure parahydrogen (purity >99:9%) as
the Raman medium by interacting hydrogen with a catalyst
at a low temperature of 14 K. We used a pure rotational
transition of J ¼ 2 0 (10.6236 THz), as the working
transition. The temperature and density of the medium
were set at 77 K and 3� 1020 cm�3 (interaction length
15 cm), respectively.
We employed the dual-frequency injection-locked laser

developed by our group [15]. This laser system consists of
two independent continuous-wave (cw) lasers and a nano-
second pulsed Ti:sapphire laser with a high output power.
Each cw output is locked to a selected longitudinal mode of
the pulsed Ti:sapphire laser cavity and introduced as a
seed. The pulsed output energies are concentrated into
these two seed frequencies, leading to the generation of
dual-frequency transform-limited nanosecond pulses with
the same carrier frequencies as the seeds. The important
features are that the temporal and spatial overlaps of the
dual-frequency nanosecond pulses are automatically
achieved since they are generated from the single laser
cavity [15].
We carefully set the two frequencies �0 and ��1 by

referring to a wave meter (Burleigh, WA1500) so that their
difference frequency �� was 10.6228 THz to provide an
optimal two-photon detuning of þ800 MHz. Simultane-
ously, each absolute frequency was an integer multiple of
the difference frequency 382.4208 THz (783.9331 nm,
36� ��) for �0 and 371.7980 THz (806.3312 nm, 35�
��) for ��1, respectively. We produced dual-frequency
nanosecond pulses (�6 ns) with such seed frequencies
as carriers and also the second harmonic 2��1,
743.5960 THz (403.1656 nm, 2� 35� ��) by employ-
ing a nonlinear crystal, beta barium borate (BBO). The
three frequency nanosecond pulsed-laser radiations pro-
duced in this way were adjusted to a common linear
polarization by using a dual-wavelength wave plate and
then loosely focused into the parahydrogen with an achro-
matic lens (f: 850 mm) to ensure the same focusing profile
for the three frequency laser radiations. The excitation
intensity was typically set at 5 GW=cm2 (��1: 4.7 mJ;
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�0: 4.2 mJ; 2��1: 1.2 mJ; beam size �200 �m), which
can produce coherence as high as 0.3. We collimated the
emission in the forward direction with a beam diameter of
1 mm and measured the spectrum and temporal profiles.

A high-intensity round white beam was found in the
forward direction of the parahydrogen cell. Figure 2(a) is a
photograph of the emission projected on a screen after
being dispersed with a prism. It is clearly seen that more
than 47 monochromatic radiations are generated with a
high beam quality. The M2 estimation for the 7 Raman
components of��3 to�3 was typically better than 1.1 (see
also Ref. [15]). (The observable bandwidth was limited by
the sensitivity of the digital camera.) All of the components
were high-order stimulated Raman radiations parametri-
cally generated via the pure rotational Raman transition of
J ¼ 2 0. Their quality and energies were sufficient for
each of them to be utilized as a monochromatic laser
source. A noteworthy fact is that all of the Raman compo-
nents are generated coaxially without being restricted by
the phase matching condition, in spite of their broad near
infrared to ultraviolet spectral bandwidth. This clearly
shows that high coherence near the maximum was pro-
duced at the pure rotational two level.

As indicated in the photograph, we numbered all of the
Raman components, and the coupling-laser radiations �0

and��1 were indicated by�0 and��1, respectively. The
34th component corresponds to the second harmonic 2��1
converted from the coupling laser ��1. The whole band-
width covered 300–900 THz (330–1000 nm), which is far
beyond an octave, and formed a unified single optical-
frequency comb with a precise frequency spacing that is
nearly resonant with the pure rotational Raman transition.
The frequency spacing of the comb was precisely con-
trolled by the frequency difference (10.6228 THz) of the
coupling-laser radiations �0 and ��1.

The spectrum [Fig. 2(b)] was measured with an optical
multichannel analyzer (OMA) after attenuating the emis-

sion by reflecting it on a glass plate. We found that the
high-order Raman series originating from the coupling-
laser radiations ��1 and �0 appeared from 300–
590 THz (�6–20th) and also that from the second har-
monic 22��1 appeared from 560–900 THz (17–48th). The
inset shows the spectrum in the overlap region of the two
high-order Raman series, which were measured by increas-
ing the emission incident into the OMA. It turns out that
both high-order Raman series overlapped each other (at
least within the resolution of the OMA of �100 GHz) and
formed a single optical-frequency comb with sufficient
intensity as also confirmed by the photograph.
As described above, the overlap of the two high-order

Raman series originating from the coupling-laser radia-
tions and the second harmonic provides us with the CEO
frequency of the constituted Raman comb. We selected a
single high-order Raman component, the 19th (513 nm)
component in the overlap region, guided it into a scanning
Fabry-Perot analyzer (Burleigh RC-140, FSR 6 GHz, fi-
nesse 20), and measured the frequency difference at the
component arising between the two high-order Raman
series. As explained in Fig. 1(b), the important feature of
the present Raman comb is that the CEO frequency does
not fluctuate at random but is restricted to integer multiples
of the FSR of the coupling-laser cavity. For example, when
we shift the selected longitudinal oscillation modes of the
dual-frequency injection-locked laser every FSR as shown
in Fig. 3(a), while keeping the frequency difference of the
coupling-laser radiations �� constant, it is expected that
the CEO frequency (�0 � 36���) changes every FSR
(1.24 GHz).
The black solid circles in Fig. 3(b) plot the measured

frequency difference at the 19th component as we select
different longitudinal oscillation modes according to the
procedure in Fig. 3(a). The solid line indicates the slope
corresponding to the FSR/mode. It is clearly shown that the
frequency difference, namely, the CEO frequency, changes

FIG. 2 (color). Spectra for octave-spanning Raman comb produced with three frequency laser radiations. (a) The photograph taken
with a digital camera after dispersing the emission with a prism. (b) The spectrum taken with an OMA.
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discretely with the FSR step. This result demonstrates that
the CEO frequency can be controlled at zero if we set the
longitudinal oscillation modes at �0 ¼ 36���.

We carried out the same conceptual measurement as that
described above, but in the time domain. We used a fast-
response detector (Hamamatsu Photonics K.K., R1328U,
buildup time 60 ps) and an ultrabroad bandwidth oscillo-
scope (Tektronix, DSA72004, bandwidth 20 GHz). The
CEO frequency should be observed as a beat in the time
domain. We directly measured the temporal waveform of
the 19th component as we shifted the longitudinal oscil-
lation modes every FSR, in the same way as in Fig. 3. We
observed temporal waveforms accompanied by high-
frequency beat fringes and confirmed that the beat fringe
changes as we shift the longitudinal oscillation modes. The
solid black circles in Fig. 4 plot the measured beat fre-
quency. The solid line indicates the slope corresponding to
the FSR/mode. Although the measured beat frequencies
varied shot by shot, the mean values of the beat frequencies
are still well fitted by the expected solid line, which is
consistent with that in the frequency domain. The insets
show typical temporal waveforms. When we selected the
longitudinal oscillation modes that correspond to the zero-
CEO frequency condition, the beat structure was lost, and
we observed that the entire temporal profiles interfered
constructively or destructively. This reveals that the two
high-order Raman series from the coupling-laser radiations
and the second harmonic are phase-coherent with each
other over the whole beam cross section and the long
envelope of the nanosecond pulses. That is, our observa-
tions strongly suggest that the octave-spanning Raman
comb described above has the potential for use in design-
ing an ultrahigh-repetition-rate train of ultrashort pulses
with a constant carrier-envelope phase, at least in a single
nanosecond pulsed envelope that includes more than
10 000 ultrashort pulses [16].

In summary, we have realized an octave-spanning
Raman comb with a CEO frequency control by employing
dual-frequency laser radiation produced from a single laser
cavity. We have shown that the CEO frequency is con-
trolled at integer multiples of the longitudinal-mode
spacing of the laser cavity, and the zero-CEO frequency
condition is realized by choosing an appropriate pair of
longitudinal modes. Furthermore, we have also shown that
the CEO frequency can be assessed with the octave-
spanning Raman comb itself. More correctly, the precision
of the CEO frequency is limited by the finesse of the dual-
frequency injection-locked laser employed as the excita-
tion laser and its dispersion inside the cavity. The devia-
tions in the CEO frequency from exactly zero, as observed
for the relative mode number 0, in Figs. 3 and 4 were due to
this dispersion problem. This is a task in the next stage and
will be overcome by introducing an external high-finesse
cavity and locking the seed frequencies to it.
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FIG. 4 (color online). Measurement of carrier-envelope-offset
frequency in the time domain. Selected longitudinal modes of
the dual-frequency pump laser versus the beat frequency.

FIG. 3 (color online). Measurement of carrier-envelope-offset
frequency in the frequency domain. (a) Diagram showing the
relationship between the longitudinal modes of the pump laser
�0 and ��1 and the CEO frequency of the produced Raman
comb. (b) Selected longitudinal modes of the pump laser versus
the frequency difference between the two Raman combs origi-
nating from �0, ��1, and 2��1.
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Abstract: We present a technique that enhances the intensity of a 
nanosecond laser pulse by confining it in an enhancement cavity. The point 
of the technique is that a weak continuous-wave laser radiation, locked to 
the enhancement cavity, is injected into a nanosecond injection-locked 
pulsed laser as a seed. This leads to a stable confinement of the nanosecond 
pulse in the enhancement cavity. It is demonstrated that the pulsed intensity 
is enhanced by a factor of 120 for a 40-ns pulse, consistent with the 
theoretical prediction. 

©2008 Optical Society of America 

OCIS codes: (140.4780) Optical resonators; (140.3520) Lasers, injection-locked; (320.4240) 
Nanosecond phenomena; (230.0230) Optical devices 
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1. Introduction  
  

Efficient frequency conversion of continuous-wave (cw) laser radiation such as second 
harmonic generation and optical parametric oscillation, has been achieved using a technique 
that confines and intensifies the cw laser radiation in a high-finesse cavity [1]. Recently, the 
confinement of a femtosecond ultrashort pulse laser radiation in an enhancement cavity has 
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also been extensively studied. The ability to achieve intracavity high-harmonic generation 
without the use of high-power amplifiers and to extend an optical frequency standard to the 
vacuum ultraviolet region by utilizing such intracavity high-harmonic generation makes such 
methods very attractive [2, 3]. On the other hand, a technique that confines nanosecond laser 
pulses in an enhancement cavity, an intermediate regime between the abovementioned cases, 
has been little discussed so far. In this paper, we demonstrate a technique that stabilizes a 
carrier frequency of a nanosecond laser pulse by reference to an external enhancement cavity, 
and simultaneously intensifies such nanosecond pulsed laser radiation by confining it in the 
enhancement cavity. 

2. The concept for carrier-frequency stabilization and intensity-enhancement of a 
nanosecond laser pulse 
  

 
Fig.1. A schematic illustrating carrier-frequency stabilization and intensity-enhancement of a 
nanosecond pulse. 

 
In Figure 1, we illustrate the technique which stably confines and then intensifies a 
nanosecond laser pulse in an enhancement cavity. First, we introduce a portion of the cw laser 
radiation into an external enhancement cavity and lock the oscillation frequency on a 
resonance peak (ω0) of the cavity. Next, we introduce this cw laser radiation into a 
nanosecond pulsed laser as a seed and induce an injection-locked pulsed oscillation. In this 
configuration, the carrier frequency of the nanosecond pulsed output coincides with the 
oscillation frequency ω0 of the cw laser, that is, the carrier frequency is necessarily locked to 
the resonance peak of the enhancement cavity. Consequently, when the nanosecond pulsed 
output is introduced into the enhancement cavity, it is stably confined and then intensified in 
the cavity. As for an enhancement cavity, we can adopt either a standing-wave or a traveling-
wave type of cavity. In this paper, we discuss the standing-wave type cavity. 

3. Analytical formula for a nanosecond pulsed electric-waveform introduced into an 
enhancement cavity 

We put a pair of mirrors with a reflectivity, R (transmittance, T = 1 – R), at z = 0 (mirror 0) 
and z = L (mirror L), respectively, to obtain a Fabry-Perot enhancement cavity. We introduce 
a single-frequency pulsed laser radiation, ( ) { })(exp),( kztitEztE −= ω , propagating in the 
positive z direction, into this Fabry-Perot enhancement cavity, where ( )tE  is the envelope of 
the amplitude waveform. The reflected, transmitted, and intracavity pulsed electric field 
waveforms produced by the cavity can be calculated by summing up all the pulsed electric 
fields that arise after multiple reflections at the mirrors that compose the enhancement cavity, 
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similar to the case when cw radiation is used. The formula thus derived, shown below, 
describes the reflected electric field waveform (z < 0). 

 
 

(1) 
 

Here, c, k, and kL2=δ  denote the speed of light, the wave number, and the phase change 
corresponding to one-cycle of propagation in the enhancement cavity, respectively. The first 
term represents a simple reflection from mirror 0, and the second term is the summation of all 
the pulsed electric waveforms propagating toward the negative z direction after multiple 
reflections inside the enhancement cavity, which takes into account the associated amplitude 
reduction, phase difference, and time delay from the multiple reflections.  

Likewise, the transmitted electric field waveform (L < z) is obtained as follows. 
 

(2) 
 
 

The electric field waveform inside the enhancement cavity (0 < z < L) consists of two 
components propagating toward the positive and negative z directions, with even and odd 
reflections on the mirrors, respectively. Summing up all the electric field waveforms by taking 
into account the phase changes on the reflections, we obtain the formula below. 
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(3) 
When the carrier frequency, ω, satisfies the resonant condition of the enhancement cavity, 

this formula can be further reduced as follows, with the assumption that the length of the 
incident pulsed waveform in space is sufficiently longer than the enhancement-cavity length. 
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This expression shows that the electric field waveform inside the cavity is composed of 

both standing and traveling waves with an amplitude ratio of )1(:2 RR − , similar to the 
case when the incident radiation is cw. 

The above formula, Eqs. 1 - 4, was built in the time domain. The equivalent expression 
can also be obtained in the frequency domain, where the incident nanosecond pulse is 
decomposed into the Fourier components, that is, cw laser radiation with various frequencies. 
We found that both approaches could give us the same results numerically. 

4. Numerical calculations of the reflected, transmitted, and intracavity pulsed electric 
field intensity waveforms 

The characteristics of a nanosecond single-frequency pulse introduced into the enhancement 
cavity are displayed in Fig. 2. The curves are calculated based on Eqs. 1 - 4. The cavity length 
and the reflectivity of the mirrors are set to be 75.0 mm (FSR: 2.00 GHz) and 0.9875 (Finesse: 
250), respectively, in accordance with the experimental parameters, which are discussed in the  
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Fig. 2. Calculated electric field intensity waveforms of a nanosecond single-frequency pulse 
introduced into an enhancement cavity. a: incident (black dotted curve), reflected (red solid 
curve), and transmitted (green solid curve) waveforms; b: intracavity waveform (black solid 

curve) and transmitted waveform with a multiplication factor of 
T
4 (green bold curve, T = 

0.0125 is the transmission of the cavity mirror). The temporal duration of the incident Gaussian 
pulse is 28.3 ns. The FSR and finesse of the enhancement cavity are 2.00 GHz (cavity length: 
75.0 mm) and 250, respectively. 

 
following section. We also assume a Gaussian incident pulse with a duration of 28.3 ns 
(FWHM).  

The black, red, and green curves in Fig. 2a depict the incident, reflected, and transmitted 
electric intensity waveforms, respectively. It is apparent that the reflected waveform exhibits 
two peaks. The cause of this characteristic waveform is described as follows.  

(I) When the radiation intensity in the cavity is almost negligible, only the simple 
reflection from the mirror 0 is observed.  

(II) The incident radiation that is transmitted through mirror 0 is reflected repeatedly 
inside the enhancement cavity, and thus the radiation intensity in the cavity is gradually 
accumulated, which is also simultaneously transmitted back and forward through mirror 0 and 
mirror L, respectively. Since the reflected and transmitted radiations back at mirror 0 have 
opposite phases, destructive interference occurs between the two types of radiation. The 
gradual accumulation of the radiation intensity in the cavity reaches a value such that the 
radiation transmitting back through mirror 0 is comparable in amplitude to the simple 
reflection component at mirror 0 and the radiation vanishes completely when they have the 
same amplitude. At this point, the radiation transmitted forward through the enhancement 
cavity exhibits a maximum.  

(III) Conversely, when the incident pulsed waveform nearly passes through the mirror 0, 
only the radiation transmitted back through the mirror 0 is remained, giving rise to the second 
peak in the reflected electric field waveform. In this region, the accumulated radiation in the 
enhancement cavity is emitted with equal intensities in both the forward and backward 
directions. In addition, both radiations decay exponentially with the cavity lifetime. 

The electric field intensity waveform inside the enhancement cavity is shown in Fig. 2b. 
The peak intensity is enhanced by 96.1 times due to the confinement of the incident 
nanosecond pulse in the cavity. The dotted curve shows the transmitted intensity waveform 

multiplied by 
T
4

 (= 320), where the transmission T is 0.0125 for the cavity mirrors. It turns 

out that the shape of intracavity intensity waveform coincides exactly with that of the 
transmitted intensity waveform. In addition, the both intensities are related to the mirror 
transmission T.  

The relationship that the intracavity radiation intensity is connected to that of the 

transmitted radiation by a factor of 
T
4

, can be understood as follows. The amplitude of the 
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forward propagating radiation in the cavity is 
T

1
 times larger than that of the transmitted 

radiation. Furthermore, backward propagating radiation of nearly the same amplitude also 
exists and produces a standing wave inside the cavity, as discussed in section 2. The radiation 

amplitude at the antinodes of the standing wave in the cavity is thus 
T

2
 times as large as 

that of the transmitted radiation. Hence, the intracavity radiation intensity is 
TT

42
2

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
 

times greater than the intensity of the transmitted radiation. 
Generally, it is extremely difficult to directly measure radiation intensities inside a cavity. 

However, the transmitted radiation can be measured with sufficient precision. Figure 2b 
clearly shows that the pulsed intensity waveform confined in the cavity can be obtained 
quantitatively by measuring the transmitted intensity waveform. 

5. System for carrier-frequency stabilization and intensity-enhancement of nanosecond 
laser pulse 
  

 
Fig. 3. System for carrier-frequency stabilization and intensity enhancement of nanosecond 
laser pulses. Blue shading: system for locking the oscillation frequency, ω0, of the external-
cavity controlled laser diode (ECLD) to the enhancement cavity. Yellow shading: system for 
confining the nanosecond laser pulse in the enhancement cavity. EOM: electro-optic 
modulator, FG: function generator, PD: photo diode, DBM: double balanced mixer, PZT: PZT 
actuator. 

 
Figure 3 is a schematic of a system that stabilizes the carrier-frequency and enhances the 
intensity of a nanosecond laser pulse. The whole system consists of two parts. The blue 
shaded part was used to stabilize an oscillation frequency of the external-cavity-controlled 
laser diode (ECLD), employed as a master oscillator, to the enhancement cavity. The yellow 
shaded part served to confine a single-frequency nanosecond laser pulse, generated by means 
of an injection-locking technique, in the enhancement cavity. Here, we applied the Pound-
Drever-Hall (PDH) method [4] to stabilize the oscillation-frequency of the ECLD. The PDH 
method is especially useful in cases where an oscillation frequency of a laser needs to be 
stabilized to a relatively high-finesse cavity. 
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Herein we describe the operation of the whole system. First, we divided the output (ω0) 
from the ECLD by a beam splitter, one of which was then introduced into an electro-optic 
modulator (EOM) to be phase-modulated at 20 MHz. We then introduced this phase-
modulated radiation into the enhancement cavity (cavity length of 76 mm, free-spectral-range 
(FSR) of 2.0 GHz, finesse of 250, and the reflectivity of the mirrors was 0.9875) after passing 
it through an isolator. We detected the reflected radiation phase-sensitively at 20 MHz with a 
function generator as a local oscillator and produced an error signal that crossed zero at the 
resonant condition [4]. This error signal was fed back to the ECLD and its oscillation 
frequency was stabilized to the enhancement cavity. The other ECLD output from the beam 
splitter was injected into the nanosecond pulsed Ti:sapphire (Ti:s) laser as a seed. The Ti:s 
laser adjusted its cavity-length so that the seed could be matched to be resonant to the Ti:s 
laser cavity [5, 6]. A second harmonic output of a Q-switched Nd:YAG laser (repetition rate: 
10 Hz) was then introduced into the Ti:s laser cavity as a pump to drive a nanosecond pulsed 
oscillation. The pulsed output energy was completely concentrated into radiation that was at 
the frequency of the injected seed, thus achieving an injection-locked single-frequency 
nanosecond pulsed oscillation.  

Finally, this injection-locked pulsed output was introduced into the enhancement cavity. 
To measure the pulsed intensity waveforms, we employed biplanar phototubes 
(HAMAMATSU Photonics K. K., R1328U, rise time: 60 ps) and a fast digital oscilloscope 
(Tektronix, DPO7254, bandwidth: 2.5 GHz). We carefully adjusted the time origins of the 
incident, reflected, and transmitted pulsed waveforms and monitored all three simultaneously. 

6. Experimental measurement of the reflected and transmitted intensity waveforms 
  

 
Fig. 4. Intensity waveforms of the incident (gray dotted), reflected (red soild), and transmitted 
(green solid) radiations. The waveforms are normalized by the peak intensity of the incident 
laser pulse. The temporal duration of the incident laser pulse was set to be 28.3 ns at FWHM. 
The FSR and the finesse of the enhancement cavity employed were 2.0 GHz (cavity length of 
76 mm) and 250, respectively. The peak intensity of the transmitted waveform was 0.26. The 
inset shows a 10 shot superposed transmitted waveform (the incident laser pulse duration was 
20.7 ns for this data).  

 
The stability of the oscillation frequency of the ECLD locked onto the enhancement cavity 
was estimated, based on the resultant error signal. It was confirmed that the ECLD oscillation 
showed long-term stability with a frequency fluctuation less than ±  470 kHz.  

We injected this ECLD cw output as a seed to generate an injection-locked nanosecond 
laser pulse. By controlling the pump energy introduced into the Ti:s laser, we varied the 
temporal duration of the injection-locked pulsed outputs from 12.5 to 40.3 ns [7]. We 
introduced these injection-locked nanosecond laser pulses into the enhancement cavity, and 
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measured the incident, reflected and transmitted intensity waveforms precisely against the 
respective pulse durations. The typical intensity-waveforms as observed are displayed in Fig. 
4 (the parameters used for the incident laser pulse and the cavity were same as those assumed 
in the calculation in Fig. 2). The black, red, and green curves are the incident, reflected, and 
transmitted intensity waveforms, respectively. The reflected waveform exhibited two peaks 
while the transmitted waveform reached a maximum at the minimum between these two 
peaks. Both the reflected and transmitted intensities then decayed with the same envelope. 
The peak intensity of the transmitted waveform normalized by the incident waveform was 
0.26, whereas the expected intensity was calculated to be 0.30. The experimental data, 
including the intensities, matched the features in the theoretical calculation plotted in Fig. 2 
extremely well.  

The observed reflected and transmitted waveforms were stable for a long term. The inset 
displays the transmitted intensity waveforms superimposed by ten random shots (the pulse 
duration was 20.7 ns for this data). It turns out that the transmitted intensity waveforms were 
reproduced well.  

Our primary concern is the intracavity intensity waveform. As confirmed in Fig. 2, this 
can be deduced quantitatively from the transmitted waveform. Multiplying the peak intensity, 

0.26, by 
T
4

 (T = 0.0125), we obtain an enhancement factor of 83.2 (theoretical enhancement 

factor: 96.1).  
Through the above measurements, it was confirmed that the stable intensity enhancement 

of the nanosecond laser pulse in the enhancement cavity was achieved by both the 
stabilization of the seed frequency to the enhancement cavity and the production of a 
nanosecond laser pulse that had the same carrier-frequency as the seed using an injection-
locking technique.  

7. Enhancement of a nanosecond laser pulse in cavity as a function of pulse duration 
  

 

 
Fig. 5. Enhancement factor of a nanosecond laser pulse in the cavity as a function of the pulse 
duration of the nanosecond pulse. The solid curve shows calculated enhancement factor. The 
red circles denote the observed enhancement factors. The dotted curve is the enhancement 
factor obtained with the boundary condition in which the incident pulsed energy is kept 
constant. 

 
Figure 5 shows the relationship between the enhancement factor in the cavity and the pulse 
duration of the incident nanosecond laser pulse. The solid curve shows the enhancement 
factor calculated based on Eq. 3. The enhancement factor increases with the temporal duration 
of the incident nanosecond pulse. The maximum value of the enhancement is given by 
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T
4

320 = , which corresponds to the enhancement factor when a single-frequency cw radiation 

is used. The green arrow indicates the temporal duration of 60 ns, which corresponds to the 
condition such that the spectral width of a pulse is equal to the full width (8 MHz) of the 
resonance profile of the enhancement cavity. When the temporal duration exceeds 60 ns, the 
enhancement factor asymptotically approaches the maximum value. These features are 
physically understandable well. The enhancement factors denoted with red circles in the same 
graph are estimated from the observed transmitted intensity waveforms. The observed 
enhancement factors increases, consistent with the calculated solid curve, although the pulse 
duration was experimentally limited to 40 ns. The greatest enhancement factor observed was 
120 (predicted: 134), obtained at the longest pulse duration of 40 ns. 

The solid curve in Fig. 5 illustrates the behavior of enhancement factors, defined in this 
case as the ratios of the radiation intensities confined in the cavity to the intensities of the 
incident pulses. In actual laser systems, however, the energy of the incident pulse is limited. 
Hence, if the primary purpose is to maximize the radiation intensity in the cavity, a longer 
pulse duration is not necessarily more desirable. The dotted curve in Fig. 5 represents the 
enhancement factor calculated with a different condition, in which the incident pulse energy is 
kept constant. Using this condition, an optimum incident pulse duration exists for a given 
finesse of an enhancement cavity in order to achieve maximum radiation intensity in the 
cavity. As shown by the dotted curve, the optimum pulse duration is 32 ns for the present 
enhancement cavity. In other words, this implies that optimum enhancement cavity can be 
designed for a given nanosecond pulse duration to maximize the radiation intensity in the 
cavity. To achieve optimum enhancement, the width of the resonance profile of the 

enhancement cavity should be 
7.1

1
 times as large as a spectral width of the nanosecond pulse. 

8. Summary 

We have demonstrated the stable confinement and intensity enhancement of a nanosecond 
laser pulse in an enhancement cavity. By utilizing a nanosecond single-frequency pulse 
generated by an injection-locked, nanosecond pulsed Ti:s laser that employed an ECLD as a 
master oscillator, we have studied the nanosecond laser pulse confinement in an enhancement 
cavity with a finesse of 250. By measuring both the incident waveform and the reflected and 
transmitted waveforms from the cavity, we have confirmed that a stable intensity 
enhancement of 120 was achieved for a 40-ns incident pulse. The experimental results 
obtained were consistent with theoretical predictions. If we combine the present technique 
with a current technique of a high-power LD-driven nanosecond pulsed laser, a unique high-
intensity excitation condition [8], completely different from those realized by using either cw 
or femtosecond lasers, will be achieved at repetition rates greater than 1 kHz. The excitation 
conditions offered by such a source will be attractive for various studies, such as the coherent 
control of molecule. The present technique is also closely related to the so-called “slow light” 
phenomenon [9] and would indeed be interesting from the viewpoint of such work [10].  
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We report a method of spectral phase measurement for a femtosecond pulse train composed of a discrete
Raman spectrum. The method is based on an idea of spectral interference. Making use of a small portion of
two Raman pump laser radiations, we produce two sum-frequency spectra that spectrally interfere with
each other. Based on this interfering sum-frequency spectra, we successfully derive the spectral phase and
reconstruct the temporal profile. The reliability of this method is also confirmed by measuring the spectral
phase changes caused by intentionally inserted silica plates of various thicknesses and comparing them to
theoretical predictions. © 2008 Optical Society of America

OCIS codes: 120.3180, 120.5050, 190.4223, 190.5650, 320.5520, 320.7160.
Significant progress has recently been made regard-
ing adiabatic excitation in Raman processes of mo-
lecular rotational and/or vibrational states to pro-
duce maximal coherence [1]. The maximal Raman
coherence strongly modulates an incident light and
generates broad high-order sidebands (Raman side-
bands) [2–5]. One of the useful applications of such
broad Raman sidebands is to produce ultrashort
pulses [6–8].

To produce ultrashort pulses, generally spectral
phase manipulation is a key issue. Such phase ma-
nipulation for Raman sidebands has been performed
using a chirped mirror pair [7] or a spatial light
modulator [8,9]. In those experiments pulse widths
were measured by correlation techniques based on
second-harmonic generation or four-wave mixing.
The second-harmonic autocorrelation, however, gives
only approximate temporal profiles and does not pro-
vide any spectral phase information. On the other
hand, because the four-wave mixing scheme requires
a pulse-shaping technique or frequency filtering,
which adds some unknown dispersion [10], it can op-
timize the spectral phases but generally does not pro-
vide their original values.

In this study we fully characterize the ultrashort
pulse train generated from Raman sidebands. The
idea is based on the concept of the spectral phase
interferometry for direct e-field reconstruction
(SPIDER) technique [11], but modified to adapt the
technique to ultrashort pulses composed of discrete
spectral lines.

The point of our technique is that, instead of the
chirped pulse used in the original SPIDER method,
we combine a small portion of two Raman pump ra-
diations with the Raman sidebands to produce two
sum-frequency spectra. Here, the sum-frequency
spectra are shifted from one another by ��=�0
−�−1 (where �0 and �−1 are the frequencies of the
two excitation laser fields), which is exactly the same
as the frequency spacing of the Raman sidebands.

Each spectral line of one of the sum-frequency spec-
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tra, then, is completely overlapped by a line in the
other spectrum. It should be noted that this scheme
is more efficient than the original SPIDER technique,
since there is no need to divide the Raman sidebands.
This scheme is applicable not only to Raman side-
band spectra but also to any broad spectra composed
of discrete spectral lines if their phases are mutually
coherent. For discrete spectra other than Raman
sideband spectra, one may generate a two-color spec-
trum from the original spectrum by frequency filter-
ing and use it in place of the two fundamentals in
this experiment.

Next, we consider how the spectral phase appears
in the interfering sum-frequency spectra. We assume
that all spectral lines are monochromatic and can be
expressed as delta functions. The nth pair consists of
two sum-frequency lines �0+�n−1 and �−1+�n,
where �n=�0+n�� is the frequency of the nth-order
Raman sideband. The intensity of this sum-
frequency component can be expressed as

In
SH = �En−1E0ei�0� + EnE−1ei�−1��2 = �En−1E0�2 + �EnE−1�2

+ 2�En−1EnE0E−1�cos���� − ��n�, �1�

where En= �En�ei�n is the complex amplitude of the
nth-order Raman sideband; � is the delay time of the
excitation laser fields with respect to the Raman
sidebands; �n is the phase of the nth-order sideband
defined with respect to the phases of the laser fields
�0 ,�−1�0 (which is equivalent to adding an arbi-
trary offset and a linear term of spectral phase); and
��n=�n−�n−1 is the phase difference. As expressed
in Eq. (1), the intensity In

SH varies sinusoidally as a
function of the delay � with a fixed period of 2� /��,
independent of n. We can therefore derive the phase
difference ��n by measuring the phase of the periodic
change of In

SH. It should be noticed that the delay �
appears as ��� in Eq. (1), not as �� as seen in typical
interferometry. Since �� is 1 order of magnitude

smaller than � in this case, the resolution required
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for the optical delay stage is merely on the order of a
precision realized easily by a mechanical stage em-
ploying a differential micrometer.

The experimental setup is shown in Fig. 1. We used
a dual-wavelength injection-locked pulsed Ti:sap-
phire laser [12] to drive a Raman transition in
parahydrogen. We set the two frequencies �−1 and �0
to 2��371.7982 THz �806.3312 nm� and 2�
�382.4210 THz �783.9331 nm�, respectively, so that
their difference, 10.6228 THz, was slightly detuned
from the lowest rotational Raman resonance of
parahydrogen. The pump pulses had a total energy of
4 mJ and pulse widths of 6 ns. The pump pulses were
loosely focused into the molecular sample by a
spherical lens �f=800 mm�. The peak intensity was
estimated to be �4 GW/cm2. Parahydrogen mol-
ecules were confined in the cell with a number den-
sity of 3�1020 cm−3 and cooled down to the liquid ni-
trogen temperature to populate the rovibrational
ground state.

As shown in Fig. 1 the excitation pulses were par-
tially reflected from the surface of a 5-mm-thick silica
plate just before the sample cell and introduced into
an optical delay stage to be used as a two-color pulse
for generating sum frequencies, which were shifted
by �� with each other. Both the Raman sidebands
and the two-color pulse were collimated by lenses
with a focal length of 300 mm. Making use of the sur-
face reflection of a silica plate, we attenuated the Ra-
man sidebands to balance the total energy with the
two-color pulse. The sidebands and the two-color
pulse were sent parallel to one another into a concave
mirror to be simultaneously focused at a 20 �m thick
�-barium borate (BBO) crystal. The sum-frequency
spectra were produced with various delays �, and
their interference was observed with a spectrometer.

Figure 2(a) shows typical interference spectra of
the sum-frequency spectra with various delays �=0,
20, 40, 60, and 80 fs and the inset shows the Raman
sideband spectrum to be characterized. The peak val-
ues of the six spectral lines are plotted in Fig. 2(b)
against delay � (filled circle). Different pairs of the
sum-frequency components interfere constructively
or destructively at different delay times depending on

Fig. 1. (Color online) Schematic of experimental setup for
broad Raman sideband generation and its spectral phase

measurement system.
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the phase differences, as expressed in Eq. (1). The re-
sults show that the interfering intensities In

SH peri-
odically change with the same period of 94 fs
�=2� /���T�, independent of n. The solid curves in
Fig. 2(b) are sinusoidal fits with the fixed period of
94 fs.

By measuring the phases of the periodic change of
In

SH we obtain the phase differences ��n between the
corresponding two sidebands �n and �−1. Figure 3(a)
shows the spectral phase (open circles) derived by
summing the phase differences ��n as well as its in-
tensity spectrum of the Raman sidebands (solid
curve). The ultrashort pulses generated from the Ra-
man sidebands were thus fully characterized. Figure
3(b) shows the temporal profile reconstructed from
the results of Fig. 3(a). The pulse width and the rep-
etition period were measured as 52 and 94 fs, respec-
tively.

Generally, nonlinear processes such as sum-
frequency generation are affected sensitively by fun-
damental intensity fluctuations. In fact, as shown in
Fig. 2(b), weak sum-frequency components that are
produced from high-order Raman sidebands have in-
tensity fluctuations. Our scheme, however, does not

Fig. 2. (Color online) (a) Sum-frequency spectra with vari-
ous delays. The intensities of the spectral lines periodically
change with different phases reflecting the phase differ-
ences ��n. The symbols above the spectral lines designate
corresponding frequency components of the fundamental.
(b) Intensity variations of In

SH with respect to the delay �
(filled circle) and their fitting curves (solid curves).

Fig. 3. (Color online) (a) Raman sideband spectrum (solid
curve) and its spectral phase (open circles). (b) Recon-

structed temporal profile of the Raman sideband.
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use the absolute values of In
SH for the spectral phase

derivation procedure. The only important informa-
tion is the phase of the periodic change of In

SH. There-
fore we can still identify the spectral phase well un-
der such intensity fluctuations. On the other hand,
acceptance bandwidth and angular width become the
main restrictions for the use of BBO crystals or simi-
lar methods. For an extremely broad spectrum and
monocycle pulses, we may perform the phase mea-
surement by dividing the measurement into multiple
parts with different incident angles to a nonlinear
crystal. This procedure extends its applicable band-
width to the full range of a crystal to produce sum-
frequency components.

Finally, to verify the reliability of our method we
measured the spectral phases with fused silica plates
inserted into the optical path of the Raman side-
bands to add known dispersion. We used silica plates
of three different thicknesses; 3, 5, and 10 mm. Fig-
ure 4 shows the results of the phase measurements
(a) without (open circles), and with the (b) 3, (c) 5,
and (d) 10 mm thick silica plates (open triangles).
The theoretical predictions are also shown in (Fig. 4,
open squares); these were obtained by calculating the
refractive index dispersion of the silica plates using
the Sellmeier equation [13] and adding them to the
previous result without the silica plates [Fig. 3(b)].
The measurements and theoretical predictions were
in good agreement, as seen in the enlarged graph in
Fig. 4. The observation errors on �n originate in the
sinusoidal-fitting errors on ��n in Fig. 2(b), and were

Fig. 4. (Color online) Spectral phases of the Raman side-
band spectra (a) without, and with (b) 3, (c) 5, and (d)
10 mm thick silica plates. The open circles and open tri-
angles indicate experimental results, and the open squares
indicate results derived with a known refractive index dis-
persion of silica.
sufficiently small (�0.05 rad each). The reliability of
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our spectral phase measurement method was thus
confirmed.

We should emphasize that this scheme can be rap-
idly executed compared with other methods that re-
quire iterative algorithms, such as the frequency-
resolved optical gating (FROG) technique [14].
Moreover, if the intensity of the sum-frequency com-
ponents are stabilized, and once the intensity fringes
versus the delay are obtained for all the peaks, the
spectral phase can, in principle, be estimated from
only two trials of measurements. By normalizing the
minimum and the maximum of In

SH to −1 and 1, re-
spectively, the spectral phase differences can be de-
rived up to their signs with a single measurement as
the arccosine of the normalized sum-frequency inten-
sities. To obtain the signs it is necessary to measure
the spectrum again with a delay of T /4, for example.

In summary, we performed a spectral phase mea-
surement of broad Raman sidebands composed of dis-
crete spectral components, based on the idea of spec-
tral interference. We confirmed the reliability of this
method by measuring the phase changes produced by
silica plates with various thicknesses and comparing
them to theoretical predictions. Our method is robust
against intensity and delay fluctuations. Further-
more, it is rapidly executed because it does not use
iterative algorithms.

References

1. S. E. Harris and A. V. Sokolov, Phys. Rev. A 55, R4019
(1997).

2. A. V. Sokolov, D. R. Walker, D. D. Yavuz, G. Y. Yin, and
S. E. Harris, Phys. Rev. Lett. 85, 562 (2000).

3. J. Q. Liang, M. Katsuragawa, F. Le Kien, and K.
Hakuta, Phys. Rev. Lett. 85, 2474 (2000).

4. M. Katsuragawa, J. Q. Liang, F. Le Kien, and K.
Hakuta, Phys. Rev. A 65, 025801 (2002).

5. D. D. Yavuz, D. R. Walker, G. Y. Yin, and S. E. Harris,
Opt. Lett. 27, 769 (2002).

6. S. E. Harris, D. R. Walker, and D. D. Yavuz, Phys. Rev.
A 65, 021801(R) (2002).

7. M. Katsuragawa, K. Yokoyama, and T. Onose, Opt.
Express 13, 5628 (2005).

8. M. Y. Shiverdin, D. R. Walker, D. D. Yavuz, G. Y. Yin,
and S. E. Harris, Phys. Rev. Lett. 94, 033904 (2005).

9. W.-J. Chen, Z.-M. Hsieh, S. W. Huang, H.-Y. Su, C.-J.
Lai, T.-T. Tang, C.-H. Lin, C.-K. Lee, R.-P. Pan, and A.
H. Kung, Phys. Rev. Lett. 100, 163906 (2008).

10. S. N. Goda, M. Y. Shverdin, D. R. Walker, and S. E.
Harris, Opt. Lett. 30, 1222 (2005).

11. C. Iaconic and I. A. Walmsley, Opt. Lett. 23, 792
(1998).

12. M. Katsuragawa and T. Onose, Opt. Lett. 30, 2421
(2005).

13. I. H. Malitson, J. Opt. Soc. Am. 55, 1205 (1965).
14. R. Trebino and D. J. Kane, J. Opt. Soc. Am. A 10, 1101
(1993).



Attosecond nonlinear Fourier transformation spectroscopy of CO2
in extreme ultraviolet wavelength region

Tomoya Okino,1,2 Kaoru Yamanouchi,1,2,a� Toshihiko Shimizu,2 Ri Ma,2 Yasuo Nabekawa,2

and Katsumi Midorikawa2

1Department of Chemistry, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
2Extreme Photonics Research Group, RIKEN Advanced Science Institute, 2-1 Hirosawa, Wako-shi,
Saitama 351-0198, Japan

�Received 30 August 2008; accepted 3 October 2008; published online 31 October 2008�

The interferometric autocorrelation functions of attosecond pulse trains in the time domain were
measured by detecting CO2

2+ as well as the atomic and molecular fragment ions generated via
two-photon absorption of intense vacuum ultraviolet-extreme ultraviolet light by CO2. It was
demonstrated that the Fourier transformation of the interferometric autocorrelation functions of the
respective fragment ions appearing in a time-of-flight mass spectrum exhibit spectroscopic
information in the frequency domain corresponding to the two-photon photofragment excitation
spectra of CO2 and the double ionization excitation spectrum to form CO2

2+. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3006026�

With the advent of the coherent wavelength conversion
process known as high-order harmonic generation,1

ultrashort attosecond laser pulses in the VUV and extreme
ultraviolet �XUV� wavelength regions have been generated
and used as a light source for investigating ultrafast
phenomena.2–5 Furthermore, the high-field intensity
�1013–1014 W /cm2� �Ref. 6� achieved by focusing such in-
tense short-wavelength pulses has afforded us an opportunity
to characterize nonlinear responses of molecules to an in-
tense optical field.7–9 It is thus expected that dynamical be-
havior of atoms and molecules after nonlinear optical pro-
cesses such as two-photon and three-photon absorption
processes can be investigated by a pump-and-probe measure-
ment in the time domain with the ultimately high shutter
speed using intense attosecond light pulses. However, an-
other characteristic and important feature of such attosecond
pulses, that is, their extremely wide spectral bandwidth, has
not been explored yet.

Now that the procedures of generating intense ultra-
broadband XUV light pulses through the superposition of
discrete high-order harmonics have been established, it
should be worthwhile to examine whether nonlinear spectro-
scopic information of atoms and molecules in the VUV and
XUV ranges is obtained through the irradiation of attosecond
pulses by taking advantage of their broad spectral bandwidth.

In this letter, we demonstrate for the first time Fourier-
transformation nonlinear spectroscopy of molecules in the
XUV region by using the high-order harmonics forming a
train of intense attosecond pulses.

The detail of the experimental setup is given in our pre-
vious reports.7,9 In brief, the attosecond pulse train was gen-
erated by focusing �f =5 m� the output of a CPA laser sys-
tem �795 nm, 13 mJ/pulse, 40 fs, 10 Hz� on a gas cell filled

with Xe �0.2 kPa�, and the generated high-order harmonics
were spatially divided into two by a beam splitter composed
of two Si plates. The intensity distribution of high-order har-
monics from the 1st �1.55 eV� to 21st �32.55 eV� were mea-
sured by powermeters and a VUV-XUV spectrometer. The
relative intensities of the generated harmonics obtained after
the correction of the throughput of optics are shown in Fig.
1.

The generated attosecond pulse train was focused by a
SiC concave mirror �f =100 mm� at a molecular beam of
CO2 �1.2 atm� introduced through a skimmer, and the parent
ions and the fragment ions were detected by a time-of-flight
�TOF� mass spectrometer. The light field intensity of the 11th
harmonic at the focal spot was estimated to be 3
�1014 W /cm2.

The interferometric autocorrelation was recorded from
−3 to +3 fs by the spatial-separation type autocorrelator.10

a�Author to whom correspondence should be addressed. Electronic mail:
kaoru@chem.s.u-tokyo.ac.jp.

FIG. 1. Relative intensities of the harmonics distribution generating an at-
tosecond pulse train in the focal region.
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By moving one of the two Si plates with a piezoactuator, the
temporal delay �t between the two split harmonic pulses
composed of the high-order harmonics was varied stepwise
with a step corresponding to 27 as. The center of the auto-
correlation trace at �t=0 was calibrated by measuring the
autocorrelation trace of the fundamental laser pulses with the
same experimental setup.

The recorded TOF mass spectrum of CO2 is shown in
Fig. 2. The strongest peak, CO2

+, is out of the dynamic range
of our oscilloscope since the high-order harmonics whose
order is larger or equal to ninth �13.95 eV� can efficiently
ionize CO2 whose ionization potential is 13.78 eV by one
photon.

In the mass spectrum, the existence of the following
three decomposition pathways from CO2

+ is identified:

CO2
+ → C+ + O2, �1�

CO2
+ → O+ + CO, �2�

CO2
+ → CO+ + O. �3�

Since the appearance energy of C+ from CO2 is known to be
35 eV,11–13 as shown in Fig. 3, and the highest order har-
monic observed by our spectrometer was the 21st order
whose photon energy is 32.55 eV, as shown in Fig. 1, the
fragment ions of C+ in Eq. �1� can be regarded as those
originated from a two-photon absorption process. On the
other hand, since the appearance energy of O+ and that of
CO+ from CO2 are both �19 eV, as shown in Fig. 3, the
fragment ions of O+ and CO+ are expected to be generated
from CO2

+ prepared via two different schemes: �i� one-photon
absorption of the high-order harmonics whose order is larger
than or equal to the 13th and �ii� two-photon absorption of
the high-order harmonics, in which the sum of the orders of
the two high-order harmonics is larger than or equal to the
13th. For extracting the signals of O+ and CO+ generated
exclusively after the two-photon absorption, the O+ and CO+

signals in the mass spectrum appearing with the relatively
high kinetic energy release ��0.3 eV�, corresponding to the
momentum release above �30�103 amu ms−1, were re-

garded as signals originated from the electronically highly
excited CO2

+ generated only via the two-photon absorption
process.

As shown in Fig. 3, doubly charged parent ions CO2
2+,

whose appearance energy is 38.8 eV, could not be generated
by one-photon absorption, but can be generated energetically
by two-photon absorption,

CO2 + 2h� → CO2
2+ + 2e . �4�

The relative yields of �a� CO2
2+, �b� C+, �c� O+, and �d�

CO+ are plotted as a function of �t, as shown in Figs.
4�a�–4�d�, which can be regarded as interferometric autocor-
relation traces of the high-order harmonics. The interference
peaks appear at 0, �T0 /2, and �T0. In addition, a higher
frequency modulation at the time interval of about 1/10 T0

can be identified. In order to interpret the characteristic
modulation patterns, the recorded autocorrelation traces for
the respective channels were converted into the frequency
domain spectra by a Fourier transformation, and the results
are shown in Fig. 5.

The origin of the distinct peaks in the frequency domain
spectra in Fig. 5 may be explained in terms of a simple
model of an attosecond pulse train �APT� �Ref. 14� in which
the APT field E�t� can be expressed as

E�t� = �
n=n1

n2

E2n+1�t� , �5�

E2n+1�t� = A2n+1�t�exp�− i��2n+1t + �2n+1�� , �6�

where �2n+1� corresponds to the harmonic order, E2n+1�t� is
the electric field of the �2n+1�th harmonic field, �2n+1 is the
angular frequency of the �2n+1�th harmonic field, and A2n+1

and �2n+1 are the amplitude and the phase of the �2n+1�th
harmonic field, respectively.

FIG. 2. TOF mass spectrum of CO2 obtained when �t=0. The two peaks
with an asterisk, H2O+ at 18 and O2

+ at 32, are originated from residual gases
of H2O and O2, respectively.

FIG. 3. �Color online� Energy diagram of the doubly ionization and disso-
ciation pathways of CO2 for generating CO2

2+, C+, O+, and CO+. The red
arrows represent one-photon absorption. The blue arrows represent one pho-
ton in the two-photon processes.
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When a conventional interferometer is adapted, the au-
tocorrelation function is described by

I��� =	 
�E�t� + E�t − ���2
2dt , �7�

where E�t−�� is the replica electric field with a delay �. In
the present measurement, the autocorrelation function can be
described in a different form from Eq. �7� by using the two-
photon absorption probability from the �2p+1�th and �2q
+1�th harmonic fields defined as

Ip,q
j ��� = 	p,q

j 	 
�E2p+1�t − �� + E2p+1�t���E2q+1�t − ��

+ E2q+1�t��
2dt , �8�

where 	p,q
j is two-photon absorption cross section of frag-

ment species j produced via the two-photon absorption of the
�2p+1�th and �2q+1�th order harmonic fields.

In the TOF mass spectrum, the following intensities Ij���
expressed as

Ij��� = �
�p,q�

Ip,q
j ��� �9�

are observed. The Ip,q
j ��� defined in Eq. �8� can be expanded

as

Ip,q
j ��� = 	p,q

j 	 �Fb + FIC��� + Fp��� + Fq��� + Fp−q���

+ Fp+q����dt , �10�

where

Fb = 
A
2 + 
D
2, �11�

FIC��� = 
B
2 + 
C
2, �12�

Fp��� = 2 Re��A�C + B�D�exp�− i�2p+1��� , �13�

Fq��� = 2 Re��A�B + C�D�exp�− i�2q+1��� , �14�

Fp−q��� = 2 Re�B�C exp�− i��2p+1 − �2q+1���� , �15�

Fp+q��� = 2 Re�A�D exp�− i��2p+1 + �2q+1���� , �16�

and

A = A2p+1�t − ��A2q+1�t − ��e−i��2p+1+�2q+1�t, �17a�

B = A2p+1�t − ��A2q+1�t�e−i��2p+1+�2q+1�t, �17b�

C = A2p+1�t�A2q+1�t − ��e−i��2p+1+�2q+1�t, �17c�

FIG. 4. Fringe-resolved autocorrelation traces of ions generated from CO2:
�a� CO2

2+, �b� C+, �c� O+, and �d� CO+. The delay between the two harmonic
pulses is represented with a unit of T0 �=2.7 fs�, the optical period of the
fundamental laser field. In the cases of C+, O+, and CO+, the constructive
peaks appear at �= �T0 /2 with relatively large intensity in addition to the
major interference peaks at �=0, �T0. The phase of the fringe patterns at
�= �T0 /2 is flipped by 
 from that at �=0 and �T0, in the same manner as
in the case of N2 �Ref. 11�. Contrary, the autocorrelation trace of CO2

2+ does
not exhibit clear constructive interferences at �T0 /2 and are modulated by
the frequency of the fundamental laser light, which can be ascribed to the
contribution from the residual fundamental light reflected at the Si beam
splitters.

FIG. 5. Fourier transform spectra obtained from the fringe-resolve autocor-
relation traces of �a� CO2

2+, �b� C+, �c� O+, and �d� CO+ shown in Fig. 4. �0

is the frequency of the fundamental laser light ��=800 nm�.
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D = A2p+1�t�A2q+1�t�e−i��2p+1+�2q+1�t. �17d�

The term Fb is independent of the delay � and forms a
constant background originated from the two-photon signal
of the harmonic beam reflected at either one of the pair of the
beam splitters. The term FIC�t� shows the intensity autocor-
relation term, which will not affect any oscillatory structure.
The terms Fp��� and Fq��� show the linear interference fringe
of the �2p+1�th and �2q+1�th harmonics, respectively. The
terms Fp−q��� and Fp+q���, represent nonlinear interference
fringes of the frequency difference 2�p−q� and the frequency
sum 2�p+q+1�, respectively.15

In our experiment, the oscillation period of the Fp+q���
term with the frequency sum 2�p+q+1� is comparable with
the present sampling period of 27 as. For example, when p
=q=7 corresponding to the two-photon absorption process
of the 15th order harmonic, the period becomes 90 as, which
is only three times as large as the sampling period. Because
of this sparse sampling conditions, and the intensity fluctua-
tion of the high-order harmonics, the high frequency modu-
lations originating from the Fp+q��� term are not expected to
appear in the autocorrelation traces. Therefore, the observed
modulation structure appearing in the autocorrelation trace is
considered to be originated mainly from the Fp−q��� term.

The decomposition pathways of CO2 can be discussed
using the frequency spectrum of the respective fragment ion
species and the energy diagram shown in Fig. 3. It is seen in
Fig. 5 that the frequency spectrum of CO2

2+ exhibits a peak
with the dominant intensity at the frequency of the 13th har-
monic. According to previous reports in the electronic states
of CO2,11–13 a quasibound shallow well exists between 38.8
and 41.3 eV to form metastable CO2

2+. The two photon en-
ergy of 13th order harmonic �40.3 eV� matches well the en-
ergy range. Therefore, there are three possible combinations
of the orders of two harmonics: 11+15, 13+13, and 15+11.
Since the focal spot size of nth order harmonic is scaled by
d0 /n, where d0 is the focal spot size of the fundamental laser
field, the contribution of 13+13 should be the largest, which
explains the observation that the peak at the 13th is much
larger than the peaks at the 11th and 15th.

The strongest peak appearing in Fig. 5�a� at the first
order may indicate that the weak reflection of fundamental
laser pulse after the Si beam splitter can be involved in the
generation of CO2

2+. For example, three-photon absorption of
a type of 1+11+13 may contribute to generate CO2

2+. The
peak appearing at the second order also supports the exis-
tence of such a three-photon absorption process above in
which one of the differences among the orders becomes two.

On the other hand, the frequency domain spectrum of C+

in Fig. 5, in which peaks are observed at 9th, 11th, and 13th,
indicates that the fragment ions of C+ can be generated from
a two-photon absorption process of two harmonics ranging
between 9th and 13th. In addition, the existence of the peaks
at second and fourth orders, originating from the difference
frequencies of two harmonics, shows that C+ is generated
after CO2

+ is prepared by the absorption of the combinations
of the two harmonics such as 9+11, 9+13, and 11+13.

The frequency domain spectra of O+ and CO+ exhibit
similar features to each other, that is, they exhibit a strong
peak at the ninth order and a weak peak at the 11th order,
indicating that O+ and CO+ are generated via the two-photon
absorption processes of the two harmonics such as 9+9 and
9+11.

The frequency spectra constructed by the Fourier trans-
formation of the autocorrelation function for the respective
fragment ion species exhibiting different spectral patterns
can be regarded as spectra corresponding to two-photon pho-
tofragment excitation �PHOFEX� spectra and two-photon
double ionization excitation spectrum of CO2 in the VUV
and XUV wavelength region.

In the present Fourier transformation spectroscopy, only
the piecewise spectroscopic information of the two-photon
absorption processes in the VUV and XUV wavelength re-
gion are obtained at the sampling energy interval of 3.1 eV,
corresponding to twice of wavelength of the fundamental
laser light �800 nm�. However, the sampling energy interval,
that is, the spectral resolution, can be improved by adopting
intense and ultrashort laser pulses with the longer
wavelength16 for generating an attosecond pulse train. For
example, when 2.4 �m femtosecond laser pulses are
adopted, the resolution of the resultant excitation spectra can
be raised to �1.0 eV.

This research was supported by Grants-in-Aid for Scien-
tific Research �Grant Nos. 14077205, 14077222, and
19002006� of MEXT, the Global COE Program for Chemis-
try Innovation of the University of Tokyo, and Extreme Pho-
tonics Research of RIKEN.
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We report on the experimental estimation of a lower bound of helium. Our experiment differs from a
previous one described by Hasegawa et al. �Phys. Rev. A 71, 023407 �2005��. The photons that correspond to
the 27th harmonic of a Ti:sapphire laser have an energy of 41.8 eV. The extraction of the cross section rests on
a theoretical model, based on the rate equations, that fully includes the contribution from the sequential
channels and the macroscopic effects. Some of the experimental parameters are very difficult to measure
accurately. For those parameters, we deliberately consider values compatible with their experimental determi-
nations and that lead systematically to an underestimation of the two-photon double ionization cross section.
Our estimation of this lower bound is higher than a bunch of various theoretical results. It stays, however, too
close to these latter ones to draw any definite conclusion about their validity, even though it clearly indicates
that the actual value of the double ionization cross section is higher than expected.

DOI: 10.1103/PhysRevA.78.023415 PACS number�s�: 32.80.Rm, 32.80.Fb, 42.50.Hz, 42.65.Ky

I. INTRODUCTION

In the xuv regime, few-photon double ionization of atoms
or molecules is a fundamental problem which is far from
being understood. From the experimental point of view the
main activity has concentrated until recently on one-photon
processes with synchrotron radiation. Moving from one-
photon processes to two-photon processes requires higher
intensities that are at the edge of the current technologies.
Preliminary experiments with high-order harmonic genera-
tion �1� and with free electron radiation �2� have been per-
formed but it is too premature to draw any definite conclu-
sions on the validity of the predictions of the existing
theoretical models �3–11�. In addition, there is no consensus
between these predictions. There are differences of more
than one order of magnitude on the total cross section. The
existence of such discrepancies contrasts with the perfect
agreement for one-photon double ionization between the ex-
perimental data and the predictions of the same theoretical
approaches. It is worth noting that all are based on some
approximations. The lack of consensus for theoretical two-
photon double ionization �TPDI� cross section seems to sug-
gest that the double escape mechanism differs from that of
one-photon double ejection. In particular, the role of the final
state electron correlation has been pointed out by Foumouo
et al. �12� who has recently proposed a mechanism of double
ejection.

In this contribution, we present a measurement of the
lower bound of the TPDI cross section. This cross section
estimation is based on the ratio of the single ionization yield
to the double ionization yield. This method is much less
sensitive to laser parameters and pressure than our previous
results �1�. The data analysis includes a full description of
the laser beam and takes into account the sequential chan-
nels. In particular, the impact of the single ionization-
excitation �of the residual ion� channels is discussed and
shown to have an important role when extracting the TPDI
yield from the total double ionization yield.

The manuscript is organized as follows. Section II in-
cludes a short description of our TPDI theoretical model. The
experiment is presented in Sec. III. Finally the last section is
devoted to the calculation performed to extract the TPDI
cross section and to the interpretation of the experimental
data. The section concludes with a comparison with the pre-
vious experimental results and the different theoretical pre-
dictions.

II. THEORY

Our computational treatment of the two-photon double
ionization cross section rests on the solution of the time-
dependent Schrödinger equation �TDSE�

i
�

�t
��r1,r2,t� = �−

1

2
�r1

2 −
1

2
�r2

2 −
Z

r1
−

Z

r2
+

1

r12
+ DG�t��

���r1,r2,t� . �1�

Z denotes the charge of the nucleus �Z=2 for He�, which is
assumed to be infinitely massive. r1 and r2 are the radial
coordinates of both electrons and r12= �r1−r2� is the inter-
electronic distance. DG�t� describes the dipole interaction of
the system with the oscillating field either in the length
gauge �G�L� or in the velocity gauge �G�V�:

DL�t� = E�t��r1 + r2� , �2�

DV�t� = − iA�t���1 + �2� . �3�

E�t� denotes the electric field and A�t�= ẑA0f�t�sin��t� the
corresponding vector potential which oscillates at the fre-
quency � and which is assumed linearly polarized along the
z axis. f�t� is the pulse envelope given by

f�t� = cos2�t/��, �t� � �
�

2
,
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=0, �t� � �
�

2
. �4�

The method to solve Eq. �1� has been described in great
details in Ref. �7�. In short, we expand the full wavepacket of
the system ��r1 ,r2 , t� in terms of its field-free eigenstates.
The wave functions associated with these eigenstates are cal-
culated within a spectral method that consists of diagonaliz-
ing the atomic Hamiltonian in a basis of products of Cou-
lomb Sturmian functions of the electron radial coordinates
and bipolar harmonics of the angular coordinates. The full
wavepacket of the system is then time propagated by means
of an explicit Runge-Kutta method. In order to calculate the
probabilities of single and double ionization, we proceed as
follows. By using the Jacobi-matrix method, we generate a
multichannel scattering wave function associated with a
given single ionization channel. At the end of the interaction
with the external field, we project the final electron wave-
packet on this scattering wave function and sum over all
single ionization channels. We obtain in this way, the single
ionization probabilities. The double ionization probability is
evaluated by subtracting the probability for single escape
from the total ionization probability. Note that the total ion-
ization probability does not require the knowledge of the
asymptotic conditions. It is simply obtained as one minus the
probability to be in a bound state of helium at the end of the
interaction with the pulse. Our estimate of the N-photon
double ionization �generalized� cross sections �N is based on
the following relation between the N-photon transition prob-
ability PN and �N:

PN = �N	
−	

	

dt
N�t� , �5�

where 
 is the photon flux. In the present case, pulse dura-
tions of ten optical periods are sufficient to ensure the stabil-
ity of �N. We have checked that our estimate of the cross
sections is converged with respect to the basis size and is
gauge independent. In addition, our results for the total one-
photon single and double ionization cross sections are in
very good agreement with those obtained with more sophis-
ticated theories both in the case of He and H− �7�.

Before considering the TPDI process, let us examine the
two-photon single ionization �TPSI� �with excitation of the
residual ion� of He. Within the present context, the estimate
of the corresponding cross sections is necessary to evaluate
the weight of the following sequential three-photon pro-
cesses:

He + �� → He+�1s� + 2�� → He2+, �6a�

He + 2�� → He+* + �� → He2+, �6b�

that contribute to the double ionization yield. While the first
one �process �6a�� has been extensively discussed in the lit-
terature �see, for example, Ref. �13�� the second one �process
�6b�� has often been neglected. If TPSI of helium does not
involve any relaxation of the residual ion before the second
photon is absorbed, these two-photon transitions are direct as
illustrated by processes 3 and 4 of Fig. 1. Note that these

processes cannot occur without electron correlation. Direct
TPSI corresponds to the first step of the second sequential
process. It should not be confused with the so-called above
threshold ionization �ATI� process in which the residual ion
is left in its ground state after the absorption by one electron
of more than the minimum number of photons needed for
single ionization �one photon in the present case� �process 2
in Fig. 1�. ATI does not require electron correlation. In the
present context ATI process is safely neglected because
single ionization of helium is by far, dominated by the one-
photon process. TPSI of helium may also occur sequentially:
after absorbing one photon, the residual ion He+ relaxes into
its ground state and is then excited into a np state following
the absorption of the second photon �process 1 in Fig. 1� In
that case, the process can be resonant at frequencies that
correspond to the 1s-np transitions of the core He+. For-
mally, sequential TPSI is part of the first sequential three-
photon double ionization of helium �process �6a��.

One of the drawbacks of all time-dependent approaches is
the impossibility of separating the direct and the sequential
processes. Because in the present case, sequential TPDI can
be resonant, it is expected to dominate the direct TPSI pro-
cess. As a result, it becomes impossible to accurately evalu-
ate the direct TPSI cross section within any time-dependent
approach. This point is illustrated in Fig. 2 where we show
the TPSI total and partial cross sections, calculated within
our time-dependent approach, as a function of the pulse du-
ration at a frequency corresponding to the first core reso-
nance �1s-2p transition of He+�. The fast increase of these
cross sections with the pulse duration is a clear indication
that the two-photon sequential process dominates. Note that
at very low field intensity and not too close to resonance, the
sequential TPSI probability varies quadratically with the
pulse duration. In these conditions, the notion of cross sec-
tion loses its meaning.

The estimation of the direct TPSI cross section has to be
based on the calculation of the probability amplitude with a
time-independent approach. The best candidate is probably
the lowest nonvanishing order of perturbation theory. Naka-
jima and Nikolopoulos computed the direct TPSI cross sec-
tion but only at a photon energy of 45 eV �14�. Later on,

FIG. 1. Energy diagram of He, He+, and He2+ and dominant
single ionization channels: �1� sequential two-photon single ioniza-
tion �TPSI�, �2� above threshold ionization �ATI�, �3 and 4� direct
TPSI.
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Feng and van der Hart �4� with their R-matrix Floquet ap-
proach and Shakeshaft �10� with a generalization of the flux
formula obtained results that are in good agreement over a
wide frequency range and also very close to an estimation of
Lambropoulos at the frequency of the present experiment
�15�. Quite unexpectedly, the results of Feng and van der
Hart and of Shakeshaft exhibit a very strong resonant behav-
ior around the 1s-np transition frequencies of He+. The in-
terpretation of these results remains unclear and in particular
the fact that the first of these core resonances �1s-2p� has a
very strong impact over a wide range of photon energies.
Upon this condition, we consider these data as an overesti-
mation of the actual direct TPSI cross section when analyz-
ing the raw experimental measurements.

In Fig. 3, we present our results for the TPDI cross sec-
tion. If we subtract the single ionization probabilities, evalu-
ated by means of the Jacobi-matrix method, from the total
ionization probability and use the adiabatic approximation to
extract the corresponding cross section, we obtain the upper
dot-dashed curve. On the other hand, if we project directly
the final wavepacket on a noncorrelated final state, namely, a
product of two Coulomb wave functions, we obtain the
lower full curve. The large difference between the two curves
already indicates that the final state correlation plays a cru-
cial role. In order to gain more insight, let us go back to our
Jacobi-matrix calculations and let us “switch off” the elec-
tron correlations in the single continuum wave function. By
means of the same subtraction procedure, we get, as ex-
pected, a TPDI cross section �squares� that coincides exactly
with the results obtained by projecting the final wavepacket
on a product of two Coulomb wave functions. Furthermore,
if, in our Jacobi-matrix calculation of the single continuum
wave function, we keep only the radial correlations, we ob-
tain a TPDI cross section �dashed curve with triangles�
which is very close to our fully correlated results. In other
words, it is the radial coupling between various ionization

channels that is responsible for the strong effect we observe
in the TPDI cross section. This conclusion is consistent with
the TPDI mechanism we proposed in a recent paper �12� in
which we show that the angular correlations force both elec-
trons to escape back-to-back along the polarization axis
while the dynamical screening �radial correlations� leads to
an equipartition of the electron energy.

III. THE EXPERIMENT

We have already reported in Refs. �1,16,17� on the pro-
duction of He2+ resulting from the interaction of He with the
intense 27th harmonic pulse of a femtosecond Ti:sapphire
laser. Our analysis for extracting the TPDI cross section from
experimental data was based on the estimation of the abso-
lute number of ions from the measured time-of-flight �TOF�
spectra of ions. The estimated TPDI cross section was in
relatively good agreement with all the theoretical predictions
within the uncertainty of the experimental conditions. We
can notably mention the efficiency of the ion detector, the
determination of the atomic density in the interaction region
with the laser. Furthermore, the intensity of the laser field
can be affected by fluctuations in pulse energy, pulse dura-
tion, and beam diameter at the focal point.

The present contribution concerns a new measurement but
with a similar setup. The main difference is the experimental
parameter that is used for the TPDI cross section estimation.
Previously it was based on the absolute number of He2+ ions
while here, the input data is the ratio of the number of He2+

ions �N2+� to that of He+ ions �N+�. The advantage is twofold.
First this ratio is independent of the atomic density, at least
when the single ionization yield does not saturate. Second, it
depends on the ratio of the detection efficiencies for He+ and
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He2+, respectively. This is much less sensitive than the de-
tection efficiency itself. In our experimental conditions we
assume that the detection efficiency ratio is equal to 1. This
is motivated by the two following observations. A first indi-
cation comes from the signal height distributions that are
plotted in Fig. 4. The distributions for He+ and He2+ look
very similar. They are approximated by Poisson distributions
with parameters equal to 2.6 and 2.3 for He+ and He2+, re-
spectively. The Poisson parameter is linked to the mean num-
ber of electrons created at the impact of an ion. This suggests
that the probability to generate no electron at the impact of
an ion is low for both ions. As such, the detection efficiencies
for He+ and He2+ are quite close. Secondly, we interpret the
traces of the TOF spectra in a counting mode instead of an
averaging mode. More precisely we count the number of
signals that exceed a given threshold. We repeat the counting
for He+ and He2+ and compute the ratio of the two counts. It
is worth noting that the two methods �signal averaging and
counting� give two estimations of the ion ratio that differ by
roughly 10% only. Practically we obtain the ion number ratio
by simply calculating the ratio of the amounts of electrical
signals in the TOF mass spectra without regarding the abso-
lute number of each ion.

The setup shown in Figs. 5 and 6 is similar to that used in
previous experiments �1,16,17�. Pump laser pulses are deliv-
ered by a chirped pulse amplification �CPA� system of a
Ti:sapphire laser with a repetition rate of 10 Hz. The mean
pulse energy is 20 mJ. The laser beam is focused using a
positive lens with a focal length of 5 m. A 10 cm gas cell is

filled with argon. The focal position of the fundamental laser
field and the gas pressure of the argon are adjusted as such to
maximize the harmonic production �18,19�. An harmonic-
separator mirror made of silicon replaces the silicon carbide
mirror that was used in our previous experiment in order to
reflect the harmonic beam into the TOF chamber for ion
spectroscopy.

The silicon harmonic-separator mirror �20� achieves a
higher extinction ratio of the harmonic beam to the funda-
mental laser beam. The lower damage threshold of this mir-
ror is compensated by placing the separator mirror farther
from the gas cell for high-order harmonic generation, thereby
increasing the beam diameters of both the fundamental laser
and the high-order harmonic beams. The reflectivity of the
harmonic-separator mirror for the linear p-polarized funda-
mental laser beam is estimated to be less than 10−4 due to the
nature of the Brewster incidence of the laser beam, while that
for the harmonic beam exceeds 40% in the wavelength range
from 26–40 nm �19,20�. The undesired edge of reflected har-
monic fields from the harmonic separator mirror is truncated
with an aperture. The diameter of the aperture is increased
from 3 to 5 mm to be adapted to the increased beam diam-
eter of the harmonic beam. The harmonic beam passes 5 mm
below the entrance hole of the acceleration plates for the ions
in the TOF chamber. The spherical concave mirror with a
multilayer SiC /Mg coating reflects almost only the 27th-
order harmonic beam with a reflectivity of 24% �1�. The
beam is focused with a focal length of 50 mm in front of the
entrance hole of the TOF spectrometer.

Its diameter is 1 mm. We have adopted this off-axis con-
figuration to prevent the microchannel plates �MCPs� from
detecting ions created from one-photon absorption of the un-
focused harmonic beam. Ion signals are sent to a digital os-
cilloscope with a bandwidth of 500 MHz �Lecroy, LT374L�
and recorded in a computer. The target helium gas is supplied
through a variable leak valve, instead of a pulsed gas valve.
So the helium statically fills the chamber resulting in an uni-
form pressure. This fixes the problem of the determination of
the atomic density in the interaction region observed in our
previous experiments �1,16,17�.

An important issue when determining the N2+ /N+ ratio is
the possible saturation of the He+ yield. The electrical signals
from a MCP may saturate when two or more ions simulta-
neously hit a channel in the MCP. We have checked the
linearity of the N+ signal �4He+ yield� by tuning the 4He
static pressure. In Fig. 7, the 4He+ signal area averaged over
1000 TOF mass spectra is plotted against the pressure. Note
that the pressure is the value read on the ion gauge. The
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calibrated pressure of 4He or 3He is obtained by dividing by
a factor �0.18�.

The pressure dependence of the signal is linear only for
low pressure. Above 2�10−6 Torr saturation is observed.
Nevertheless we are forced to operate at high pressure even
if saturation is not negligible because the double ionization

yield is very low. Saturation is corrected by extrapolating the
linear pressure dependence into the pressure range that ex-
hibits saturation �pressure�2�10−6 Torr�. The straight line
in Fig. 7 represents the single ionization yield corrected for
saturation.

We use the 3He isotope, instead of 4He, in order to elimi-
nate the H2

+ signal at m /z=2 that originates from water mol-
ecules contained as an impurity in the TOF chamber. The
TOF mass spectrum ranging from m /z=1 to 2 is shown in
Fig. 8. It is an average over 6000 traces. The 3He pressure is
maintained at �1.37�0.08��10−4 Torr during all the mea-
surements. From the measured spectrum at m /z=1.5, the sig-
nal areas corresponding to 3He2+ and 3He+ are evaluated to
be equal to 0.47 pV s and 10�0.6 nV s, respectively. This
latter value includes the saturation correction. From these
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figures, we conclude that the N2+ /N+ ratio is equal to
�4.7�0.3��10−5. It is worth noting that the ratio depends on
the focusing geometry �see Sec. IV�.

The pulse energy of the 27th-harmonic beam U is com-
puted by multiplying the pulse energy �320 nJ� at the exit of
the gas cell �18� by the reflectivity of each optical element
�0.45 �reflectivity of the silicon harmonicseparator mirror
�20�� �0.7 �throughput of the aperture �17�� �0.24 �reflec-
tivity of the concave mirror �16���. As such, the pulse energy
in the interaction region is estimated to be 24 nJ.

The full width at half maximum �FWHM� of the autocor-
relation trace of the 27th-harmonic pulse is measured to be
11 fs. So the pulse width � is estimated to be 10 fs �17�. We
come back to the exact definition of � in the next section.

The beam radius at e−2 of the maximum in the focal plane,
noted w0, is estimated to be 1.5 m or larger. The M2 of the
harmonic beam is 
1.4 �19,21�.

The peak intensity I0 is calculated from U / ���w0
2 /2�, to

be 6.8�1013 W /cm2. The estimated I0 is the upper limit of
the actual intensity applied to the experiment, because the
degradation of the optics and the deviation from the ideal
focusing condition always reduce I0. In fact, we have ob-
served that the reflectivity of the concave mirror decreases
with long time use. A reduction of the reflectivity of SiC /Mg
coating from 38 to 15 % has been reported in the past. Astig-
matism inevitably accompanies the off-axis configuration of
the concave mirror. It might result in an increase of 10% of
the beam diameter.

IV. INTERPRETATION

In the present experiment the laser peak intensity is as
high as 6.8�1013 W /cm2 but this is still in the perturbative
regime as Up /h��1.3�10−4�1, where Up is the pondero-
motive potential. In such a condition, all the transitions rel-
evant for double ionization are characterized by a transition
rate that is linearly or quadratically proportional to the inten-
sity depending on the number of photons involved. Such a
formalism is applicable in the present case even in the pres-
ence of the 1s-2p resonance of the He+ ion since the laser
bandwidth �FWHM=0.18 eV� is small with respect to the
gap between the photon energy and the resonance �1 eV�.
Moreover only the processes involving the minimum number
of photons have to be considered. Here we restrict the study
to the photon energy range between the TPDI threshold
�39.5 eV� and the one-photon ionization of He+�1s�
�54.4 eV�. So the dominant channels are the two-photon di-
rect double ionization and the three-photon sequential double
ionization. Two different sequential processes are considered
depending on the intermediate state, namely, the ground state
�Eq. �6a�� or an excited state of the ion �Eq. �6b��. The
He+�1s� ion can be created by absorption of a single photon
but two additional photons are necessary to reach the double
continuum. In contrast, two photons are necessary to leave
the He+ ion in an excited state but a single additional photon
is sufficient to produce He2+ ions. The different channels are
illustrated in Fig. 9. As stated, the rates for all the relevant
transitions can be expressed as

�dir
2+ = �dir

2+�I/h��2, �7a�

�seq1

+ = �seq1

+ �I/h�� , �7b�

�seq2n

+ = �seq2n

+ �I/h��2, �7c�

�seq1

2+ = �seq1

2+ �I/h��2, �7d�

�seq2n

2+ = �seq2n

2+ �I/h�� . �7e�

The time evolution of the populations is driven by the rate
equations �8�. The sum over the excited states of the He+ ion
states formally includes all the He+ states excepted the
ground state. The P0, Pseq1

+ , Pseq2n

+ are the populations of the

He ground state, the He+ ground state and the He+�n� excited
state, respectively. The populations of the double continuum
are labeled Pdir

2+, Pseq1

2+ and Pseq2

2+ according to the ionization
process: direct process, sequential process 1 �see process
�6a��, and sequential process 2 �see process �6b��, respec-
tively,

dP0

dt
= �− �dir

2+ − �seq1

+ − 
i

�seq2i

+ � � P0, �8a�

dPseq1

+

dt
= �seq1
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+ , �8b�
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+
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FIG. 9. Energy diagram of He, He+, and He2+ and dominant
double ionization channels: �1� TPDI, �2� three-photon sequential
process 6a, �3 and 4� three-photon sequential process 6b.
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dPseq2

2+

dt
= 

i

�seq2i

2+ � Pseq2i

+ . �8f�

The good agreement between cross sections characteriz-
ing the sequential channel via the He+�1s� state �see Tables I
and II� suggests that the theoretical values can be trusted
when estimating the corresponding ionization yields. Our
cross section of the two-photon ionization of He+�1s� is
slightly higher than that of Nikolopoulos et al. �22� but this
is without any consequence as we aim at estimating a lower
bound of the TPDI cross section. Our results are plotted in
Fig. 10. It is worth noting that the pulse duration in our
simulation of this sequential channel is very close to that of
the experiment in order to correctly describe the 1s-2p reso-
nance.

The description of sequential channel via the excited
states with the time-dependent model is problematic because
it requires a pulse duration as long as 100 cycles due to the
presence of the 1s-2p core resonance �see discussion in Sec.
II�. Unfortunately this is numerically untractable so far. In
these conditions we use cross sections estimated by a time-
independent model �25�. This should be an appropriate
model as the experimental parameters correspond reasonably
to an off-resonance condition. It is worth noting that the
possible small error introduced by using cross sections esti-
mated by a time-independent model leads to an overestima-
tion of the sequential ionization yield and so it will push the
lower bound of the TPDI cross section slightly down. The
TPSI cross sections of He are plotted in Fig. 11 for the re-
sidual He+ ion in the first excited states.

In a perturbative regime and when population depletion is
negligible, the double ionization yield from a particular se-
quential channel is directly proportional to the product of the
cross sections that characterize the one-photon step and the
two-photon step. These products of cross sections for the
sequential processes via the first states of He+ are plotted in
Fig. 12 for 41.8 and 44.9 eV photon energy, respectively.
These energies correspond to the 27th and 29th harmonics of
a Ti:sapphire laser, respectively. The following comments
can be drawn from Figs. 11 and 12. The single ionization-

excitation channels significantly affect the sequential pro-
cesses. As shown in Fig. 11, only the single ionization with
excitation into the 2p state of He+ plays a role in the context
of the present experiment. Above 46 eV the contribution of
the 3p states becomes more important because the photon
energy is closer to 1s-3p resonance of He+. As pointed out
by Nikolopoulos et al. �13� the most appropriate photon en-
ergy for a TPDI experiment is the one corresponding to the
29th harmonic as it would reduce the sequential ionization
yield by more than one order of magnitude. From Fig. 12, we
see that the contributions from the two sequential processes
are of the same order when using TPSI cross section calcu-
lated by the time-independent approach �4,25�.

By solving the set of differential equations, we accurately
describe the dynamics of the double ionization process in the
perturbative intensity range. For example, this approach in-
cludes competition between the direct process and the se-
quential channels, depletion of the initial state He�1s2� and
influence of the time profile of the laser pulse. Moreover by
averaging the ionization yield over the spatial laser intensity
distribution, we get the macroscopic ionization yields of the
different channels. Only these spatially and temporally aver-
aged yields can be compared with experimental results.

TABLE I. One-photon single ionization cross section of He at
41.8 eV.

Authors � �in 10−18 cm2�

Nikolopoulos et al. �22� 2.77

Samson et al. �23� 2.86

This work 2.92

TABLE II. Two-photon ionization cross section of at He+ at
41.8 eV.

Authors � �in 10−52 cm4 s�

Nikolopoulos et al. �22� 1.8

Chan et al. �24� 2.9

This work 2.74
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We assume Gaussian profiles for both temporal and spa-
tial shapes of the harmonic pulse, thus the intensity,
I�t ;x ,y ,z� is expressed as

I�t;x,y,z� = I0��t�S�x,y,z� , �9�

where we define ��t� and S�x ,y ,z� as

��t� � exp�− ��t/��2� , �10�

S�x,y,z� �
w0

2

w2�z�
exp�− 2

x2 + y2

w2�z� � , �11�

respectively. The time t is in the moving frame along the
propagation axis z and the pulse width � is determined such
that the temporal profile satisfies �dt��t�=�. The beam ra-
dius w�z� depends on z as

w�z� = w0
�1 + �z/b�2, �12�

where the confocal parameter b is obtained from w0, M2, and
the wavelength of the harmonic beam � with

b �
�w0

2

M2�
. �13�

Note that � is almost the same as the FWHM pulse width.

A. Analytic solution

When neglecting depletion the rate equations can be
solved analytically. Such a treatment allows us to emphasize
the importance of the spatial integration or of the volume
effect. This condition is well fulfilled in our experimental
conditions as the probability for one-photon single ionization
I0��+ / �h�� and the N2+ /N+ ratio, are both much smaller than
1. Within this approximation, the number of singly charged
ions of can be expressed as

N+ = n	
−	

	

dt	
V

d3r
�seq1

+

h�
I�t;x,y,z� , �14�

where n denotes the atomic density. The beam radius is much
smaller than the radius of the TOF hole �D /2�; thus, the
integration range for the transverse directions �x ,y� is rea-
sonably extended to �−	 ,	� and it is equal to �−D /2,D /2�
for z. Straightforwardly we can express N+ as

N+ = n
I0�

h�
�seq1

+ Veff
+ , �15�

where we define the effective volume for one-photon single
ionization as

Veff
+ �

�w0
2

2
D . �16�

The number of He2+ ions via the direct channel Ndir
2+ and the

sequential channels Nseq1

2+ and Nseq2

2+ , can be computed as

Ndir
2+ = n�dir

2+	
−	

	

dt	
V

d3r
I2�t;x,y,z�

�h��2 = n� I0�

h�
�2�dir

2+

�
Vdir

2+

�17�

and

Nseq1

2+ = n�seq1

+ �seq1

2+ 	
−	

	

dt1	
−	

	

dt2	
V

d3r
I�t1;x,y,z�

h�

���t2 − t1�
I2�t2;x,y,z�

�h��2 = n
I0�

h�
�seq1

+ � I0�

h�
�2�seq1

2+

�
Vseq

2+ ,

�18�

Nseq2

2+ = n
I0�

h�
�seq2

2+ � I0�

h�
�2�seq2

+

�
Vseq

2+ , �19�

respectively. The Heaviside function ��t2− t1� represents the
causality that doubly charged ions cannot be created before
singly charged ions in the sequential process. The effective
volumes for these ion yields Vdir

2+ and Vseq
2+ can be written as

Vdir
2+ =

�

2�2
tan−1� D

2b
�w0

2b �20�

and

Vseq
2+ =

�

12�2
�tan−1� D

2b
� +

D/�2b�
1 + �D/�2b��2�w0

2b , �21�

respectively. The total ion yield of He2+ is the sum of Ndir
2+,

Nseq1

2+ , and Nseq2

2+ . Thus, the ratio of the He2+ yield to the He+

yield can be expressed as
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FIG. 12. �Color online� Products of the cross sections of the
one-photon step and the two-photon step of the sequential pro-
cesses. The channel indexes refer to the intermediate state. It cor-
responds to the 1s (sequential process 1 �see Eq. �6a��), 2s, 2p0,
2p1, 3s, 3p0, 3p�1, 3d0, 3d�1, 3d�2, 4s, 4p0, 4p�1 (sequential
process 2 �see Eq. �6b��), respectively. The full and dashed curves
correspond to 41.8 eV and 44.9 photon energy, respectively.
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N2+

N+ =
�seq1

+

��seq1

+ �2��dir
2+�Vdir

2+

Veff
+ � + �seq1

+ ���seq1

2+ �Vseq
2+

Veff
+ �

+ �seq2

2+
�seq2

+

�seq1

+ �Vseq
2+

Veff
+ ��� , �22�

where �seq1

+ the one-photon single ionization rate of He

�seq1

+ �
I0

h�
�seq1

+ . �23�

The first term in the square brackets in Eq. �22� originates
from the TPDI process, whereas the second and the third
terms come from the sequential processes. Hence, the com-
petition of these two processes are determined not only by
the ratio of �dir

2+ to �seq
2+ , but also by the ratio of Vdir

2+ to Vseq
2+ .

By substituting the beam parameters described in Sec. III,
we get that �seq1

+ �Vseq1

2+ /Vdir
2+ is only 
0.06. So the sequential

channel will become the dominant process only if �seq1

2+ ex-
ceeds �dir

2+ by a factor larger than 0.06−1�17. Following the
theoretical predictions, the direct channel dominates the first
sequential channel as this condition is not fulfilled with any
of computed TPDI cross sections. A similar conclusion holds
for the second sequential channel.

B. Numerical estimation

Because it is not possible to experimentally disentangle
the contribution of the direct and sequential double ioniza-
tion yields, raw experimental data have to be interpreted by
means of a theoretical model. In other words, the estimation
of the TPDI cross section requires to estimate the contribu-
tions of the sequential channels. In the present work we solve
the rate equations �see Eqs. �8�� and average the computed
probability over the spatial laser profile. In practice we tune
the TPDI cross section in order to reproduce the experimen-
tal He2+ to He+ yield ratio. In order to get a lower bound of
the cross section we use the minimum estimated ion ratio
�4.4�10−5�. As it is very hard to accurately measure the

beam waist and the pulse energy, we repeat the TPDI cross
section estimation for a range of beam waists and pulse en-
ergies. The result is plotted in Fig. 13. It is estimated that the
laser beam cannot be smaller than 1.55 m and the pulse
energy does not exceed 24 nJ. The point in Fig. 13 corre-
sponds to this minimum beam size and this maximum pulse
energy. As such the corresponding cross section ��min
=0.59�10−52 cm4 s� has to be interpreted as a lower bound
of the TPDI cross section �TPDI�0.59�10−52 cm4 s, be-
cause a smaller beam or a larger energy would result in a
lower cross section. The comparison with theoretical predic-
tions is plotted in Fig. 14.

The present lower bound is close but higher than a bunch
of curves that correspond to cross sections computed with
different time-dependent and time-independent approaches.
There are actually five time-dependent approaches. The con-
vergent close coupling result of Ivanov et al. �6�, the close-
coupling approach of Hu et al. �5� in which the time propa-
gation is performed on a grid and the final wavepacket
projected, a few cycles after the end of the pulse, on a prod-
uct of two Coulomb functions. A similar method has been
used recently by Feist et al. �11�. The two other time-
dependent approaches are spectral methods that consist of
expanding the total wave packet on square integrable func-
tions: B-splines in the case of Laulan and Bachau �3� and
Coulomb Sturmians in our case. The corresponding curves in
Fig. 14 have been obtained by projecting the final wavepack-
ets on a product of two Coulomb functions. Note the perfect
agreement between Laulan’s results, Feist’s results for the
same pulse duration and ours. The three time-independent
approaches are the R-matrix Floquet method of Feng and van
der Hart �4�, the exterior complex scaling �ECF� method by
Horner et al. �8�, and the recent result of Shakeshaft �10�. As
clearly stated in Feng et al. and Shakeshaft papers it is not
clear whether their results have fully converged. Horner et
al. state that their calculations are essentially exact �8�. Here
we prefer to be more cautious. Let us stress that the strong
effect due to the final state correlation we observe is also
present in the calculations of Nikolopoulos et al. �9�. These
results are the two curves with the highest cross sections in
Fig. 14 �filled red circles and filled blue squares�. Further-
more although the compatibility of the experimental data
with the bunch of theoretical results requires experimental
parameters that look unlikely, the small deviation prevents to
draw definite conclusions about the different theoretical pre-
dictions in general and about the role of electron-electron
correlations in the output channel in particular.

At 41.8 eV the contribution of the sequential channels is
not negligible as illustrated in Fig. 15. It is reasonable to
assume that the cross sections of the first sequential channel
�see process �6a�� are well estimated. On the contrary, the
resonant behavior of the TPSI cross section computed in
Refs. �4,10� is not well understood. However, since it is the
result of the lowest order of perturbation theory, it is reason-
able to consider this data as an upper bound of the actual
cross section. Figure 15 demonstrates that this upper bound
results in an underestimation of the TPDI cross section that it
limited and does not exceed 25%.

An interesting contribution has been recently submitted
by Sorokin and collaborators �2�. They notably studied the
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direct two-photon double ionization of helium with 42.8 eV
photons. From the He2+ to He+ yield ratio they estimated the
TPDI cross section to be �1.6�0.6��10−52 cm4 s. It is
worth noting that the experimental estimation depends on the
spatial and temporal profiles chosen for the analysis of the
experimental data. More precisely the section would have to
be multiplied by a factor 2�2 if Gaussian spatial and tempo-
ral profiles would have been used in place of square profiles.

V. CONCLUSIONS

We have presented an experimental determination of a
lower bound of the two-photon double ionization cross sec-
tion of helium. The photons have an energy of 41.8 eV and
are produced as the 27th harmonic of an Ti:sapphire laser.
The ratio of the number of the double charged ions to the

number of single charged ions has been measured. The cross
section is extracted from the raw data by averaging the ion-
ization probability over the time and the spatial profiles of
the laser beam and by estimating the ionization yields of the
sequential channels. We have shown that at a photon energy
of 41.8 eV, the sequential processes contribute significantly
to the double ionization yield. By taking into account their
contributions and by carefully analyzing various experimen-
tal parameters, we have been able to derive a lower bound of
the TPDI cross section. However, its value does not allow
one to draw definite conclusions regarding the validity of the
different theoretical approaches, in general, and the impact of
the electron-electron correlation in the output channel in par-
ticular.
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Pointing stabilization of a high-repetition-rate high-power femtosecond
laser for intense few-cycle pulse generation
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We have developed a beam stabilization system for high-power femtosecond lasers operating at a
repetition rate of 1 kHz. The beam pointing at a hollow fiber input was stabilized to within 1 �m
rms and the fluctuations of the broadened spectra and power were significantly improved. This
technique enables us to increase the input power to a hollow fiber for intense few-cycle pulse
generation. © 2008 American Institute of Physics. �DOI: 10.1063/1.2842414�

Fluctuations of laser beam pointing are a serious prob-
lem that degrades the characteristics of lasers in practical
applications. For instance, beam pointing fluctuations induce
temporal variations in energy and pulse width in ultrashort
laser systems based on chirped pulse amplification. In hollow
fiber pulse compression for few-cycle pulse generation,1 it
sometimes causes damages to the fiber input face, in addition
to shot-to-shot variations of the nonlinear spectral broaden-
ing due to fluctuations of coupling efficiency between an
input beam and the fiber.

The main causes of these effects can be broadly classi-
fied into long-term and short-term fluctuations. The former
are slow variations ��1 s� due to the thermal expansion and
contraction of the optical elements, the optical benches, and
their support structures, which originate from temperature
changes in the environment, whereas the latter are fast varia-
tions �0.001–1 s� due to air turbulence and vibrations of the
optical elements and benches. Both effects can be eliminated
by using feedback stabilization with a photosensor to moni-
tor the beam position, a proportional-integral-derivative
�PID� controller, and an active mirror with electric actuators.
Although the combination of a charge coupled device camera
as a sensor and personal computer for data processing pro-
vides a simple manner of monitoring the beam position,2–4

the relatively slow system response time ��100 ms� makes it
difficult to observe short-term fluctuation due to air convec-
tion and mechanical vibration. On the other hand, two-
dimensional position-sensitive detectors �PSDs� are analog
devices that operate with a 10–100 �s response time so they
are fast enough to monitor short-term fluctuations.5–7 How-
ever, since the analog signal processing circuits for a PSD
are inactive during the time period between shots, a PSD-
based system cannot detect the beam position of pulse lasers.
Thus, the PSD can be applied to continuous-wave �cw� and
mode-locked lasers but not to pulsed lasers with repetition
rates of up to 10 kHz.

Recently, intense ultrashort pulse generation has been
widely investigated and beam pointing fluctuations are an
important area that needs to be solved to stabilize the gen-
eration of such pulse. A beam stabilization technique is par-

ticularly necessary for pulsed lasers with high repetition
rates. In the present paper, we describe the development of a
beam pointing stabilization system based on fast analog de-
vices that is available not only for cw lasers but also for
pulsed lasers. We demonstrate a beam locking technique for
a 1 kHz Ti:sapphire femtosecond laser which eliminates
beam fluctuations to within 1 �m rms. The technique is then
applied to the hollow fiber pulse compression in order to
stabilize the energy fluctuations and spectral variations for
intense few-cycle pulse generation.

The beam stabilization system that we have developed is
a feedback control system composed of a PSD, an analog
PID circuit, and a piezodriven mirror. The PSD monitors the
position of an incident beam on the sensor surface and the
signals are then sent into the PID circuit for feedback control
through the piezodriven mirror, which actuates the beam di-
rection control. In this work, we used a two-dimensional
PSD �Hamamatsu S1880� with a spatial resolution of 1.5 �m
and a response time of 30 �s, together with a signal process-
ing circuit �Hamamatsu C7563�. In order to detect pulsed
beams, the signal processing circuits were modified to hold
the peak value of the pulsed signal from the PSD sensor
since the sensor does not generate a signal during the shot-
to-shot time period. The timing was synchronized with laser
pulses using a digital pulse generator. A 2 in. diameter mirror
mount �Newport U200-A� was driven by piezoelectric actua-
tors �PI P-810.10�, which enabled us to control the beam
position with a maximum angle of 0.26 mrad at a response
time as fast as 1 ms.

Figure 1 shows the experimental setup. The output beam
from a Ti:sapphire laser chirped-pulse amplifier �5 mJ, 25 fs,
and 1 kHz� �Ref. 8� was loosely focused to PSD 2 using
f =4.5 m lens. Small fractions that are 3% of the beam were
split by a beam splitter �BS� before entering PSD 2 and were
sent to PSD 1 for feedback control, where the distance be-
tween the BS and PSD 1 was adjusted to be equal to that
between the BS and PSD 2 ��3 m�. The beams were attenu-
ated before entering PSD 1 and PSD 2 with neutral density
filters �NDFs�. PSD 2 monitored the beam fluctuations out-
side the feedback loop in order to evaluate the beam pointing
stabilization system. The temporal variations of the beam
position were recorded on personal computers �PCs� at a
sampling rate of 4.4 kS /s. Then, PSD 2 was replaced with a
pressure-gradient hollow fiber with a length of 2.2 m and a
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core diameter of 500 �m, where Ne was supplied from the
exit side of the fiber at a pressure of 1.4 atm.9 The spectrum
broadened by the self-phase modulation in the fiber was
monitored with a spectrometer �Ocean Optics USB4000� at
an integration time of 4 ms.

Figure 2 shows X-Y plots of the beam positions observed
over 10 s at PSD 1 �a� without and �b� with feedback control.
Without feedback control, the beam fluctuations were
�87 �m �30 �m rms� in the horizontal direction and
�110 �m �42 �m rms� in the vertical direction. These fluc-
tuations were stabilized by feedback control to within
�4.2 �m �1.0 �m rms� and �4.7 �m �1.1 �m rms� in the
horizontal and vertical directions, respectively. The corre-
sponding beam fluctuations monitored by PSD 2 outside the
feedback loop were increased by a factor of 1.5 in both di-
rections. This degradation was due to disturbances that oc-
curred in the long distance between the positions of the two
PSDs ��5 m�. Figure 3 shows the Allan standard deviation
of the beam fluctuations in the horizontal direction with and
without feedback control.10 The time constant of the feed-
back loop was set at approximately 10 ms �which was ten
times the pulse-to-pulse interval�. The frequency components
of up to 100 Hz corresponding to an integrated time of
10 ms were well suppressed by the feedback control. In par-
ticular, the slow components at around 1 s were decreased by
two orders of magnitude. The dashed curve shows the stabi-
lized beam monitored using PSD 2 outside the feedback
loop. For the same reasons as mentioned above, the out-of-
loop fluctuations were somewhat larger than the in-loop fluc-
tuations, particularly in the long-term components.

Thus, the beam fluctuation with feedback stabilization
was 1.5 �m rms, which is comparable to the accuracy of the
inner surface of our hollow fiber. This means that the power
throughput as well as the coupling of the input beam to the
fiber can be significantly improved and stabilized. Figure 4
shows the temporal variations of the spectra broadened by
the self-phase modulation �a� without and �b� with feedback
control and ��c� and �d�� the corresponding time-averaged
spectra. The spectra broadened by the self-phase modulation
was well stabilized with feedback control and, simulta-
neously, the corresponding output power fluctuation was im-
proved from 5.3% rms to 1.1% rms. Thus, the undesirable

fluctuations due to coupling losses that occur at the fiber
entrance were significantly improved by the beam stabiliza-
tion system, resulting in the stabilized output power and
spectrum. After the residual chirp in the output pulse was
compensated with a set of chirped mirrors �Femtolasers
BBCOMP�, the compressed pulse duration was measured

FIG. 1. Schematic of the experimental setup for beam stabilization. PC:
personal computer, PID: proportional-integral-derivative controller, BS:
beam splitter, PSD: position-sensitive detector, NDF: neutral density filter,
CM: chirped mirror. PSD 1 is used inside the feedback loop for stabilization,
while �a� PSD 2 is used for monitoring the beam stability outside the feed-
back loop. �b� The spectrum broadened by the self-phase modulation in the
fiber was monitored with a spectrometer. The compressed pulse duration
was measured with SPIDER after dispersion compensation with CM.

FIG. 2. X-Y plots of the beam position observed at PSD 1 �a� without and
�b� with feedback control.

FIG. 3. Allan standard deviation of the beam fluctuation with and without
feedback control monitored with PSD 1 inside the loop. The dashed curve
corresponds to the stabilized beam monitored with PSD 2 outside the feed-
back loop.
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with spectral phase interferometry for direct electric field re-
construction �SPIDER�. Consequently, the pulse duration as
short as 5.4 fs was obtained with an energy of 2.6 mJ.11

In conclusion, we have developed a fast beam stabiliza-
tion system for high-power femtosecond lasers operating at a
repetition rate of 1 kHz. Beam fluctuations as large as
�110 �m �40 �m rms� could be well stabilized to within
�4 �m �1 �m rms� with feedback control and the output
spectrum, after passing through a hollow fiber, was signifi-
cantly improved together with the output power. Based on
these results, we were capable of generating well-stabilized
intense few-cycle pulses without any problem such as dam-
age at the fiber input face. This technique is useful for stabi-
lizing the carrier-envelope phase after the hollow fiber pulse
compression as well as that recently demonstrated by power
locking system.12
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thank the members of the Advanced Development and Sup-
porting Center at RIKEN for manufacturing the apparatus.

1M. Nisoli, S. De Silvestri, and O. Svelto, Appl. Phys. Lett. 68, 2793
�1996�.

2F. Breitiling, R. S. Weigel, M. C. Downer, and T. Tajima, Rev. Sci.
Instrum. 72, 1339 �2001�.

3J. Seres, A. Muller, E. Seres, K. O’Keeffe, M. Lenner, R. F. Herog,
D. Kaplan, C. Spielmann, and F. Krausz, Opt. Lett. 28, 121 �2003�.

4A. Stalmashonak, N. Zhavoronkov, I. V. Hertel, S. Vetrov, and K. Schmid,
Appl. Opt. 45, 1271 �2006�.

5S. Ggrastrom, U. Harbarth, J. Kowalski, R. Neumann, and S. Noehte, Opt.
Commun. 65, 121 �1988�.

6C. W. Siders, E. W. Gaul, C. Downer, A. Banbine, and A. Stepanov, Rev.
Sci. Instrum. 65, 3140 �1994�.

7Newport, see �http://www.newport.com/OBP-Series-Laser-Beam-
Positioner/319793/1033/catalog.aspx�.

8Y. Oishi, A. Suda, F. Kannari, and K. Midorikawa, Rev. Sci. Instrum. 76,
093114 �2005�.

9A. Suda, M. Hatayama, K. Nagasaka, and K. Midorikawa, Appl. Phys.
Lett. 86, 111116 �2005�.

10D. W. Allan, Proc. IEEE 54, 221 �1966�.
11S. Bohman, A. Suda, M. Kaku, T. Kanai, S. Yamaguchi, and K.

Midorikawa, Conference on Lasers and Electro Optics 2007 �OSA, Wash-
ington, D.C., 2007�, Paper No. JThD138.

12H. Mashiko, C. M. Nakamura, C. Li, E. Moon, H. Wang, J. Tackett, and Z.
Chang, Appl. Phys. Lett. 90, 161114 �2007�.

FIG. 4. �Color online� Temporal varia-
tions of the spectra after passing
through the hollow fiber �a� without
and �b�with feedback control in a
false-color representation and ��c� and
�d�� the corresponding time-averaged
spectral profiles. The color is the same
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Debris characteristics and their reduction have been investigated for a laser-produced plasma
extreme ultraviolet source by using a colloidal jet target containing tin dioxide nanoparticles. The
amounts of deposited debris on a witness plate were determined by total laser energy irradiated onto
a target. In situ low-temperature �100 °C� heating of a plate was effective to reduce the amounts of
deposited debris, since colloidal debris was easily vaporized by the heat. © 2008 American Institute
of Physics. �DOI: 10.1063/1.2924302�

Extreme ultraviolet �EUV� emission is one of the most
promising light sources for the next generation lithography
in the semiconductor production with a half-pitch linewidth
of 32 nm or smaller. In EUV lithography, the wavelength of
EUV sources should be around 13.5 nm with a bandwidth of
2% because of the strong wavelength dependence of the re-
flectivity of presently available Mo /Si multilayer mirrors.1

EUV sources should also be clean and debris-free, in addi-
tion to having a high conversion efficiency and a high aver-
age power larger than 180 W at a high repetition rate.2

A laser-produced plasma �LPP� should be one of the
most possible EUV light sources. Liquid jet targets and drop-
let targets are mainly utilized for high repetition rate opera-
tion and low debris emissions.3 Laser-produced tin plasmas
have a significant potential for achieving a high conversion
efficiency at 13.5 nm.4,5 An efficient regenerative EUV
source has been demonstrated by using a tin-based aqueous
droplet target with a conversion efficiency of 1.2%.6 In ad-
dition, one of the highest conversion efficiencies �2.5%� was
achieved by using a liquid tin jet target.7 Our approach is to
use a low concentration �6 mass % � colloidal jet target con-
taining tin dioxide nanoparticles to minimize the debris
emission. We have also applied a double laser pulse irradia-
tion to control plasma characteristics. As a result, the EUV
conversion efficiency of 1.2% at 13.5 nm was achieved,8

which was almost equal to that of using a planar tin target.
By employing the double-pulse irradiation, the kinetic en-
ergy and intensity of emitted ionic debris were both
decreased.9 This observation was important to construct
practical EUV sources, since such low-energy ion debris
could be screened out by using a static electric- and/or
magnetic-field shielding.10 Debris characteristics other than
ionic ones, however, have not been intensively focused. Neu-
tral debris such as atoms, molecules, clusters, and droplets
should all be emitted from a target. Some could be deposited
on collector optics as debris. Electromagnetic methods may
not always be effective for such noncharged debris. Time-
integrated deposited debris characteristics should, therefore,

be investigated to construct realistic debris mitigation
system.

In this paper, we report on not only characteristics of
deposited debris of a LPP EUV source using a colloidal tin
dioxide jet target but also an effective technique for reduc-
tion of deposited debris. Dominant deposited debris was
found to have a form of oxidized tin �SnOx�. Deposited de-
bris was not suppressed by utilizing double-pulse laser irra-
diation, which was effective for ionic debris suppression.
The amounts of deposited debris were, thus, independent of
the laser irradiation modes, such as single-pulse laser or
double-pulse laser irradiation. We have found out that the
amounts of deposited debris were determined by the total
laser energy irradiated onto the target. In situ heating of a
witness plate at 100 °C, however, reduced the amounts of
deposited debris, indicating vaporization of colloidal debris
at a plate.

Figure 1 shows a schematic diagram of the experimental
setup. A colloidal tin dioxide jet target with a diameter of
75 �m was provided inside a vacuum chamber through a
nozzle with a diameter of 50 �m. Residual static pressure
inside the chamber was kept at less than 5 Pa during the
plasma production. A Q-switched Nd:YAG �yttrium alumi-
num garnet� laser at 1064 nm was used as a main pulse,
which produced an output energy of 500 mJ with a pulse
duration of 10 ns full width at half maximum at a repetition
rate of 10 Hz. In the double-pulse laser irradiation experi-

a�Electronic mail: kaku@opt.miyazaki-u.ac.jp. FIG. 1. �Color online� Schematic diagram of the experimental setup.
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ment, a second-harmonic pulse of another Q-switched
Nd:YAG laser was used as a prepulse. Two pulses with a
variable time delay were collinearly combined by using a
dichroic mirror and were focused onto a target with maxi-
mum laser intensities of main and prepulses of 2�1011 and
2�1010 W /cm2, respectively. In the double-pulse laser
irradiation, the time delay was set at 100 ns, which was the
optimum value to produce the highest EUV conversion
efficiency.9 The total energies of both irradiation modes were
adjusted to become approximately same values. Time-
integrated deposited debris was collected by using a silicon
witness plate placed at 45° with respect to the laser irradia-
tion axis at 15 cm from a target. The silicon plate was in situ
heated up to 300 °C. Deposited elements were determined
by surface analysis with x-ray photoelectron spectroscopy
�XPS�. A quantitative thickness of a layer of deposited debris
was evaluated by using a quartz crystal microbalance �QCM�
placed at the same position of the silicon plate.

Figure 2�a� shows a typical XPS spectrum of a silicon
witness plate before laser irradiation. The O 1s and O 2s
signals were originated from an oxidized layer of the silicon
surface. The C 1s signal was due to contamination on the
surface. The Si 2s and 2p peaks were due to the main mate-
rial of the plate, intensities of which were utilized to calibrate
those of other XPS peaks. An XPS spectrum of a silicon
plate exposed by a plasma generated by double-pulse laser
irradiation is shown in Fig. 2�b�. Two peaks at 486.2 and
494.5 eV appeared as the Sn 3d emissions. These values
were chemically shifted from pure Sn 3d values, indicating
the existence of oxidized tin �SnOx� as a deposited material.
The O 1s peaks for both irradiation modes are magnified in
the outset of Fig. 2. The spectral bandwidths of O 1s signals
were broadened from 1.45 to 2.45 eV after exposure. The
broadened spectral shape was well fitted with a combination
of the O 1s peaks originated from SiO2 and from just ap-
peared SnO2. This broadening also supported that the main
deposited material had the form of oxidized tin �SnOx�.

Figure 3�a� shows the XPS intensities of the Sn 3d sig-
nals of a silicon witness plate as a function of the number of

laser pulses. The Sn 3d intensities linearly increased with the
increase of the laser pulses, regardless of the irradiation
modes, which showed a contrast to the ionic debris that was
well suppressed by the double-pulse irradiation. Quantitative
thicknesses of deposited debris were measured by using a
QCM placed at the same position of a witness plate. As
shown in Fig. 3�b�, the thicknesses of deposited debris pro-
duced by single laser pulse irradiation linearly increased with
the same rate as those by double laser pulse irradiation, as
the number of laser pulses increased. The XPS results were
consistent to the QCM results shown in Fig. 3�b�. The results
indicate that the amount of deposited debris was not deter-
mined by plasma characteristics controlled by the double la-
ser pulse irradiation, but more simply by a vaporized amount
of the target determined by the irradiated laser energy.

According to Fig. 3�b�, the experimental deposition rate
was evaluated to be approximately 0.7 nm per 10 000 laser
pulses, corresponding to an energy-normalized deposition
rate of 1.4�10−4 nm /J, since the total energy of 5 000 J was
irradiated onto the target. The angular distributions of the
deposited debris were measured with multiple witness plates
placed at different angles with respect to the laser irradiation
axis. The Sn 3d intensities were used as the debris signals.
The angular distribution of the Sn 3d signals appeared to be
almost isotropic in terms of the target position for both laser
irradiation modes. This shows a contrast to the anisotropic
ion angular distribution.9 A deposition rate was calculated
based on atomic tin numbers contained within the laser-
irradiated target volume, which was assumed to have a cy-
lindrical shape determined by a length of 175 �m �focused
laser size� with a diameter of 75 �m. Debris emissions were
assumed to be isotropic in 4� directions based on the angular
distribution measurements. The calculated deposition rate
was 0.3 nm per 10 000 laser pulses. Although the evaluated
deposition rate was approximately a half of the measured
rate, it is natural to consider that the vaporized volume would
have been enhanced by approximately a factor of 2 by the
target heating.

Since the double-pulse irradiation did not help reduce
the amount of deposited debris, we applied an alternative
debris reduction method, in situ heating of a witness plate. A
part of the colloidal target made of water that transported tin
dioxide nanoparticles should be vaporized at the heated plate
surface. Figure 4�a� shows the Sn 3d spectral intensity of a Si
plate as a function of the number of laser pulses at different

FIG. 2. �Color online� Typical XPS spectra of a silicon witness plate before
�a� and after �b� laser irradiation. The outset represents magnified O 1s
spectra. In �b�, the plate was exposed by 20 000 double-pulse irradiations
with a delay of 100 ns.

FIG. 3. �Color online� XPS intensity of Sn 3d signals �a� and the thickness
of deposited debris �b� as a function of the number of laser pulses. Squares
and circles are by single-pulse and double-pulse irradiations, respectively.
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plate temperatures. Debris signals shown in Fig. 4 were mea-
sured with single laser pulse irradiation. Similar results were
observed with double-pulse laser irradiation. Tin signal in-
tensities decreased to approximately one-third by heating the
plate only at 100 °C. Further temperature increase did not
affect the tin debris reduction. Since a part of the debris
coming from the target should have a form of water colloid,
a heat energy at 100 °C was high enough to vaporize the
colloidal debris at the plate surface. Figure 4�b� represents
the O 1s integrated signal intensities as a function of the
number of laser pulses at different plate temperatures. The
signal integration was necessary for the O 1s signals, since
the change of the spectral shapes as well as intensities was
taken into account. Decrease of the O 1s integrated signals
was also observed by the plate heating. The signal value at
the zero pulse numbers corresponded to the O 1s signal in-
tensities from an oxidized layer of a silicon witness plate.
The O 1s signal decrease also supports the debris reduction
by heating. This low-temperature heating should not affect
any multilayer EUV optics placed near the target. Low-
temperature heating of a witness plate was, thus, a simple
and powerful method for the colloidal target to reduce the
amount of deposited debris. The combination of the in situ
heating and the use of a volume-regulated droplet target

should further reduce the debris amount, while keeping the
EUV conversion efficiency at moderate values

We have investigated not only the characteristics of de-
posited debris of a LPP EUV source using a colloidal jet
target containing tin dioxide nanoparticles but also an effec-
tive technique for the reduction of deposited debris. Domi-
nant deposited debris was found to have a form of oxidized
tin �SnOx�. Deposited debris on a witness plate was not sup-
pressed by utilizing double pulse laser irradiation, which was
effective for ionic debris suppression. In contrast, we have
found out that the amounts of deposited debris were deter-
mined by the total laser energy irradiated onto the target.
In situ heating of a witness plate at 100 °C reduced the
amounts of deposited debris, indicating vaporization of col-
loidal debris emitted from a target at a plate. This low-
temperature debris reduction should be effective for water
colloids and/or solutions containing tin atoms or molecules
and should be damage-free for EUV optics.

A part of this work was performed under the auspices of
MEXT �Ministry of Education, Culture, Science and
Technology, Japan� under contract subject “Leading project
for EUV lithography source development.” The authors
thank Y. Ueda and S. Touge for their experimental supports.
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Toru Morishita,1,2 Anh-Thu Le,1 Zhangjin Chen,1 and C. D. Lin1

1Department of Physics, Cardwell Hall, Kansas State University, Manhattan, Kansas 66506, USA
2Department of Applied Physics and Chemistry, University of Electro-Communications,

1-5-1 Chofu-ga-oka, Chofu-shi, Tokyo, 182-8585, Japan
and PRESTO, Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan

(Received 19 July 2007; published 8 January 2008)

By analyzing accurate theoretical results from solving the time-dependent Schrödinger equation of
atoms in few-cycle laser pulses, we established the general conclusion that laser-generated high-energy
electron momentum spectra and high-order harmonic spectra can be used to extract accurate differential
elastic scattering and photo-recombination cross sections of the target ion with free electrons, respectively.
Since both electron scattering and photoionization (the inverse of photo-recombination) are the conven-
tional means for interrogating the structure of atoms and molecules, this result implies that existing few-
cycle infrared lasers can be implemented for ultrafast imaging of transient molecules with temporal
resolution of a few femtoseconds.
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Electron diffraction and x-ray diffraction are the con-
ventional methods for imaging molecules to achieve spa-
tial resolution of better than sub-Angstroms, but they are
incapable of achieving temporal resolutions of femto- to
tens of femtoseconds, in order to follow chemical and
biological transformations. To image such transient events,
unique facilities like ultrafast electron diffraction method
[1] or large facilities such as x-ray free-electron lasers
(XFELs) are being developed. Instead of pursuing these
evolving technologies, here we provide the needed quanti-
tative analysis to show that existing few-cycle infrared
lasers may be implemented for ultrafast imaging of tran-
sient molecules.

When an atom is exposed to an infrared laser, the atom is
first tunnel ionized with the release of an electron. This
electron is placed in the oscillating electric field of the laser
and may be driven back to revisit its parent ion. This
reencounter incurs various elastic and inelastic electron-
ion collision phenomena where the structural information
of the target is embedded [2,3]. The possibility of using
such laser-induced returning electrons for self-imaging
molecules has been discussed frequently in the past.
Theoretical studies of laser-induced electron momentum
images of simple molecules do show interference maxima
and minima typical of diffraction images, but they are
observed only for large internuclear distances [4–8].
Furthermore, the role of laser fields on these diffraction
images has been shown to be quite complicated [5].
Recently, it was reported that the outermost molecular
orbital of the N2 molecule can be extracted from the
high-order harmonic generation (HHG) spectra using the
tomographic procedure [9]. This interesting result has
generated a lot of excitement, but the reported results are
obtained based on a number of assumptions [10–12]. To
make dynamic chemical imaging with infrared lasers as a
practical tool, general theoretical considerations, espe-

cially the validity of the extraction procedure, should be
examined carefully.

In this Letter, we show that elastic scattering cross
sections of the target ion by free electrons can be accu-
rately extracted from laser-induced photoelectron mo-
mentum spectra. We also show that accurate photo-
recombination cross sections of the target ion can be
extracted from the HHG spectra. Our conclusions are
based on accurate theoretical results by solving the time-
dependent Schrödinger equations (TDSE) of atoms in in-
tense laser fields. While these conclusions are derived from
atomic targets, the same conclusions are expected to apply
to molecular targets as well (where accurate TDSE calcu-
lations are very difficult). For molecules, these results have
far-reaching implications. Both elastic scattering and pho-
toionization are the standard tools for studying the struc-
ture of atoms and molecules in conventional energy
domain measurements; thus, high-energy photoelectrons
and high harmonics generated by infrared lasers offer the
promise for revealing the structure of the target, with the
added advantage of temporal resolution down to a few
femtoseconds offered by few-cycle pulses.

Consider a typical few-cycle laser pulse, with mean
wavelength of 800 nm and peak intensity of
1014 W=cm2. The electric field F�t� � �@A�t�=@t and
the vector potential A�t� of such a laser pulse are depicted
in Fig. 1(a). By placing a hydrogen atom in such a laser
pulse, we solved the TDSE to obtain the photoelectron
energy and momentum distributions, shown in Figs. 1(b)
and 1(c), respectively. Figure 1(d) shows the electron
momentum image of Ar in the same laser pulse. The
theoretical method for solving the TDSE has been de-
scribed previously [13,14].

In Fig. 1(b), two particular energies, 2Up and 10Up, are
marked, where Up � A2

0=4 is the ponderomotive energy,
with A0 being the peak value of the vector potential of the
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laser pulse. (We use atomic units in this Letter.) According
to the classical estimate, the electron can reach up to 2Up if
it is released by the laser field alone. It can reach up to
10Up if the returning electron is back scattered by the
parent ion [15,16]. To display the full electron momentum
image surface in a single plot, in Figs. 1(c) and 1(d), we
normalized electron momentum distributions such that the
total ionization yield at each electron energy is the same.
We have chosen the horizontal axis to be along the direc-
tion of the laser’s polarization and the vertical axis along
any direction perpendicular to it (due to cylindrical sym-
metry of the linearly polarized light).

For this Letter, we only focus on the two outermost half
circular rings, one on the ‘‘left’’ and another on the ‘‘right,’’
of Fig. 1(c). Note that the center of each circle is shifted
from the origin. We will call these circular rings back
rescattered ridges (BRR), representing electrons that have
been rescattered into the backward directions by the target
ion. The BRR on the ‘‘right’’ is from electrons born at time
near ‘‘a’’ [Fig. 1(a)], travelling to the right and then
returning to the target ion at time near ‘‘b,’’ where they
are rescattered back to the right. Each momentum half
circle is represented approximately by Arp̂z � p0p̂r, where
the second term is the momentum of the backscattered
electron and the first term is the momentum added to the
electron as it propagates from ‘‘b’’ to the end of the laser
pulse. The magnitude of the momentum p0 is related to the
ponderomotive energy by 3:17 �Up � p2

0=2 (where �Up �

A2
r=4, and Ar is the vector potential at ‘‘b’’ ), which is the

maximum energy of electrons that return to revisit the
parent ion. For back scattered electrons, the two momen-

tum terms add to give high-energy photoelectrons, reach-
ing a maximum of 10Up for electrons that have been
scattered by 180� [16]. If the electrons are scattered into
the forward direction, the two momentum terms subtract
from each other, resulting in lower energy electrons.
Similar BRR electrons are found on the left. These are
from electrons that were born near ‘‘a0’’ and were rescat-
tered back to the left near ‘‘b0’’ [Fig. 1(a)]. Both the shift of
the center and the radius are smaller due to rescattering
occurring near ‘‘b0’’ where the vector potential is smaller.

In Figs. 1(c) and 1(d), we note that the positions of the
BRR are very close to each other, but the yields on the BRR
for H and Ar are quite different, where the former is
monotonic while the latter has a clear minimum. Taking
the actually calculated photoelectron yields (without the
normalization as shown in the figure), we compare the
angular dependence of the intensities along BRR with the
elastic differential cross sections of the target ion by free
electrons at energy E � p2

0=2. The results are shown in
Fig. 2(a) for H target and 2(b) for Ar, where the scattering
angles are measured from the direction of the ‘‘incident’’
electron beam. Good agreement between the two results
for each target atom can be seen. Such good agreement has
been duplicated at different laser intensities and other
atomic systems [see Ne and Xe in Figs. 2(c) and 2(d),
respectively.]. Note that differential cross sections at
smaller scattering angles are not used in the analysis since
they are ‘‘contaminated’’ by rescattering into the forward
directions from the other side (i.e., rescattering at ‘‘b0’’
[Fig. 1(a)]). These comparisons illustrate that laser-
induced momentum images on the BRR can be used to
obtain elastic scattering cross sections of free electrons by
the target ion. For atomic hydrogen, the elastic scattering
cross section is given by the Rutherford formula. For other
atomic ions, partial wave phase shifts are calculated to
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FIG. 2 (color online). Angular distributions of photoelectrons
along the BRR compared to the differential elastic scattering
cross sections of the target ion. Each BRR is taken to be the outer
half circle on the right side of Figs. 1(c) and 1(d), respectively.
(a) for H target, (b) for Ar, (c) for Ne, (d) for Xe.
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FIG. 1 (color online). (a) Schematic of the electric field (E)
and the vector potential (A) of a typical few-cycle pulse.
(b) Electron energy spectra of atomic hydrogen ionized by a
5 fs (FWHM) laser pulse, with mean wavelength of 800 nm and
peak intensity at 1014 W=cm2. (c) Normalized 2D photoelectron
momentum spectra of atomic hydrogen. The images are renor-
malized for each photoelectron energy to reveal the global
angular distributions. (d) Momentum images of Ar in the same
pulse.
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obtain the differential cross sections. The minima are due
to diffraction of electrons by the core potential and have
been observed in electron-ion collision experiments [17].
We comment that these high-energy photoelectron mo-
mentum spectra have been experimentally observed earlier
[15], but there has been no quantitative analysis.

According to the intuitive rescattering model, photo-
electron yields along the BRR may be attributed to back
scattering of the returning electron wave packet. To test
this idea, we write the photoelectron momentum yields
I�p� along the BRR by I�p� � ��p0; ��F�p0; ��, with p �
Arp̂z � p0p̂r, where ��p0; �� is the elastic differential
cross section for each ion by a free electron with energy
E � p2

0=2, and � is the scattering angle of the free electron.
In Fig. 3(a), we show the extracted F�p0; �� from H at

two different angles. They are essentially identical such
that we may identify F�p0� � F�p0; �� as the wave packet
of the returning electrons with momentum near p0. Note
that the wave packet extracted from Ar target, as shown in
Fig. 3(b), is essentially identical to Fig. 3(a) except for a
small shift of the center from p0 � 1:22 to 1.25. The width
of the wave packet is found to be independent of the target.
In Fig. 3(c), we show that F�p0� � F�p0; �� indeed holds
well for electrons that have been back scattered for angles
larger than about 130�. Note that a separate electron wave
packet can be retrieved from the photoelectron momentum
spectra measured on the ‘‘left.’’ The wave packet analyzed
above is for a 5 fs (FWHM) pulse with the carrier-envelope
phase (CEP) � � 0. The returning electron wave packet
depends on the CEP. For long pulses, electron yields on
each BRR will exhibit oscillations characteristic of ATI
peaks, but elastic scattering cross sections by free electrons
can still be extracted from the smooth envelope of the
momentum images [18].

The above results, based on the exact solution of TDSE,
clearly established that electron yields on the BRR can be
viewed as the backscattering of the returning electron wave
packet. According to the three-step model, HHG is due to
photo-recombination of the same returning electrons.
Since the returning electron wave packets have been shown
to be largely independent of target atoms (except for a
normalization) for the same laser pulse, the difference in
the HHG spectra can be attributed to the recombination
cross sections. To check this idea, we compare HHG from
Ne with a companion atom that has the same ionization
potential such that the cutoff energies will be identical. The
latter was chosen to be a model hydrogen atom with the
effective charge chosen such that its 1s binding energy is
the same as the 2p binding energy of Ne. By solving the
TDSE, we obtain the HHG spectra, respectively, for the
two atoms in a 5.2 fs laser pulse, with mean wavelength of
1064 nm and peak intensity of 2� 1014 W=cm2. The
longer wavelength was used in order to span a larger
photon energy range in the generated harmonics. From
the calculated HHG yield, we divide each by the calculated
photo-recombination cross section (PRCS) of each atom.
In Fig. 4(a), we compare the resulting ‘‘electron wave
packets’’ (normalized) vs the HHG order. Clearly, the
two electron wave packets are very close to each other,
showing that differences in the HHG spectra between the
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identical for scattering angles of 160� and 180�, extracted from
(a) H target, (b) Ar target, using the same ionizing laser. (c) The
extracted electron wave packet from H target is the same over the
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FIG. 4 (color online). (a) Comparison of the ‘‘electron wave
packets’’ extracted from the HHG spectra of Ne and scaled H
generated by a 5.2 fs laser pulse with peak intensity of 2�
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photo-recombination cross sections from the HHG, of Ar (b),
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calculated photo-recombination cross sections by free electrons.
(I0 � 1014 W=cm2.)
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two targets are due to the different PRCS. We comment
that dipole matrix elements in the PRCS are calculated
using accurate continuum states with outgoing wave
boundary conditions. Both the ground and continuum
wave functions are solved from the same model potential,
and the kinetic energy of the electron is related to the
photon energy by @! � k2=2� Ip. For one-electron
atoms, such cross sections can be easily calculated [19].

The good agreement in the deduced ‘‘electron wave
packet’’ in Fig. 4(a) prompts us to ask whether one can
obtain accurate PRCS from the HHG spectra of an un-
known target by comparing it with the HHG spectra from a
known atom with identical or nearly identical ionization
potential. For this purpose, we generated HHG spectra for
Ar and scaled H atoms, with the charge of H chosen to have
identical ionization potential as Ar. Different laser inten-
sities and wavelengths were used to generate HHG from
which the PRCS of Ar are derived. If the procedure is valid,
the extracted PRCS should be independent of the lasers
used, except for the range of photon energies covered. In
Fig. 4(b), we compare the extracted cross sections from the
HHG generated by various laser pulses with the accurate
PRCS directly calculated for Ar. One can see that the
deduced values scatter nicely around the calculated one.
The fluctuation of the extracted cross sections can be
reduced if the HHG intensity is taken from the averaged
HHG amplitudes with nearby laser intensities. Thus, the
smooth black line is obtained from averaging over 11
intensities within �5% of the mean intensity of 2�
1014 W=cm2. This coherent averaging sharpens the odd
harmonics and reduces the harmonic yields in between,
similar to the effect of propagation of HHG in the medium.
Note that in calculating PRCS, we include dipole transi-
tions from 3p to both s and d continuum states. The
minimum in the cross section occurs near the Cooper
minimum where the d-wave electric dipole moment
changes sign. From Fig. 4(b), we can say that accurate
PRCS indeed can be extracted from the HHG yields.
Similar test showing good agreement has been made also
on Ne and Xe atoms [Figs. 4(c) and 4(d)], again using
scaled hydrogen as the companion atoms.

In this Letter, we have identified the spectral region
where the nonlinear laser-atom interaction can be simpli-
fied to extract the linear interaction between a returning
electron wave packet with the atomic ion. Even though the
results were presented only for atomic targets, we expect
the same simplifications hold for molecular targets. For

molecules, this opens up the exciting possibility of using
infrared lasers for ultrafast imaging of molecules that are
undergoing structural transformation. Both elastic electron
scattering and photoionization (the inverse of photo-
recombination) are the well-tested means for probing the
structure of molecules, and from such data, structural
information can be deduced. In conclusion, we have estab-
lished the theoretical foundation for carrying out structural
analysis of molecules with infrared lasers. If this road map
is implemented experimentally, table-top infrared lasers
would offer a very competitive new technology for ultra-
fast time-resolved chemical imaging, with temporal reso-
lution down to a few femtoseconds.
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We have measured two-dimensional photoelectron momentum spectra of Ne, Ar, and Xe generated by
800-nm, 100-fs laser pulses and succeeded in identifying the spectral ridge region (back-rescattered
ridges) which marks the location of the returning electrons that have been backscattered at their maximum
kinetic energies. We demonstrate that the structural information, in particular the differential elastic
scattering cross sections of the target ion by free electrons, can be accurately extracted from the intensity
distributions of photoelectrons on the ridges, thus effecting a first step toward laser-induced self-imaging
of the target, with unprecedented spatial and temporal resolutions.

DOI: 10.1103/PhysRevLett.100.143001 PACS numbers: 32.80.�t, 32.80.Rm, 33.20.Xx

In recent years, the interaction of atoms and molecules
with intense laser fields continues to receive wide interest
with the discovery of many new exciting phenomena (see,
for example, [1] and references therein). When an atom or
a molecule is exposed to an optical field whose magnitude
matches the intra-atomic and intramolecular Coulombic
fields, the atom or the molecule is first tunnel ionized,
releasing an electron. This electron is placed in the oscil-
lating electric field of the laser and may be driven back to
its parent ion. This re-encounter may incur various elastic
and inelastic electron-ion collision phenomena. These ele-
mentary processes form the core of the rescattering theory
[2,3] and initiate many interesting laser-induced phe-
nomena. Among them, the first exciting one may be the
generation of attosecond pulses and the subsequent emer-
gence of ‘‘attosecond science’’ [4–6]. The second exciting
one, which has been widely discussed (see [7,8] and refer-
ences therein) but not yet been implemented, is the possi-
bility of using the returning electron for self-imaging the
target, as it may collide with the target ion.

When a laser-induced photoelectron is driven back to
recollide with the target ion, structural information of the
target can be extracted from the recombination of the
electron and ion. In a recent paper, Itatani et al. reported
that the outermost molecular orbital of the N2 molecule can
be extracted from the high-order harmonic generation
spectra using the tomographic procedure [9]. This inspiring
idea, together with an exploratory experimental result, has
generated a wave of excitement. However, their extracted
orbital wave function, even though impressive, relies on a
number of unchecked assumptions [10–12]. To make their
idea as a practical tool for retrieving structural information
it still awaits a careful theoretical investigation of the
underlying assumptions.

Along this direction, it has been shown recently by
Morishita et al. [13,14] that differential elastic scattering

cross sections of the target ion by free electrons can be
accurately extracted from laser-induced photoelectron mo-
mentum spectra, a method dubbed the ‘‘light-induced elec-
tron microscope.’’ Their conclusion was drawn from
accurate numerical results by solving the time-dependent
Schrödinger equation of atoms in intense laser fields. Since
differential elastic scattering cross sections by free elec-
trons are the conventional methods for investigating the
structure of atoms and molecules, the light-induced elec-
tron microscope offers the possibility of determining their
structure using lasers, with the added benefit of achieving
femto- to subfemtosecond temporal resolutions offered by
the short laser pulses.

In the present Letter, we present the first experimental
demonstration of the prediction of Morishita et al. Namely,
we measured the angular distributions of laser-induced
backscattered photoelectrons of Ne, Ar, and Xe atoms,
using laser pulses at wavelength of 800 nm and pulse width
of 100 fs, and extracted the elastic differential scattering
cross sections of the target ions Ne�, Ar�, and Xe� by free
electrons, by applying the recipe of Morishita et al.. We
illustrated that the elastic scattering cross sections of these
target ions can indeed be extracted from the angular dis-
tributions of the measured photoelectrons. While the
present conclusion is derived from atomic targets with
100-fs laser pulses, the procedure is expected to apply to
molecular targets exposed to few-cycle pulses as well.

Let us describe the experimental method first. In our
experiments, we detected electrons using a 264-mm-long
linear time-of-flight (TOF) spectrometer with a limited
detection angle (�0:0014� 4� sr). The fundamental out-
put (800 nm) from an amplified Ti:Sapphire laser system
(pulse width of 100 fs, repetition rate of 1 kHz) was used as
the ionizing radiation. The 2–3 mm diameter laser beam
was focused by an f � 60 mm lens to a field free location
between two grounded electrodes comprising graphite-
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coated Al with 80% transmission Cu mesh. Ar, Kr or Xe
gas was effusively introduced: a typical working pressure
is in the range of �3–7� � 10�6 mb, whereas the base
pressure is less than 10�10 mb.

To perform the angular distribution measurement of the
photoelectrons, the polarization direction of the laser was
varied using a �=2 plate. This plate was rotated with a
constant speed of exactly one rotation per minute and thus
the laser polarization makes one full turn in every 30 s. The
total data acquisition time was typically 2–4 hours, aver-
aging over several hundred rotations of the electric vector.
No synchronization of the rotation and the laser pulses was
used. Instead we recorded a marker signal for the position
of the �=2 plate as a function of the laser shots. From this
signal the laser polarization direction for each laser shot
was derived. Only electrons ejected in the direction of the
TOF spectrometer were detected by tandem microchannel
plates.

To obtain the peak laser intensity at the ionization point,
we measured the ratio of Xe2� to Xe� as a function of the
incident laser power and, using the results of Talebpour
et al. [15] as reference data, we established the relation
between the peak laser intensity and the reading of the laser
power measured by the power meter in the nonsaturation
regime well below 1014 W=cm2. The peak laser intensity
cited in this paper is based on the linear extrapolation of
this intensity scale. Our measurements presented below are
recorded at �3:5, �2:3, and �1:5� 1014 W=cm2 for Ne,
Ar, and Xe, respectively, in this scale. We note that these
intensities are already in the saturation regime, and the
contributions to the experimental ionization spectra come
from the wide range of laser intensities lower than these
values due to the volume focusing effect [16].

The electron energy calibration was made with reference
to the multiphoton ionization of Xe atoms in the kinetic
energy region of less than 10 eV. Comparing the time
origin of the TOF spectrometer from this calibration with
the measured one, we estimated that the error of the energy
scale in our data is <5%. The efficacy of our high resolu-
tion electron spectroscopy technique to study strong field
molecular dynamics has been recently demonstrated [17–
19]. Further details of the experimental setup and proce-
dure are given elsewhere [20,21].

Figure 1 depicts the typical electron spectra measured
with Xe at laser intensity 1:5� 1014 W=cm2, at angles 0�,
30�, 60�, and 90�, relative to the polarization vector. In the
figure, two particular energies, 2U�eff�

p and 10U�eff�
p , are

marked, where U�eff�
p is the effective ponderomotive poten-

tial determined by the cutoff of the experimental spectra.
According to the classical estimate, an electron can reach
up to 2U�eff�

p if it is released by the laser field alone. It can
reach up to 10U�eff�

p if it returns and is then further back-
scattered by the parent ion [22,23]. From the electron
spectra in Fig. 1, it is clear that rescattering contribution
becomes less for larger angles. Characteristic angular dis-
tributions of high-energy photoelectrons have been ob-

served for Kr and Xe [22] and analyzed using different
theoretical approaches [23–25]. However, direct connec-
tion between laser-induced photoelectron angular distribu-
tions of neutral atoms with the elastic backscattering of
target atomic ions by free electrons was first established
quantitatively by Morishita et al. [13,14].

To identify the contribution from high-energy rescat-
tered electrons, we plot in Fig. 2 two-dimensional (2D)
momentum distributions for high-energy electrons from
Ne, Ar, and Xe, at the laser intensities of 3.5, 2.3, and 1:5�
1014 W=cm2, respectively. We have chosen the horizontal
axis to be along the direction of the light polarization and
the vertical axis along any direction perpendicular to it
(due to cylindrical symmetry of the linearly polarized light;
see, e.g., Maharjan et al. [26]). In Fig. 2 the photoelectron
distributions for Ne, Ar, and Xe are quite different, par-
ticularly along the half-circular ridges marked with dashed
lines; see Fig. 2.

To understand these circular ridges, some theoretical
remarks are in order. They represent the electron that has
been rescattered into the backward directions by the parent
ion. Thus they are called ‘‘back-rescattered ridges’’ (BRR)
electrons [13,14]. The BRR on the right (left) is from the
electron that travels away to the right (left) initially, returns
to the ion, and then is rescattered back to the right (left).
The position of the BRR in the 2D momentum space can be
expressed as

 p � 	Arp̂z � pp̂r; (1)

where the first term is the momentum gain as the electron
propagates from the time of the backscattering to the end of

2Up

10Up

FIG. 1 (color online). Laser-induced photoelectron spectrum
for Xe, at laser intensity 1:5� 1014 W=cm2 at angles 0�, 30�,
60�, and 90�, relative to the polarization vector.
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the laser pulse. Here, Ar is the vector potential whose
magnitude is related to the effective ponderomotive energy
by U�eff�

p � A2
r=4. (Atomic units are used such that the

vector potential has the units of electron momentum.)
The second term represents the backscattering of the elec-
tron into direction p̂r. The magnitude of the momentum p
is related to the effective ponderomotive energy by
3:17U�eff�

p � p2=2. Thus we have p � 1:26Ar. Note that
this association of Ar and p also identifies the location of
the effective center of the circular ring as a function of the
field strength. The decomposition into parallel and perpen-

dicular photoelectron momenta gives

 pk � 
Ar � p cos�r; p? � p sin�r; (2)

where �r is the backscattering angle, ranging from 90� to
180�.

In Fig. 3, we replot the photoelectron yields along BRR
as a function of the backscattering angle �r. Here we plot
the photoelectron yields within the bins of p �
1:7
 0:05 a:u:, 1:3
 0:05 a:u:, and 1:1
 0:05 a:u: for
Ne, Ar, and Xe, respectively. These values of p correspond
to the effective kinetic energy 3:17U�eff�

p of the returning
electrons 39, 23, and 16.5 eV for Ne, Ar, and Xe, respec-
tively. We comment that these electrons have much lower
energies in comparison to the tens to hundreds of keV
electrons used for electron diffraction.
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FIG. 3 (color online). Angular distributions of photoelectrons
along the BRR compared to the differential elastic scattering
cross sections of the target ion: (a) for Ne, (b) for Ar, and (c) for
Xe.
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FIG. 2 (color online). 2D photoelectron momentum spectra:
(a) for Ne at the laser intensity 3:5� 1014 W=cm2, (b) for Ar at
the laser intensity 2:3� 1014 W=cm2, (c) for Xe at the laser
intensity 1:5� 1014 W=cm2. The images are plotted in logarith-
mic scale. The experimental ridge is shown in a dashed circle for
each target atom.
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Comparing the extracted photoelectron momentum
spectra with the calculated differential elastic cross sec-
tions of the target ion by a free electron at energy E �
p2=2, we found very reasonable agreement between the
two results for each target atom. In particular, a very clear
minimum in the differential cross section can be seen in Ar
and Xe, while the monotonous decrease in the cross sec-
tions as the angle decreases, with a possible additional
minimum at about 110�, can be seen for Ne. In calculating
elastic scattering cross sections, we used a model potential
to approximate the interaction between the active electron
with the ion core [16]. We use the form of the effective
charge of the potentials in Ref. [27], Zeff�r� � �1�
a1e�a2r � a3re�a4r � a5e�a6r. The actual numbers of pa-
rameter sets faig are listed in Ref. [27] for Ne and Ar, and
a1 � 51:356, a2 � 2:112, a3 � �99:927, a4 � 3:737,
a5 � 1:644, and a6 � 0:431 are used for Xe. These com-
parisons illustrate that laser-induced momentum images on
the BRR can be used to obtain elastic scattering cross
sections of a free electron by the target ion. The minima
can be interpreted as due to the interference between the
scattering amplitudes corresponding to Coulombic poten-
tial and the remaining short-range potential as demonstrat-
ing the use of the screened Coulomb potential to describe
the electron-ion interaction [28]. Alternatively, one can
view it as evidence of diffraction of electrons scattered
by the potential.

Careful inspection reveals some discrepancies between
the theoretical curve and the experimental points for each
target (Fig. 3). These differences mainly stem from the fact
that the BRR cross sections at smaller scattering angles are
‘‘contaminated’’ by rescattering into the forward directions
from the other half cycle; see Ref. [13]. For scattering
angles around 180�, the discrepancy may possibly arise
from the many-electron effect on the elastic scattering
cross sections which has not been treated in the single-
electron model. In the future, additional differential cross
sections will be obtained experimentally by using different
laser intensities and/or different wavelengths. From several
sets of such data, the structure can be retrieved by finding
the parameters in the model potential that best fit the
experimental differential cross sections.

In summary, we have demonstrated that the angular
anisotropy of the electron emission along the BRR directly
reflects differential elastic cross sections of the target ion
by a free electron. This conclusion has far-reaching impli-
cations since electron scattering is a powerful tool for
determining the structure of molecules in the traditional
energy-domain measurements. For molecules, a multicen-
ter model potential is quite adequate to describe the elastic
scattering by the electrons. Such a potential also has infor-
mation on the positions of all the atomic centers. This
implies that infrared lasers can be employed to probe the
structure of molecules. For few-cycle infrared lasers, the
rescattering of the electrons with the parent ions occurs

within the order of 1 femtosecond and with attosecond
temporal resolution [29]. Thus few-cycle infrared lasers
can handily achieve subfemtosecond temporal resolution,
and they may serve as efficient ultrafast cameras for imag-
ing physical, chemical, and biological systems where the
system is undergoing rapid structural change.
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We have measured full momentum images of electrons rescattered from Xe, Kr, and Ar following the
liberation of the electrons from these atoms by short, intense laser pulses. At high momenta the spectra
show angular structure (diffraction) which is very target dependent and in good agreement with calculated
differential cross sections for the scattering of free electrons from the corresponding ionic cores.

DOI: 10.1103/PhysRevLett.100.143002 PACS numbers: 32.80.Rm, 32.80.Wr, 34.50.�s

When a short, intense laser pulse is applied to an atom
one (or more) electron(s) can be removed. The electron
does not leave the vicinity of the parent ion but is driven
back to the ionic core by the laser where it may then
undergo a variety of ‘‘rescattering’’ processes, including
high harmonic generation [1], inelastic excitation and ion-
ization of the core [2,3], and elastic scattering (diffraction)
[4–6]. Because the effective current density of the return-
ing electrons [3] is much higher than that which could be
realized by sending free electrons onto the ions in the
laboratory, many efforts are underway to bring under con-
trol the use of the returning electron flux to image the
parent atom or molecule, ultimately in a time-resolved
manner. A central question to this effort is: to what extent
can the properties of the returning wave packet be sepa-
rated from the characteristics of the differential scattering?
Observing the latter is the major goal in the quest for
imaging. Morishita et al. [7] have recently calculated that
the clean separation of the characteristics of the returning
wave packet and those of the free-electron differential
cross section is possible. They pointed out that differential
scattering cross sections for low energy electrons from rare
gas (and other) ions at low energies are well-known [7,8] to
typically produce marked angular structure in the back-
wards hemisphere which is sensitive to the specific ion.
They showed that full solutions to the time-dependent
Schrödinger equation including rescattering allow the
identification of specific ‘‘back-rescattering ridges’’
(BRR) along which the angular structure of the differential
cross section is clearly visible and very target dependent. In
this Letter we report experimental observation of these
predicted features.

Electron spectra from intense-laser-induced ionization
of atoms are well-known to be characterized by two com-
ponents [9]. ‘‘Direct’’ electrons are liberated from the host
approximately at rest and are subsequently acted upon by
the laser field to result in final energies up to 2Up (where

Up is the oscillation energy of a free electron in the laser
field), the particular energy depending on the phase of the
field at which they are released. ‘‘Plateau’’ electrons with
energies up to 10Up are generated by the rescattering of
returning direct electrons. The periodic nature of the laser
field results in an above-threshold-ionization (ATI) struc-
ture superimposed on the electron spectrum with peaks
separated by a single photon energy. To some extent the
diffraction effects reported and interpreted here were an-
ticipated by studies more than a decade ago. Yang et al.
[10] first reported the result that the angular widths of the
ATI spectra showed a broadening near 9Up and suggested
that this had to do with the characteristics of the rescatter-
ing cross section from the ionic core. Similar observations
and theoretical analysis followed [5,6,11–19]. It was also
known that the atomic structure of the target must play an
important role in the exact nature of the backscattering
from the observation that the electron spectra for different
gases (for example, Xe, Kr, and Ar, the gases used here) are
quite different [5]; similar marked differences have been
seen for K and Na. [19]. The key role played by the marked
differential backscattering cross section was previously
suspected [10,20] but not previously quantitatively
examined.

The BRR predicted by Morishita et al. lie near 10Up and
represent the highest energy backscattering electrons at the
very edge of the ATI plateau. In a classical interpretation,
these electrons result from electrons which were ionized
from the target near a phase of 17� beyond the peak field,
returning with an energy near 3Up, or a momentum p0 �

1:22A0, where A0 is the peak value of the vector potential
and both p0 and A0 are in atomic units (a.u.). At the time of
recollision the vector potential is near 0:95A0 [7]; this is the
additional momentum which the rescattered electrons will
gain from the field after the collision. The locus of these
events in momentum space, shown in Fig. 1(a), is thus a
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pair of circular ridges, the BRR, centered at pz � �0:95A0

and with radii of 1:22A0, where we take the laser polariza-
tion to be along the z axis and the momentum vector of the
electron to lie in the y-z plane.

We have used experimental parameters which focus on a
reliable measurement, with good statistics, of the high
energy end of the plateau, using a modified version of
the time-honored time-of-flight method. A 7 fs pulse with
a central wavelength near 800 nm was generated by pass-
ing a 35 fs pulse through a Ne-gas-filled fiber, followed by
chirped mirrors and compensating glass. The pulse length
was determined using frequency resolved optical gating.
The pulses were focused to an intensity between 4 and 9�
1013 watts=cm2 into a small gas cell consisting of a 2 mm
canal 2 mm long and containing the target gas at 0.2–
2 mTorr. The electrons emerged transversely from two
small 0.5 mm apertures in a field free spectrometer, trav-
eling 15.7 cm in both left and right directions (the x
direction) to 2.5-cm-diameter channel plate detectors,
each therefore subtending a maximum angular range of
�4:6�. Individual electron pulses were discriminated with
constant fraction discriminators (CFD) and fed to a multi-
hit time-to-amplitude converter. The momenta were calcu-
lated from the flight times on an electron-by-electron basis.
The angle between the electron emission and the polariza-
tion vector was varied using an achromatic half-wave plate.
The target cell gas pressure was typically adjusted in such a
way that, on the average, one electron per pulse was
detected in the region of 10Up. Under these conditions
the momentum of the first hit is accurately recorded, but
the detection efficiency for lower energy electrons is sub-
stantially reduced, in spite of the use of a multihit time-to-
digital converter, by the dead time (20 ns) of the CFD.

Figure 1(b) shows a spectrum taken with the cell con-
taining water vapor and hydrocarbons, the background gas
in our system (evaluated using a residual gas analyzer).
Similar to the procedure in Ref. [7], the image has been
normalized to emphasize larger electron energies (Ee), in
this case by dividing by the factor e��Ee=10 eV�. The outer
edges of the BRR are clearly apparent, but the ridges
themselves appear more as discs than as isolated ridges.

This is expected, since the experiment volume averages,
and thus represents the yield over a range of intensities
beginning at the maximum intensity. The outer edge of
each disk has an aspect ratio (1.22 radius to 0.95 shift) very
close to that expected for the BRR from the classical
picture. This aspect ratio for the outer edge is robust in
all of our spectra on the background gas. Unlike the result
for rare gas targets discussed later, little angular structure
along the circles is seen.

Figure 2 shows the corresponding images for a Xe target
at four different intensities. Now a clear minimum is
observed near a laboratory angle �lab of 150� or center-
of-mass angle of � of 140�, with a weaker minimum near
100�, as expected from theory. Here � is measured with
respect to the shifted origin of the BRR, as shown in

FIG. 2 (color online). Density plots of electron momentum
spectra at different laser intensities for 7 fs pulses on Xe. The
intensities (in units of 1013 W=cm2) and corresponding values of
p0 (in a.u.) are, respectively, (a) 4.18, 0.74; (b) 5.8, 0.86; (c) 7.1,
0.95; (d) 8.3, 1.03. The white circles show the inner edges of the
regions from which the differential cross sections were extracted
(see text).

FIG. 1 (color online). (a) Schematic
showing the relative sizes of the momen-
tum vector of a returning electron with
maximal energy and the momentum shift
which this electron will receive from the
laser field after recollision, at 8:3�
1013 W=cm2. (b) Experimental electron
momentum image from a 7 fs pulse of
this intensity on the background gas of
water vapor and hydrocarbons.
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Fig. 1(a), and represents the angle through which the
electron is rescattered. The minima are clearly visible in
the oscillatory behavior of the outer edge of the images. As
expected, the whole momentum picture expands as the
intensity, or A0, is raised, but the angular structure remains.
We note that the apparent ridges [rather than the discs of
Fig. 1(b)] seen in some of these spectra are partially caused
by the CFD dead time effect discussed above.

We have extracted approximate differential cross sec-
tions for electron scattering along the BRR as follows. For
each laser intensity we obtained the center of the semi-
circular pattern from the background scan. From this dis-
placed center we then plotted, as a function of �, the yield
of events on a circular slice extending to infinity from a
momentum radius slightly (10%–15%) inside the outside
edge of the observed data (white rings in Fig. 2). This
region approximately represents those events from the
BRR corresponding to the maximum laser intensity in
the volume. While the results are somewhat dependent
on the radii chosen, the major features are not. The ex-
tracted angular distributions for Xe are shown as data
points in Fig. 3, where strong minima are observed near
� � 140� and weaker ones near 100�. The solid lines are
calculated for free electron scattering on Xe� at a collision
energy of 3Up or collision momentum of p0 [7]. We have
assigned intensities to our experimental data by requiring
that the outermost edge of the observed experimental semi-
circles in the z direction correspond to 9:5Up. The results
are consistent with an independent calculation of the in-
tensities based on measured powers and focal spot sizes.

In Fig. 4 we compare spectra and extracted angular
distributions for Xe, Kr, Ar, and the background at the
same intensity. It is known that Kr produces a substantially
reduced plateau in this intensity region [5], and our data
confirm this behavior. We can now interpret this as due to
the weak, nearly structureless backscattering expected for
the electron-Kr� system. For Ar one expects stronger
structure than for Kr and the data show this.

The theoretical elastic differential cross sections for
scattering between free electrons and atomic ions were
calculated within the single electron model. Each rare
gas atom was approximated by a model potential V�r� �
VS�r� � 1=r, consisting of a short-range potential VS and a
Coulomb potential. The parameters in the VS were adjusted
so that the binding energies of the ground state and the first
few excited states of the model atom were in good agree-
ment with experimental values. The method for obtaining
the parameters for the model potentials as well as some
tabulated data are given in Ref. [21]. The calculation of the
differential scattering cross sections for such a modified
Coulomb potential is treated in quantum mechanics text-
books (e.g., [22,23]). The phase shifts from the short-range
potential were calculated for 30 partial waves, while the
Coulomb amplitude is analytical. The diffraction minimum
in the differential cross section is often attributed to the

interference between the scattering amplitudes from the
Coulomb potential and the short-range potential. However,
this interpretation is not precise since similar minima also
occur in the scattering of electrons with neutral atoms.

In conclusion, we have observed strong angular struc-
ture in the backscattering of laser-liberated electrons from
various targets. For the case of Xe, and to a lesser extent Ar,
angular structure along these ridges was observed which
can be interpreted as due to the characteristics of the
differential cross sections for elastic scattering of free
electrons from the corresponding ionic cores. Kr was found
to show only weak structure and a weak backscattering
ridge, in agreement with the expected calculation of weak
electron backscattering for this target. These observations
lend credence to the concept that lasers can be used to
produce electron beams in situ, which in turn can be used
to diffract from their host targets, and that quantitative
information on the structure of the host can be extracted
from the observed patterns [24]. For the collision energies
addressed here, 7–14 eV, the momentum of the electron is
too low (de Broglie wavelength too long) to allow the
probing of molecular structure. However, if longer wave-
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FIG. 3 (color online). Experimental angular distributions ex-
tracted from the data of Fig. 2. The solid lines show the
theoretical calculations of differential cross sections for free
electrons scattered in the backwards direction from Xe�. The
momenta of the backscattering electrons, p0, are, from top to
bottom, 1.03, 0.95, 0.86, and 0.74 a.u. The vertical scale is the
theoretical one in atomic units, and the data have been normal-
ized to roughly match the theory.
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lengths are used much higher electron momenta can be
obtained, opening the way to the possibility of extracting
real diffraction patterns containing structural information
on the host molecules, possibly time dependent.
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FIG. 4 (color online). (a) Experimental
angular distributions for background, Ar,
Kr, and Xe at 8:3� 1013 W=cm2. (b)–
(d) Background-subtracted and normal-
ized angular distributions, compared to
theoretical differential cross sections (in
a.u.) for backscattering of 14.4 eV free
electrons (p0 � 1:03 a:u:).
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