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3.1 ”J-KAREN” 高強度レーザー

“J-KAREN” –High Intensity Laser

桐山 博光、森 道昭、中井 善喜、下村 拓也、田上 学、圷 敦、岡田 大、本村 朋洋、近藤 修司、

金沢 修平、匂坂 明人、小倉 浩一、織茂 聡、西内 満美子、アレキサンダー ピロゾコフ、馬 景龍、

余語 覚文、神門 正城、小瀧 秀行、福田 祐仁、陳 黎明、大東 出、川瀬 啓悟、本間 隆之、

亀島 敬、林 由起雄、早川 岳人、静間 俊行、藤原 守、セルゲイ ブラノフ、大道 博行、

木村 豊秋、田島 俊樹

独立行政法人日本原子力研究開発機構 量子ビーム応用研究部門 光量子ビーム利用研究ユニット

Hiromitsu KIRIYAMA, Michiaki MORI, Yoshiki NAKAI, Takuya SHIMOMURA, Manabu TANOUE,
Atsushi AKUTSU, Hajime OKADA, Tomohiro MOTOMURA, Shuji KONDO, Shuhei KANAZAWA,

Akito SAGISAKA, Koichi OGURA, Satoshi ORIMO, Mamiko NISHIUCHI, , Alexander PIROZHKOV,
Jinglong MA, Akifumi YOGOMasaki KANDO, Hideyuki KOTAKI, Yuji FUKUDA,

Liming M. CHEN, Izuru DAITO, Keigo KAWASE, Takayuki HOMMA, Takashi KAMESHIMA,
Yukio HAYASHI, Taketo HAYAKAWA, Toshiyuki SHIZUMA, Mamoru FUJIWARA,

Sergei V. BULANOV, Hiroyuki DAIDO, Toyoaki KIMURA, Toshiki TAJIMA
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

We report on a high peak power, high contrast laser system, based on both optical parametric
chirped-pulse amplification (OPCPA) and conventional Ti:sapphire chirped-pulse amplification techniques.
The laser system produces a peak power of 80 TW with 19 fs pulse duration at a 10 Hz repetition rate.
With the use of OPCPA, the temporal contrast is enhanced to ~10-9 within a few picoseconds before the
main pulse. This contrast is better than those of conventional systems by three to four orders of magnitude.
By cooling the crystal in the final power amplifier down to 77 K, a thermal focal length of about 4 km
and the near diffraction-limited beam are obtained under the maximum pumping condition. The present
system is applied to electron acceleration with relativistic effects. We demonstrate the production of 140
MeV high-energy quasi-monoenergetic electron beams using laser-plasma accelerators.

Keywords: Ultra-high intensity lasers, optical parametric chirped-pulse amplifiers, solid-state lasers,
ultrafast optics, high field science

１． はじめに

近年の高強度レーザー技術の進展に伴い、これまでレーザー核融合研究用の大型ガラスレーザー

でしか生成されていなかった高エネルギー電子、イオン、Ｘ線などが、テーブルに載るサイズの比較的小

型レーザーシステムで容易に発生できるようになりつつある[1]。レーザーを用いた高エネルギー粒子生

成は、極めてコンパクトであり、様々な産業・医療技術への応用が期待されている[2]。 

しかし、高強度レーザーより出力されるレーザーパルスの時間構造において、メインパルスに先立って

数桁強度の低い背景光（Amplified Spontaneous Emission; ASE）が存在する。一般的なレーザーシステ
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Ti:sapphire ocillator
8.4 fs 

OPCPA
3 x BBO

-pass cryogenic-cooled
Ti:sapphire power amplifier

Stretcher
1 ns, 0.1 nJ

Compressor
50.5%, 19 fs

Nd:YAG green pump laser
0.3 J, 10 Hz

G=108

E=15 mJ

G=50
E=280 mJ

G=10
E=2.9 J

80-TW
(19 fs/1.5J)

4-pass Ti:sapphire
preamplifier

Nd:YAG green pump laser
0.8 J, 10 Hz

Nd:YAG green pump laser
6.5 J, 10 Hz

Fig.1 Diagram of the J-KAREN laser system. 
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色構造を持つ 140MeV の高エネルギー電子ビーム発生に成功した。 

 

３． まとめ 

高強度レーザーは世界各国で精力的に研究開発が成されている。レーザーシステムの高強度化が

進むとともに、実際の応用に向けての研究開発に課題が移行しつつある。課題とされているのは、出力レ

ーザーパルスの時間構造の改善や空間構造の向上である。 

本研究における OPCPA 技術及び結晶冷却技術などの開発により、今までにない時間・空間特

性が向上し、高い時間・空間エネルギー集中性を持つレーザー光の生成が可能となった。

高出力（80TW; 19fs/1.5J）、高安定（±2％）、高コントラスト（〜10-9）、高ビーム品質（〜D.L.）
を有する J-KAREN レーザーにより、小型・高エネルギー粒子発生などの研究がより一層進展す

るものと期待される。
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X

Development of the applied studies with the x-ray laser and 0.1Hz repetition rate x-ray laser. 

X

Noboru HASEGAWA, Tetsuya KAWACHI, Maki KISHIMOTO, Momoko TANAKA, Yoshihiro 
Ochi, Masaharu NISHIKINO, Kouta SUKEGAWA, Hiroshi YAMATANI, Yuichi KUNIEDA, 

and Keisuke NAGASHIMA. 

Quantum Beam Science Directorate, X-ray laser research Group, Japan Atomic Energy Agency. 

     This paper gives an overview of recent progress of x-ray laser research in Japan Atomic 
Energy Agency (JAEA).  The fully spatial coherent x-ray laser beam at a wavelength of 13.9nm is 
used for the several applications such as the x-ray speckle measurement in ferroelectric substance.  
For the purpose of further application experiments, 0.1 Hz-repetition rate x-ray laser driver is being 
developed, which is based on a Nd:glass zigzag slab amplifier with two beam lines.  0.1 Hz 
operation of the driver laser and the generation of the x-ray laser at a wavelength of 13.9 nm was 
succeed. 

keyword: Applied studies with the x-ray laser, 0.1Hz repetition rate x-ray laser. 
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2.

1 XRL XRL

(Nd:glass laser)

13.9nm XRL Ni ( 47 19)

XRL

1 J 7ps 1mrad

XRL

2 XRL XRl 15m 30m

2 2

XRL Mo/Si

Fig.1) Spatial coherent x-ray laser. 

Fig.2) X-ray laser transport line. 
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3.

XRL T02&P15

T03 Xe P18

P20 PTCDA P23 ZnO X

i) XRL Mo/Si

(FZP) 3 10mm(F20) FZP

XRL

0.3 m 1013W/cm2

ii) XRL (Tektronix DTG5274)

Ti:S 1ps pump&probe

iii ) Mo/Si

~5x1024cm-3 4 XRL

CCD

Fig.3) XRL focusing with FZP. 

Fig.4) X-ray interferometer. 
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4.

0.1Hz

5
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[5] S. Namba et al., Phys. Rev. Lett. 99, p.043004 (2007). 
[6] Y. Ochi et al., Appl. Opt. 46, Issue 9, p.1500 (2007).

FIg.5) 0.1 Hz zigzag slab amp Nd:glass laser system. 
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X Xe

Photoabsorption and ionization processes in Xe cluster plasma produced by coherent X-ray laser 

A)

A)

A)

Shinichi NAMBAA, Noboru HASEGAWA, Maki KISHIMOTO, Masaharu NISHIKINO, Tetsuya 
KAWACHI, Kouta SUKEGAWA, Hiroshi YAMATANI, Momoko TANAKA, 

Yoshihiro Ochi, Keisuke NAGASHIMA and Ken TAKIYAMAA)

A) Graduate school of Engineering, Hiroshima University 
Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Energy 

Agency 

Large xenon clusters were irradiated with an intense x-ray laser pulse (=13.9 nm, pulse width ~7 ps, 
intensity 21010 W/cm2) and their interactions were investigated using a time of flight mass 
spectrometer. The cross section for inner-shell ionization of Xe 4d electron (1.610-17 cm2 at h=90 eV) is 
by ten times larger than photoionization of a valence electron (1.510-18 cm2). For larger clusters, the 
anomalous enhancement of Xe3+ ion yield to Xe2+ ion has been observed. This is in contrast to the results 
of synchrotron radiation experiments involving free Xe atoms, in which Xe2+ is the dominant resultant ion 
species. In this paper, possible mechanisms responsible for the enhancement of the double Auger 
transition probability in x-ray laser and cluster interaction are described. 

Keywords: X-ray laser, Cluster plasma, Inner-shell ionization, Auger decay
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(VUV-FEL) Wabnitz 98 nm, 
100 fs  ~1013 W/cm2 VUV-FEL Xe 1

30 [2]

[3-5]
X (13.9 nm) Xe

13.9 nm

(4d -1: 16 Mb, 5p -1: 1.5 Mb) [6] X
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Fig. 1  TOF spectra for various sizes of Xe clusters subjected to an x-ray laser pulse. 
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Fig. 2 Dependence of the yield ratio of Xe2+ to Xe3+ ions on the cluster size. 
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Fig. 3 Calculated ion yield ratio taking into account (a) just photoionization and (b) photo- and 

collisional ionization. The experimental result for 5.6 atm and 11010 W/cm2 is shown in (c). 
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電子衝突により 1 価イオンへと電離したためと考えられる(b)．しかしながら、電子衝突電離を

考慮した場合でも、Xe2+イオンは Xe3+よりも多く、実験での生成比(c)を説明することができない．

今回得られた結果を説明する上で最も有力と考えられるのは、クラスター内部におけるイオン

化ポテンシャル(IP)の低下に伴う DA 崩壊確率の増大である．ここで重要なのは、従来の可視領

域付近にある高強度レーザーと異なり、X 線レーザーでは衝突加熱が抑制されるため、低温高密

度強結合プラズマが発生する点である．実際、このようなクラスタープラズマでは、IP が大きく

低下することが数値計算で示されている[10]．もし、クラスター内で IP が数 eV 程度低下した場

合、内殻電離状態である Xe4d-1 準位から Xe3+準位への脱励起可能な遷移数が増えることが予想

され、結果として DA 崩壊確率の増大につながると考えられる[11]．

4. まとめと今後の課題 

X 線レーザー照射による Xe クラスターの内殻電離過程を解明するために、イオン TOF 計測を

行った．その結果、クラスターサイズの増大に伴い Xe3+イオンの生成効率が高くなることが判明

した．このことは、DA 過程により内殻ホールが崩壊する確率が高強度場にさらされたクラスタ

ー中では変化することを意味しており、低強度の放射光での同様の実験では観測されていない．

今後、電子 TOF 分光を行い、光電子・オージェ電子のエネルギー分布からクラスター内でど

のような過程が生じているのかを特定する予定である．
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3.4 X
Development and application of soft X-ray multilayer VLS

spherical gratings for a flat-field spectrograph  

, A 5 , M 5

2 ( ) 3( )
4 NTT ( ) 5

Masato KOIKE 1, Masahiko ISHINO 1, Takashi IMAZONO1, Kazuo SANO11,2, Hiroyuki SASAI3,
Masatoshi HATAYAMA4, Hisataka TAKENAKA4, Philip A. HEIMANN5, Eric M. GULLIKSON5

1 Japan Atomic Energy Agency (JAEA), 2 Shimadzu Emit Co. Ltd., 3 Shimadzu Corp., 
4 NTT Advanced Technology Co., 5 Lawrence Berkeley National Laboratory 

A multilayer laminar-type holographic grating having an average groove density of 2400 lines/mm was 
designed and fabricated for use with a soft X-ray flat field spectrograph covering the 0.70-0.75 nm region. 
The varied-line-spaced grooves pattern was generated by use of an aspheric wavefront recording system 
and the laminar-type grooves were formed by a reactive ion-etching method. Mo/SiO2 multilayers sets of 
three optimized for the emission bands of hafnium M, silicon K, and tungsten M were deposited on the 
three sub areas on the grating surface. At the centers of the sub-areas the first-order diffraction efficiencies 
were 18~20% at the respective photon energies. The flat field spectrograph equipped with the grating 
indicated a spectral line width of 8~14 eV for the emission spectra generated by use an electron-impact
x-ray source.

Keywords: Diffraction grating, Multilayer, Diffraction Efficiency, Soft x-ray spectrograph 
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Fig.3. Schematic diagram of multilayer 
laminar-type grating. 
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Fig.2. Spot diagrams (top) and line profiles (bottom) by tracing rays. 

A B C



Fig. 1. Schematic diagram of the flat-field 
soft x-ray spectrograph.[1-3] E: Entrance 
slit, G: Grating, :Image plane, The areas 
A, B, and C on the grating stand for the 
sub-sections coated with the multilayers 
having different multilayer periods.  
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折効率の差が Debye-Waller 因子[11] 
で表されるとして計算及び実験で得ら

れた回折効率の比較を行った（Fig.6）。
図中σR は総合的な粗さの標準偏差の

値で、σR＝0 nmRMS の曲線は計算コー

ド[12]で計算した理論的な回折効率、

その他の曲線はσR＝0 nmRMS の回折効

率に入射角 87°、波長λ、総合粗さがσR

のときの Debye−Waller 因子を乗じた

理論的な回折効率を示す。実験値との

比較から製作した回折格子の総合的な

粗さを約 0.8 nmRMS と見なせることが

わかる。 

 Fig.7 に Hf、Si、W、Pt をアノード

とする電子衝撃型軟 X線光源、背面照

射型 CCD 検出器を用いた分光器における発光スペクトルの測定例を示す。入口スリット幅、高

さはそれぞれ 25µm、10mm であり、CCD 検出器のピクセルサイズは 20μm × 20μm である。なお、

縦軸は各アノードの場合に得られたピーク強度で規格化してある。Si-Kαの半値幅から計算した

分解能は約 145(12eV)で、理論的値の約 10%である。この主原因は入口スリット幅、検出器のピク

セルサイズ(20µm)でこれに収差など様々な要因が加わったと考えられる。 

検出器のピクセルサイズに対応する波長幅は約 0.003nm であり、0.7nm 付近で分解能として約 230

となる。したがってこの分光器としては十分期待すべき性能を達成したと言える。 

本研究の一部は文部科学省リーディングプロジェクト「ナノスケール電子状態分析技術の実用

化開発」として行なわれた。ここに記し謝意を表します。 
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A new trend in soft-X-ray emission spectroscopy based on TEM 

寺内正己，米田雄一

東北大学 多元物質科学研究所

〒980-8577 宮城県仙台市青葉区片平 2-1-1
Masami TERAUCHI，Yuichi YONEDA 

Institute of Multidisciplinary Research for Advanced Materials, Tohoku University 
2-1-1, Katahira, Aoba, Sendai, Miyagi 980-8577, Japan 

小池雅人，石野雅彦，今園孝志

日本原子力研究開発機構 量子ビーム応用研究部門

〒619-0215 京都府木津川市梅美台 8-1
Masato KOIKE, Masahiko ISHINO, Takashi IMAZONO 

Quantum Beam Science Directorate, Japan Atomic Energy Agency 
8-1, Umemidai, Kizugawa, Kyoto 619-0215, Japan 

  We have been developing a compact WDS spectrometer without a moving mechanism for a 
TEM. It can measure an energy range from 60 eV to 1200 eV. For applications to materials 
science, it is important to extend the measurable energy range to a higher energy region. As a 
first step, a spectrometer has designed and manufactured by using a Mo/C-multilayer coated 
grating. The spectrometer can measure an energy up to about 2 keV. The spectrometer gives a 
FWHM value of 13 eV for Pt-M  emission at 2050 eV.  

Keywords: Soft-X-ray emission spectroscopy, Transmission electron microscope, 
Multilayer-coated grating 

1. はじめに

 近年、微細化するデバイス評価やナノスケール機能材料解析では、各種分析法と顕微鏡法の融

合技術の必要性が高まっている。その中で、電子顕微鏡は、光学顕微鏡程度の倍率から原子直視

分解能までの広い倍率可変範囲もち、構造解析・電子分光・X 線分光を融合させるためのプラッ

トフォームとしての期待が高い。この電子顕微鏡に、不等間隔溝回折格子を用いた軟 X 線発光分

光器の装着による価電子状態解析技術の導入が寺内らにより始められた１）。この軟 X 線分光器の

改良のため、H14 年より東北大と原子力機構とで共同研究が続けられてきている 2)。 この開発

テーマは、文部科学省のリーディングプロジェクトの一つとして取り上げられ、企業での製品化

を目標として研究・開発が展開されてきた（H16-H18 年度）3,4)。そこでは、エネルギー領域

60-1200eV の分光が可能な汎用型の軟 X 線分光器を完成させた。 その一方、材料分析の現場か

3.5
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らは、分析領域をもっと高エネルギー領域まで広げられないかとの要望が寄せられた。それに応

えるため、多層膜回折格子を用いた分光系について検討した。その結果に基づいて回折格子・分

光器を試作し、電子顕微鏡を用いた実装テストを行った 5)。 

 

２. 多層膜回折格子分光器

 今回の開発では、自動車の排気ガス清浄化に用いられている

Pt 触媒への応用を目指し、Pt-M 発光(2050eV)が測定すること

を目的とした。この観点から、2keV 付近で回折効率の高い

Mo/C 多層膜回折格子を作製することにした。回折格子基板に

はホログラフィック露光技術を用いたラミナータイプの不等

溝間隔回折格子（島津製作所）を用いた。Mo/C 多層膜の形成

は、NTT アドバンストテクノロジに依頼した。図１は、作製し

た分光ユニットの写真である。各回折格子は、下から Au コー

トラミナー（刻線密度 1200l/mm）、Ni コートラミナー（刻線

密度 1600l/mm）、Au コートラミナー（2400l/mm）、Mo/C 多

層膜ラミナー（2400l/mm）となっている。多層膜回折格子は、

約 5nm 周期の Mo/C 相が約 30 周期形成してある。この 4 つの

回折格子を切り替えることで、0.06KeV から 2keV 多層膜回折

格子の回折強度は X 線の入射角に敏感なため、多層膜回折格子

には専用の角度微調整機構を付与した。図２は、透過型電子顕微鏡に分光器を装着した概観写真

である。試料位置（X 線発生源）から回折格子および回折格子から CCD 検出器までの距離は、そ

図１

図２
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れぞれ、約 240mm、約 500mm である。集光ミラーには、Si ウェファの鏡面上に Au のスパッタ

膜を形成したものを用いた。測定する X 線の取出し方向を水平から 35 度上方に設定してあるた

め、通常の電子顕微鏡実験で行われる試料傾斜（±25 度程度）の範囲では X 線分光測定に影響は

ない。

３. 電子顕微鏡への実装実験

  図 3(a)に、図２の装置を用いて測定した Pt-M
発光スペクトルを示す。測定条件は、照射電流量

3nA、測定時間 10 分であった。得られたスペクト

ルでは、Pt-M だけでなく強度の弱い Pt-M ピー

クも観測されており、試作した多層膜回折格子の

迷光が低くバックグラウンドの低い分光系である

ことが分かる。Pt-M のピーク半値幅で 13eV が

得られており、汎用の電子顕微鏡用 X 線分光器で

ある EDS に比べると 5 倍以上の高い分解能が得

られている。

図３(b) Si-K emission spectra of the
present XES instrument (●) and a
conventional EDS (○).

図３(a) Pt-M emission spectrum.
A FWHM value of 13eV has
obtained. 

図 3(b) に Si-K 発光スペクトル（照射電流量

3nA、測定時間 3 分）を●示す。同時に示してあ

る○は、現有の汎用 X 線分析装置（EDS）でえた

スペクトルである。今回試作した多層膜回折格子

を用いた分光は、汎用 EDS に比べ、半値幅で 1/4.4
倍の 19eV が得られている。Pt-M の 13eV に比べ

て値が大きいのは、多層膜の干渉条件を Si-K 発光

のエネルギーに最適化するために多層膜回折格子

の角度を変えた結果、回折格子としての結像条件

が最適なものからずれてピントが外れた（収差が

大きくなった）ためと考えられる。このことは、

多層膜回折格子を実用化する上での課題として

「回折効率を向上させるエネルギー帯の幅を広げ

る」事が重要であることが分かる。これは、多層

膜の積層方向の周期を少しずつ変化させることで

実現しようと、研究が行われている。

４. まとめ

 これまで開発してきた電子顕微鏡用軟 X 線発光分光器の測定領域上限を 1.2keV から 2keV 程

度まで広げるため、Mo/C 多層膜を積層させた斜入射分光系を設計・製作した。その性能を調べ

るため、電子顕微鏡への実装テストを行い Pt-M 発光スペクトルで 13eV の半値巾を得た。Si-K
発光スペクトルの測定との比較から、多層膜回折格子を実用化する上での課題として「回折効率
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を向上させるエネルギー帯の幅を広げる」事が重要であることが明瞭となった。

本開発で採用している波長分散型分光系では、波長の長い（エネルギーの低い）領域での分解

能が高く電子状態解析法として有用である一方、発光効率が低いため、検出効率向上が重要であ

る。したがって、低エネルギー領域用の回折格子に多層膜構造を形成することで高効率化し、元

素検出と状態分析が行える分光系開発が今後必要と考えられる。
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A novel technique for focusing and energy selection of high-current, MeV proton/ion beams is 

presented. This method employs a hollow micro-cylinder that is irradiated at the outer wall by a high 

intensity, ultra-short laser pulse. The relativistic electrons produced are injected through the cylinder’s 

wall, spread evenly on the inner wall surface of the cylinder and initiate a hot plasma expansion. A 

transient radial electric field (10
7
-10

10
 V/m) is associated with the expansion. The transient 

electrostatic field induces the focusing and the selection of a narrow band component out of the 

broadband poly-energetic energy spectrum of the protons generated from a separate laser irradiated 

thin foil target that are directed axially through the cylinder. The energy selection is tuneable by 

changing the timing of the two laser pulses. Computer simulations carried out for similar parameters 

as used in the experiments explain the working of the micro-lens.

Keywords: Laser accelerated protons, proton focusing, quasi mono-energetic proton beam, laser 

triggered proton micro-lens

1. Introduction

During the interaction of ultra-intense laser pulses with thin solid foil targets (I >10
19

 W/cm
2
), a 

considerable fraction of the laser energy is deposited into highly energetic protons. A beam of protons 

with energies up to tens of MeV is ejected from the rear side perpendicular to the surface of the target 

[1,2]. The protons originate from hydro-carbon impurities located on the surfaces of the target, so that 

proton beams are observed even when using targets which nominally do not contain hydrogen. The 

protons are accelerated via TNSA (target normal sheath acceleration) mechanism [3-5]. The 

characteristics of the proton beam are of small source size, low divergence, short duration and of a 

large number density [6,7]. These laser produced proton beams have opened up new opportunities for 

major applications in scientific, technological and medical areas. The proposed applications include 

energy production via thermonuclear fusion [8], cancer therapy [9], production of radioactive particles 

for medical diagnosis [10] and the detection of electric and magnetic fields in plasmas [5,11,12]. 

However, reduction and control of the angular divergence and of the energy spread of these pulses are 

essential requirements for some of these applications. So far, mainly target engineering techniques 

have been employed to overcome these short-comings. For example, geometrical focusing of laser-

driven protons has been attained by using hemispherical targets [13]. However, this technique has 

been limited so far to focal distances of a few mm, and to the low energy component of the proton 

spectrum. In addition, recently a quasi-monochromatic acceleration from laser irradiated micro-

structured targets has been reported [14,15]. In these approaches, the focusing or energy selection 

effect is achieved by directly acting on the source. As a consequence, these techniques rely on 

relatively complex target fabrication. An alternative approach that provides a tuneable, simultaneous 

focusing and an energy selection of MeV proton beams has recently been proposed and demonstrated 

[16,17]. The new approach decouples the beam tailoring stage from the acceleration stage allowing for 

their independent optimization. The technique employs electric fields generated for a very short time 

within a micro-cylinder irradiated by a short, intense laser pulse. These fields can focus efficiently a 

proton beam directed along the axis of the cylinder. An important point is that only protons reaching 

the cylinder while the fields are active (i.e. only protons with a specific velocity) will be focused. By 

3.6
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spatial filtering out the unfocused part of the beam, it is therefore possible to select only protons that 

have the same velocity producing a narrow band energy spectrum.  This paper describes some 

characteristics of the laser-triggered micro-lens.

2. Experimental arrangement

The experiment was carried out at the LULI Laboratory, employing the 100 TW laser operating in the 

Chirped Pulse Amplification mode (CPA). After amplification, the laser pulse was split into two 

separate pulses that were then recompressed in separate grating compressors. This allowed the use of 

two pulses (CPA1 and CPA2) of 350 fs and 350 fs to 1.2 ps duration. The short pulses are preceded by 

an Amplified Spontaneous Emission (ASE) pedestal starting a few ns before the high intensity peak. 

The main-to-prepulse contrast ratio was better than 10
7
 at 20 ps before the main-pulse.  The delay 

between the two CPA pulses was controlled optically with picosecond precision. The CPA1 pulse was 

focused with an f/3 Off Axis Parabola (OAP) onto a 10 µm thick Au foil target resulting in an 

intensity of 3x10
19

 W/cm
2
 and accelerating a high-current, diverging beam of up to 15 MeV protons. 

The CPA2 pulse was focused by a similar parabola onto a hollow cylinder to an intensity of 3x10
18

W/cm
2
. The proton beam from the first foil was directed through the cylinder and detected with a stack 

of Gafchromic Radiochromic Films (RCF, a dosimetric detector) positioned at a variable (from 2 to 70 

cm) distance from the proton source (see figure 1). 

Figure 1: Schematic of the micro-lens device. A proton beam accelerated from a planar foil by the 

CPA1 laser pulse propagates through a hollow cylinder side-irradiated by the CPA2 pulse.

Generally, the cylinder made of dural was 3 mm in length, 700 µm in diameter and 50 µm in wall 

thickness. The distance between the proton production foil and cylinder and the distance between the 

cylinder and detector were varied throughout the experiment. At a source-cylinder distance of 1 mm 

the proton flux increase due to focusing by the micro-lens was so strong that saturation of the film 

occurred. Quantitative data could only be obtained when the cylinder was moved to 4 mm from the 

proton foil, in order to collect a smaller part of the diverging proton beam. In this case, the distance 

from the proton-producing foil to the CPA2 irradiation point on the cylinder was 5 mm (standard 

experimental configuration). The RCF stack was used to measure the proton beam divergence. It was 

shielded with an 11 µm Al foil allowing protons with energies above 1.5 MeV to be recorded. In some

cases, a central mm-sized hole was cut through the RCF to allow downstream high spectral resolution 

measurements using a magnetic spectrometer with a 0.6 T permanent magnet. The spectral resolution 

determined by the slit width and the dispersion of the spectrometer is 0.2 MeV at 6 MeV and 0.7 MeV 

at 15 MeV. 
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3. Experimental results

Figure 2A shows different layers (the 5th and 6th in the stack, corresponding to protons of 9 and 7.5 

MeV respectively) of an RCF pack recording the proton beam after its propagation through a laser-

illuminated dural cylinder in the standard experimental configuration). As expected, no focusing effect 

is observed for the 9 MeV protons. Indeed, the electric field is triggered by the CPA2 laser pulse ~20 

ps after these protons exit the cylinder. For the 7.5 MeV protons, the electric field just develops while 

these protons are close to exit the cylinder and a small spot about 600 µm (FWHM) in diameter is seen 

on the RCF at the centre of the cylinder’s shadow. In this case the proton flux within the spot at the 

film plane is increased by up to 12 times compared to the unfocused part not captured by the cylinder 

(Figure 2B). Focal spots as small as 200 µm have been observed depending on the detector position. In 

this case the proton flux within the spot at the film plane is increased by up to 15 times compared to 

the unfocused part not captured by the cylinder. The evolution of the beam size, as a function of the 

propagation distance from the cylinder for the 7.5 MeV proton component is illustrated in figure 2C. 

Note that for this energy, the beam size is only 8 mm after 70 cm of propagation whereas freely 

propagating, the size of the beam would have been 240 mm.

Figure 2: (A) RCF layers showing the proton beam focusing effect due to laser irradiated cylinder. The 

protons with an energy of  9 MeV pass through the cylinder before the electric field is present showing 

no focusing whereas the divergence of the protons with an energy of 7.5 MeV is strongly reduced by 

the electric field that has developed inside the cylinder. The shadow of the cylinder and of the 50 µm

W holding wire can clearly be seen. (B) Flux increase with respect to the unfocused flux for 7.5 MeV 

protons as deduced from the layer shown in (A). (C) Evolution of the FWHM of the proton beam, for 

protons with an energy of 7.5 MeV. The circles correspond to the case without micro-lens (free-space 

divergence), the diamonds to the particle-tracer simulation in the fields given by the PIC simulation, 

and the squares to the experimental results using the micro-lens.

Figure 3 shows the spectrum obtained, again for the same standard experimental configuration, using 

the magnetic spectrometer, with an entrance slit of 250 µm positioned 70 cm away from the proton 

source. As a reference, we also show a typical exponential spectrum collected in the same conditions, 

but without the micro-lens. The data shows clearly the energy selection capability of the micro-lens: 

due to selective collimation of the 6.25 MeV protons, these could be transmitted efficiently through 

the spectrometer slit (acting as an angular filter), and their density after the slit in the spectrally 

dispersed plane is enhanced as compared to the free-space expansion case. For this shot, the 6.25 MeV 

protons experience the focusing fields for ~5 ps before exiting the cylinder. Note that an energy spread 

of 0.2 MeV was obtained. Hence for the energy peak around 6 MeV, a δE/E of ~ 3% was achieved. 
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The energy spread was, however, limited by the resolution of the spectrometer. As shown in figure 3, 

the simulations performed for the same conditions as in the experiment, suggest that the spectral width 

of the peak is around 0.1 MeV and hence narrower than demonstrated by the experimental spectrum 

shown. By varying the optical delay between the laser beams, the location of this peak on the energy 

axis can be tuned selectively, therefore allowing to tailor the energy distribution of the transmitted 

beam, a necessary step for many of the applications mentioned earlier. We would like to emphasize 

that with this approach focusing and energy selection are provided simultaneously.

Figure 3: Experimental proton spectra without micro-lens (solid line) and with the micro-lens (dashed 

line) and the simulated proton spectrum (dotted lines). The simulated spectrum was obtained by 

tracing 5000 protons through the fields predicted by the simulations.

In order to investigate the underlying physics of the micro-lens cylinders with either one or two gaps 

along the axis with a width between 100 and 200 µm were irradiated. With the gap in the cylinder the 

focusing characteristics were changed. The focused proton spots are not symmetric anymore as shown 

in figure 4. These data indicate that electric fields are responsible for the focusing of the protons. 

4. Simulations

For better understanding of the micro-lens 1D simulations of field generation at the micro-lens’ walls 

and 3D test-particle simulations of proton propagation through the micro-lens were performed. The 

protons passing along the axis of the cylinder can either be focused by a radial electric or azimuthal 

magnetic field. The simulations were performed in two steps using the CALDER code [18]. We used 

1D simulation, corresponding to the transverse direction to the cylinder’s axis to simulate directly the 

plasma expansion from a 700 µm diameter cylinder. The cylinder, which has a thickness of 50 µm, is 

irradiated by a laser pulse at an intensity 3×10
18

 W/cm
2
, and with a pulse duration of 350 fs. Finally 

we propagate protons in the cylinder through the space and time dependent simulated fields, using a 

proton beam with the experimental divergence, energy spectrum and experimental time delay. The 

initial temperature of the hot electrons considered in the PIC simulation is 400 keV, as given by the 

laser’s ponderomotive potential in the laser field at the irradiance used. The initial electron density at 

the cylinder’s wall is estimated by considering that a 40 % (inferred from experimental measurements) 

fraction of the laser energy is converted into hot electrons and then that these are spread evenly on the 

cylinder’s walls. This results in a hot electron density of ~6×10
16

 cm
-3

. We assume that when the 

plasma expansion starts, the field obtained by the PIC simulation is the same for the total length of the 

cylinder e.g. for all x ∈ [0, 3000 µm]. As in the experiment, the protons are produced at x = -4000 µm 

and y = 2547 µm, and they propagate through the cylinder. Figure 5 shows simulated trajectories for 

100 protons at 7.6, 6.25 and 4.9 MeV. The 7.6 MeV protons exit the cylinder before it is triggered 

(Fig. 5a). These protons retain their initial large divergence. The 6.25 MeV protons are in the cylinder 

when it is triggered, although close to its end. These protons are
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Figure 4: Laser irradiated cylinders with slits along the axial direction shows that the focus of the 

proton beam is degraded. A) with one gap, B)  with two gaps.

clearly collimated as seen in figure 5b and therefore create a strong peak at the plane of the RCF (3.5 

cm from source). The protons 4.9 MeV (figure 5c) are closer to the middle of the cylinder when it is 

triggered, so they see a stronger field than the 6 MeV protons along their path in the cylinder. As a 

consequence, these protons are actually focused tightly at a very short distance from the micro-lens 

exit plane and diverge also strongly after this focusing point.
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Figure 5: a) Trajectories for 7.6 MeV, b) 6.25 MeV and c) 4.9 MeV. Note that the two axes (in units of 

microns) in all three simulations are not scaled in the same way. 

5. Discussion

The computational results support the scenario in which laser-triggered transient fields drive the 

selective deflection of the protons. The physical mechanisms behind the micro-lens operation are as 

follows: when the laser pulse irradiates the outer side of the cylinder, it produces a population of hot 

electrons which penetrate through the wall and spread very quickly over the inner surface of the 

cylinder. They then exit into vacuum resulting in an electron cloud in the surface surrounding area. 

The associated space-charge field is large enough to ionize the material at the cylinder surface and to 

create plasma. This results in a cylindrical plasma layer with high electron temperature. The plasma 

begins to expand towards the cylinder axis, driven by a hot electron sheath that extends over a Debye 

length ahead of the plasma. 

The radially symmetric ambipolar electrostatic field associated with the plasma front is responsible for 

the variable focusing of the protons propagating along the cylinder’s axis. The poly-energetic protons 

arrive in the cylinder at different times due to their different velocities, with higher energy protons 

crossing the cylinder at earlier times. Protons passing through the micro-lens before it is triggered do 

not experience any fields and are therefore not deflected. Protons that are crossing the cylinder and are 

close to its end when it is triggered and therefore experience the fields for only a short time will be 

collimated. Lower energy protons will experience a larger cumulated field along their propagation 

－ 37 －

JAEA-Conf 2008-007



through the cylinder. They are therefore focused at a short distance from the exit plane of the micro-

lens and diverge strongly after focus. These results in a diluted beam on the RCF stack positioned a 

few cm away and in the strong dip observed in the spectrum of figure 5 below 6 MeV. 

The micro-lens is easily tuneable through the energy spectrum. This is because the different energy 

components of the proton beam, separated by time-of-flight dispersion, transit through the micro-lens 

at different times, and are affected differently by the transient electric fields present in the lens. Some 

energy components are focused, some are only collimated, and the focusing distance is energy-

dependent, allowing for energy selection by spatial filtering of the focused component. An intrinsic 

tuneability is provided by simply laser-triggering the micro-lens at different times. This tuneability 

was observed experimentally. 

6. Conclusions

We have presented a novel technique for focusing and energy selection of high-current MeV 

proton/ion beams. The laser driven hollow micro-lens represents a major step in making the laser-

accelerated proton/ion sources more attractive for various applications. While retaining the exceptional 

beam quality of laser-accelerated proton/ion sources, the micro-lens provides a solution to two of the 

main obstacles still preventing widespread applicability of these sources, namely their broad 

divergence and their large energy spread. The device applies to laser-driven protons as well as any ion 

beam. This method does not involve complex target engineering and alignment procedures and 

decouples the focusing and energy selection steps from the generation of the proton or ion source. In 

addition, the focusing effect can be scaled up to very high ion energies as discussed in [16].  
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Present status of joint research on mono-energy quantum beam science 

with PW lasers

Key words: Ultra-high intensity laser, quantum beam generation

http://www.ile.osaka-u.ac.jp/renkei_yugou/
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3.8

Development for High Current Superconducting Accelerator for ERL 

Masaru SAWAMURA 
Advanced Photon Research Center, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

For the energy recovery linacs (ERLs), strong higher order-mode (HOM) damping is indispensable to 
achieve high current operations. We have designed L-band superconducting cavity which is optimized for 
the ERL operations. New cavity cell shape is designed. The HOMs are damped with microwave absorbers 
mounted on large beampipes. A new idea of eccentric fluted beam pipe is proposed. Design concepts and 
estimated HOM characteristics are described in this paper. 

Keywords: Energy-Recovery Linac, Superconducting Cavity, HOM 
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Fig.1 Spectrum of the dipole HOMs. The values 
of fQQR extt /)/(  are plotted for the TESLA 

cavity, ERL model-1 cavity and model-2 cavity. 
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Table.1 HOM requirement for ERL 
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Fig,2 Calculated threshold current against 
HOM BBU as a function of deviation of HOM 
frequency. 
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Fig.5 Fourier components of electric field of the cross-section along the axis.  The polarities of 
quadrupole against the eccentric-flute are shown in the figures. 

Fig.4 Cross-section of fluted beam pipe (left) and 
eccentric-fluted beam pipes (middle and right) 
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Fig.6 Calculated HOM impedance (R/Q)Q/f for 
with and without the eccentric-fluted beam pipe.
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Development of a High-Intensity Few-Cycle

Optical Parametric Chirped-Pulse Amplification System
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We report on optical parametric chirped-pulse amplification of more than 200 nm bandwidth using a

diode-pumped, broadband Yb:YLF chirped-pulse amplification pump laser.

Keywords: Optical parametric chirped-pulse amplification, Ultra-broadband amplification,

          Few- cycle pulse, Ytterbium doped solid-state laser

Optical parametric chirped-pulse amplification (OPCPA) is one of the most powerful techniques in

generating high-energy short duration laser pulses.
1)

 Its major advantages include high gain, high contrast

and high beam quality while maintaining ultra-broad spectral bandwidth. Recently, much efforts devoted

to developing ultra-broadband amplification techniques are being carried out. For example, a few-cycle

terawatt light pulse has been produced from a multi-stage noncollinear OPCPA (NOPCPA) .
 2)

As an another approach for ultra-broadband amplification, Limpert et al. reported an enhancement of

the amplified bandwidth of OPCPA by using a broadband Ti:sapphire pump laser at degeneracy.
 3)

 The

Ti:sapphire pump laser could generate a broadband laser pulse suited for degenerate ultra-broadband

parametric amplification. However, an another green pump laser for Ti:sapphire is required. Therefore, the

OPCPA pumped by the Ti:sapphire laser becomes bulky and complex and its wall-plug efficiency is quite

low. In order to overcome these disadvantages, we used a diode-pumped, cryogenically-cooled ytterbium

(Yb)-doped LiYF4 (YLF) chirped-pulse regenerative amplification system as the pump source. The

efficient, high-energy and broadband Yb:YLF CPA laser 
4)

  is well suited for pumping the OPCPA. We

have achieved ultra-broadband amplification in the spectral range from 900 nm to 1180 nm,

3.9
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corresponding to 3.7 optical cycles around degeneracy.

A schematic of the ultra-broadband parametric amplification setup with a single-stage OPCPA is

presented in Fig. 1. A seed pulse is delivered from the mode-locked Ti:sapphire oscillator (Tsunami;

Spectra-Physics Inc.) operated at a center

wavelength of 1017-nm, which is capable

of producing a laser pulse with an average

power of 400-mW at 80-MHz repetition

rate. The seed pulse is then split into two

beams. One is temporally stretched with a

1.2-km polarization-maintained single-

mode fiber up to ~ 1ns and amplified in

the cryogenically-cooled Yb:YLF

regenerative amplifier.
 5)

 The amplifier

employed an Yb:YLF crystal with Yb

concentration of 20-at.% and a thickness

of 2-mm and a 5-mm x 5-mm cross

section. In this experiment, the laser pulse is amplified up to ~ 12-mJ at a laser-diode pump power of

71.6-W with a pulse duration of 4 ms. The amplified chirped pulse was compressed by a pair of gratings

down to 1.4 ps.  The compressed pulse was down-collimated to a 3-mm diameter by a Galilean telescope

and was then frequency doubled in a type-I BBO crystal cut at 23.8 deg with a 7-mm-long for pumping

the parametric amplifier. The frequency-doubled pump pulse with an energy of 2.2-mJ was obtained at a

fundamental laser intensity of 36-GW/cm
2
 which corresponds to an energy conversion efficiency of ~

40 %. The pump pulse had a duration of 2.4-ps and a bandwidth of 3-nm at the full width half maximum

(FWHM), respectively. The laser system is currently operated at a 10-Hz repetition rate due to the

limitation of the capability of the LD driver.

The signal pulse for OPCPA is generated from another split seed pulse, which has been converted to

white light continuum (WLC) via a photonic crystal fiber (PCF). The PCF has a length of 15-cm and core

diameter of 4.7-mm with a zero-dispersion wavelength of around 1030-nm (Crystal Fibre NL-4.7-1030).

The seed pulse with an energy of 2.8-nJ and duration of 80-fs is coupled into the PCF. The generated

white light is then stretched to ~2-ps by a piece of glass with an optical pass length of 10.5-cm. The white

light seed pulse with an energy of ~ 0.75-nJ was introduced into the parametric amplifier which employs a

BBO crystal (5 x 5-mm aperture, 7-mm-long) cut at 23.8º and a collinear configuration of type-I phase

matching with an internal crossing angle between the seed and pump pulses of 0.6º. The white light seed

pulse loosely focused on the BBO crystal had a diameter of 1.0-mm, resulting in an intensity of 48-

Fig. 1 A layout of an OPCPA pumped by a diode-

pumped Yb:YLF chirped-pulse amplification laser.
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kW/cm
2
. The OPA pump pulse with an

energy of 2.1-mJ was down-collimated to

a 1.2-mm diameter, thus giving an

intensity up to 76.9-GW/cm
2
. The laser

energies and power spectra were measured

with a thermopile power meter (Coherent;

PM-10) and fiber optic spectrometer

(Ocean Optics; USB-2000-VIS-NIR and

NIR-512), respectively.

A maximum single-pass gain of more

than 1.6x10
5
 was achieved with a pump

intensity of 51-GW/cm
2
. Saturated

amplification was observed with the pump

intensity in excess of 20-GW/cm
2
. We

have also obtained a conversion efficiency

of 9.6 % into the signal, resulting in an

amplified signal energy of 83-mJ. Fig. 2

shows the measured amplified spectrum of OPCPA and the calculated phase matching bandwidth. The

spectrum ranging from 900-nm to 1180-nm was amplified, corresponding to a calculated, transform-

limited pulse duration of 12.6-fs (3.7 optical cycles). This result is in reasonable agreement with the

calculated phase matching bandwidth. However, the measured spectrum was slightly broader than that of

the calculated one, which may be due to the presence of the pump beam divergence.
 5)

  In conclusion, we have demonstrated optical parametric chirped-pulse amplification by using a diode-

pumped Yb:YLF CPA laser system as a pump source and achieved an ultra-broadband amplification of

over 200-nm supporting a 12.6-fs duration (3.7 optical cycles) in spite of being operated around

degeneracy. By using a two-stage OPCPA with a higher-energy pump pulse, it should be able to produce a

terawatt-class, few-cycle laser pulse without complexly and enlarging the system size. Such a laser is

useful for the generation of attosecond pulse generation in the xuv region as well as other high field

applications.

Fig. 2 Measured amplified spectrum (solid line) and WLC

spectrum    (dotted line). Calculated phase-matching

curve is also indicated. A shaded area corresponds to the

bandwidth of the pump laser.
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分子における強レーザー場中の電子・イオンダイナミクスの
第一原理計算

First-principles calculation for electron-ion dynamics
of molecules under intens laser field

川下洋輔 1, 中務孝 2, 矢花一浩 3

1 筑波大学大学院 数理物質科学研究科, 2 理研, 3 筑波大学 計算科学研究センター
Yosuke Kawashita1, Takashi Nakatsukasa2, Kazuhiro Yabana3

1 Graduate School of Pure and Applied Sciences, University of Tsukuba,
2 RIKEN,

3 Center for Computational Scienses, University of Tsukuba

Recent development of laser technology has enabled us to study various nonlinear phenomena

of molecules that occur under high-intensity (1013 ∼ 1015[W/cm2]) and ultrashort (∼ 10−15[sec]

) laser pulse. We calculate the Coulomb explosion of N2 molecules under intense laser pulse em-

ploying the time dependent density functional theory (TDDFT) with real-space and real-time

method. We obtaind the intitive picture for the process of Coulmob explosion applying the

TDDFT.

Keywords: Laser, Ultla short pulse, High intensity, Coulomb explosion, First-

principles calculation

1.はじめに

レーザーパルスを用いた分子の配向や結合の選択的解離といった分子制御は大変な興味を持たれて
おり、様々な研究がなされている。また、高次高調波発生をはじめとする強レーザーパルス照射に起
因する電子の非線形現象にも大きな注目が寄せられている。こういった様々な研究の背景には、レー
ザー技術の発展が大きく関係している。現在、レーザー技術のフロンティアの一つにレーザーパル
スの超短パルス化、超高強度化がある。レーザーパルスの時間幅はフェムト秒（10−15sec)からアト
秒 (10−18sec)の領域に達しており、そのような領域のレーザーパルスを用いることによって、分子
中のイオンの実時間計測、さらには電子の実時間計測が可能となる。また、強度に関しては、1013～
1015[W/cm2]といった分子内で電子に対する電場と同程度のレーザーを生成することが可能であり、
このような強度において多重イオン化、高次高調波発生といった非線形現象が現れることが知られて
いる。こういった非線形、非摂動的な電子ダイナミクスを理論的に記述する手法として時間依存密度
汎関数法 (Time dependent density functional theory : TDDFT)は有用な手法である。
我々は本研究で、分子における強レーザー場中の電子・イオンダイナミクスを第一原理的に記述す

ることを目的として、実空間、実時間発展による時間依存密度汎関数法 (TDDFT)を用いて電子状態
とイオンの運動が結合した、電子・イオンダイナミクスを記述する手法を開発した。また、この手法
を用いて強レーザーパルスによる窒素分子のクーロン爆発に対してシミュレーションを行った。クー
ロン爆発は多電子系の非線形ダイナミクスとイオンの運動が相互に結合した複雑な現象であるため、

4.1
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そのメカニズムに対して統一的な理解は得られていない。我々は窒素分子のクーロン爆発をシミュ
レートすることにより、そのメカニズムの解明を試みた。

2.計算方法

我々は電子状態の記述に TDDFTの実空間、実時間発展による解法を用いた。実空間法では空間
を格子状に分割し、その各格子点上で電子波動関数などの物理量を定義する。この手法は空間分割に
よる大規模並列計算に適した手法であり、タンパク質などの大規模系になるほど威力を発揮する手法
である。実時間発展法は矢花と Bertschによって発展された手法であり [1]、我々はこの手法に対し
て多くの経験を持っている。実時間発展法とは、式 (1)に示す時間依存 Kohn-Sham方程式を式 (2)
のよう直接的に解き進める手法である。

ih̄
∂ψi(r⃗, t)

∂t
= (hKS(r⃗, t) + Vext(t))ψi(r⃗, t) (1)

ψi(r⃗, t+∆t) ≃ e−i(hKS(r⃗,t)+Vext(t))∆t/h̄ψi(r⃗, t) (2)

この微小ステップを繰り返すことにより、波動関数の実時間発展を記述することができる。ここで
ψi(r⃗, t)は一粒子軌道関数、hKS(r⃗, t)はKohn-Shamハミルトニアン、Vext(t)は時間に依存した外場
である。我々は式 (2)の時間発展を 4次のテーラー展開で近似することにより数値計算を行った。実
時間発展の手法は線形応答 TDDFTとは異なり、電子密度の基底状態からの差を線形化するといっ
た近似が含まれていないために、一電子励起状態に限らず、多電子励起状態の記述も原理的に可能で
ある。従って、この手法は強レーザー場中の電子状態の記述に適している。
イオンの運動に関しては古典的な記述を行う。

M
∂2R
∂t2

= Fion−ion + Fion−ext + Fion−elec (3)

ここで、M はイオンの質量、R はイオンの座標である。実時間発展 TDDFT で記述した電子状態
を考慮して、イオンに働く力を計算し、その力をもとにして古典的なイオンのダイナミクスの記述
を行う。イオンに働く力には正に帯電したイオン同士のクーロン斥力、レーザー場から直接受ける
力と電子分布からの寄与の三種類がある。このうちイオン同士のクーロン斥力 Fion−ion とレーザー
場からの力 Fion−ext は直接的なものであるため、記述するのに特に難しい問題はない。しかし、電
子からの寄与は電子の量子論的な運動が原因であるため取り扱いが難しくなる。この力の計算には、
Feynman-Hellman(F-H) の定理を用いる。F-H の定理によると、イオンに働く力はイオンポテン
シャルのイオン座標での微分を電子波動関数で期待値をとることによって計算できる。F-H 力をあ
らわに表現すると以下の形になる。

Fion−elec = −
N∑
i

⟨ψi|
∂Vion

∂R
|ψi⟩ (4)

ここで、Vion はイオンからのポテンシャルである。
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3.計算結果

本論文では今回開発した第一原理的に電子・イオンダイナミクスを記述する手法を用いて、窒素分
子のクーロン爆発のシミュレーションを行ったので、その結果を示し、考察を行う。窒素分子のクー
ロン爆発の実験的な現状としては、N2

4+ → N2+ + N2+ という多重イオン化によるクーロン爆発
の過程において、レーザーパルスの時間幅が比較的長い場合 (55[fs])観測される N2+ の運動エネル
ギーは分子が平衡位置でクーロン爆発を起こした場合のエネルギーに比べて 56 % と大きく抑制され
る。[2]一方で、時間幅が短い場合 (10[fs])の場合はエネルギーはほとんど抑制されない。[3]このメ
カニズムについて、現在もまだ議論が続いている状態である。
我々はパルス幅が長い場合と短い場合でのクーロン爆発過程をシミュレートするために、パルス

幅 30[fs]と 5[fs]という直線偏光で波長 800[nm]のレーザーパルスを窒素分子の分子軸と平行な方向
に照射するという計算を行った。レーザーの強度はそれぞれのパルス幅で N2

4+ → N2+ + N2+ と
いうクーロン爆発になるように調節した。図 1 にパルス幅 30[fs] の場合のイオン間距離、価数、イ
オンに働く力の時間変化を示す。また、図 2にはパルス幅 5[fs]の場合の同様の結果を示す。また表
1にそれぞれのパルス幅の場合で最終的にイオンが持つ運動エネルギー (KER)を示す。パルス幅が
30[fs]の場合 KERは 33.2[eV]と平衡位置でのクーロンエネルギーの 64％と小さな値となっている。
これはイオン化を起こしながらイオン間距離が伸びるためであることが図 1 からわかる。パルス幅
が 5[fs]の場合の KERは 36.9[eV]であり、これは実験的に得られている結果と異なりエネルギーが
大幅に抑制されている。抑制される原因は、イオン化は瞬時に起こっており、その間イオン間距離は
伸びていないが、電子が各イオンの周囲に局在化して点電荷とみなせるようになるまでに時間がかか
り、その間にイオン間距離が伸びて運動エネルギーが抑制されるためであることが図 2からわかる。

 1
 1.5

 2
 2.5

 3
 3.5

 4
 4.5

 5
 5.5

 6

 0  5  10  15  20  25  30  35  40

di
st

an
ce

 [a
ng

st
ro

m
]

time [fs]

bond length
laser

 0
 1
 2
 3
 4
 5
 6
 7
 8
 9

 10

 0  5  10  15  20  25  30  35  40

M
ol

ec
ul

ar
 c

ha
rg

e

time [fs]

p+q
laser

-20

 0

 20

 40

 60

 80

 100

 0  5  10  15  20  25  30  35  40

fo
rc

e 
[e

V
/a

ng
st

ro
m

]

time [fs]

force
CF

laser

図 1 パルス幅 30[fs]のレーザーを窒素分子に照射した場合の図。左から、イオン間距離、分子全
体の価数、イオンに働く力の時間変化を示している。イオンに働く力で実線は実際にイオンに働
いている力、破線は二価のイオンを点電荷とした場合に各時刻のイオン間距離をもとにして計算
したクーロン力である。
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図 2 パルス幅 5[fs]のレーザーを窒素分子に照射した場合の図。

表 1 それぞれのレーザーでの KER。CEは点電荷とみなした二価のイオンが基底状態のイオン
間距離にあった場合のクーロンエネルギー。

(4.1×1015,30) (9.7×1015,5) CE

33.2[eV] 36.9[eV] 51.9[eV]

4.まとめ

我々は本研究で、電子とイオンのダイナミクスを同時に第一原理的に記述することを目的として、
電子ダイナミクスを TDDFTの実時間発展による解法で記述し、同時にイオンダイナミクスを電子
状態と結合した古典的なニュートン方程式で記述する手法を開発した。この手法を用い、強レーザー
パルスによる非線形現象の一つであるクーロン爆発のシミュレーションを行った。結果は長いパルス
幅のレーザーを照射した場合に起こる運動エネルギーの抑制はイオン化しながらイオン間距離が伸び
るためであることがわかった。短いパルスの場合は実験では運動エネルギーはほとんど抑制されてい
ないにも関わらず、我々の計算では大きく抑制されるという結果になりこの違いの原因については現
在考察中である。
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4.2 EUV
Atomic modeling of the plasma EUV source 

Akira Sasaki 

Quantum Beam Science Directorate, Japan Atomic Energy Agency 

An atomic model of Sn plasmas is developed to calculate the coefficients of radiative transfer. 

In order to reproduce the experimental spectrum, dominant satellite lines are determined 

after iterative calculations, which have a significant contribution to the emission. We also 

correct the transition wavelengths through comparison with experiments. Present emissivity 

and opacity will be useful for the radiation hydrodynamics simulation, toward the 

optimization of the EUV source. 

Keywords: laser produced plasma, EUV source, simulation, plasma atomic process 
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4.3
Nuclear scattering calculation of particles by using Monte-Carlo method 

Kengo Moribayashi

Advanced Photon Research Center, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 
Abstract:

We have calculated nuclear scattering, nuclear stopping powers, and space distribution at the 
range for proton and  particles in water molecules. The nuclear stopping powers and the 
space distribution at the range calculated here agreed well with experimental data and the 
other calculation data, respectively. 
Key words: Monte Carlo, nuclear scattering, nuclear stopping powers, space distribution  
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4.4

Oxygen Isotope Separation by Isotopically Selective Infrared Multiphoton 
Dissociation of 2,3-dihydropyran

Atsushi YOKOYAMA1), Hironori OHBA1), Hiroshi AKAGI1), Keiichi YOKOYAMA1), Morihisa SAEKI1),
Keiichi KATSUMATA2)

1) Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Energy Agency 
2) Global Environmental Forum 

Oxygen isotopic selectivity on infrared multiphoton dissociation of 2,3-dihydropyran has 
been studied by the examination of the effects of excitation frequency, laser fluence, and gas 
pressure on the dissociation probability of 2,3-dihydropyran and isotopic composition of products. 
Oxygen-18 was enriched in a dissociation product: 2-propenal.  The enrichment factor of 18O and 
the dissociation probability were measured at laser frequency between 1033.5 and 1057.3 cm-1; the 
laser fluence of 2.2 - 2.3 J/cm2; and the 2,3-dihydropyran pressure of 0.27 kPa.  The dissociation 
probability decreases as the laser frequency being detuned from the absorption peak of 
2,3-dihydropyran around 1081 cm-1.   On the other hand, the enrichment factor increases with 
detuning the frequency.  The enrichment factor of 18O increases with increasing the 
2,3-dihydropyran pressure at the laser fluence below 3 J/cm2 and the laser frequency of 1033.5 cm-1,
whereas the yield of 2-propenal decreases with increasing the pressure.  Very high enrichment 
factor of 751 was obtained by the irradiation of 0.53 kPa of 2,3-dihydropyran at 2.1 J/cm2.   

Keywords: Oxygen isotope separation, CO2 laser, Collisional effect, 2-Propenal, Enrichment factor 

16 17 18

－ 65 －

JAEA-Conf 2008-007



1020 1030 1040 1050 1060 1070 1080 1090 1100

0.05

0.10

0.15

C5H8
16O

C5H8
18O

30 2040 10

P-branch
CO2 Laser Line

Ab
so

rr
ba

nc
e

Wavenumber (cm-1)

Fig. 1.  IR absorption spectra of 2,3-dihydropyran 
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Fig. 3. Laser fluence dependence of (a) dissociation rates D 

and (b) enrichment factor .  Laser frequency is fixed at 
1033.5 cm-1, and the C5H8O pressure is 0.27 kPa. 
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光ダイナ

Photo-dynamics of Zinc-Myoglobin Modified with 

Ethylenediaminetetraacetic Acid

1) 1) 1) 1) 2)

1)

2)

Hiroshi TAKASHIMA1), Hiroe KAWAHARA1), Miho KITANO1), Keiichi TSUKAHARA1), Hiroshi 

MURAKAMI2)

1)Department of Chemistry, Faculty of Science, Nara Women’s University

2)Japan Atomic Energy Agency

Reconstituted zinc-myoglobin (ZnMb) has been newly prepared by incorporating chemically-modified 

zinc-porphyrin cofactor appending an ethylenediaminetetraacetic acid (EDTA) moiety into apo-Mb.  The 

divalent metal cation (Co2+, Cu2+, Ni2+, Mn2+, Zn2+, Mg2+) affinities of the EDTA moiety were determined 

by conducting UV-vis (and fluorescence) titration experiments in water.  The photoinduced 

electron-transfer and energy-transfer reaction dynamics of the metal-bound ZnMb[M(edta)] were studied 

by fs-laser induced fluorescent lifetime measurements.  

Keywords: Myoglobin, Electron Transfer, Ethylenediaminetetraacetic Acid, Metal Ion, Fluorescence
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  Scheme 1.  Photoreaction Pathways of ZnMb[M(edta)].
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Preparation of cerium compound nanoparticles by laser ablation in liquid phase 

Hironori OHBA, Morihisa SAEKI, Akihiko NISHIMURA, and Atsushi YOKOYAMA 

Laser Chemistry Group, Quantum Beam Science Directorate, JAEA 

Colloidal solutions of cerium compound nanoparticles were prepared using a cerium metal in 

liquid phase by laser ablation with nanosecond laser pulses at 1064, 532, or 308 nm, and femtosecond laser 

pulses at 780 nm. Particles were characterized by using an UV/VIS spectrometer and an electron 

microscope. Cerium dioxide particles were easily synthesized by laser ablation with nanosecond laser 

pulses, while low-oxidized compounds were prepared by laser ablation with femtosecond pulses in pure 

water. Metallic cerium particles were produced in liquid nitrogen by laser ablation. The formation 

efficiency of colloidal particles for visible and infrared nanosecond pulses was higher than that for 

ultraviolet pulses and for femtosecond pulses. Under the irradiation of ultraviolet laser, it appears that 

self-absorption of laser pulses causes the lower formation efficiency of colloidal particles and the formation 

of small size particles due to fragmentation of colloidal particles.  

Keywords: Laser ablation, Liquid phase, pure water, liquid nitrogen, Nanoparticles, Cerium oxides 
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4.7 Observation of ICP mode Transition from  
CCP mode with Inside RF Antenna 

Keita NAKAGAKI1,2, Toshihiko YAMAUCHI2, Yoshinori Kanno1,Seiji KOBAYASHI2

1; Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi  

2; Japan Atomic Energy Agency

The CVD system by 27.12 MHz RF heating plasma discharge was developed to investigate the synthesis 

of the advanced ceramics, particularly diamond. Our system was unique, whose four turns RF antenna coil 

was installed inside of chamber. Here, we found the interesting physical behavior for the first time which 

the charge coupled plasma (CCP) changed to the inductively coupled plasma (ICP) suddenly at the 

threshold power. The plasma characteristics which were measured by the double probe were Te~10 eV and 

ne~1011 cm-3 suitable for the dissociation. No impurity was observed in plasma, judging from the 

spectroscopic measurement. The ball-like diamond was synthesized on the silicon (Si) substrate by the low 

power RF heating plasma.  

Keywords: CCP, ICP, RF, Plasma, CVD, diamond, transition, Te, ne

1. Introduction 

The advanced ceramics synthesis, especially diamond synthesis, has been investigated for the long time, 

since the GE Co. in USA succeeded to produce the diamond by the high-pressure and high-temperature 

method [1]. Almost ten years later, Derjaguin et al began to investigate the diamond synthesis using the 

low-pressure synthesis method, or using the chemical vapor deposition (CVD) [2]. The purpose of 

diamond synthesis is mainly derived from the great charm of the superior industrial characteristics of 

diamond. 

Our experiment has been performed to clarify the physics of diamond synthesis by CVD with the RF 

heating system. In the inside antenna, the plasma parameters such as electron density increased smoothly 

by the increase of RF power [3]. But in our inside RF antenna, we found the abrupt change of plasma 

parameters for the first time. This transition which produced high density and high temperature plasma was 

very useful for the dissociation of hydrogen and methane molecular. Therefore, both argon (or hydrogen) 

and methane gases were used to produce the diamond-like carbon (DLC) and the ball-like diamond [4]. In 

this paper, the synthesis apparatus with 27.12 MHz RF heating and the double probe etc. are described, 

whose four turns antenna is installed inside of chamber. It is in contrast to the other system [5]. We 

describe the abrupt transition of plasma mode from the charge coupled plasma (CCP) to the inductively 

coupled plasma (ICP) by the increase of RF power. In these modes, the plasma characteristics composed of 

both argon (hydrogen) and methane gases were measured by the double probe, the spectrometer and the 

photo-diode. The diamond like carbon (DLC) and ball-like diamond synthesized on Si substrate was 

investigated using the scanning electron microscopy (SEM) or Raman spectrometer.  
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2. Experimental apparatus 

Figure 1 shows the experimental apparatus. The three kinds 

of gases were used, and each gas flew through the mass flow 

controller (MFC) into the electric gate valve after mixing 

them. The gas flow rates were 10~30 sccm for argon 

(hydrogen) gas and 0.1~0.3 sccm for methane gas. The mixed 

gases flew into the chamber through the fused quartz pipe 

(inside diameter: 7 mm, the outlet diameter of gas at the top: 

1mm). The gas flew in the center of antenna coil (The inside 

diameter of 4 turn-antenna coil was 31 mm which was made 

of the water-cooled cupper tube of 5 mm ). The mixed gas 

reached on the surface of Si substrate on the stage. The 

vacuum chamber (26 cm in diameter and 40 cm in depth) was evacuated by the turbo-molecular pump 

(TMP) and the rotary pump (RP). The valve between the vacuum chamber and TMP was almost closed to 

control the gas pressure in the chamber. After the chamber was evacuated till the extent of 10-6 torr, the 

mixed gas was usually filled into the chamber till 0.6 torr. The characteristics of RF heating system were as 

follows: Maximum RF power was 1 kW and RF frequency was 27.12 MHz. The input and reflected RF 

powers were memorized in personal computer through the data logger. The parameters such as the electron 

density ne and the temperature Te, the radiation power Pr, the holder temperature T were measured by the 

double probe (DP), the photo-diode (PD) and the thermocouple (or thermal infrared radiometer), 

respectively. The synthesized sample was observed by SEM and Raman 

scattering spectrometer. 

3. Plasma Characteristics 

The diagnostics of DP, the visible spectrometer and PD were used to investigate the CVD plasma behavior. 

The experimental condition was as follows; Argon (hydrogen) and methane gas flow rates were 10~30 

sccm and 0.1~0.3 sccm respectively, as mentioned above. The total gas pressure in chamber was usually 

0.6 torr. The volume percentage of methane gas was almost 1%. In ICP Te and ne were measured using DP. 

The probe position was fixed at 17 mm away from the bottom of antenna coil. The experimental values 

were Te=3~10 eV and ne=(0.08~0.8)x1011 cm-3 at RF power of 20~600W. The visible spectral lines were 

measured with the spectrometer (Nikon P250: grating of 1200 lines/mm, braze wavelength of 300 nm) and 

the photomultiplier tube (PM: R1333 of Hamamatsu Cor.). Many argon spectral lines were observed in 

Ar+CH4 plasma, but the spectral line emitted from the impurity such as cupper atom (spectral line: 510 

nm) was not observed in CCP mode. In H2+CH4 plasma the spectral lines emitted from Balmer zone and 

Fulcher zone were clearly observed in ICP mode. 4.Sharp transition of plasma mode from CCP to ICP 

When the mixed gas H2+CH4 was flown into the vacuum chamber, the gas pressure in the chamber was 

controlled from 0.1 to 5 torr. 

TMP RP

DP

Photo-diode

Isolat ion

Lens
RF Power Unit

Matching Box

Power supply
Current meter

Recorde r

DC Power supply

Spectro -
meter

Ar,H 2

Fig.1 Experimental apparatus. 
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The plasma showed the unique phenomenon suddenly, 

when RF power reached at some power which was 

named as the threshold power. At first, when we 

increased the RF power, the plasma was turned on at the 

threshold P0=10~40 W (P0min=10W). This was the 

threshold power of CCP mode. This discharge was 

caused by between the out feedthrough (ground 

potential) and the higher potential coil. The threshold 

power P0 obeys the Paschen’s law as shown in Fig.2. 

When RF power was increased over P0, the reflected 

power was increased together with the absorbed power. 

Reaching the next threshold power P1, the reflected 

power Pref suddenly dropped under a half. The radiation 

Pr suddenly jumps over three times as shown in Fig.3. 

ICP was well confined with the magnetic field induced 

by antenna current, and ne and Te were higher than that 

of CCP and the slope in ICP mode was steeper. By 

contraries, when RF power was decreased, ICP mode 

was kept even if RF power decreased less than the 

threshold P1. And then ICP mode suddenly changed to 

CCP mode at the threshold P2. The reflected Pref jumped 

over three times as shown in Fig.3. The radiation Pr

dropped under a tenth. The threshold powers were 

plotted in Fig.2. The region between the threshold P0 and 

P1 is CCP mode, and the region above P1 is ICP mode. 

Their threshold increased in proportion to the gas 

pressure. The abrupt change of plasma which was 

associated with Te, ne and Pr was observed. ICP mode was 

in contrast to CCP mode. This plasma investigation is 

described in ref.6. 

5. Observation of diamond grains with SEM and Raman spectrometer 

The diamonds produced on Si substrate were observed with SEM. The SEM micrographs are shown in 

Fig.4. The duration for their synthesis was almost 2 hours and a half. The size was nearly 200~1000 nm. 

Some nano-particles were also made from the carbon-rich plasma by using pyro-graphite (PG) except for 

the gas CVD. The diamonds which were charged through the scanning electron beam used in SEM looks 

to be white as shown in Fig.4. The peak of Raman scattering spectrum was observed around 1330 cm-1

whose value showed the diamond in Fig.5. The broad bands around 1250~1400 cm-1 and 1530~1650 cm-1
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are the spectral curve emitted from DLC and the graphite respectively. 

6. Summary 

In plasma mode transition experiment, the plasma characteristics were Te=3-10 eV and 

ne=(0.08~0.8)x1011cm-3 and the spectroscopic data showed no impurity in CCP. Sharp transition of plasma 

mode from CCP to ICP was found for the first time using the inside RF antenna, and ICP was the high 

density and high temperature plasma suitable for the synthesis experiment. We presented that the ball-like 

diamond on Si substrate was synthesized by the low power RF heating.  
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4.8

Generation of intense terahertz radiation 
by ultrashort high power lasers 

1) 1) 1)

2) 2) 2) 2) 2) 2)

1)

2)

Shigeki NASHIMA1), Kohei SHIMIZU1), Makoto HOSODA1), Hiroshi MURAKAMI2) Satoshi ORIMO2),

Koichi OGURA2), Michiaki MORI2), Akito SAGISAKA2), and Hiroyuki DAIDO2)

1)Department of Applied Physics, Graduate School and Faculty of Engineering,  

Osaka City University 
2)Kansai Photon Science Institute, Japan Atomic Energy Agency 

We have measured the spectrum of intense electromagnetic wave radiated from Ti-plasma by using a 

Martin-Puplett interferometer. We found that the spectrum of observed radiation distributes around 0.2 

THz and extends up to 0.5 THz. The pulse duration of the terahertz wave would estimate to 2 ps with the 

measured spectrum for a transform limited pulse. 

Keywords : Terawatt laser, terahertz (THz) radiation, laser plasma, poderomotive force 
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Figure 1: Schematic illustration of experimental setup for the detection of terahertz radiation by using a 
Martin-Puplett interferometer. 
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FEL

Measurement of Mid-infrared FEL Pulses for an Optical Quantum Control 

, , , ,
 ERL

Hokuto IIJIMA, Ryoji NAGAI, Nobuyuki NISHIMORI, Ryoichi HAJIMA, Eisuke MENEHARA 
ERL Development Group, Quantum Beam Science Directorate, 

Japan Atomic Energy Agency 

We report measurements of chirped FEL pulse from an energy recovery linac (ERL) at Japan 
Atomic Energy Agency (JAEA). The chirped FEL pulse is operated by the JAEA ERL-FEL 
superconducting accelerator at wavelengths of 20 m. The chirped pulse was previously measured by a 
second-harmonic-generation (SHG) autocorrelation, however the chirp rate was evaluated to assume the 
temporal shape. In order to measure the chirp rate of FEL pulse without any assumption, the 
frequency-resolved optical gating (FROG) is employed to completely retrieve a spectral phase or a 
temporal phase. We show a FROG measurement of a pulse distorted by atmospheric water vapour 
absorption. The SHG intensity calculated from the retrieval intensity and spectral intensity of FEL pulse 
were good agreement with the SHG autocorrelation and the power spectrum. 

Keywords: Free-electron laser, Energy-recovery linac, Chirp pulse, Optical quantum control 
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Fig.1 Schematic view of Frequency-Resolved Optical Gating 
(FROG) setup. BS; beam splitter, RR; retro-reflector, PM; 
parabolic mirrors, Cry; SHG crystal. 
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Fig.2 Measurement FROG trace (left) and calculated trace (right) from the retrieval pulse. 
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4.10

Development of Radiation Detector using Surface Plasmon Resonance (SPR) 

X

Yuichi KUNIEDA, Keisuke NAGASHIMA, Noboru HASEGAWA, Maki, Yoshihiro OCHI 
X-ray laser research group, Quantum Beam Science Directorate, Japan Atomic Energy Agency 

A new radiation detector has been developed for an X-ray laser detection with high time and spatial 
resolution. The detector consists of a prism coated with a thin metal film and semiconductor film. The 
thicknesses of these films are about 45nm and 10nm, respectively. Using this detector, a probe light can 
excite surface plasmon resonance (SPR) and a photodetector can detect the X-rays which are absorbed into 
the semiconductor film by measuring the resonance condition of the surface plasmon on the metal surface. 
The time and spatial resolution of this detector is probably better than that of conventional X-ray detectors 
by combining this surface plasmon measurement with the pump and probe measurement using a 
Ti:sapphire laser. In this proceeding, we describe the principle of this detector and report the SPR curves 
measured by using the two kinds of prisms coated with thin films (Au+Si and Au+ZnSe). 

Keywords: Radiation detector, Surface plasmon resonance, Evanescent wave, X-ray laser, Pump and 
probe time resolved measurement 
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4.11
Estimation of X-ray Converter Effect in Laser Plasma X-ray Sources

Y. OISHIA, T. NAYUKIA, T. FIJIIA, A. ZHIDKOVA, and K. NEMOTOA

K. TAKANOB

ACentral Research Institute of Electric Power Industry, 2-6-1, Nagasaka, Yokosuka-shi, 
Kanagawa-ken, 240-0196, Japan 

BInterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of 
Technology, 4259, Nagatsuta-cho, Midori-ku, Yokohama 226-8502, Japan 

X-ray generation using T-cubed laser is expected to be a useful diagnostic tool for power 
plants because of its compactness and easy controlling. Thus far, we have succeeded in 
generation of electrons and ions with MeV order energy by irradiation of T-cubed laser on 
thin tape target. MeV order X-ray is also expected to be generated using a similar system. 
However, for radiographic tests, a large amount of X-ray is necessary and effective energy 
conversion from electron into X-ray is required. Here, in order to increase high energy X-ray, 
we used a converter from fast electron into X-ray placed behind a thin tape target and 
estimated the converter effect by varying converter materials and thicknesses.  

Keywords: Laser Plasma X-ray, Radiography, Facility Diagnosis 
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4.12 UV Fluorescence from Zinc Oxide 
Excited by X-ray laser 

Yusuke FURUKAWA1, Hidetoshi MURAKAMI1, Sigeki SAITO1, Nobuhiko SARUKURA1, Hiroaki 

NISHIMURA1, Kunioki MIMA1, Momoko TANAKA2, Masaharu NISHIKINO2, Hiroshi YAMATANI2,

Keisuke NAGASHIMA2, Toyoaki KIMURA2, Yuji KAGAMITANI3, Dirk Ehrentraut3, Tsuguo FUKUDA3

1. Institute of Laser Engineering, Osaka University 

2. Advanced Photon Source Development Unit, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

3. Institute of Multidisciplinary Research for Advanced Materials, Tohoku University 

The scintillation properties of a hydrothermal method grown zinc oxide (ZnO) crystal are evaluated 

for extreme ultraviolet (EUV) laser excitation at 13.9 nm wavelength.  The exciton emission lifetime at 

around 380 nm is determined to be 1.1 ns, almost identical to ultraviolet laser excitation cases. This fast 

response time is sufficiently short for characterizing EUV lithography light sources having a few 

nanoseconds duration. The availability of large size ZnO crystal up to 3-inch is quite attractive for future 

lithography and imaging applications. 

Keywords: EUV laser, X-ray Laser, Scintillation, Ultraviolet, ZnO 

Optical technologies in the extreme ultraviolet (EUV) region have been receiving strong interest for 

next-generation lithography applications. Efficient EUV light sources have been successfully demonstrated 

in the past 5 years.1,2 Owing to such advances, various efforts have also been made for the development of 

functional optical components in this wavelength region. In particular, the development of efficient and 

fast imaging scintillator devices with sufficient size is a key element for lithographic applications. In these 

aspects, hydrothermal method grown zinc oxide (ZnO) is a prominent candidate. ZnO has been intensively 

studied the past ten years as a light-emitting diode material3 and as a result, its growth characteristics have 

been greatly improved in the aspect of crystalline quality and size of up to 3 inch-diameter.4 For the 

evaluation of this material, a nickel-like silver laser operating at 13.9 nm is the ideal light source; having 

large pulse energy up to about microjoules level and a sufficiently short pulse duration down to several 

picoseconds.5,6 In this paper, we report the excellent properties of ZnO as scintillator in the EUV region in 

the context of response time and fluorescence wavelength.  

The experimental setup is shown in Fig. 1. The EUV laser operating at 13.9 nm was employed as the 

excitation source. The lasing scheme is the 4p-4d transition of the nickel-like silver ion pumped with the 

transient collisional excitation.5 The two gain medium plasmas of the EUV laser were generated by 

irradiating flat silver targets with double laser pulses at a wavelength of 1053 nm, 200-ps-duration 

pre-pulse and 3-ps-duration main pulse separated by 2 ns.7 The typical pulse energy of the EUV laser 

emission was 0.5 µJ and the duration was 7 ps. This value is sufficiently short for this experiment. The 
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single crystal ZnO sample is grown by hydrothermal method combined with a platinum inner container.4

High-purity and transparent ZnO single crystal with a large size of 50 50 15 mm3 was sliced with a 

(0001) surface orientation. The EUV laser was focused on the sample using a molybdenum/silicon 

multilayer spherical mirror suitable for 13.9 nm.  To eliminate continuous emission from the plasma, a 

0.2 µm-thick zirconium foil was placed before the EUV mirror. The fluorescence spectrum and the 

fluorescence lifetime of the ZnO sample were measured using the 25 cm-focal-length spectrograph 

coupled with a streak camera with the temporal resolution of 100 ps in the fastest scanning range. The 

trigger pulse of the streak camera was provided by a pulse generator, which also served as the master clock 

of the EUV laser. For comparison, the scintillation properties were also evaluated using the 351 nm third 

harmonics from the 1053 nm chirped pumping source for the EUV laser, the ZnO was excited at an energy 

slightly above the bandgap.  The pulse duration of the 351 nm excitation is measured to be 110 ps 

One shot of EUV laser was enough to obtain a clear image of time-resolved fluorescence spectrum. 

Figure 2(a) shows the streak image, which is integrated for 3 frames to reduce the noise level.  The time 

profile at the peak of the spectrum is shown in Fig. 2(b).  It can be expressed by double exponential decay 

with time constants of 1 ns and 3 ns. The two decay constants have been measured in several works for UV 

excited ZnO single crystals, the fast decay is the lifetime of free exciton and the slower decay is assigned 

to be trapped carriers.8 The corresponding fluorescence spectrum and the time profile of UV excitation is 

shown in Fig. 5(c), (d).  In both the excitation conditions, a prominent fluorescence peak of the ZnO 

exciton transition was observed at around 380 nm.9 This wavelength is still convenient for high resolution 

imaging devices, since even BK7 glass is transparent at this wavelength. Moreover, the two decay lifetimes 

observed in both cases were almost similar regardless of the huge difference in the excitation photon 

energy.  The fluorescence lifetime is sufficiently short for the characterization of the laser plasma EUV 

source with nanoseconds duration for lithographic applications. Furthermore, a large-sized and 

homogeneous material is potentially attractive for EUV imaging applications including lithography.  

Fig.1. Experimental setup for the measurement of time resolved spectrum with UV and 

EUV excitation. 
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In conclusion, we have demonstrated the excellent properties of ZnO as a scintillation material for the 

EUV region. The response time is sufficiently short for characterizing EUV lithography light sources, 

having a few nanoseconds duration. The availability of large-sized ZnO crystal up to 3-inch is quite 

attractive for future lithography and imaging applications.  

This work was in part performed by auspice of MEXT (Japanese Ministry of Education, Culture, Sports, 

Science and Technology) project on "Development of Growth Method of Semiconductor Crystals for Next 

Generation Solid-State Lighting" and “Mono-energetic quantum beam science with PW lasers”.  The 

results were achieved under the Facilities Utilization system of Japan Atomic Energy Agency. 
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4.13

High Quality Laser-Produced Proton Beam Created by Phase Rotation

$

Akira NODA, Shu NAKAMURA, Masahiro IKEGAMI, Yoshihisa IWASHITA, Toshiyuki SHIRAI, 
Hiromu TONGU, Hikaru SOUDA, Yujiro TAJIMA, Mikio TANABE, Hiroyuki ITOH,  

Hiroki SHINTAKU, Atsushi YAMAZAKI 
Institute for Chemical Research, Kyoto University 

, A. Pirozhkov, S. Bulanov, T. Esirkepov, 

Hiroyuki DAIDO, Michiaki MORI, Masataka KADO, Akito SAGISAKA, Koichi OGURA, 
Mamiko NISHIUCHI, Satoshi ORIMO, Yukio HAYASHI, Akifumi YOGO, Hiromisu KIRIYAMA, 
Yoshimoto NAKAI, Atsushi AKUTSU, Jinglong Ma, Shuhei KANAZAWA, Takuya SHIMOMURA, 

Manabu TANOUE, Hiroshi YAMAMOTO, Alexander S. Pirozhkov, Sergei Bulanov, Timor Esirkepov, 
Akira NAGASHIMA, Toyoaki KIMURA, Toshki TAJIMA 

Kansai Photon Science Institute, Japan Atomic Energy Agency 

 Phase rotation of laser-produced protons has been performed in order to improve the beam quality with 
use of a short-pulsed high-power laser, J-KAREN at KPSI, JAEA. A laser pulse with the power, duration 

and peak power of 400mJ, 25fs and 16TW, respectively, has been focused on a polyimide target, 7.5m in 
thickness, with the declination angle of 45 Protons produced in the target normal direction from the 
rear surface have been detected by both a TOF detector consisting of a plastic scintillation counter and a 
Thomson parabola detector. Creation of protons up to 1.4 MeV was observed and peak formation in the 
energy spectrum with good reproducibility has been assured together with a radial focusing action by the 
phase rotation.   

Keywords: Ultrashort pulse laser, Proton Production, Quasi-mono-energy Peak, Phase Rotation 
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1
J-KAREN
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Fig. 1
J-LITEX [2] TOF
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1 1
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Fig.1. Experimental setup of proton-beam production 
and its phase rotation with the use of J-KAREN. 

Fig.2 TOF distribution after phase rotation (a) and its 
variation shot to shot (b).  Energy spectrum after phase 
rotation calculated by a computer simulation is given in 
(c) (Ref.[3]).
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CR39 387 mm

1.736 m 2.365 m CR39
Fig. 3 (b) (c)

(e) (f) 1.736 m CR39 (a)
(d)

2 Fig.2 (c)

[3]

1 S. Nakamura et al., “Real-Time 
Optimization of Proton Production by 
Intense Short-Pulse Laser with Time-of-Flight Measurement”, Jpn.J.Appl.Phys.,Vol.45, No.34 (2006), 
pp.L913–L916.

2 S. Nakamura et al., ” High-Quality Laser-Produced Proton Beam Realized by the Application of a 
Synchronous RF Electric Field”, Jpn.J.Appl.Phys.,Vol.46,No.29(2007), pp.L717–L720. 
[3] M. Ikegami et al., submitted to PRL. 

Fig.3 Images of the mesh set 387 mm downstream from the 
production target observed by CR39 detectors at the 
positions 1.736 m and 2.365 m downstream from the target 
are shown in (b) and (c), respectively for the case of  with 
phase rotation. Corresponding simulation results are shown 
in (e) and (f), respectively.  Experimental image and 
simulation result at 1.736 m without phase rotation are 
shown in (a) and (d), respectively (Ref. [3]). 
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4.14 High energy proton generation from thin-foil targets  
with a high intensity laser 

Akito SAGISAKA 1, Hiroyuki DAIDO1, Akifumi YOGO1, Koichi OGURA1, Satoshi ORIMO1,
Jinglong MA1, Michiaki MORI1, Mamiko NISHIUCHI1, Alexander S. PIROZHKOV1,
Sergei V. BULANOV1,2,3, Timur Zh. ESIRKEPOV1,3, Yuji OISHI4, Takuya NAYUKI4,

Takashi FUJII4, Koshichi NEMOTO4 , and Hideo NAGATOMO5

1Advanced Photon Research Center, Japan Atomic Energy Agency,  
8-1 Umemidai, Kizugawa-city, Kyoto 619-0215, Japan 

2A. M. Prokhorov Institute of General Physics of the Russian Academy of Sciences, 
38 Vavilov Street, 119991 Moscow, Russia 

3Moscow Institute of Physics and Technology, 9 Institutskiy pereulok,  
141700 Dolgoprudny, Moscow Region, Russia 

4Central Research Institute of Electric Power Industry, 2-6-1 Nagasaka, Yokosuka, 
Kanagawa 240-0196, Japan 

5Institute of Laser Engineering, Osaka University, 2-6 Yamadaoka Suita, Osaka 565-0871, Japan 

     We observed the proton signals with thin-foil polyimide and copper targets with a high-intensity 

Ti:sapphire laser pulse. High-energy protons with the maximum energy of 2.3 MeV for 7.5 µm thick 

polyimide target and 1.2 MeV for 3 µm thick copper target are generated at the laser intensity of ~1 x 1019

W/cm2 under preformed plasma condition. 

Keywords: High intensity laser, Proton beam, Preformed plasma  

1. Introduction 

     High-energy ions induced by laser-matter interactions have been observed experimentally [1-6]. The 

proton beam driven by a high-intensity laser is considered as a compact ion source for medical application 

[7]. In order to develop the laser-driven proton beam, characterizing the proton energy distribution and 

beam divergence is important as well as achieving high energy. The preformed plasma plays an important 

role in the absorption of the main pulse. Kaluza et al. reported that the optimal parameter of proton 

acceleration depends on the preformed plasma condition [8]. The experimental result indicated that the 

characterization of the preformed plasma is of essential importance for interpretation of ultra-short 

high-intensity laser-plasma interactions. Mackinnon et al. presented the maximum proton energy increase 

as reducing the target thickness [6]. Neely et al. observed the high-energy protons with thin-foil target with 

the thickness of < 1 µm [9]. They used a plasma mirror to reduce the preformed plasma. Nayuki et al. 

reported that the maximum proton energy increased as the product of target thickness and target mass 

density decreased [10]. 
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2. Experimental setup

     We use a Ti:sapphire laser system at Central Research

Institute of Electric Power Industry [11, 12]. In this laser

system, the central wavelength is 800 nm and the pulse

duration was 50 fs [full width at half maximum (FWHM)].

The contrast ratio of prepulse at ~5 ns before the main pulse

is measured to be ~10-5 by a photodiode detector. Figure 1

shows the schematic view of the experimental setup. A

p-polarized laser beam is transported into a target chamber

and is divided into pump and probe beams by a 5 µm-thick

optical-grade nitrocellulose beam splitter. The pump beam is

focused by an off-axis parabolic mirror with a focal length of

f = 178.5 mm and a incidence angle of 45°. The spot size of

the focused laser beam is 4 µm [vertical (FWHM)] x 5 µm

[horizontal (FWHM)]. It contains the energy of ~61 % within

1/e2 from the profile of the focusing pattern. The estimated

peak intensity was up to ~1x1019 W/cm2 with the energy of

300 mJ at the target surface. The probe beam is

frequency-doubled in 2 mm thick KDP crystal (Type-I). The

pulse duration of the second harmonic pulse is estimated to be

~200 fs because of an effect of group-velocity dispersion. We use both fundamental (800nm) and second

harmonic (400nm) pulses for optical probe beam. The two-color probe beams pass through the optical

delay line. A linear translation stage is used to vary the delay between the pump and probe beams.

Interference fringes are produced using a Fresnel biprism [13, 14]. The plasma image is magnified by a

factor of ~10 and detected by the CCD camera. The resolution in the object plane is approximately 10 µm.

The intensity of the probe beam is attenuated by neutral density filters so as to fall within the dynamic

range of the camera. A narrow-band interference filters for each wavelength are placed in front of the CCD

cameras to reject unwanted emission from the plasma. The band pass width is 10 nm for both wavelength

filters. The electron density profiles are obtained from interferometric measurements using few hundred

femtosecond probe pulses at the 50 ps before the pump beam. The protons are observed with a

time-of-flight (TOF) ion energy analyzer [15, 16]. The protons produced by the intense laser are measured

in the direction normal to the target with the TOF length of 2.1 m. The TOF proton measurement gives an

on-line real time information of proton energy distribution.

3. Experimental results

     High-energy protons are observed at the rear side of the thin-foil target at the laser intensity of

~1x1019 W/cm2. The electron density distribution of preformed plasmas are measured with two-color probe

    Fig.1 Experimental setup

Off-axis
parabolic
mirror
f=179mm

Probe beam

Target 

Main beam

Two-color
Interferometer
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beam as interferometers. The preformed plasmas at the front side 

of the targets are generated by prepulses of a high-intensity 

Ti:sapphire laser pulse for both polyimide and copper targets. 

Figure 2 shows the proton energy distributions obtained from the 

TOF spectra with 7.5 µm thick polyimide and 3 µm thick copper 

targets. The solid and dashed lines show the energy distributions 

for 7.5 µm thick polyimide and 3 µm thick copper targets, 

respectively. The maximum proton energy of 7.5 µm thick 

polyimide target is ~2.3 MeV. In the case of 3 µm thick copper 

target the maximum proton energy is 1.2 MeV at the same laser 

intensity. The maximum proton energy of 7.5 µm thick polyimide 

target is higher than that of 3 µm thick copper target as shown in 

Ref. 10. 

4. Summary 

     We observed the proton signals with thin-foil targets of a polyimide and copper. The preformed 

plasmas at the front side of the targets are generated for both polyimide and copper targets. In these 

preformed plasma conditions, high-energy protons with the maximum energy of 2.3 MeV for 7.5 µm thick 

polyimide target and 1.2 MeV for 3 µm thick copper target at the laser intensity of ~1 x 1019 W/cm2.
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4.15 Shadowgraphy for laser plasma investigation 
J. Ma, M. Mori, M. Kando, A. S. Pirozhkov, L.-M. Chen, I. Daito, Y. Fukuda, K. Ogura, A. 
Sagisaka, T. Homma, Y. Hayashi, H. Kotaki, T. Zh. Esirkepov, J. K. Koga, S. V. Bulanov, H. 
Daido, T. Kimura, and T. Tajima 
Advanced Photon Research Center, Japan Atomic Energy Agency, 8-1 Umemidai, 
Kizugawa-shi, Kyoto-fu, 619-0215, Japan 

Shadowgraph is one of the simplest diagnostics, while it shows abundant information in 
plasma directly. We report the application of time resolved shadowgraph to distinguish a 
picosecond time-scale post component in a laser pulse, and to overlap two femtosecond laser 
pulses in time and space in plasma.  

Key words: shadowgraph, pre-pulse, post pulse 

1. Introduction 
 In a laser-laser colliding experiment 1 , a number of optical diagnostics are 
employed. These include time resolved shadowgraphy for plasma channel observation, 
interferometry for electron density measurement, Thomson scattering imaging for channel 
structure observation, spectral imaging for plasma wave observation, and laser mode 
monitoring for alignment. They provide important information for understanding the 
plasma processes involved. In this report we present the application of time resolved 
shadowgraphy for 1) distinguishing a post pulse which has been mistaken as a pre-pulse and 
posed difficulty on analyzing the plasma process, and 2) overlapping two pulses in plasma in 
time and space precisely.  

In the experiment, a 2-TW Ti: sapphire driver laser pulse was focused onto the 
front edge of a supersonic helium gas jet with a F/13 off axis parabolic mirror. Another 
0.16-TW source pulse, which was splitted from the driver with a pellicle, was delayed and 
focused by a F/4 lens into the gas jet at 45o to collide with the driver. A third probe pulse, 
which was splitted from the source beam, taking about 0.03 TW laser energy, delayed with 
another motorized linear stage, illuminated the plasma at 90 o with respect to the driver 
pulse. The intersecting point was image relayed to a CCD camera. 

2. Shadowgraphy to distinguish a post pulse 
Pre-pulses are of fundamental importance for many femtosecond laser matter 

interactions, while the post pulses generally have no impact on the main process. By varying 
the delay of the probe beam relative to the driver pulse, a low contrast (weak) channel in 
helium started to emerge at -120ps in shadowgraph, which was considered caused by a 
pre-pulse. At time delay of 0, a high contrast (strong) channel appeared, which was easily 
recognized as made by the main pulse in the driver pulse (Fig.1). What peculiar was the 
weaker channel completely simulated the strong channel in shape. Because a “pre-pulse” 
was usually several orders weaker than the main pulse, therefore the channel made by it 
should be different with the channel made by the main pulse.  To find the contrast of this 
undefined “pre-pulse,” we made a measurement with a three-order autocorrelator. We 
observed a very stable “pre-pulse” with an intensity ratio of about 1% of the main pulse, 
located 120ps before the main. This pulse is so stable that it constantly appeared in every 
measurement with the same intensity ratio, while many other “pre-pulses” appeared or 
disappeared in different measurements, which could be easily attributed to the reflected 
ghosts. Unfortunately, autocorrelation measurement could not distinguish a pulse from its 
mirror image around the main. So we relied on the shadowgraph to distinguish whether it 
was a pre-pulse or a post pulse. 
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Fig.1 Plasma channel observed at different delay times. a) -123ps, b) -120.5ps, c) -118ps, d) 
0ps. Since no channel is present in a), it is subtracted from b), c) and d) as the background to 
show the channels more clearly. 

As in the autocorrelation, the shadowgraph might present in two different 
situations (Fig. 2): a) in the case that the pulse consists of a pre-pulse and a main pulse 
(pre-pulse case), the plasma was made by the prepulse and probed by the main pulse; b) in 
the case that the pulse consists of a main pulse and a post pulse (post pulse case), the plasma 
was made by the main pulse and probed by the post pulse. With the intensity ratio of our 
special case, these two situations can occur evenly.  

Fig.2 schematic for 
producing the channel 
observed at -120ps in 

Fig.1. In a) the plasma 
was made by the 

pre-pulse and probed by 
the main pulse. In b) 
the plasma was made 
by the main pulse and 

probed by the post 
pulse. 

The maximum width of the weak plasma channel in Fig.1 is about 250m. Assume 
the wing of the focused “pre-pulse” at r=125m ionizes the helium to He+, its intensity should 
be at least 2  1015W/cm2. This requires a “pre-pulse” power of 
1015W/cm2×(125×10-4cm)2×=5×1011W at least. However, the total laser power is about 
2.5TW, and the measured pre-pulse level is about 1% of that of the main, or 2.5×1010W, which 
is more than one order lower than the observation. This rejects the pre-pulse assumption. On 
the other hand, if we assume a “post pulse” case, the plasma was made by the main pulse, 
therefore its shape should be the same whenever probed by the weak post pulse or the strong 
main pulse. 

The post pulse analysis suggested us to search for the specific optical component 
in laser system which double reflection made a delay of 120p. We found in the regenerative 
amplifier (Thales), the Ti: sapphire crystal (n=1.76) was not cut in Brewster angle, with a 
length of 10mm. The first reflected pulse which experienced two reflections on the front and 
the rear surface, was exactly 120ps after the main. The intensity of the first reflected pulse is 
approximately (1-T)2G2 of that of the main pulse, in which T is the transmittance of the 
surfaces, and G is the gain if we assume a linear amplification. However, if we input a 
commercial transmittance of 99.8% and the measured intensity ratio of 1% into this formula, 

a) b)

c) d)

Probe

Post-pulse

Main

Main
Post-pulse

Driver

b)Main 

Pre-pulse 

Pre-pulse 
Main 

Probe

Driver 

a)
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it produces a G of 50, which is too high. Assuming a moderate gain of 3, the formula produces 
an estimation of T=97%. This suggests the antireflection coating of the crystal has 
deteriorated. This post pulse intensity reduced greatly when the crystal was tilted 5o and 
disappeared when the crystal was tilted at 10o, where the reflected pulse deviated away 
partially from the pumped zone and lowered its intensity to noise level. Till now we can 
safely conclude the pulse appeared at -120ps in autocorrelation and time resolved 
shadowgraph is actually a post pulse which is caused by the reflection from the crystal 
surfaces in regenerative amplifier. The post pulse is expected to be lowered to noise level by a 
fresh antireflection coating. 

3. Overlapping two pulses in plasma with shadowgraph 
The second application of the shadowgraphy is to display two colliding pulses in 

plasma in order to overlap them temporally and spatially. The mission required a precise 
overlapping of one 30m and one 15m optical bullets within a time window of 80 fs. 
Several reasons made it necessary to use the shadowgraphy as an on line monitor of the 
overlapping. First, though the laser pointing stability was improved to 6rad rms with an 
additional pointing stabilizer, good overlapping was not guaranteed. Second, experiment 
showed the channel, especially that made by the source pulse, bent in plasma. Third, 
intersecting point was needed to vary to find optimal condition.  

Helium was found to be better than argon, xenon or nitrogen to show the clear 
ionization front. In Fig.3, the sequence of the channels made by the two pulses approaching 
to the intersecting point was clearly visible. The velocity of the ionization front was 
calculated to be close to the speed of light in vacuum. If we assessed all the data at the 1/4 
maximum as the front, the ionization front exhibited a jitter of about 18fs.  

This side view can only 
guarantee the alignment of the two 
pulses in its perspective plane. To 
overlap in its orthogonal plane, we 
measured the Thomson scattering. 
Associated with other signatures, 
such as spectral blueshift, near field 
diffraction of the source beam, we 
overlapped the two pulses precisely. 
Among all these diagnostics, the 
shadowgraph always played the 
primary role. 

4. Summary 
 Shadowgraphy was 
applied in a laser colliding 
experiment to overlap two laser 
focuses in plasma within a space 
window of about 30m, and a time 
window of 80 fs. Shadowgraph 
helped to distinguish a post pulse in 
laser, which was mistaken as a 
pre-pulse, and which might lead to 
incorrect conclusion when analyzing 
the plasma processes. It also helped 
to spot the origin of the post pulse. 
By alternating the crystal angle we 
proved this post pulse was really 
caused by the double reflection on 
the crystal surfaces. It also 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 mm

Driver Colliding 
Point

0
-50fs

-100fs
-250fs

-750fs

Vacuum
Focus 

Source

Fig.3  Sequence of two laser pulses approaching 
to their intersecting point observed in time 
resolved shadowgraph. 
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suggested the antireflection coating on the crystal was degraded and a treatment was 
needed to improve the laser performance.  

References:
                                           
1 S.V. Bulanov, T. Esirkepov, and T. Tajima, “Light intensification towards the Schwinger 
limit,” Phys. Rev. Lett. 91, p.085001(2003). 
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Laser Plasma Electron Acceleration with Capillary Discharge 

亀島敬、杉山精博、中島一久、黒川眞一、汲田哲郎、L.M. Chen、田島俊樹、 
W. Hong、X. L. Wen、Y.C. Wu、C.M. Tang、Q.H. Zhu、Y.Q. Gu、B.H. Zhang、H.S. Peng 

 

Takashi KAMESHIMA, Kiyohiro SUGIYAMA, Kazuhisa NAKAJIMA, Shinichi KUROKAWA,  
Tetsurou KUMITA, L. M. CHEN, Toshiki TAJIMA,  

W. HONG, X.L. WEN, Y.C. WU, Y.C. TANG, Q.H. ZHU, Y.Q. GU, B.H. ZHANG, H.S. PENG 

Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Energy Agency 
Laser Fusion Research Center, China Academy of Engineering Physics 

In 2006, laser plsasma electron acceleration was performed under the collaboration research between High 
Energy Accelerator Research Organization (KEK), Chinese Academy of Engeneering Physics (CAEP), and 
Japan Atomic Energy Agency (JAEA). Here, 0.56 GeV electron beam with an energy spread of 0.21% 
r.m.s and  a divergence of 0.58 mrad r.m.s was produced by means of 4 cm capillary plasma channel 
driven by a 24 TW, 27 fs laser pulse. 

Keywords: Laser, Plasma, Discharge, Electron, Beam, GeV, Capillary, Energy 
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Fig. 4 Image at the exit of capillary 

Fig. 5 X-ray film image 
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4.17 Plasma density scale length effects on the electron injection into the 
acceleration regime via the wake wave breaking 

A. V. BRANTOV1, S. V. BULANOV 2, T. ESIRKEPOV2

1P. N. Lebedev Physics Institute, Russian Academy of Science, 

Leninskii Prospect 53, Moscow 119991, Russia 
2Kansai Photon Science Institute, Japan Atomic Energy Agency, 

8-1 Umemidai, Kizugawa, Kyoto, 619-0215  

The electrons injection schemes in inhomogeneous plasma and electron acceleration have been 

investigated with the 2D and 3D PIC simulations. We show that electron trapping depends not only on the 

density change but also on the scale length of the plasma density inhomogeneity. The sharp density 

interface requires larger laser field in order to provide effective electron trapping compare to the profiles 

with gradually decreasing plasma density. The regimes are demonstrated, when the ultra-relativistic 

electron beams are generated with a low divergence and a small energy spread in the interaction of strong 

ultra-short laser pulse with underdense plasmas. 

Keywords: Short laser pulse, Wake field acceleration, Mono-energetic electron beam. 

The laser wakefully accelerator (LWFA) concept is one of most promising approaches to produce 

compact higher-energy electron sources [1]. In the conventional LWFA schema the properly injected 

electrons are accelerated by strong Langmuir wave induced by a short relativistic laser pulse. A production 

of high quality electrons beams requires the electron injection into the acceleration phase of the wake field, 

which can be achieved ether by external electron injection or by self-injection due to longitudinal or 

transverse wake wave breaking. Wave breaking induced by tailored density profile has been proposed [2, 

3] to control electron self-injection in the wake field. In this scheme two main mechanisms are responsible 

for the electron injection. There are wave breaking due to gradually decreasing of the wake wave phase 

velocity at the smooth density gradient [2] and wave breaking due to the phase mixing at the plasma 

density discontinuity [3]. 

In this paper we present trapping condition analysis for electrons injected due to wake wave breaking 

at the density inhomogeneity. We show that wave breaking at the sharp density gradient not necessary 

results in electron trapping. The optimal conditions for the accelerations of electrons injected at a 

descending plasma density region have been found. 

The energy of the electron bunch injected due to wake wave breaking at the density discontinuity is the 

order of the quiver electron energy. To be trapped these electrons should have energy larger compare to the 

minimum trapping energy. The condition of trapping can be estimated using 1D Hamiltonian approach for 

test particles which gives maximum and minimum test electron energy in the wake wave [4] in terms of 

maximum and minimum value of the wake potential. The maximum value of the wake potential ( max)
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also defines maximum electron energy in the wake field. This allows define maximum potential of the 

wake wave which must be induced by laser field to provide necessary condition for electron trapping due 

to wave breaking at the plasma density discontinuity (electron energy in the wake field should be larger 

compare to trapping energy ). It gives max > 2 1 . Such potential can be induced by short laser pulses 
with a > 1. Notes that increasing of density change does not influence on the trapping condition and results 

only to number of injected particles. The situation is different for gradual density gradient profile. In this 

case decreasing of wake phase velocity results in gradual wave breaking and electron trapping in the 

region of density descending [2]. The wave breaking at the smooth density gradient is happen later in time 

compare to wave breaking at the density discontinuity and always results in electron trapping. 

To confirm these conclusions we investigate the injection schemes and electron acceleration with the 

PIC simulations. Numerical simulations are implemented through multidimensional fully relativistic 

particle-in-sell parallel code MANDOR. In these simulations linearly polarized Gaussian laser pulse with 

longitudinal FWHM (full width at half maximum) size l= 10.5 ( is the laser wave length), maximum 

amplitude a = eE/(mc) = 1 (or a = 2) and FWHM transverse size d = 20   interact with tapered plasma 

profile. The simulation domain is 1000 x 80. Ions are assumed to be immobile. The electron plasma 

density smoothly increase from zero to the maximum value of ne = 0.004 n  at the longitudinal interval 

from 10 to 130 to provide a smooth entering of the laser pulse to the plasma. The plasma is 

homogeneous in the domain from 130 to 200; its density decreases to the ne = 0.0025 n  and stay 

constant up-to the end of simulation box. The thickness of decreasing plasma density region is varied from 

zero to 30 .

Fig. 1: Comparison of electron energy spectrum (upper panel) for t=1000 and phase space in two different moments of 

time (t = 420 corresponds to middle panel and t = 1000 corresponds to bottom panel) for electrons injected to the wake wave 

at the sharp density interface (left column) or at the gradual density interface (right column)

In the case of moderate laser intensity (a = 1) the maximum quiver electron energy in the wake field is 

comparable with minimum electron trapping energy. The comparison of electron energy spectrum injected 
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at the sharp density interface and at the gradual density interface presented in Fig. (1) allows conclude that 

for moderate laser intensity electron injection at the smooth gradient is more effective. PIC simulation 

shows that there is not trapping of injected electrons due to wave breaking at the plasma density 

discontinuity. For sharp density gradient profile wave breaking starts in first wake wave period and results 

in formation of the bunch of un-trapped particles moving with velocity smaller than wake wave phase 

velocity. Injected electrons are moving in third wake wave periods at t = 420 and in the seventh wake 

period at t = 1000 (see Figs (1). In the case of gradual density gradient wave breaking starts in tenth wake 

wave period and results in trapped electrons (see Figs (1) right panel). This is corresponds to the wave 

breaking time which is the order of 200 laser wave periods or 10 wake wave periods for our parameters. 

Consider now interaction of the short strong laser pulse (a = 2) with plasma with tailored density 

profile. In this case wave breaking at density gradient always results in the trapping of injected electrons. 

At the same time the tuning of density gradient changes a number of injected electrons and there position 

in the wake field that can alter the final electron energy spectrum. In PIC simulation we increase 

simulation box in x direction up-to the 3000 to achieve maximum electron energy. Fig. (2) shows electron 

energy spectrum, which are produced by electrons injected due to wake wave breaking at plasma 

inhomogeneity with different density gradient scale length L. It is clear that there is optimal gradient which 

results in monoenergetic electron beam with maximum electron energy.  

FIG. 2: Comparison of electron energy spectrum (bottom panel) at the final moment of calculation t=2900 for different 

electron density decreasing gradient scale length L. Upper panel illustrate initial electron density profile at the injected 

region (L = 0, L = 15  and L = 30  from left to right). 

The wave breaking at the sharp density interface results in the electron injection beginning with the 

first period of wake wave and the electron further acceleration up to high energy with formation of the 

monoenergetic spectrum. But L = 0 does not provide best conditions for electron acceleration for given 

density change. The number of injected electrons (N = 6 x 107 ) is too much for effective acceleration. The 

decreasing of density changes or increasing of density gradient results in decreasing of injected electrons. 
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For density gradient scale length L = 15 the number of electrons injected in the first period of wake wave 

due to phase mixing mechanism is reduced by factor 2. This electrons bunch is effectively accelerated by 

wake wave up to the higher energy. The electron injection due to phase mixing disappears than density 

changes scale length become larger compare to wake wavelength (30). In this case the electrons are 

injected in the second or/and following periods of the wake wave. The number of injected electrons ia 

rather large (N ~ 108) and their acceleration results in production of quasi-thermal (exponential) energy 

spectrum with the maximum cut-off at lower energy compared to the previous case. Fig. (3) demonstrate 

good quality electron beams produced by electron injection at the optimal density gradient and electron 

further acceleration. The resulting bunch of about 3  107 electrons with energy E = 280MeV has energy 

spread about 10%, transverse size 2 and longitudinal size 3. The electron beam is localized inside the 

laser pulse, which results in additional energy gain. 

FIG. 3: Phase portrait of accelerated electron bunch (upper panel) and electron density (bottom panel) in the case of optimal 

density gradient at the final moment of calculation t=2900. 

Our simulation shows that quality of electron energy spectrum depends on the number of injected electrons. 

The regimes are demonstrated, when the ultra-relativistic electron beams with energy more than 300 MeV 

are generated with a low divergence and a small energy spread in the interaction of strong ultra-short laser 

pulse with underdense plasmas. 

A.V.B. acknowledges the support of JAEA. 
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FBR

4.19

Improvement of sensing technology for FBR heat exchanger 
by laser welding and ablation 

1) 1) 2) 2) 2)

Akihiko NISHIMURA, Kiyoshi OKA, Takuya YAMASHITA, Toshihiko YAMAGUCHI, Akira SHIINA 
1)

1)Laser Chemistry Gr., Quantum Beam Science Directorate, JAEA 
2)

2)Advanced Nuclear System Research and Development Directorate, Sodium technology Gr., JAEA 

Cutting edge techniques concerning about laser processing and eddy current testing are going to be combined in order 
to develop a new robot system for repairing heat exchanger on next generation Fast Breeder Reactors. The new robot 
system consist of sub-modules following with a snake shaped long body, a hybrid optical fiber scope, eddy current 
testing units, a laser processing head, a coupling device foe laser and image, an image processor and processing laser 
systems. Three sections in Japan Atomic Energy Agency are now developing the sub-modules independently to unit 
them for the complete new robot system in 2009. 

Keywords: FBR, Heat Exchanger, Laser Welding, ECT, Hybrid Fiber Scope, Fiber Laser 
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4.20

Study of radiation hardening in reactor pressure vessel steels 

,

Kimihiro NOGIWA, Akihiko NISHIMURA  
Laser Chemistry Group, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

In order to investigate the dependence of hardening on copper precipitate diameter and density, in-situ 
transmission electron microscopy (TEM) observations during tensile tests of dislocation gliding through 
copper rich-precipitates in thermally aged and neutron irradiated Fe-Cu alloys were performed. The 

obstacle strength has been estimated from the critical bow-out angle, , of dislocations.  The obstacle 
distance on the dislocation line measured from in-situ TEM observations were compared with number 
density and diameter measured by 3D-AP (three dimensional atom probe) and TEM observation.  A 
comparison is made between hardening estimation based on the critical bowing angles and those obtained 
from conventional tensile tests. 

Keywords: In situ TEM observation, Dislocation, Laser, Three-dimensional Atom probe 
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4.21

Residual stress distribution of austenitic stainless steel 304L  
with femtosecond laser ablation 

1) 1)2) 1)2)

1)
2)

Takahisa SHOBU, Akihiko Nishimura, Hiroyuki KONISHI 
1)Quantum Beam Science Directorate, 

2)FBR Research and Development Center  
Japan Atomic Energy Agency 

Recently a femtosecond laser ablation was proposed as a mitigation method for stress corrosion cracking 
(SCC).  This method cannot only ablate a thin hardened layer of the tensile stress surface, but can also 
induce a compressive residual stress to the ablated surface.  Herein, the effect of different femtosecond 
laser ablation conditions on the in-depth residual stress profile was investigated for austenitic stainless 
steel 304L, which is used in core shrouds and recirculation pipes of boiling-water reactors (BWRs).  The 
distribution of the in-plane residual stress was measured by a conventional X-ray method and a strain 
scanning method with high-energy synchrotron radiation X-rays at SPring-8.  It was found that a 
relationship between the spot diameter and the influenced depth of femtosecond laser ablation exists.  A 
small spot diameter can change the internal residual stress from a tensile stress to a compressive stress, 
while a large spot diameter can change the tensile residual stress beneath the surface to a compressive 
stress.  Furthermore, the number of scans of the femtosecond laser ablation seems to be crucial in the shift 
of the tensile stress to a compressive stress in the territory influenced by femtosecond laser ablation. 
Keywords: Femtosecond laser ablation, Austenitic stainless steel, Synchrotron radiation, Residual 
stress measurement 
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Fig. 1 Target on the XY translation stage (upper) 

and Scheme of laser pulse scanning (lower). 

Table 1 Conditions for laser ablation. 

Number of scan , cycle 
0 1 3 7 

300 No. 0 No. 1 No. 2 No. 3
600  No. 4 No. 5 No. 6
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diameter , 

m 900  No. 7 No. 8 No. 9
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Fig. 2 residual stresses of all specimens  
using conventional X-rays. 
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3 T. Shobu, J. Mizuki, K. Suzuki, Y. Akiniwa and K. Tanaka, JSME International Journal, Series A, Vol. 
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Fig. 6 Welded SUS304 pipe of 
FUGEN reactor.  
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高輝度フェムト秒レーザー照射による新規材料創生 

New material creation by high-intense fs-pulse laser irradiation
 
 

神谷信雄、東 博純、伊藤 忠 
㈱豊田中央研究所 
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Surface modification of Tungsten Carbide (WC) ceramic and Silicon Nitride (Si3N4)
ceramic by high-intense femtosecond laser pulse irradiation were investigated.  The 
traces of melting were observed on the surface of WC ceramic but not on that of Si3N4

ceramic after one-pulse laser irradiation.   With Raman spectrum and scanning 
electron microscopy obserbation of irradiated surfaces, it was shown that WC was 
decomposed into W and C, and Si3N4 was decomposed into Si and N.    

Keywords: Femtosecond laser, Surface modification, Tungsten Carbide, Silicon Nitride, 
Raman spectrum, Scanning electron microscopy 

 

１．はじめに

 フェムト秒レーザーによる材料のアブレーション加工は、熱影響の少ない精

密加工〔1〕およびナノ周期構造形成〔2、3〕が可能であり、各種応用が検討

されている。また、おたまじゃくし状の特異な形状を持った Si ナノ粒子の生

成〔4〕、ダイヤモンド様炭素膜（DLC 膜）の形成〔5〕および DLC 膜の表面

改質〔6〕など新規な利用についても報告されている。

 上記の中でもフェムト秒レーザーを用いた材料の表面改質は高エネルギを

極めて短時間だけ注入できることから、特異な組織あるいは構造を材料表面に

形成できる可能性があり、それに因る新規な特性の発現が期待されている。

今回、化合物である WC 焼結体および Si3N4 焼結体に高輝度フェムト秒レー

ザーを照射することによる表面改質を試みた。

4.22
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２．実験

 照射実験の装置概略を図１に示す。Ti:sapphire フェムト秒レーザー（波長 800
nm、パルス幅 38 fs、繰り返し１Hz）を真空槽内に設置した off-axis パラボラ

ミラーにより集光してターゲット表面上に照射した。ターゲット表面上でのレ

ーザー照射径は 13×20μm、照射強度は 2×1016 W/cm2 とした。ターゲットは

水平方向に 0.25 mm/s の速度で移動させて、１パルス毎の照射痕を形成した。

照射時の真空度は 2.6×10-4 Pa とし

た。

ターゲットは市販の WC 焼結体

と市販の Si3N4 焼結体であり、形状

は各々10×12×4 mm と 10×10×
0.65 mm とした。

 照射痕は SEM（Scanning Electron 
Microscopy）による観察とラマン散

乱分光分析により解析した。

図 1 フェムト秒レーザ照射装置概略

３．結果および考察

 フェムト秒レーザー照射後の WC と Si3N4 の焼結体表面の SEM 像を図２に

示す。WC 焼結体表面の照射痕は一度溶融後固化したようであり、また、中央

部から外側に向かって液状物質が飛散した様相を呈している。この痕跡は、レ

ーザー照射により表面の一部が溶融したと同時にレーザーの高い圧力により

溶融物が外周に飛散したことに拠ると推定される。

 それに対し、Si3N4 焼

結体の照射痕には、WC
焼結体にて観察された

溶融したような痕跡は

見られず、約 20 μm の

穴が開いていた。また、

穴の内表面には約 2μm
径の柱状晶がランダム

に形成されていた。一般

的に、Si3N4 焼結体は柱

状晶の Si3N4 結晶粒と低融点の粒界非晶質相から構成されている。Si3N4 焼結体

への高輝度フェムト秒レーザー照射により低融点の非晶質粒界相が分解・蒸発

すると同時に柱状晶 Si3N4 結晶粒の一部表面が分解・蒸発したためと推定され

る。

図２ フェムト秒レーザー照射後の WC と Si3N4の焼結体

表面 SEM 像

WC Si3N4

50 μm 50 μm

WC Si3N4

50 μm50 μm 50 μm50 μm
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 フェムト秒レーザ

ー照射前後の WC と

Si3N4 の焼結体表面の

ラマンスペクトルを

図３に示す。WC 焼結

体においてはフェム

ト秒レーザー照射前

においてもカーボン

由来のスペクトルが

検出されているが、照

射後にはこの C 由来

のピーク高さが約３

倍になっており、フェム

ト秒レーザー照射によ

り WC が W と C に分解

したと考えられる。分解した W は溶融し、さらにフェムトレーザーの圧力に

より図１に示した痕跡になったと推定される。ただし、W の融点は 3600 ℃で

あり、この温度まで昇温したかの確認実験が必要である。

 一方、フェムト秒レーザー照射後の Si3N4 焼結体表面においては照射前には

存在した Si3N4 由来のピークは消失し、Si 由来のピークのみが存在した。Si3N4

は融点を持たず、雰囲気にも依存するが 1800 ℃以上で Si と N に分解する。

それ故、フェムト秒レーザー照射においても Si3N4 焼結体表面は Si と N に分

解して N は蒸発し、Si が残ったと推定される。また、図１において述べた様

に、この分解・蒸発の過程においては、まず融点の低い Si-O-N から成る粒界

が分解・蒸発し、さらに分解温度の高い Si3N4 結晶粒の一部が分解・蒸発した

と推定される。

４．まとめ

① WC焼結体およびSi3N4焼結体に38 ｆsレーザーを照射強度2×1016 W/cm2

で照射することにより、WC 焼結体表面は溶融後固化した痕跡が、Si3N4

焼結体表面は穴が開きその内表面には Si からなる柱状粒子が生成した。

② フェムト秒レーザー照射により、WC 焼結体は WC の分解→W の溶融→
W の凝固により W 相と C 相に相分離、Si3N4 焼結体は Si3N4 の分解→N の

蒸発により Si が残存したと推定される。 

参考文献

〔1〕A. Nishimura, E.Minehara, T. Sukada, M.Kikuchi, J.Nakano., 5th International 

図３ フェムト秒レーザー照射部と未照射部のラマン

散乱スペクトル

照
射
部

未
照
射
部

Si3N4

0

5000

10000

15000

20000

01000200030004000
Raman Shift/cm-1

In
te

ns
ity

Si

0

5000

10000

15000

20000

01000200030004000
Raman Shift/cm-1

In
te

ns
ity

0

5000

10000

15000

20000

0

5000

10000

15000

20000

01000200030004000 01000200030004000
Raman Shift/cm-1

In
te

ns
ity

Si

0

5000

10000

15000

20000

In
te

ns
ity

01000200030004000
Raman Shift/cm-1

0

5000

10000

15000

20000

0

5000

10000

15000

20000

In
te

ns
ity

01000200030004000 01000200030004000
Raman Shift/cm-1

WC

照
射
部

未
照
射
部

Si3N4

0

5000

10000

15000

20000

01000200030004000
Raman Shift/cm-1

In
te

ns
ity

Si

0

5000

10000

15000

20000

01000200030004000
Raman Shift/cm-1

In
te

ns
ity

0

5000

10000

15000

20000

0

5000

10000

15000

20000

01000200030004000 01000200030004000
Raman Shift/cm-1

In
te

ns
ity

Si

0

5000

10000

15000

20000

In
te

ns
ity

01000200030004000
Raman Shift/cm-1

0

5000

10000

15000

20000

0

5000

10000

15000

20000

In
te

ns
ity

01000200030004000 01000200030004000
Raman Shift/cm-1

WC

－ 137 －

JAEA-Conf 2008-007



Conference of Laser Precision Micro-fabrication (LPM2004), Proceedings of 
SPIE(2004)
〔2〕橋田昌樹、藤田雅之、節原裕一、光学 31, p.621(2002) 
〔3〕J.Reif, F.Costache, M.Henyk and S.V.Pandelov: Appl. Surf. Sci. pp.197-198,  
891(2002)
〔4〕H.Azuma, H.Daido, et. al. Jpn. J. Appl. Phys. 43, p.L1172 (2004) 
〔5〕F.Qian, R.K.Singh, S.K.Dutta and P.P.Pronko, Appl. Phys. Lett. 67,p.3120(1995) 
〔6〕N. Yasumaru, T. Shimizu and J. Kiuchi, Appl. Phys.A, 79,p.425(2004) 

－ 138 －

JAEA-Conf 2008-007



次世代半導体露光光源の実用化 

Laser-produced Plasma EUV Light Source for Next Generation 
Lithography

遠藤 彰、溝口 計 
ギガフォトン株式会社 

Akira ENDO, Hakaru MIZOGUCHI 
Gigaphoton Inc.,  

The development status of laser produced plasma EUV light source is presented for next generation 

lithography. Component technologies are high-power RF-excited CO2 laser, Sn droplet target and collector 

mirror lifetime enhancement by electromagnetic method. Basic experiments that support the development, e.g. a 

conversion efficiency of 4.5% has been obtained with a 15ns TEA CO2 laser and a Sn cavity plate, as well as a 

general outline of the system development, i.e. system scaling, towards >115 W is given. 

Keywords : EUV light source, EUV lithography, Laser produced plasma, CO2 laser, Tin, droplet 

１． はじめに 

プラズマから放射される ��.�nm 近傍の極端紫外線（EUV）を光源として用いる EUV リソグラフ

ィーは、�2nm ノード以細の半導体リソグラフィー技術の有力候補として精力的な研究開発がされ

ている［�,2］。EUV リソグラフィー実用化の鍵のひとつは、高出力の実用的 EUV 光源の開発であ

り、レーザー生成プラズマ（LPP）方式と放電生成プラズマ（DPP）方式の光源開発が集中的に行

われてきた。LPP 方式は、ターゲット供給ノズルからプラズマまでの距離を比較的長く取れるこ

と、清浄なプラズマであり、かつ発光サイズが小さい点等の利点がある。この反面レーザーを介

するため、電気入力から EUV 出力への変換効率が現状 0.�%程度と低いことと、要求 EUV 出力

（���-�80 W [�]）を得るには �0～20ｋW 級出力のレーザーが必要なため、装置コストが高くなる

傾向がある。また、EUV 光源実用化に際しては、高価な EUV 集光ミラーの寿命課題の解決が必要

となる。本稿では、EUV リソグラフィー量産工程への利用を目指した、将来の高出力実用 EUV 光

源の構成と実現に向けた研究開発について報告する。 

 

２． 高出力実用 EUV 光源の開発 

２．１ ターゲット開発 

 EUV プラズマのターゲット開発に関しては、ターゲット材質の選択とターゲット供給技術の確

立が必要である。��.�nm の EUV 光を発生するターゲット材質としては、一般に Xe（キセノン）と

Sn（錫）が代表的な候補となっている。これらの物質の EUV 光の発生に関しては、理論モデルに

基づいた計算解析が進められている。図 2 は Xe と Sn の共鳴線波長の価数依存を示したグラフで

ある。共鳴線の内、�d-�f 遷移の発光波長は、元素ごとにほぼ一定であり、Xe では ��nm、Sn では

4.23
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��.�nm である。このため、Xe では ��nm、Sn では ��.�nm をピークとしたスペクトル形状が観測さ

れている。Sn の場合は、EUV リソグラフィーで用いる波長 ��.�nm が、スペクトルのピーク波長と

丁度一致するため、スペクトル利用効率が Xe の場合よりも高く、EUV 変換効率が高い。 

 

  

 

図 １. Xe と Sn の共鳴線波長の価数依存（JAEA, Akira SASAKI） 

ターゲット供給技術に関しては、ターゲットを連続した微細球状で供給する、ドロップレットタ

ーゲット[�]が高繰り返しレーザー照射に対応したターゲットとして開発されてきている。また、

ターゲット開発に際しては、2.� 節で述べるように、高価な集光ミラーの寿命を左右するデブリ

や、高速イオンの発生、そして錫の完全回収を考慮して開発を進める必要がある。Snキャビティ

ターゲットをCO2レーザーで照射した実験においては、最大で �.�%のEUV変換効率が得られている。

SnターゲットをNd:YAGレーザーで照射した場合と比較しても 2 倍以上の効率であり、より低いレ

ーザー強度において高い変換効率が得られている[�]。これは、CO2レーザー波長の場合は、電子

臨界密度がNd:YAGレーザーの場合よりも低いため、イオン密度の薄い領域でEUV発光が行われてい

るため、プラズマによる再吸収が少なく、かつ少ないデブリ発生となったと考えられる。Snター

ゲットとCO2レーザーの組み合わせが高い変換効率とともに少ないデブリ発生の観点からベスト

の選択である。 

 

２．２ ドライバレーザー開発 

 プラズマを生成するためのドライバレーザーは、���W以上のEUV光を得るために、�0～20kW級の

レーザー出力が必要となる。ドライバレーザーとしては、従来はNd:YAGレーザーが一般的に用い

られてきた。Nd:YAGレーザーは、固体レーザーであるため取扱い易い利点があるが、�0kW級の場

合には多数のビームが必要で装置価格が高額になる。一方、産業界で利用されているCO2レーザー

をパルス動作での最適化を行い、EUVプラズマ生成へ応用することは、装置コストの面でも利点が

ある。EUVAでの最近のデータとして、RF励起CO2レーザーを増幅器としたMOPAシステムにより、

7.0kW（繰返し周波数 �00kHz）の出力が得られている[�]。 
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２．３ EUV 集光ミラーの保護技術 

 EUV 集光ミラーは、プラズマ発光点から �00～��0mm の距離に設置されて、発生した EUV 光を露

光装置の照明光学系へ反射集光するものである。EUV 光の捕集効率を高めるために、πsr 以上の

捕集立体角と �0%以上の反射率を得るには、集光ミラーは、開口径が 200mm 程度以上の大きさで、

基板表面が約 0.2nm(rms)の平坦度が要求される。このため、集光ミラーは現状において非常に高

価なものとなっている。一方で、集光ミラーはプラズマ近傍の厳しい環境に置かれているため、

プラズマから発生する高速イオンによる多層膜のスパッタリング損傷や、特に Sn ターゲットの場

合のデブリ（飛散粒子）の反射面への付着が問題となる。高速イオン対策としては、EUVA での実

験より、磁場を用いたイオンの制御が有効であることが示されている[�]。実用 EUV 光源への磁場

制御の適応に際しては、開口径の大きな集光ミラーに対応した、大きな磁場空間を有する磁石の

製作が課題であるが、超伝導磁石の採用により最適化の実施中である。デブリの抑制に関しては、

ドロップレットターゲットに代表される、錫質量制限ターゲットを用いることにより、デブリの

発生を抑制可能であり、ドロプレットを高速化するとともに磁場設計の最適化により錫ターゲッ

トの �00%回収を目指している。 

 

２．４ EUV 光の高出力発生実証 

  開発した 22ns, �00kHz, �kW CO２ レーザーを用いて、ダミーターゲットとして錫回転円盤に

照射を行いプラズマでのEUV発生パワー���W(2%バンド幅、2πsr)を実証した。（図２） この場

合の変換効率は �%であり、集光点出力としては �0Wに相当する。発光の安定度はレーザーのパル

ス安定度と相関を持ち、レーザー発振器の改善により実用レベルに達する見込みである。 
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図 ２. EUV パルスエネルギー計測結果 

 

３．まとめ 

将来の高出力EUV光源の構成としては、Snドロップレットターゲットと高出力CO2レーザーの組

み合わせが実用的と考えられる。���W以上の集光点出力の達成には、まず 20kW級のパルスＣＯ２レ

ーザーの開発が必要であり、集光ミラーの保護は、磁場を用いた高速イオンの制御と質量制限タ

ーゲットによるデブリの抑制、そして効率的な錫原子回収が有効と考える。これらを実用的な光
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源装置として実現するためには、未だ解決すべき技術課題がある。今後とも産学ならびに関連す

る研究所との連携により、基礎的な現象の理解を深めながら研究開発を進めることが必要と考え

る。 

 

 

 

参考文献 
[�] 木下博雄, レーザー研究, 第 27 巻, 第 � 号(����) 
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[�] V.Y. Banine : Requirements and prospects of next generation Extreme Ultraviolet Sources 

for Lithography Applications, Presentation of EUVL Symposium. October 200�, Barcelona 
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4.24 Observation of Four-fold Azimuthal Angle Dependence in the 
Terahertz Radiation Power of (100) p-InAs 

E. Estacio 1, H. Sumikura 1, H. Murakami 1, S. Saito 1, M. Tani 1, N. Sarukura 1, M. Hangyo 1,

C. Ponseca 2, R. Pobre 2, R. Quiroga 2, S. Ono 3

1 Institute of Laser Engineering, Osaka University, 
2 Institute for Molecular Science, 3 Nagoya Institute of Technology 

The azimuthal angle dependence in the terahertz  radiation power of (100) InAs 
under 1 T magnetic field is presented. Results show that although the dominant radiation mechanism is 
surge current, azimuthal-angle dependent radiation due to the nonlinear effect is also observed. The 
twofold symmetry of the p-polarized terahertz radiation power was modified to a fourfold symmetry 
with the transverse magnetic field. Moreover, results exhibited four-fold symmetry for the s-polarized 
terahertz power even with no applied field. The anisotropic intervalley scattering of photocarriers is 
tentatively proposed as the origin of quadrupole response and the fourfold emission symmetry. [E. 
Estacio et al, Appl. Phys. Lett. 90, 151915 (2007)] 

Keywords: Terahertz radiation, InAs, magnetic field 

1. Introduction 
   A subject of immense work in the terahertz (THz) regime in the past decade has been the 
generation of intense THz radiation from semiconductor surface (such as InAs) illuminated with 
ultrashort optical pulses [1, 2]. The THz radiation enhancement phenomenon with an applied magnetic 
field has also been thoroughly investigated [3-8]. The initial motivation of this study is the 
investigation of the dominant mechanism that gives rise to the intense terahertz radiation in p-type 
InAs. As such, it prompted work on the magnetic field enhancement in p-type and n-type InAs wafers. 
Here, we present the effects of a transversely applied 1-T magnetic field on the azimuthal dependence 
THz radiation in (100) p-type InAs. 

2. Experiment  
   van der Pauw-Hall measurements were initially performed to determine the carrier concentration 
and the carrier mobility of the p-type InAs (100) sample at room temperature. The measured carrier 
concentration was 7.1 × 1016 cm-3 and the hole mobility was 150 cm2/Vs. Primarily, terahertz TDS 
(Time-Domain Spectroscopy) and excitation fluence dependence of the terahertz radiation power were 
measured to obtain some information on the dominant terahertz radiation mechanism. The TDS 
experiments were performed [9], as the set-up shown in Fig. 1. The beam diameter of pump light at the 
sample was ~0.5 mm. The transverse applied field was provided by a 1 T permanent magnet. 
Steady-state power measurements were also performed to investigate the excitation fluence and 
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azimuthal angle dependence of the terahertz radiation power as described by Gu and Tani [6]. The 
azimuthal angle dependence was measured for the p- and s-polarized terahertz radiation components. 
In the steady-state case, the photoconductive antenna was replaced by an InSb hot-electrom bolometer 
as the THz detector. 

Figure 1 Experimental setup for THz-TDS measurement with applied magnetic field. 

3. Results and discussion 

   Migita et al., have shown that the Lorentz force-driven THz radiation due to the drift current will have a 

-shifted TDS waveform when the applied B-field direction is flipped [10]. As shown in the results in Fig. 

2(a), the dominant THz radiation mechanism appears to be the drift current from the photogenerated 

carriers. The excitation fluence dependence is shown in Fig. 2(b). The photocarrier-related radiation 

mechanism saturates at about 1.2 mJ/cm2. Note that, all the subsequent azimuthal-angle-dependence 

measurements were performed at an excitation fluence of 0.2 mJ/cm2, wherein the surge current THz 

radiation is expected to be dominant. 

Figure 2 (a) Subtracted TDS wave forms for the Bup-No field and Bdown-No field cases where the orientation of 

the applied magnetic field is shown in the inset. (b) Excitation fluence dependence of the emitted terahertz 

radiation. 

(a) (b) 
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   The azimuthal angle-dependence of the THz radiation power was observed as shown in Fig. 3 and 4. In 

the figures, a large DC offset was observed, and the oscillatory signal did not exceed ~20 % of total signal 

amplitude. Moreover, the 1 T applied field amplified just the DC offset and not the oscillatory signals. 

These results lend proof that the dominant radiation mechanism is indeed, due to surge current and the 

applied field does not affect the contribution from the nonlinear effect. In Fig. 3, the twofold azimuthal 

symmetry (black trace) was modified into a fourfold angle dependence with a 1 T field (gray trace). It 

appears that the 1-T plot is a superposition of twofold and fourfold-symmetric THz radiation. In Fig. 4, the 

weak s-polarized THz radiation exhibited fourfold azimuthal symmetry with and without the applied field. 

These results suggests that the fourfold behavior is a weak contribution and is enhanced by the applied 

field.

   Calculations, taking into consideration the symmetry requirements for (100) zinc-blende crystals show 

that the magnetization-induced nonlinear optical susceptibility will not contribute to a fourfold symmetry, 

from the following equation, 

Moreover, M. Reid et al., stated that a fourfold dependence in (100) InAs has to originate from a 

quadrupole contribution [11] but this has yet to be observed. 

   Due to the Lorentz force, the applied transverse field would drive the photocarriers in the y or -y 

directions (parallel to the InAs surface) on the reflection plane, depending on the polarity of Bup or Bdown.

This fourfold behavior enhanced by the magnetic field is possibly attributed to a weak quadrupole response 

from an anisotropic intervalley scattering to the L and X valleys in the <111> and <110> directions, 

Figure 3 Azimuthal angle-dependence of the 
p-polarized THz radiation power. The twofold 
symmetry of the bulk optical rectification effect 
for (100) InAs was modified to fourfold symmetry 
with the transverse magnetic field. 

Figure 4 The  weak fourfold dependence is 
observed in the s-polarized THz radiation even 
with no applied field. These results are suggested 
to be due to the anisotropic photocarrier scattering 
to the X or L valleys. 
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respectively, and their equivalent directions. It is deduced that the intervalley scatterings of carriers in four 

equivalent directions imply the creation of an electric quadrupole moment with or without an applied field. 

This quadrupole response is thought to cause the azimuthal fourfold symmetry . With a transversely applied 

field, the quadrupole- and dipole-related emissions maybe enhanced with the associated tilting of their 

electric moments from the surface normal according to the Lorentz force. 

4. Conclusion 

   We have experimentally shown that in standard optical excitation conditions, the dominant THz 

radiation mechanism in (100) p-InAs is the surge current. The azimuthally-dependent signal that is 

attributed to optical rectification comprises no more than 20 % of the total THz radiation power. Moreover, 

a magnetic field-induced fourfold symmetry is observed for the p-polarized THz radiation power. Even 

with no applied field, the fourfold symmetry is seen in the weaker s-polarized THz radiation. The actual 

origin of these results is being studied but they are tentatively attributed to a weak quadrupole response 

from an anisotropic intervalley scattering to the L and X valleys in the <111> and <110> directions, 

respectively. This anisotropy in the intervalley scattering is possibly enhanced by the Lorentz force-driven 

photocarriers in the presence of a magnetic field. 
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4.25 Co/SiO2

Heat Stability Evaluations of Co/SiO2 Multilayers 

,

619-0215 8-1 

Masahiko ISHINO, Masato KOIKE 

Quantum Beam Science Directorate, Japan Atomic Energy Agency 

8-1, Umemidai, Kizugawa, Kyoto 619-0215, Japan 

, ,
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Mika KANEHIRA, Futami SATOU, Masami TERAUCHI 

Institute of Multidisciplinary Research for Advanced Materials, Tohoku University 
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Kazuo SANO 
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2-5-23, Kitahama, Chuo-ku, Osaka 541-0041, Japan 

  The heat stability of Co/ SiO2 multilayers was evaluated. Co/SiO2 multilayer samples were deposited on 

Si substrate by means of an ion beam sputtering method, and annealed at temperatures from 100°C to 

600°C in a vacuum furnace. For the structural and optical evaluations, small angle x-ray diffraction (XRD) 

measurements, soft x-ray reflectivity measurements, and transmission electron microscopy (TEM) 

observations were carried out. As the results, the Co/SiO2 multilayer samples annealed up to 400°C 

maintained the initial multilayer structures, and kept almost the same soft x-ray reflectivities as that of the 

as-deposited Co/SiO2 multilayer sample. A deterioration of the multilayer structure caused by the growth of 

Co grains was found on the Co/SiO2 multilayer samples annealed over 500°C, and the soft x-ray 

reflectivity dropped in accordance with the deterioration of the multilayer structure. 

Keywords: Co/SiO2 multilayer, Heat stability, Multilayer structure 
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1.

1-8 keV Co/SiO2 4-6 keV

40% W/C 8 keV 38% [1]

[2]

[3]

SiO2 SiC

[4,5] W/C

400 [6,7]

Co/SiO2 Co/SiO2

X X

Co/SiO2 [8]

2. Co/SiO2

Co/SiO2 Si

Co/SiO2 6.5nm Co 0.4

30 60

Co/SiO2 CuK X 1 Bragg

Table I Co/SiO2 1 Bragg

before annealing Bragg [9]

3. Co/SiO2

Co/SiO2 Nos. 2 - 7 Co/SiO2

100 200 300 400 500 600 1

X 1 Bragg

Table I Co/SiO2 1 Bragg after annealing

Figure 1 Co/SiO2 1 Bragg

Table I. Periodic lengths and the first order Bragg peak reflectivities of the Co/SiO2multilayer samples 

Sample No.  1 2 3 4 5 6 7 

Annealing 

temperature (°C) 

As-

deposited 
100 200 300 400 500 600 

Before annealing 6.50 6.51 6.51 6.55 6.55 6.53 6.53 
Periodic length (nm) 

After annealing --- 6.51 6.56 6.64 6.70 6.80 6.92 

Before annealing 0.495 0.484 0.484 0.496 0.496 0.497 0.497First-order Bragg 

peak reflectivity After annealing --- 0.497 0.505 0.519 0.516 0.357 0.001
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Fig. 1 Relative periodic length and relative first-order Bragg 

peak reflectivity of the Co/SiO2 multilayers 

Fig. 2 TEM images and the selected area electron diffraction patterns of the Co/SiO2 multilayer

specimens of (a) as-deposited, (b) annealed at 500 , and (c) annealed at 600 .

Co/SiO2

400 2%

500 4%

X

500

600

0.2%

TEM Figure 2(a) 2(c) as-deposited

Sample No. 1 500 Sample No. 6 600

Sample No. 7 TEM TEM

Figure 2(a) as-deposited Co

SiO2

Co

Figure 2(b) 500

SiO2 Co Co

Fig. 2(a) Co SiO2

Co

500 X

Figure 2(c) 600

Fig. 2(a) 2(b) TEM Co

Co

Co/SiO2 Co Co
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Fig. 3 Measured soft x-ray reflectivity curves of the

as-deposited and annealed Co/SiO2 multilayers 
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4.26
Development of an Apparatus for Polarization Analysis in  

Soft X- Ray Region 
1 1 2 1

1
2

Takashi IMAZONO,1 Yoji SUZUKI,1 Kazuo SANO,2 and Masato KOIKE,1
1 Japan Atomic Energy Agency (JAEA) 

2 Shimadzu Emit Co. Ltd. 

Circularly polarized soft x-ray of the 1-keV region benefits studies of magnetic properties of materials.  In 
magnetic circular dichroism (MCD) measurement, experimenters need the information on the actual 
polarization state of light used as a probe beam to discuss the experimental result because the MCD signal is 
proportional to the degree of circular polarization. Polarizing elements such as a polarizer and a phase shifter 
are indispensable to determine the polarization state of light. In our previous study, mica crystalline has been 
clarified to work as a high efficient reflection-type polarizer at 0.88 keV and it has made it possible to 
quantitatively characterize the degree of linear polarization of light emitted from a variable-polarization 
undulator at the SPring-8. Also, the result of simulation calculation based on the dynamical theory of x-ray 
shows that mica crystalline has a promising candidate as a transmission-type quarter-wave plate (QWP) at 
around 1 keV, where the QWP is the phase shifter which gives the phase retardation of 90. This means the 
polarizing elements made with micas have a possible to determine the actual polarization state of light in the 
1-keV region although the polarizing ability of the QWP with mica has not been performed yet. An evaluation 
system on the basis of the rotating-analyzer method is needed to verify above result. We have been developing 
a new apparatus for polarization analysis. It consists of a phase shifter unit and a rotating-analyzer unit having 
nine drive-shafts which can be changed independently. It will be installed as a supplemental apparatus of the 
evaluation beamline for soft x-ray optical elements (BL-11) at the SR Center, Ritsumeikan University.  

Keywords: Polarizer, Phase shifter, Soft x-ray, Rotating-analyzer, Polarization analysis 

0.7 0.9 keV 1 keV MCD

MCD

700 eV Mo/Si Sc/Cr
[1] 6 keV Si

[2] 1 keV

SPring-8 BL23SU SPring-8 [3]
0.88 keV

[4]
90
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Fig. 1  Schematics of the rotating-analyzer method (a) and optical 
configuration for characterization of all polarization parameters of light (b). 
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1
20 mm x 

10 mm x 5 mm Fig. 2  Schematic of the polarization analysis unit which consists of a 
phase shifter unit and a rotating-analyzer unit. It has nine driving shafts 
which can be independently controlled. 
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4.27 Yb2O3

Spectroscopic properties of high Yb2O3 doping glass 

Ryouichi KUBO, masataka KADO, Akira SUGIYAMA, masato KOIKE 
Quantum Beam Science Directorate, Japan Atomic Energy Agency, 

We have been developing Yb3+ -doped laser glass for next ultra short pulse laser amplifier.  
We measured absorption and emission spectra of New Yb3+ -doped phosphate glass and 
evaluated cross section and absorption coefficient. New Yb3+ -doped phosphate glass have 
twice large absorption coefficient of QX/Yb glass. 

Keywords: Yb3+, Yb:glass, phosphate glass, spectral property, solid-state laser material  

1.
Yb3+ 2F5/2 2F7/2

EAS(Excited State Absorption)
InGaAs
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2.Yb
5mm 10mm 0.5mmt QX/Yb 6mm

6mm 0.5mmt 975nm
OptoBright 940nm

Fig.1 Yb Fig.2 QX/Yb

Figure.1 Absorption and Emission Cross Section of QX/Yb glass at temperature 15K (a), 
300K (b) 

3.
Yb3+ Table.1 QX/Yb

2
QX/Yb 1/2

Figure.1 Absorption and Emission Cross Section of New Yb:phosphate glass at temperature
15K (a), 300K (b) 
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4.28 Fabrication of SiN-membrane-based zirconium filter  
for separating coherent EUV beam from collinear visible laser beams 

Hisataka TAKENAKA*, Masatoshi HATAYAMA*, Tadayuki OHCHI*, and Eric Gullikson** 

* NTT Advanced technology cooperation 
162 Shirakata Tokai, Ibaraki, 319-1193, Japan 
** Lawrence Berkeley National Laboratory 

2-400, 1 Cylcotron Road, Berkeley, California 94720 

A new EUV filter for separating coherent EUV beam from colliner visible laser beam has been 

demonstrated. This EUV filter has freestanding zirconium central part and SiN-membrane surrounding 

part, and the transmitted EUV and visble beams are separated each other as the EUV beam inside of the 

annular visible beam. This filter will be useful for varias applications such as EUV / visible pulses cross 

correlation, EUV / visible lights interferometry, and attosecond pulse duration measurement. 

Keywords: EUV filter, Thin foil, Ultrashot pulse 
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ループ

岸本　牧
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

河内　哲哉
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

長谷川  登
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

越智　義浩
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

錦野　将元
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

山谷　寛
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

國枝　雄一
量子ビーム応用研究部門光量子ビーム利用研究ユニットX線レーザー利用研究グ
ループ

山内　俊彦
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

西村　昭彦
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

横山　啓一
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

大場　弘則
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

村上 洋
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

原子力機構の出席者
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板倉　隆二
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

島田　幸洋
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

山田　秀尚
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

野際　公宏
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

杉田　明宏
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

中垣　圭太
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー物質制御研究グ
ループ

岡　潔 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

桐山 博光 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ
小倉　浩一 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ
匂坂　明人 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

森　道昭 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

西内　満美子 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

Alexander
Pirozhkov 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

中井　善基 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

浅井　利紀 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ
余語　覚文 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

馬　景龍 量子ビーム応用研究部門光量子ビーム利用研究ユニット高強度利用研究グループ

Sergei V. Bulanov 量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

静間　俊行
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

小瀧　秀行
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

神門　正城
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

本間  隆之
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

福田　祐仁
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

大東　出
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

陳　黎明
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

川瀬　啓悟
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

亀島　敬
量子ビーム応用研究部門光量子ビーム利用研究ユニットレーザー電子加速研究グ
ループ

加道  雅孝
量子ビーム応用研究部門光量子ビーム利用研究ユニット先端光量子機能デバイス開
発研究グループ

石野　雅彦
量子ビーム応用研究部門光量子ビーム利用研究ユニット先端光量子機能デバイス開
発研究グループ

今園　孝志
量子ビーム応用研究部門光量子ビーム利用研究ユニット先端光量子機能デバイス開
発研究グループ

久保　亮一
量子ビーム応用研究部門光量子ビーム利用研究ユニット先端光量子機能デバイス開
発研究グループ
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