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１．はじめに Introduction 

 平成 21 年 10 月 21 日～22 日の２日間にわたり、「第 10 回光量子科学研究シンポジ

ウム」（The 10th Symposium on Advanced Photon Research）」を関西光科学研究所木

津地区において開催した。 

 光量子科学研究シンポジウムは、光量子科学研究ユニットにおける最新の研究成果

及び計画を報告するとともに、光量子科学分野の国内外第一線の研究者による講演、

情報交換、討論を通じて光量子科学研究の一層の推進、および研究ネットワークの拡

大と強化に資することを目的として、平成 11 年度から開催している。 

第 10 回目である今回は、今年度が現中期計画の最終年度にあたることから、今中

期における研究成果の概要を紹介するとともに、原子力機構（幹事機関）、大阪大学、

京都大学、分子科学研究所の４機関で進めている融合光新創生ネットワークに関する

招待講演を行った。 

また関西光科学研究所木津地区の施設共用の成果、平成 20 年度の共同研究及び、

光量子科学研究ユニットの最近の成果についての発表を行い、全体を通じて活発な議

論が行われた。プログラムを 3～8ページに示す。 

２日間で機構外からの参加者 24 名を含む 110 名の参加があった。 

 

ご多忙中にも関わらず、招待講演者をはじめこの光量子科学研究シンポジウムにご

参加、ご協力くださった方々に、本場を借りて厚く御礼申し上げます。 

 

 

 

 

記 

 

会期：平成２１年１０月２１日（水） ～ ２２日（木） 

会場：日本原子力研究開発機構 関西光科学研究所 多目的ホール 

主催：日本原子力研究開発機構 量子ビーム応用研究部門／関西光科学研究所 
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２．概要 Outline 

本シンポジウムでは、今年度が現中期計画の最終年にあたることから今中期におけ

る研究成果の概要及び、平成 20 年度から開始された「融合光新創生ネットワーク」（文

部科学省の光・量子科学研究拠点形成に向けた基盤技術開発（最先端の光の創成を目

指したネットワーク研究拠点プログラム））の活動内容と今後の展開について招待講

演および光量子科学研究ユニットからの成果発表を行った。 

また光量子科学における最新の成果、関西光科学研究所木津地区の施設共用制度の

成果及び、平成 20 年度の共同研究の成果についても報告を行った。 

特に招待講演では、兒玉了祐教授（大阪大学／原子力機構 光科学推進センター)

から光拠点事業と融合光新創生ネットワークについての報告、野田進教授（京都大学）

からフォトニック結晶と光ネットでのデバイス開発についての報告、また宮永憲明教

授（大阪大学レーザーエネルギー学研究センター）から QUADRA 光源開発 -光ネット

における阪大サイトの取り組み-についての報告があった。 

ポスターセッションでは、他の研究機関や企業との共同研究、関西光科学研究所（木

津地区）の施設共用制度を利用した研究成果を含めて、機構内外からの計５３件の発

表が行われた。これらの発表・討論、情報交換を通じて、国内外大学、研究機関、産

業界との連携の拡大を含め、光量子科学研究の今後の課題や進め方について有益な意

見・情報が得られた。 
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Annual Progress and Future Plans of Laser R & D Group  

Akira SUGIYAMA*, Hiromitsu KIRIYAMA, Yoshihiro OCHI, Momoko TANAKA, 
Yoshiki NAKAI, Hajime SASAO, Ryo TATENO,  

Hajime OKADA, Atsushi KOSUGE, Masaaki TSUBOUCHI 
Advanced Photon Research Center, Quantum Beam Science Directorate, 

 Japan Atomic Energy Agency 

Main subjects of our group in this middle term program are upgrade of 
J-KAREN and TOPAZ laser systems. The J-KAREN achieves the potential for 
generating a peak power of 500 TW, and exceeds a contrast ratio of 10E10. The TOPAZ 
achieves pulse power of 15 J at a repetition rate of 0.1 Hz. We also started a 
development of laser system named QUADRA (Quality Ultra ADvanced RAdiation 
Source) in C-Phost program. The QUADRA system aims a high averaged short pulse 
laser pumped by high power LD at kHz-class repetition rate. This development is 
essential for the elemental technology for the other new laser systems in the next 
5-year program of JAEA. 

Keywords: J-KAREN, TOPAZ, OPCPA, X-ray Laser, 

J-KAREN
T3

X

QUADRA
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High-Contrast (1010), High-Intensity (500TW) J-KAREN Laser System 

Hiromitsu KIRIAYMA, Michiaki MORI, Yoshiki NAKAI, Takuya SHIMOMURA, Hajime SASAO, 

Momoko TANAKA, Yoshihiro OCHI, Manabu TANOUE, Hajime OKADA, Shuji KONDO, Shuhei 

KANAZAWA, Akito SAGISAKA, Izuru DAITO, Daisuke WAKAI, Fumitaka SASAO, Masayuki 

SUZUKI, Hideyuki KOTAKI, Kiminori KONDO, Akira SUGIYAMA, Sergei BULANOV, Paul BOLTON, 

Hiroyuki DAIDO, Atsushi YOKOYAMA, Shunichi KAWANISHI 

Advanced Photon Research Center, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

We have developed a femtosecond high intensity laser system, which combines both Ti:sapphire 

chirped-pulse amplification (CPA) and optical parametric chirped-pulse amplification (OPCPA) techniques, 

that produces more than 30 J broadband output energy, indicating the potential for achieving peak powers 

in excess of 500 TW. With a cleaned high-energy seeded OPCPA preamplifier as a front-end in the system, 

for the final compressed pulse (without pumping the booster amplifier) we found that the temporal contrast 

in this system exceeds 1010 on the sub-nanosecond timescale, and is near 1012 on the nanosecond timescale 

before the main femtosecond pulse. Using diffractive optical elements for beam homogenization of 100-J 

level high-energy Nd:glass green pump laser in a Ti:sapphire final amplifier, we have successfully 

generated broadband high-energy output with near-perfect top-hat intensity distributions. The performance 

of this system makes it suitable for light-matter interaction studies such as laser-acceleration of particles. 

Keywords: Femtosecond high intensity laser, Chirped-pulse amplification (CPA), Optical parametric 
Chirped-pulse amplification (OPCPA), Ti:sapphire laser, Nd:glass laser 

1.  Introduction
The development of high-intensity femtosecond Ti:sapphire lasers based on chirped-pulse 

amplification (CPA) schemes has opened a way to investigate and exploit a wide range of 

experimental high field interaction studies at high focused intensities of order 1020 W/cm2 by using 

small-scale laboratory systems. For many experiments increased peak intensities require a 

commensurate improvement in temporal contrast. For example, with the intensities greater than 1020

W/cm2 and contrast in the range 106 – 108 the prepulse intensity level (and duration) is above 

threshold for pre-plasma formation on a solid target. Therefore the ASE modifies the experimental 

condition for the main intense pulse. In order to avoid the preplasma formation before the main 

femtosecond pulse arrives, it is essential to increase the contrast level to 1010 or more.  

The frequency-doubled large-aperture high-energy Nd:glass green lasers are widely used as the 

pump lasers for PW-class power laser systems. The flat-top beam profile is required from the pump 

lasers to maintain good beam quality, maintain reliable, damage-free operation, and to increase 

amplification efficiency. The direct output beam of the Nd:glass laser system typically exhibits, 

however, poor spatial beam profile which can lead to local hot spots that are responsible for strong 

intensity modulations that can also enhance parasitic transverse lasing. It is necessary to carefully 
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control the green pump profile where the flat-top is mandatory. 

Here, we describe a temporally and spatially high quality petawatt-class laser system (named 

J-KAREN). We report the demonstration of over 30 J of uncompressed broadband output energy from 

this system, indicating potential for reaching peak power above 500 TW with a pulse energy of 20 J 

and compressed duration of less than 40 fs and high temporal contrast exceeding 1010. We also 

demonstrate beam homogenization of a 100-J class high-energy green pump laser for achieving a 

highly spatially flat-toped amplified beam. 

2.  Optical Architecture
The simplified schematic of our laser system (J-KAREN) is shown in Fig. 1 [1]. The system 

consists of two successive CPA stages linked by a saturable absorber, which acts as a nonlinear 

temporal filter. The first CPA stage consists of an oscillator, a stretcher, a nine-pass amplifier, and a 

compressor. The second CPA stage consists of a stretcher using 1480-gr/mm grating, a two-stage 

OPCPA preamplifier, a four pass Ti:sapphire preamplifier, a four pass cryogenically-cooled 

Ti:sapphire power amplifier, a three pass Ti:sapphire booster amplifier a and a compressor using four 

1480-gr/mm gratings. The final booster amplifier is pumped by a single-shot Nd:glass green laser. 

The other amplifiers are pumped with Q-switched, 10 Hz Nd:YAG green lasers. 

3.  Results and Discussion 
The cleaned microjoule seed pulses from the first CPA stage are restretched to the ~1 ns duration 

before amplification. Stretched seed pulses are amplified in the OPCPA preamplifier consisting of two 

type I BBO crystals. The size of each BBO crystal is 7 mm x 7 mm x 19.5 mm. The pump pulses for 

the OPCPA are generated by a commercial Q-switched Nd:YAG laser with 170 mJ (532-nm) of 

energy at 10 Hz. The 4 mm diameter seed pulses are amplified in the OPCPA to several millijoules. 

Output pulses from the OPCPA are up-collimated to a 6 mm diameter and then introduced into the 

Ti:sapphire preamplifier for further amplification. A preamplifier using a 20-mm diameter Ti:sapphire 

crystal pumped with 720 mJ from a commercial Q-switched Nd:YAG laser amplifies the pulses to the 

280 mJ energy level at 10Hz. The pulses are further amplified in the cryogenically cooled Ti:sapphire 

Fig.1 Schematic layout of the J-KAREN laser 
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power amplifier, which uses a 40 mm diameter Ti:sapphire crystal. The power amplifier stage is 

pumped at 10 Hz by using 6.5 J of second-harmonic energy delivered by six commercial Q-switched 

Nd:YAG lasers (Spectra-Physics, Quanta-Ray Pro-350). By cooling the Ti:sapphire crystal to 100 K 

in a cryogenic chamber to minimize the thermal distortion, a thermal focal length of about 4,000 m is 

obtained at the maximum pumping condition. Hence, there is no need to consider the thermal lensing 

effect which is minimized. The 18 mm diameter pulses are amplified to over 3.2 J at 10 Hz in the 

power amplifier. In order to reach the petawatt peak power level, we have added a large-aperture 

Ti:sapphire booster amplifier downstream of the power amplifier chain. The stretched pulses of 

energy near 3 J from the power amplifier are up-collimated to a 50 mm diameter and then introduced 

into the booster amplifier. The booster amplifier consists of a 80 mm diameter Ti:sapphire crystal 

pumped by a Nd:glass green laser with pulse energy near 60 J. Diffractive optical elements are used 

for pump beam homogenization to maintain a uniform spatial profile. The system produces an 

uncompressed output energy exceeding 30 J with a near homogeneous flat-top spatial distribution (as 

seen in Fig.2), indicating the potential for peak power at the 500 TW level. We also measure the 

contrast without pumping the booster amplifier. Figure 3 shows the temporal pulse trace with delays 

from 500 ps prior to the main femtosecond pulse to 150 ps past the main pulse. The background level 

observed is less than 10-10 relative to the main pulse. 

4.   Conclusion 
We have successfully combined multiple techniques for realizing the a high-spatiotemporal quality 

petawatt-class Ti:sapphire laser system with the use of the OPCPA preamplifier in the double CPA and 

the beam homogenization. Ultra-high intensity, high contrast, high beam quality optical pulses 

generated in our J-KAREN laser represent a superior source for studying relativistic laser-matter 

interactions. 
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Fig.2 Spatial intensity distribution of the final amplifier Fig.3 Temporal contrast 
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Present Status and Future Prospect of Applied High Field Science :
Particle Generation and Its Applications 

Hiroyuki DAIDO 
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We are studying interaction mechanisms between an ultra short and high peak power laser pulse and 

a matter for the useful applications. From an interaction region, an intense short burst of proton, ions, 

electrons, x-ray as well as electro-magnetic waves can be found. Among these, an intense proton beam 

is a promising candidate for applications such as scientific, industrial and particle therapy applications.  

Keywords: Ultra-high peak power laser, laser driven ion acceleration, high intensity physics

1. Introduction 
The research and development using an ultra-high peak laser include the studies on the relativistic 

interaction between a laser and a matter including its applications such as particle sources and/or 

radiation sources and multi beam sources such as electrons, ions, x-ray and THz radiation [1-3]. The 

most significant features are small source size, ultra-short pulse and high peak intensity which no other 

techniques can produce [4-6]. We review the research activities on high intensity laser matter 

interaction especially the laser driven proton beam and some of the examples of its applications.   

2. Proton generation from a laser irradiated target 
The Ti::sapphire laser J-KAREN [7] and JLITE-X [8] which are composed of a chirped pulse 

amplification system are used for the experiments. The central laser wavelength is at 800 nm. The 

pulse duration can be chosen from 30fs to 1ps (FWHM) with a pulse energy of up to 2J. The 

prepulse is suppressed by an optical chirped pulse amplification system [9] and by a fast optical 

switch [10]. The ASE contrast ratio is up to 1010 [7]. The p-polarized laser pulse [11] incident at 

45-degree is focused with an off-axis parabolic mirror onto a target as shown schematically in Fig. 1. 

The target system supplies a fresh surface to the focal spot for every shot. When we use tape target 

[12], we can operate continuously at 1 Hz repetition rate which is limited by a feeding speed of the 

tape target and a data acquisition time[13, 14]. For example, a well collimated proton beam in the 

sub-MeV energy range (from 0.5 to 1 MeV) driven by a compact few TWt femto-second laser pulse 

with an energy of ~100mJ has been characterized employing the projection imaging technique [15]. 

The laminar protons are emitted from a virtual source with a radius of 15 m that is localized 2.7 

mm upstream the front side of the target . The estimated transverse emittance is less than ~0.1 mm 

mrad. As a result, the proton projection technique as used in our experiments provides a clear image 
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of an object placed about 10 mm away from the source. Such a proton beam driven by a compact 

high-repetition rate laser will further contribute to a wide range of fruitful applications such as 

material science, surface modification and so on without a sophisticated magnetic beam guiding 

system. When we use a 100 TW class laser with an ultra-high contrast ratio of > 1010, the proton 

energy increases such as 4MeV at 1J laser energy [16], 7MeV at 2J laser energy [17]. The proton 

beam with an energy of >5 MeV can contribute to the production of radio-active materials [18].  

 Figure 1 shows the schematic view of the proton bunch length as a function of its propagation 

distance. At the same time, the temporal width of the bunch is a few ps [19], then it elongates due to 

the velocity dispersion of the beam. If we see more precisely, the elongated bunch is chirped [20], 

which means that the fastest protons are placed at the front and then slower one is placed backside. 

The beam still has a regular structure which may be an attractive nature of laser technique [21]. 

Another important issue to be addressed is the main mechanisms of the proton acceleration which 

include “target normal sheathe acceleration [22-24], the Coulomb explosion [25], the laser piston 

regime [26], the breakout afterburner [27], the near critical density plasma [28-30] and so on details 

of which are described precisely in the forthcoming review article [31]. 

Fig. 1: Schematic view of the source and proton bunches at various distances from the source using 

the parameters obtained in the experiment reported in this paper. 

3. Guiding a proton beam and its applications 
For unique applications which utilize the unique feature of the source, an experiment on the 

focusing and spectral enhancement of a multi-MeV proton beam using permanent quadrupole 

magnets has been performed successfully. The experiment has been carried out at the J-KAREN laser. 

The pulse energy on the target and the pulse width are ~700 mJ and 30 fs (FWHM), respectively. 

The ratio of an amplified spontaneous emission (ASE) to that of the main pulse is set to be 1x10-7 at 

100 ps before the main pulse arrives, in order to control and fix the proton emission property. The 

ASE duration is also controlled for obtaining the optimum shape of the proton spectrum by the 

Pockel's cell switch. A p-polarized laser pulse with 50 mm diameter is irradiated onto a 

12.5- m-thick, 20-mm-wide Polyimide tape target at an incidence angle of 45 degrees. The focal 

length of an off axis parabolic mirror is 152 mm. The measured focal spot size is 5x3 m2 in 

horizontal and vertical directions (FWHM), respectively giving an intensity of 1x1020 Wcm-2. The 

proton beam with a maximum energy of ~3 MeV and half divergence angle of 10 degrees at the 

energy band of > 0.8 MeV is stably produced at the target normal direction. A 2.4 MeV proton beam 
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is stably focused at 1 Hz repetition rate by using a pair of permanent quadrupole magnets (PMQs) 

with large apertures whose diameters and field strengths are 3.5 cm and 55T/m for the first and 2.3 

cm and 60T/m for the second magnets, respectively as shown in Fig.3. The proton beam has been 

focused to a focal spot of 3x8 mm2 in horizontal and vertical direction (FWHM) at 650~mm from 

the source, which is well reproduced by the simulation [32]. With this technique, we can investigate 

the physics appeared in the short time scale as well as that in a high energy density matter and so on.   

We have performed the laser driven proton-induced nuclear reactions as a radiation safety 

experiment and future industrial applications. A multi-MeV proton beam is used to induce the 

nuclear reaction 11B(p,n)11C. The total activity of 11C produced after 60 shots of laser irradiation is 

found to be 11 Bq. which we can show the requirement of constructing a thin layer activation 

systems [33]. With this beam, the radiation damage of human cancer cells was also demonstrated 

[34]. This beam opens unique applications including ndustrial and medical applications [35]. 

Fig.3: Schematic view of the experimental setup. The intensity profile of the focused proton beam 
is measured by the CR-39 nuclear track detector covered with the Al range filter. The proton spectrum 
is measured by the TOF spectrometer. 

Since 2001, a five year project 'Research and Development of Elements of Advanced Compact 

Accelerators has been performed. The team has completed multi-MeV ion beam generation as well as 

the improved ion beam energy spread by the phase rotation technique [36,37]. Based on these [35], 

we have started the Photo-Medical Valley Project in which we plan to develop laser driven treatment 

machine with a monitoring technique in collaboration with medical and industrial people.  

4. Conclusion 
We describe an intense proton beam driven by an intense short pulse laser. The beam is 

promising candidate for the unique source of scientific, industrial and future particle therapy 

applications.  
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Super-intense Electromagnetic Radiation and Fast Particles from 
Relativistic Laser Produced Plasma: Recent Results and Perspectives
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a) The upper limit on relativistic electron energy in the LWFA regime for one-stage and multi-stage 
accelerator schemes is given.
b) It is shown that the energy of the ions accelerated by intense electromagnetic wave in the radiation 
pressure dominated regime can be substantially enhanced, when transverse expansion of the irradiated thin 
target decreases a number of accelerated ions resulting in the ion trapping by the electromagnetic wave.
c) The intensity scaling of radiation reflected at relativistic mirrors in various regimes is discussed. 

Keywords: Laser-plasma interaction, Charged particle acceleration, Relativistic mirror

1. Introduction
The present paper reviews a part of the recent results obtained by the Laser Accelerator Group in 

collaboration with other groups at APRC-JAEA [1]. The group research objective is to explore a broad 
range of fields connected with the laser-matter interaction. Its scientific work covers relativistic laser 
plasma physics, collective acceleration of charged particles (electrons and ions), coherent and incoherent 
electromagnetic radiation sources in the range from XUV to X ray, nuclear physics, nuclear and relativistic 
astrophysics, nonlinear wave theory and computer simulations. 

In the laser electron acceleration studies for generating a stable high-quality electron beam, optical 
injection by collision of two laser pulses has been previously proposed [2]. Ref. [3] presents results of the 
experiments when it was observed a monoenergetic ultrarelativistic electron beam with high charge by the
optical injection in head-on injection scheme. The injection in the counter-crossing configulation, which 
has an advantage of the safer operation in the laser, has also been realized. In Ref. [4] the results of 
experiments are presented for the laser electron acceleration in the ablative capillary discharge plasma. The 
plasma channel is formed by the discharge inside the ablative capillary. The intense short laser pulse is 
guided over a 4 cm length. The generated relativistic electrons show both the quasi-mono-energetic and 
quasi-Maxwellian energy spectra, depending on laser and plasma parameters. The analysis of the inner 
walls of the capillaries that underwent several tens of shots shows that the wall deformation and blistering 
resulted from the discharge and laser pulse effects.

Ref. [5] reports tenfold energy increase in laser-driven multi MeV ion generation using cluster-gas 
target. In this paper an approach for accelerating ions, with the use of a replenishable cluster-gas target and 
an ultrashort pulse laser of relatively low energy, is proposed. Positive electric charge ions with energy 
10 20 MeV per nucleon having a small divergence are generated in the forward direction, corresponding 
to approximately tenfold increase in the ion energies compared to previous experiments using solid targets. 
It is inferred from a particle-in-cell simulation that the high energy ions are generated at the rear side of the 
target due to the formation of a strong dipole vortex structure in subcritical density plasmas [6]. The
demonstrated approach has the potential for constructing compact, high repetition rate laser-driven ion 
sources for hadron therapy and other applications. In these experiments the evidence of the negative ion 
acceleration in the experiments on the high intensity laser pulse interaction with the cluster targets has also 
been obtained [7]. Coulomb implosion mechanism of the negatively charged ion acceleration in laser 
plasmas is proposed in Ref. [7]. When a cluster target is irradiated by an intense laser pulse and the 
Coulomb explosion of positively charged ions occurs, the negative ions are accelerated inward. The 
maximum energy of negative ions is several times lower than that of positive ions.

Fundamental for modern physics concepts of Relativistic Mi
special relativity [8]. This concept plays important role in studying the problems ranging from quantum 
field theory to engineering of laser resonators. Our scientific team has brought the relativistic mirror 
paradigm to the physics of super-intense laser interaction with matter. Within the framework of this 
paradigm we formulated three main directions connected with the high efficiency laser ion acceleration [9], 
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the relativistic high order harmonics generation [10], and the light frequency upshifting accompanied by 
the laser pulse intensification [11]. These three directions, based on the nonlinear wave theory, 
multidimensional computer simulations and experiments with relativistic laser plasmas, have attracted a 
great deal of attention of scientific groups leading in the high field science [12]. In a perspective, 
Relativistic Mirror Concept will result in the development of laser ion accelerators for high energy physics 
and for hadron therapy, in production of ultra-short electromagnetic pulses in XUV and X-ray ranges, with 
the parameters required for imaging in material sciences and biology, in development of the sources of 
attosecond electromagnetic pulses with unprecedentedly high brightness and so high intensity and power 
that nonlinear QED processes will be experimentally investigated [12].

For the ion acceleration we proposed the receding relativistic mirrors, when a thin plasma slab is 
pushed forward by the laser pulse radiation pressure [9] with resulting energy per ion proportional to the 
laser energy. First experimental indications on the radiation pressure acceleration mechanism have been 
obtained in Ref. [13].

High intensity laser pulse interacting with solid targets causes collective motion of relativistic 
electrons which forms the relativistic oscillating [10] and sliding [14] mirrors, resulting in the high order 
harmonic enriched spectrum of reflected radiation, observed in a number of experiments [12]. High order 
harmonics (HOH) can be used in a broad range of applications.

Coherent high frequency and high intensity electromagnetic pulses can be obtained by employing the 
laser light reflection from Relativistic Mirrors formed by thin electron shells moving with the relativistic 
velocity. In Ref. [11] we proposed to use the breaking wake waves generated by high power laser pulses in 
underdense plasma (a recently formulated novel scheme uses advantages of the mirror made by the foil 
accelerated by the laser radiation pressure [15] and by ionization fronts [16]). This breaking wake wave 
regime of the laser light frequency upshifting has been intensively studied theoretically, with computer 
simulations, and has been realized in the experiments conducted by our scientific team [17, 18].

Here we discuss several aspects concerning relativistic electron acceleration in the laser wake field 
acceleration (LWFA) regime, the intensity scaling of radiation reflected at relativistic mirrors, and ion 
acceleration by electromagnetic wave in the radiation pressure dominated (RPDA).

2. Acceleration of charged particles in the electromagnetic wave interaction with plasmas 
Particle-in-Cell simulation

General requirements for the laser accelerator parameters are principally the same as for standard 
accelerators of charged particles [19], i. e. they should have a reasonable acceleration scale length, a high 
enough efficiency and the required maximal energy, a high quality, emittance and luminosity of charged 
particle beams. In the 1940-s Enrico Fermi paid attention to the high energy limit of 1 PeV= 1015eV for 
accelerated particles, which could be reached under terrestrial conditions, when the accelerator size is 

-ties in the proposal to 
use collective electric fields excited in a plasma (collective methods of acceleration) in order to accelerate 
charged particles [20].

2.1 On the maximal energy of electrons acceleration in the LWFA regime
Wakefield electron acceleration has been proposed in Ref. [21]. Under the condition of minimum laser 
energy the one stage LWFA accelerator scaling is described as it follows. The electric field in a plasma has 
the form of a wave propagating with a phase velocity, ,ph Wv . A gamma factor corresponding to the wave 

phase velocity is given by the expression 2 2 1/2
, ,1/(1 / )ph W ph Wv c . A condition of the wake wave 

synchronization with the driver laser pulse yields , ,ph W g lasv v , where 2 2
, 0(1 / 2 )g las pev c is the laser 

pulse group velocity. The wavelength of the weakly nonlinear wake wave is 0 ,p ph W . Assuming the 

electrostatic potential in the wake is equal to 2 /em c e , we obtain for the fast electron gamma factor 
2

,e ph W . The acceleration length is given by 2
,acc p ph Wl , i.e. 3

0 ,acc ph Wl . This gives a relationship

between the acceleration length and the fast electron energy: 3/2
0acc el . For 0 1 m and 610e we 

obtain 1accl km [22].

For the acceleration length equal to the circumference of the equator, 910accl cm, and the laser pulse 

wavelength, 4
0 10 cm, we find 910e , i.e. the maximal electron energy is equal to 155 10 eV [23].
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z are constant and ( )t is the relativistic 

gamma-factor of the shell. Within the framework of our approximation it is given by 
2 1/2(1 ( / ) )xp m c . Inserting these expressions into the longitudinal component of Eq. (1), we 

obtain the equation for xp :
2

0

1
,

1
x E

y z
dp m
dt l

v
(2)

where 2 2
0/ 2E E n mv .

In the case of no expansion of the shell we have 0 0y , 0 0z , and 1y z , and Eq. (2) 

gives (for a constant amplitude pulse) the following asymptotic time dependence of the particle momentum 

[9] for t :
1/3

1/3( ) / ,xp t m c t where 2
1/3 04 /3 El c v .

In the case of transverse expansion ( 0 0, 0y z ), in the limit t , Eq. (2) yields 

3/5

3/5( ) / ,xp t m c t where 
1/32 2 0 0

3/5 048 /125 E y zl m c v . The shell areal density decreases 

as 4/5nl t . We see that the momentum, 3/5
xp t , grows faster than in the previous cases of a 

non-expanding shell. 
Now we consider a laser pulse of finite length and assume its amplitude to be constant 0E E in 

the interval 0 / last x c t and be equal to zero for / 0t x c and for / last x c t . Introducing 

the wave phase as a new independent variable 

0 0

0

1 ( ) .
txt t dt

c
(3)

we find that in the limit xp Eq. (3) yields 2 2 2
0const ( / 2) / ( )

t

xm c dt p t .

We can see that in the case of a non-expanding shell, when the momentum dependence on time is given 

by 1/3,xp t , the integral in the right hand side of expression (3) diverges, while for an expanding shell 

with 3/5,xp t it follows that the phase shift between the laser pulse and the accelerated ions remains 

finite. For a long enough laser pulse the ions at the pulse axis become trapped inside the pulse with their 
energy formally growing unlimitedly at the expense of the particle number decrease. We notice here that 
the unlimited electron acceleration regimes are well known for the electrons accelerated by the 
electromagnetic wave in the cyclotron autoresonance regime [37], when electrons are trapped by 
electrostatic wave propagating perpendicularly to the magnetic field [38] and in inhomogeneous plasmas 
with a downgrading density [39]. 

Substituting the dependence of the ion momentum on time in the form ( ) ( / )k
x kp t m c t into the 

integral in r.h.s. of Eq. (3), we obtain
21

0 0 2 1

( / ) 1 1 1 3
, , ;

1 2 2 2

kk
k

k
k

t k k tt F
k k k

, (4)

where 2 1( , , ; )F z is the Gauss hypergeometric function. Asymptotically expression (4) yields for 

t
1 2

0
0 1/2

( / ) 2 1 1

2 4 2 2

k
k k

k
t k k

k k k
,      (5)
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( )z k 1/ 2
t

1/ 2k

1/ 2
0 1/ 2 0 1/ 2

1/ 2

( ) ln
t t

t t t

3/5

3/5( ) / ,xp t m c t

0 3/52.804

3. Frequency up-shifting and light intensification with relativistic flying mirrors

0(1 ) /(1 ),r M M

3.1 Relativistic high-order harmonic and attosecond pulse generation

2 23
0

0 2 2 2 2

3(8 3 )
cos( ) cos(3 3 ) ,  

8(4 )
pe

y
e pe

eEE E t kx t kx
m c

2 2
0

2 2 sin(2 2 ) .
4x

pe e

k e EE t kx
m



0 01/ 500/apt a a

n 20.4(4 / )n pS n
2

0 0 0 0 0 02 / /p e cre n l m c n l n 0n 0l
2 2
0 / 4cr en m e

0 pa

0 0cr a max 0/crn

0 02 / /crc a
23

18 0 0
2 2

0

W
10

(2 ) cmHOH
a DI

0D 0 600a
24 25 10 W/cm

27 210 W/cm

3.2 Compact, brilliant X-ray source based on the flying mirror mechanism

121.4 10

ph

2 2 1/2(1 / )e ph ph c

3
ph



2

30
0

0

32r ph
DI I

02 /r ph 08r ph

2W/cm

2W/cm 2W/cm

2 /e c 2cm /erg

1 m W .
24 ph

8 ph

4. Conclusion



they are required in material science and for the investigation of fundamental science problems such as in 
nonlinear quantum electrodynamics (QED) and relativistic astrophysics [12, 57].
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Imaging Studies using EUVFEL 

A,C A,B,C B,C C C C,D

C C,D C,D C

Joint Institute for High Temperatures, 

     Using extreme ultraviolet free electron laser (EUVFEL), images of metal mesh (space: 344 , wire: 

18.5 ), metal thin foil (800-nm thick Al foils), and biological objects (spider silk, mosquito, dragonfly 

wing) in a wide field of view (cm2 scale with high spatial resolution (700 nm) are obtained with high 

dynamic range LiF crystal radiation detectors. The single shot image of the metal mesh shows a full spatial 

coherence of EUVFEL light, and a beam diameter of 9.0 8.4 mm (fwhm). The dynamic range of the LiF 

detector of at least 105 is demonstrated from the image of five layers of 800-nm thick Al foils. The detailed 

structure of spider silk is also obtained. 

Keywords: EUVFEL, LiF crystal, Imaging 
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Fig.2 Proton acceleration driven by the laser pulse with 
normal (a), and oblique incidence (b) 
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ERL DC

Development of a Photocathode Electron Gun for an ERL Light-Source

Ryoji NAGAI, Ryoichi HAJIMA, Nobuyuki NISHIMORI 

Advanced Photon Research Center, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

We have developed NEA-GaAs photocathode DC electron guns for energy-recovery linace (ERL) based 

next generation light source.  One is a prototype which is operated at up to 250 kV and designed to 

deliver up to 50 mA beam current.  A diagnostic beam line of the 250 kV gun has been constructed for 

evaluation of the NEA-GaAs photocathode.  Another is a practical use machine which is operated at up to 

500 kV and designed to deliver up to 10 mA beam current with emittance lower than 1 mm-mrad.  The 

500 kV gun has satisfyed performance required as an injector for the compact ERL, which is under 

construction at KEK (Tsukuba site) as a prototype of the ERL light source. 

Initial emittance of the NEA-GaAs has been measured using the 250 kV gun.  The measurements have 

been performed by a single-slit-scan method with combination of a 50- m slit and a YAG:Ce screen.  The 

minimum emittance is measured to be 0.054 mm-mrad for the laser wavelength of 633 nm and spot size of 

160 m. Consequently, the effective thermal energy of 54 meV for the wavelength of 633 nm is obtained. 

In the development of the 500 kV gun, a ceramic insulator is the most challenging part. The ceramic 

insulator should have good insulation and appropriate resistivity to avoid local concentration of electron 

charge, which causes fatal damage on the ceramic due to cracking or punch-through. So far, ceramic 

insulators with surface resistivity by special coating and ceramic with bulk resistivity have been used for 

photocathode DC guns.  Stable operation at a voltage of 500 kV, however, has never been achieved in 

such guns, yet.  We adopted a segmented insulator for the 500 kV gun, where multiple ceramics are 

stacked in series.  This design is similar to the JAEA thermionic cathode gun (250 kV) for a high-power 

FEL and the polarized electron gun (200 kV) at Nagoya University, both of which have been operated with 

a good robustness.  The high-voltage test has been conditioned up to 500kV  The conditioning up to 

550kV and the demonstration of 500 kV operation will be done soon. 

Keywords: Photocathode, Electron Gun, Low Emittance, High-Voltage 

ERL

ERL 100mA

1mm-mrad 10mA 0.1mm-mrad [1]
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Chemical Reaction Control by Laser 

Atsushi YOKOYAMA, Keiichi YOKOYAMA, Hironori OHBA, Koji TAMURA, Morihisa SAEKI, 

Yuzuru KUROSAKI, Masashi HASHIMOTO, Hiroshi MURAKAMI, Hiroshi AKAGI, Ryuji ITAKURA, 

Tatsuya KASAJIMA, Leo MATSUOKA, Koichi HOSAKA, Masaaki TSUBOUCHI 

Advanced Photon Research Center, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

Studies on laser isotope separation, laser element separation, chemical reaction control by laser and 

ultrafast spectroscopy of biopolymers have been conducted in Laser Chemistry Group.  Recent progress 

on these researches is outlined. 

Keywords: Laser, Isotope Separation, Reaction Control, High Intensity, Ultrafast Spectroscopy 

Fig.1 Dissociation pathway of vibrationally excited C5H8O

- 48 -

JAEA-Conf 2010-002

3.8



Table I. Typical Results for 18O Enrichment 

Molecule Fluence
(J/cm2)

Pressure 
(kPa) 

D(18O)* (%) Enrichment 
Factor

18O Fraction in 
products (%) 

Reference 

C5H8O 2.1 
2.6

0.53
0.27

0.043
1.4

751
169

60
26

[1] 

(C3H7)2O 1.9 
4.6

0.016
0.016

<0.03 [3] 
12

350
26

41
5.0

[10]
[11]

(CF3)2O 4 0.067 3 95 16 [11] 

C5H10O 1.6 0.13   74 13 [10] 
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Fig. 2 Schematic drawing of rotational excitation by frequency comb 
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Fig. 3 Photoelectron Spectra for different 
dissociative ionization channels. 
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Development of Focused Laser Plasma X-ray Beam  
for Radiobiological Applications 

Masaharu NISHIKINO, Noboru HASEGAWA, Masahiko ISHINO, Tetsuya KAWACHI 

Japan Atomic Energy Agency Quantum Beam Science Institute 

 Katsutoshi SATO, Hodaka NUMASAKI, Teruki TESHIMA

Osaka University Graduate School of Medicine, Division of Health Sciences 

Shinsuke OHSHIMA, Hiroaki Nishimura 

Institute of Laser Engineering, Osaka University 

     We have started to develop a laser plasma x-ray microbeam irradiation system, and demonstrated a 

preliminary study of the cell survival and gamma-H2AX focus formation in the culture cells irradiated 

with laser-produced plasma x-ray. 

Keywords: ultrashort K  x-rays, soft x-ray laser, radiobiological effect 

1. Introduction 

Recently, high energy, monochromatic x rays emanating from laser-produced plasma (LPP) are 

attracting much attention as a new radiation source indispensable for high energy density physics, 

bioscience, and material sciences. Aiming at these applications, we have been improving performances of 

K  lines emitted from LPP[1] and soft x-ray lasers (SXRLs). The monochromaticity is particularly 

important when x rays are handled with a narrow-band optics or used to selectively excite a specific 

material involved in matters. In addition, time-duration of such sources is typically an order of pico-second, 

and it could be comparable or even shorter than recovery time of biologically damaged cell by irradiation, 

so that the LPP source can be a new source  compared with conventional x-ray sources for investigating 

the mechanisms of irradiation survival and death of biological cells. Then, we propose to develop an 

ultrashort, intense x-ray microbeam system to study the radiobiological effect and the bystander effect[2]. 

We report a preliminary study of the cell survival and gamma-H2AX focus formation in the culture cells 

irradiated with K  x-rays generated by a femtosecond (fs) laser driven plasma. 

2. Experiment 

2.1 Laser produced plasma x-ray source 

 Two types of LPP x-ray source have been developed as for the x-ray microbeam system. One is K  x 

rays generated with an ultrashort high intensity laser pulse at intensities of 1017-1018 W/cm2 and duration 

of 50-100 fs. Energetic electrons generated via laser-plasma interaction propagate deeply into a solid 

material. As a result, bremsstrahlung and characteristic x-ray radiation are produced. A tabletop Ti:sapphire 

laser system, that produces 70 fs, 150 mJ pulses at 10 Hz repetition rate was used to generate K  x-ray 

pulse from a copper (Cu) target. The conversion efficiency is about 10-5 of incidence, corresponding to the 
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number of Cu- K  photons (8 keV) of about 3 x 1010 photons/4 sr/pulse. The pulse width of K  emission, 

that is comparable to the life-time of hot electrons in the plasma, is estimated to be about 1 ps. The other 

source is a SXRL light extracted from LPP. The soft XRL (90 eV) is generated by amplification of 

spontaneous emission (ASE) in plasmas with the population inversion. The output energy is about 1 µJ, 

corresponding to a flux of about 1011 photns/pulse[3]. The pulse width of the x-ray laser is about 7 ps[4]. 

2.2 Development of microbeam system 

     An x-ray micro-beam, focused down to a micrometer scale is expected to be a new tool for the study 

of radiobiological effects by irradiating a single biological cell. Many types of x-ray focusing device have 

been developed to generate the x-ray microbeams. The sub-micron spot size has already been achieved in 

the hard x-ray region with a synchrotron x-ray source and soft x-ray region with LPP x-ray source. In these 

cases, Fresnel zone plates (FZPs) are mostly used but monochromatic radiation source is primally needed. 

In the case of LPP K  x rays, we adopt a polycapillary x-ray lens in order to collect diverging x rays from 

LPP to a spot of about 300 µm in diameter, and simultaneously a pinhole of 10-40 mm diam. to limit 

irradiation area. In the case of the SXRL, the beam is focused to about 10-20 µm with a spherical 

multilayer mirror or to about 0.5 µm with a FZP[5]. The microbeam system[6] is consisting of automatic 

micro-stages and an optical microscope and these x-ray beams. Figure 1 shows the schematic view of 

x-ray microbeam system. 

3. Results 

  We have started preliminary experiments of the cell survival and gamma-H2AX focus formation in 

the culture cells with the K  x-rays. The gamma-H2AX focus formation can be used for the criterion of the 

double-strand break of DNA. To realize the exposure in a general culture condition, x-rays vertically 

exposed a culture dish. We have used the Cell line of A549 (human lung adenocarcinoma cell line). A 

silicon nitride (SiN) membrane coated with collagen was adopted as a cell adhesion substrate. A day before 

the x-ray irradiation, adequate number of cells were seeded on the SiN membrane. Immediately before the 

irradiation, cells cultured on the SiN membrane were attached to culture dishes with a 1mm diameter hole. 

Laser

Vaccum

Chamber

Vaccum
window (SiN)

Target Off-axis parabooidal mirror

Stage

Petri dish Culture cell

Microscope

Air (<5mm)

Plasma

Polycapillary 
x-ray lens

Plasma x-rays 

Fig.1 Schematic view of X-ray microbeam 
system using K  x-ray
Fig.1 Schematic view of X-ray microbeam 
system using K  x-ray 
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The dose rate was 0.1 Gy/min estimated from the photon counting method with an x-ray CCD camera. 

Survival fraction was evaluated with colony formation assay, and gamma-H2AX focus formation was 

detected with anti-phospho-H2AX antibody (#9719, Cell Signaling Technology) and fluorescence 

microscope. The distribution of culture cells with -H2AX foci clearly depended on the irradiated beam 

size of K  x-ray with about 2 Gy as shown in Fig. 2(a). The size of -H2AX foci region was about 900 µm 

in horizontal and vertical directions, consistent with the x-ray spot size of 950 µm. Figures 2(b) shows the 

-H2AX foci in the nucleus irradiated with the irradiation dose of about 2 Gy.  

4. Conclusion 

     We have started the development of x-ray microbeam system for radiobiological applications, and 

preliminary experiments on the radiation-induced effect using LPP x rays. In near future, we apply apply 

the system for the study of  Bystander effect  to provide the basic data of the radiotherapy including the 

relation between the irradiation area and the ranges of cancer invasion.

Fig.2(a) -H2AX focus formations by 
the x-ray irradiation. (b) -H2AX (green)  
focus formation and in nucleus (blue) 
at 2 Gy dose 
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Evaluation for Radiation Damage of Bio-molecules Irradiated by XFEL 

Takeshi Kai 

Japan Atomic Energy Agency 

   Abstract. Atomic model considering photoionization, Compton scattering, Auger decay, 

electron-impact ionization and field ionization for the inner electric field was developed to investigate 

the damage of biomolecule irradiated with the X-ray free electron lasers (XFEL) to guide the XFEL 

experiments for the three-dimensional structure analysis. We made the radiation-damage maps, which 

indicate relationship between XFEL parameters and target radius for the damage of carbon clusters, to 

obtain optimal incident X-ray flux. We found that the damage of carbon cluster changes from the 

increasing tendency to the decreasing tendency as the target radius increases. 

Keywords: X-ray free electron laser, Radiation damage, Biomolecule 
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Development of a laser produced plasma x-ray source by use of  
Au thin film targets 
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  Laser produced plasmas are attractive soft x-ray sources for a soft x-ray microscopy, because of their 

short duration time enough to stop the movement of living nature and the Brownian motion, and to capture 

images before the structural changes by radiation damages. To develop an intense soft x-ray source, soft 

x-ray emissions from laser produced plasmas using Au thin film targets were observed with respect to the 

film thickness. Au thin films having nano-meter order thicknesses evaporated on silicon nitride membranes 

were irradiated by a high contrast Nd:glass laser pulses with OPCPA system. The spectra of emitted soft 

x-rays were monitored by an x-ray spectrograph from the rear side to the surface of laser irradiation. The 

observed emission intensities showed a clear dependence on the film thickness. The results suggest that 

most of the irradiated laser energy is absorbed by the film, and is efficiently converted from laser to x-rays.  

Keywords: Laser produced plasma, Soft x-rays, Thin film target 
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Keywords: Laser produced plasma, Soft x-rays, Thin film target 

Development of a Laser Produced Plasma X-ray Source by Use of 
Au Thin Film Targets 



X
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Fig. 1. Schematic diagram of experimental setup around the vacuum chamber.  
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X Figure 2
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Figure 3 X X

 
 

Fig. 2. Detected soft x-ray intensities emitting from Au thin film target.  
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Fig. 3. Soft x-ray microscopic image of living microphage. 
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Polarization Measurements in the Evaluation System for  

Soft X-Ray Optical Elements  
 

1) 2) 2) 2) 2)  
3) 1) 1) 1) 1) 

1)   
2)  
3)  

Takashi IMAZONO,1) Hiroyuki SASAI,2) Yoshihisa HARADA,2)  
Nobuyuki IWAI,2) Naoji MORIYA,2) Kazuo SANO,3) Yoji SUZUKI,1) Tetsuya KAWACHI,1) and 

Masato KOIKE1)  
Quantum Beam Science Directorate, JAEA 

2 Shimadzu Corp. 
 3) Shimadzu Emit Co. Ltd. 

Evaluation System for Soft X-Ray Optical Elements at the soft x-ray (SX) beamline (BL-11) at the SR 
Center, Ritsumeikan University has been upgraded by installing a novel apparatus for polarimetric and 
ellipsometric measurements in the SX region, in which it has been developed to perform complete 
polarization analysis. This apparatus can realize the optical configurations required for polarization 
measurements by using six independently movable drive shafts in high vacuum. As a demonstration of the 
capabilities of this apparatus, linear polarization measurement in a wavelength range of 12.4-14.8 nm has 
been carried out using Mo/Si multilayer polarizers (period: 10.36 nm, ratio of Mo layer to period: 0.64, and 
23 bilayers with topmost Si layer) deposited on the surface of commercial Si(111) substrates by an ion 
beam sputtering method. When the incident wavelength is scanned from 12.4 nm to 14.8 nm by a 
Monk-Gillieson type varied-line-spacing grating monochromator of BL-11, the angles of incidence of both 
the Mo/Si multilayer polarizers are also varied from 37.5  to 52.3 . The polarizances depended strongly on 
the wavelength, and the best performance of over 99% has been obtained in the vicinity of 13.9 nm in 
which the reflectance is evaluated to be 62%. Using these polarizers, the linear polarization degree has 
been determined for the first time since the construction of BL-11 to be 85-88% in the measured 
wavelength range. The test result shows that polarization measurements in the SX region can be performed 
at BL-11, as well as the fabricated multilayers are usable as polarizers for soft x-ray laser application. 

Keywords: Polarizer, Soft x-ray, Polarimetry, Ellipsometry, Rotating-analyzer, Polarization analysis
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Figure 1  Schematic of a double-reflection geometry based on the rotating-analyzer method with a phase 
shifter (or polarizer) (a) and photograph of the internal mechanism of the soft x-ray polarimeter and 
ellipsometer (SXPE) (b). SXPE accommodates two goniometric stages indicated by GSP and GSA. P, A, 
and D show a polarizer, analyzer, and detector, respectively. All angles shown in Fig. 1 (a) can be 
changed by six motorized rotary stages ( , , , , , and ). The heights (or horizontal position) of P 
and A (or GSP) are adjusted by three linear stages (H, X, or T). The linear stage assigned as T is located 
just below the base of GSP (not shown in the photograph). 
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LabVIEW Table 1  
GSP GSA  
 

 Mo/Si

SXPE Si(111) 2”  1 mm
Mo/Si P A

XRD Mo 10.36 
nm 0.64 Mo Si 23 Si XRD

13.9 nm

15  15 mm2 2 P A  

 SXPE

Figure 2 SXPE RD
13.5 nm P s

SXPE
RD SXPE

TABLE 1  Details of the motorized stages assigned to the drive shafts of the goniometric stages GSA 
and GSP. The resolution per pulse of each axis is a nominal value under atmospheric conditions. 

Stage 
Symbol 

of axis 
Annotation of axis 

Operation 

range 

Resolution 

per pulse 

GSA Azimuth angle of A 5 ~ 370  0.00125  
 Incident angle of A 5 ~ 180  0.001  
 Angle of detector arm 5 ~ 120  0.001  
 X Height position of A 5 ~ 5 mm 0.5 m 

GSP Azimuth angle of P 5 ~ 370  0.001  
 Incident angle of P 5 ~ 180  0.001  
 Angle of arm 5 ~ 120  0.001  
 H Height position of P 5 ~ 5 mm 0.5 m 
 T Horizontal position of GSP 15 ~ 15 mm 1 m 

0.01

0.1

1

36 38 40 42 44 46 48 50 52 54 56
Grazing angle/deg

SXPE
RD
Calculated

 = 13.5 nm

Figure 2 Reflectances for s-polarization of Mo/Si 
multilayer mirrors measured by SXPE and RD at a 
wavelength of 13.5 nm. For reference, calculated 
curve is also shown by solid line.   
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 = 13.5 nm
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 P 
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Grazing angle/deg
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 P
 A

Figure 3  Reflection profiles for s- and 
p-polarization (Rs and Rp) of the Mo/Si multilayer 
polarizer (P) and analyzer (A) measured by SXPE 
at a wavelength of 13.5 nm. The vertical axis is in 
logarithmic scale. 
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Figure 4 Result of linear polarization 
measurement with Mo/Si multilayer polarizers. PL 
and  mean the linear polarization degree and the 
azimuth angle of the main axis of the polarization 
ellipse of the incident light, where  is measured 
clockwise to an observer from the horizontal 
plane. Z1 (or Z2) shows the polarizance of A (or P).
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ナノスケール軟 X 線発光分光装置の角度分解 SXES 計測への適用 

 
Angle-resolved soft-X-ray emission spectroscopy of anisotropic structured 

material based on transmission electron microscopy 
 

寺内正己 1、小池雅人 2 
1 東北大学 多元物質科学研究所 先端計測開発センター 

2 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 
 

Masami TERAUCHI 1, Masato KOIKE 2 
1Institute for Multidisciplinary Research for Advanced Materials, Tohoku University 

2Quantum Beam Science Directorate, Japan Atomic Energy Agency 
 

Soft-X-ray emission spectroscopy (SXES) instruments attached to a conventional transmission electron 
microscope (TEM) has been applied to detect an anisotropic carbon K-emission intensity from graphite. 
Merit of TEM-SXES experiment is that the spectra of single crystalline specimen areas are easily obtained 
under a well-controlled orientation setting. Carbon K-emission spectra obtained at 60 deg. and 15 deg. 
take-off angles, which are angles between the emission (detection) direction and (0001) plane of graphite, 

shows an apparent change in intensity distribution. From the two spectra, π-bonding and σ-bonding 
density of states of valence bans were derived and compared with a theoretical calculation.  
 

Keywords: Anisotropic soft-X-ay emission, graphite, π-bonding states, σ-bonding states, 
transmission electron microscopy 
 
 
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。電子顕微鏡と軟 X線発光分光、とりわけ、価電子が内殻ホール

に遷移する時の軟 X線発光を組み合わせることで、微小な単結晶領域から価電子帯の状態密度分

布に関する情報を得ることができる。そこで、デバイスや新機能材料の微少領域から、価電子の

エネルギー状態計測を可能とするため、電子顕微鏡に搭載可能な軟 X線発光分光装置の高度化研

究を東北大と原子力機構との共同研究として行ってきている。[1-4] 
透過型電子顕微鏡を用いると、大きな単結晶がなくとも、また、粉末や複数の結晶が混在して

いる場合でも、電子回折図形から物質の単結晶領域およびその結晶方位を同定できるので、軟 X

線の発光異方性の計測が精度良く行える点に特徴がある。この発光強度の異方性は、価電子の空

間分布の異方性を反映している。これまでも、グラファイトの発光異方性計測の報告はなされて

いる[5,6]が、電子顕微鏡を用い、結晶性を確認した一つの単結晶片からの測定およびその解析か
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ら価電子帯の状態密度を報告した例はない。 

 

２．実験装置 

図 1に、実験に用いた TEM-SXES

装置の概観写真を示す。この装置

は、東北大と原子力機構との共同

研究をベースに、文部科学省のリ

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（平成 16～18 年度）」の

支援を受けて製作したものである。

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、それぞれ約

240mm、約 500mm となっている。

測定エネルギー範囲は、回折格子

4枚を用い、60eV から 2300eV 程度

までをカバーしている。 

Figure 1. TEM-SXES instrument used for the present
measurements of anisotropic C-K emission of graphite. 

今回のグラファイトからの炭素 K 発光計測

では、Ni コートラミナー回折格子（刻線密度

1600l/mm）を用いた。この回折格子は、通

常の Au コートに比べ、炭素 K 発光領域で約

3 倍の回折効率を有することがわかっている

[7]。検出器には、液体窒素冷却の背面照射型

CCD（画素サイズ 13.5 ミクロン）を用いてい

る。この分光器の炭素 K発光領域でのエネル

ギー分散は、0.13eV/CCD チャンネルとなって

いる。 

 
３．実験結果と解析 
図２に、単結晶グラファイト片から測定し

た、異なる X 線放出角度（C 軸に垂直な面と

成す角度θで表示）での炭素 K 発光スペクト

ルを示す。θが 60 度と 15 度では明らかに強

度プロファイルが異なっている。これは、σ

結合軌道とπ結合軌道からの発光強度が異方

的であると同時に、それぞれの軌道のエネル

ギー分布が異なることに起因する。σ結合軌

道とπ結合軌道の発光強度の角度θ依存性は、

それぞれ、(1+sin2θ)/2、cos2θとなっている[5,6]。

Figure 2. Upper panel shows C-K emission spectra
of single crystalline graphite taken at two different

take-off angles.  Lower panel shows the derived σ-
and π-bonding density of states of valence bands. 
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したがって、観測された各スペクトル強度分布 Iobs は、σ、πバンドからの発光プロファイル Iσ
と Iπに、角度θに依存した係数をかけて足したもの Iobs = (1+sin2θ)/2・Ισ +( cos2θ)・Ιπ が観測さ

れていることになる。また、各スペクトルの積分強度が同じになることを考慮してスペクトル強

度を規格化すると、この 2 つの実験スペクトルの代数計算から、図２下部に示すσ結合軌道とπ結

合軌道の状態密度分布を求めることができる（但し、スペクトル強度のエネルギー依存性 E3 は、

狭いエネルギー範囲では重要ではないとして無視した）。πバンドが価電子帯上部（右側）に位置

し、価電子帯上端付近ではσバンド成分ないこと、反対に、価電子帯下部ではσバンド成分のみが

分布していることが見て取れる。また、中間の領域ではσバンドとπバンドがエネルギー的に重な

っていることがわかる。 
図３に、実験的に求めたσバンド、πバ

ンドプロファイルとバンド計算結果[8]

を比較するため、実験で求めたπバンド

上端（右端）と、計算のフェルミエネル

ギー位置が一致するように示した。価電

子帯全体の幅およびσバンド、πバンド幅

が良く一致していることがわかる。但し、

価電子帯底に対応するσバンドの強度が、

計算よりも低エネルギー側まで伸びてい

るように見る。これは、多電子効果によ

る shake-up 構造（low-energy tail）と

して議論されている[9]。 

また、πバンド発光スペクトルのピー

クとその左側にある肩状の構造が、それ

ぞれ、ブリルアンゾーン境界の Q 点およ

びゾーンセンターのΓ点に対応している

ことがわかる。σバンド強度のピークは、

ブリルアンゾーン境界のQ点に対応して

おり、同じ Q 点の異なるバンドに対応し

た構造も観測できている。さらには、σ

バンド、πバンド状態密度が重なってい

る領域がゾーンセンターのΓ点付近に対応することがわかる。このσバンド、πバンドの重なりは、

グラフェンシートが球状となった物質である C60では無くなり、発光スペクトルに明瞭なディップ

構造が報告されている[10]。  

Figure 3. Comparison of experimentally derived

σ- & π-bonding density of states and a theoretical
band calculation [8] of graphite. Peak structures of

σ- & π-bonding states are assigned to different
bands at Q-point on Brillouin zone boundary. 

 

４. まとめ 
これまで開発してきた電子顕微鏡用軟 X 線発光分光装置を、異方的構造をもつグラファイトに

適応した。電子顕微鏡の局所構造評価の特長を生かし、良質な単結晶片から、異方的な炭素 K 発

光スペクトルの測定に成功した。このスペクトルからσバンドとπバンドの状態密度分布を分離

してバンド計算と比較した結果、スペクトルのピーク構造が、ブリルアンゾーン内の特殊点 Q に

対応していることを同定できた。今後、この手法を軌道整列による新規物性発現が議論されてい
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る物質の軌道整列状態（価電子分布の秩序化）の解析などへの適用が考えられる。 
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keV 領域用広帯域多層膜回折格子の設計 
Design of wide band multilayer grating used in the keV region  

 
小池雅人、１ 今園孝志、１ 河内哲哉、１  

１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  
Masato KOIKE 1, Takashi IMAZONO 1, Tetsuya KAWACHI 1  

１Quantum Beam Science Directorate, Japan Atomic Energy Agency (JAEA) 

 
A multilayer laminar-type holographic grating having an average groove density of 2400 lines/mm was 
designed for use with a soft X-ray flat field spectrograph covering the 2.0-3.8keV(0.33-0.62nm) region. 
The varied-line-spaced grooves pattern was assumed to be generated by use of an aspheric wavefront 
recording system.  We present a new scheme to widen the available wavelength range in the condition of 
a fixed incidence angle by use of multilayers having 5 period lengths, and discuss about the calculated 
diffraction efficiency and spectral resolution.     
 
Keywords: Diffraction grating, Multilayer, Diffraction Efficiency, Soft x-ray spectrograph  

 
１． はじめに 

汎用平面結像型回折格子分光器[1-3]はプラズマ診断、軟 X線レーザー研究などで広く利用され

ている。この分光器には格子溝間隔が±20％程度変化した不等間隔溝球面回折格子が必要である

が、従来の機械刻線法[1]によるブレーズド型回折格子だけでなく、最近非球面波露光法[4]を用

いて、ホログラフィック法[2-3]による迷光、高次光の発生が小さいラミナー型回折格子も実用に

なっている。しかしながらこれらの回折格子は在来技術である金等の単層膜を蒸着したものであ

り約 1keV より高エネルギー側では利用できなかった。  

そこで、我々は 87°という小さい入射角で受光立体角が大きい汎用平面結像型回折格子分光器

（中心刻線密度：1200 本/mm）[1-2]に搭載可能で、1.7keV 付近の光子エネルギーを対象とした平

面結像型ラミナー型ホログラフィック回折格子（中心刻線密度：2400 本/mm）の回折効率そのも

のの向上を図るため軟 X 線多層膜をコーテングした回折格子の製作及び評価を行った。[4,5]  
矩形状の格子溝形状をもつラミナー型回折格子に多層膜蒸着を施した多層膜回折格子において

は、多層膜の干渉条件として Bragg 条件を拡張した拡張 Bragg 条件[6]が見出されている。しかし

ながら、単一の膜周期長の多層膜を蒸着した多層膜回折格子の場合、回折格子の条件と拡張 Bragg
条件を同時に満たす入射角、回折角は波長ごとに異なる。このため平面結像型分光器のように入

射角一定の条件で広い波長領域にわたって多層膜による回折効率の向上を得ようとする場合、工

夫が必要である。例えば前述の汎用平面結像型回折格子の場合回折格子面を３区画に区分し、所

望の波長、入射角に対応した膜周期の多層膜を蒸着する方法[4,5]をとったが、それぞれの区画ご

とに多層膜蒸着を繰り返し行う必要があることから製作技術的にも対応できる波長数に限界があ

る。別の方法としては”スーパーミラー”[7,8]の考え方を利用し、矩形状の格子溝形状をもつラミ

ナー型回折格子に、回折格子基板面から表面にかけて、透過率の高い短波長から透過率の低い長

波長の順に当該波長において上述の２つの条件を同時に満足するような膜周期をもつ複数の多層

膜を積層し、入射角一定の条件下において回折効率分布の広帯域化を図る方法がある。 
本報告では最近半導体デバイス、ストレージ材料等への産業応用の観点から注目されている

2-3.8keV(0.33-0.62nm)を測定領域とした場合の、平面結像型不等間隔溝球面回折格子の設計につ

いて述べる。また、複数の周期の多層膜を積層した場合の回折効率の計算結果について述べる。 
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Fig 1 Schematic diagram of flat-field spectrograph. 
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Fig.3. Schematic diagram of multilayer 
laminar-type grating. 

Table 1. Designed parameters of multilayer. 
Region (i) 1 2 3 4 5 

Wavelength i (nm) 0.490 0.445 0.395 0.355 0.326 
Period length (nm) 7.30 6.64 5.94 5.39 5.00 
Number of periods 2 4 9 15 24 

Diffraction efficiency (Ri) 0.038 0.083 0.211 0.313 0.415 
Transmittance of upper layers 1.000 0.531 0.183 0.070 0.026 

Value of Eq. (2) 0.038 0.044 0.039 0.021 0.011 
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Fig. 5. Calculated diffraction efficiency of the 
Co/SiO2 multilayer grating consisting of five 
multilayer regions at the grating center (y = z =0, 
dashed curve) and that of averaged at the points 
shown in Table 2 (full curve).   

Table 2. Local incident angle and grating 
constant in the meridional plane (z=0). 
 

y(mm) Incident angle( ) Grating const. (mm)

-25 88.62625 1/1998.864 
-20 88.63262 1/2070.713 
-15 88.63812 1/2146.252 
-10 88.64282 1/2225.981 

-5 88.64676 1/2310.398 
0 88.65000 1/2400.000 
5 88.65258 1/2495.286 

10 88.65453 1/2596.755 
15 88.6559 1/2704.904 
20 88.65672 1/2820.232 
25 88.65702 1/2943.237 
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Development of x-ray intensity correlation measurement system by means 
of two dimensional x-ray speckle measurement technique using soft x-ray 

CCD 
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  We developed a new soft x-ray speckle intensity correlation spectroscopy system by use of a single shot 

high brilliant plasma soft x-ray laser The plasma soft x-ray laser is characterized by several picoseconds in 

pulse width, more than 90% special coherence, and 1011 soft x-ray photons within a single pulse. We 

developed an off-axis Michelson type delay pulse generator using a soft x-ray beam splitter to measure the 

two-dimensional intensity distributions of x-ray speckles from materials at the same time and succeeded in 

generating off-axis double coherent x-ray pulses with picosecond delay times. We performed the x-ray 

speckle intensity correlation measurements for probing the relaxation phenomena of polarizations in 

polarization clusters in the paraelectric phase of the ferroelectric material BaTiO3 near its Curie temperature 

and verified its performance by comparing the results obtained by the present system with the results 

obtained by the x-ray streak camera. 

 

Keywords: X-ray laser, X-ray speckle, Soft x-ray CCD, Intensity correlation 
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Fig. 1 Soft x-ray speckle intensity correlation spectroscopy system using off-axis Michelson type delay 

pulse generator 

 
Fig.2 A photograph of the off-axis Michelson type delay pulse generator 
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Figure 3 BaTiO3

g(2) Figure4

g(2)

Tc g(2) [1,2]  

 
Fig.3 Soft x-ray speckle image of BaTiO3 using off-axis x-ray illumination technique. 

 

 
Fig.4 Sample temperature dependence of the intensity correlation g(2) 
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X-ray Region 
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     We proposed the method of generation of the circularly polarized x-ray laser using the Zeeman 

splitting for using the circular dicroism measurement.  External magnetic field of 17 T was applied to the 

gain medium plasma to separate the degenerated lines of nickel-like molybdenum x-ray laser.  The 

splitting of the x-ray laser line was clearly obtained, and the strength of the magnetic field estimated from 

the quantity of the x-ray laser line splitting was quite higher compared with that of the external magnetic 

field.  It implies that there might be alternative mechanism for enhancement of the magnetic field in the 

gain medium plasma. 

keywords: X-ray laser, Circular polarization, Circular dicroism, Strong magnetic field, Zeeman splitting 
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Fig.3 Miniature model structure 
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Fig.6 Simulation Result 
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We describe the present status in developing the sub-MeV X-ray source at KPSI-JAEA, and the 

development of the laser pulse compression system to increase the X-ray flux. We achieve the stably 
compressed laser pulse with a duration of 2.1 ns and with an energy of 0.84 J. By installing this system 
into the Compton backscattered X-ray source, the X-ray flux will be increased by 3.2 times in case of the 
present system at the KPSI-JAEA.  
 
Keywords: Nd:YAG Laser, Stimulated Brillouin Scattering, Compton Backscattering  

 
1. Introduction  

Compton backscattered photon sources recently have been developed by several groups at various 
energies from keV to GeV [1 – 7]. However, there is no photon source available in the region of sub-MeV 
although some sources approach 100 keV. The extension of the Compton backscattering technique for 
obtaining the sub-MeV X-ray is of great importance because a well-collimated polarized X-ray beam is 
used for various applications such as the study of low-lying nuclear states, detector test for the X-ray 
observation satellite, and so on. In order to satisfy these requirements, we develop the polarized X-ray 
source in the sub-MeV energy region. In this article, we describe the present status in developing the 
sub-MeV X-ray source at KPSI-JAEA [8, 9] and the development of the laser pulse compression system to 
increase the X-ray flux [10].  
2. Previous Result of the generation of Compton backscattered X-ray  

The X-ray generation experiment is performed by using a 150-MeV electron beam and the Nd:YAG 
laser pulse with a wavelength of 1064 nm. By combining the electron beam and laser pulse, the maximum 
energy of generated X-ray photons reaches at 400 keV. Both the electron beam and the laser are operated 
with a repetition rate of 10 Hz, and synchronized with each other by using the RF signal from the 
accelerator. A schematic diagram of the experimental setup is shown in Fig. 1.  

Electrons generated by a photo-cathode RF gun are accelerated up to 150 MeV by Microtron. The charge 
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of the electron beam pulse is 60 pC, and the pulse duration is 10 ps in rms. The Nd:YAG laser is a 
commercial one (Continuum Powerlite 9010). The pulse energy is 1.6 J, and the pulse duration is 10 ns in 
FWHM. The incidence angle between the laser and the electron beam is 16°. The electron beam and laser 
are focused at the colliding point in the vacuum chamber by using quadrupole magnets and an optical lens 
with a focal length of 200 mm, respectively.  

 

 
Generated X-rays are back-scattered along the electron beam direction toward downstream. In order to 

separate X-rays from the electron beam, the electron beam is bent by a dipole magnet and enters to a beam 
dump. The generated X-rays are detected by an LYSO (Lu2(1-x)Y2xSO5(Ce)) scintillator placed after the 
dipole magnet (see Fig. 1). Since many X-ray photons are generated during a short collision time, it is 
difficult to make a photon counting measurement. 
Thus, the total energy measurement for X-rays is 
performed.  

In order to reduce systematic errors from a long term 
instability, the laser is alternately injected with 
respect to the electron beam pulses. The preliminary 
result from the X-ray measurement is shown in Fig. 2. 
We observed a clear difference between the laser 
injected case (Laser ON case) and not (Laser OFF 
case). The difference between the mean energy for the 
Laser ON and Laser OFF cases is 33 ± 15 MeV/pulse. 
By using a Monte Carlo simulation code (EGS4) for 
the calculation of the response function of the LYSO, 
the mean energy of detected X-rays is estimated to 
be 0.25 MeV and the detection efficiency is 0.6. 
Here the input energy spectrum is assumed to be obtained from theoretical calculation. Therefore, the 
number of the generated X-rays via Compton backscattering is estimated to be (2.2 ± 1.0) × 102 
photons/pulse. On the other hand, the generated photon number is estimated to be 5.7 × 102 photons/pulse 
from the beam parameters. In the detailed future analyses, we expect to find a consistent result of the x-ray 
flux estimation.  
3. SBS pulse compression system  

In case of the present setup for the x-ray beam generated via Compton backscattering, the laser pulse 
duration is long compared with the electron beam pulse. Thus, we propose the pulse compression of the 
Nd:YAG laser. The X-ray flux is, in principle, increased with proportional to the peak intensity of the laser 
where the pulse duration is longer than that of the electron beam pulse (10 ps). For the purpose of the 
compression of the laser pulse, we adopt the compression technique with the stimulated Brillouin 
scattering (SBS) [11 – 14]. A schematic diagram of the SBS pulse compression is shown in Fig. 3 [11]. 

Fig. 1: Experimental setup for Compton backscattered X-ray generation. 

Fig. 2: Result of the x-ray generation measurement.  
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The features of the SBS pulse compression is its high efficiency by means of the pulse energy transfer and 
its simplicity of the experimental setup.  
3.1 Experiment setup  

At present, we construct a simple pulse compression 
system with the SBS for the Nd:YAG laser. A schematic 
diagram of the SBS pulse compression system is shown 
in Fig. 4. As a compression media, we adopt a liquid 
fluorocarbon (Fluorenart FC-72). It is chemically stable, 
no toxicity, and its acoustic decay time is relatively short 
to be 1.2 ns [13]. The compression media is filled in a 
1.5-m long glass cell after filtering with a 0.025 m-hole 
filter membrane. This cell is sealed at both sides with 
optical windows, and protected with a stainless steel 
pipe. To prevent unfavorable reflection, optical windows 
are mounted with a small tilt. Since the incident laser 
pulse should have a single longitudinal mode for the 
SBS pulse compression, we use an injection-seeded 
Q-switch Nd:YAG laser (SpectraPhysics Quanta-Ray 
PRO-350). Since the generated SBS pulse returns along 
the same path of the incident laser, the SBS pulse is 
extracted by using a thin film polarizer (TFP) and a 
quarter wave plate (QWP). The incident laser pulse is 
transported with horizontal polarization before QWP, 
and the SBS pulse is changed to vertical polarization 
through the QWP twice. Thus, the SBS pulse is extracted 
by the TFP. In order to prevent the pulse returning to the 
laser system, the Faraday isolator (FI) is installed in the 
system. For the purpose of increasing the quality of the 
laser profile in the front of the SBS cell, an image-relay 
tube is installed in the laser path.  The SBS compressed 
pulse energy is measured by using a Joule-meter, and the 
laser pulse shape is measured by Si-PIN photodiodes 
(PIN1, PIN2). The laser profile is measured by a CCD 
camera.  
3.2 Result  

The results of the SBS pulse compression are shown in Fig. 5. The pulse duration after the compression is 
2.1 ns and the pulse energy is 0.84 ± 0.02 J. The achieved peak intensity of the compressed pulse is 3.2 
times higher than the incident laser pulse. The timing jitter of the SBS pulse is 0.2 ns. This jitter is 
originated from the incident laser system itself. Because the jitter size is 10 times smaller than the 
compressed pulse duration, this compression system is applicable to the Compton backscattered x-ray 
source. As a result, by installing the SBS pulse compression system into the X-ray source, the X-ray flux 
will be increased by 3.2 times in the case of the present system at KPSI-JAEA.  
 

Fig. 3: Schematic diagram of the SBS 
pulse compression 

Fig. 4: Schematic diagram of the SBS 
pulse compression system 
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4. Summary and future prospects 

We succeed in generating sub-MeV X-ray with the flux of 2.2 × 102 photons/pulse. This value is near 
the estimated value from the beam parameters. In order to increase the X-ray flux, the SBS laser pulse 
compression system is constructed and developed. We achieve the compressed laser pulse with the 
duration of 2.1 ns and the energy of 0.84 J. By installing the SBS system into the present X-ray source, we 
will increase the X-ray flux over 103 photons/pulse. With the improvement of the electron beam transport 
and the head-on colliding arrangement, we will achieve the X-ray flux over 104 photons/pulse in future. 
Then, it becomes possible to perform the test experiment for studying the nuclear structures of low-lying 
states with nuclear resonance fluorescence.  
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Fig. 5: Results of the SBS pulse compression. 
(a) Incident laser pulse. (b) Generated SBS pulse. 
(c) Incident laser profile. (d) SBS pulse profile  
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Control of the Laser Accelerated Electron Beam
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Monoenergetic electron beams have been generated in the self-injection scheme of laser acceleration.
In applications of these laser accelerated electron beams, stable and controllable electron beams are
necessary. A stable electron beam is generated in the self-injection scheme by using a Nitrogen gas jet
target. We found the profile of the electron beam was manipulated by rotating the laser polarization. When
we use a S-polarized laser pulse, a 20 MeV electron beam is observed with an oscillation in the
image of the energy spectrum. From the oscillation, the pulse width of the electron beam is calculated to at
most a few tens femtosecond. The direction of the electron beam is controlled by the gas jet position.

Keywords: Laser acceleration, Ultrashort pulse, Electron beam

１． Introduction

Laser wakefield acceleration (LWFA) [1], based on the effect of plasma wave excitation in the wake of

an intense laser pulse, is now regarded as a basis for the next-generation of charged particle accelerators,

competing with conventional accelerators in the energy gain per unit length. Recently electron bunches

have been accelerated up to 1 GeV by LWFA [2]. In experiments, it has been demonstrated that LWFA is

capable of generating electron bunches with high quality [3,4]: quasi-monoenergetic, low in emittance, and

a very short duration of the order of ten femto-seconds. Such femtosecond bunches can be used to measure

ultrafast phenomena [5].

In order to generate a bunch with high quality, required for applications, the electrons should be duly

injected into the wakefield and this injection should be controllable. The injection can happen

spontaneously, due to a longitudinal or transverse break of the wake wave, caused by its strong

nonlinearity [6] and with cluster-gas targets [7]. This regime leads to the acceleration of fast particles,

although in an uncontrolled way. Several other schemes of electron injection were proposed in order to

provide more controllable regimes including tailored plasma density profiles [8] and optical injection [9].

Recently we generated a stable electron beam by using an Argon gas target in the self-injection scheme [4].

When we use a Nitrogen gas target, we can also generate a stable electron beam. The electron beam can be

manipulated by controlling the laser pulse and target.

In order to generate a controllable electron beam with high quality, we have three approaches. The first

one is the laser control. The second one is the target control. Another is multiple laser pulse control like

optical injection. In this paper we present the results of the electron beam control in the self-injection

scheme. We manipulate the electron beam profile by controlling the laser polarization. The electron beam

is in the laser field and is oscillated by the field. From the oscillation, we measure the electron pulse width

of 4 fs. In order to control the electron beam position, we control the direction of the electron beam by the

target position.

- 99 -

JAEA-Conf 2010-002



2. Experimental setup and condition

The experiments have been performed with a Ti:sapphire laser system at the Japan Atomic Energy

Agency (JAEA) - Advanced Photon Research Center (APRC) named JLITE-X [10]. The laser contrast

ratio within picosecond timescales is 106. The contrast ratio within nanosecond timescales is significantly

suppressed to the order of 108. The laser pulse, which is linearly polarized, with 160 mJ energy is focused

onto a 3-mm-diameter Nitrogen gas jet by an off-axis parabolic mirror (OAP) with the focal length of 646

mm (f/22). The pulse width of the laser pulse, τ, is 40 fs. The peak irradiance, I0, is 9.0x1017 W/cm2 in

vacuum corresponding to a dimensionless amplitude of the driver laser field a0 = 8.5x10-10 λ0[µm] (I0

[W/cm2])1/2 = 0.65, where λ0 is the laser light wavelength of 800 nm. The profile of the electron beam is

measured with a scintillating screen (Kyokko, DRZ-High), and a charge-coupled device (CCD) camera.

The electron energy is measured with a magnetic spectrometer composed of a dipole magnet, a scintillating

screen, and a CCD camera. The CCD camera records the scintillation pattern. The charge of the electron

beam is calculated from the scintillation signal. The signal was calibrated by using a conventional electron

accelerator.

3. Results and discussion of the electron beam control

A quasi-monoenergetic electron beam is generated in the self-injection scheme by using a Nitrogen gas

target at the plasma density, ne, of 2.0x1019 cm-3 assuming 5 ionization of N2. The quality of the electron

beam is stable, because the laser pulse is guided a long distance in a channel produced by cascade

ionization due to the low ionization threshold [4]. The ionization is caused by a 500 ps ASE pedestal. We

control the stable electron beam by the control of the laser pulse and the target.

In order to manipulate the profile of the electron beam, the polarization of the laser pulse is controlled

by a half wave plate. Our experimental condition is τ = 40 fs and ne = 2.0x1019 cm-3. From the plasma

density, the period of the plasma wave is 24 fs. The profile of the electron beam in the first bucket of the

wake wave can be manipulated, because the beam is in the laser pulse [11]. Profiles of the electron beams

are shown in Fig.1. The profile is parallel to the electric field of the laser pulse. The electrons oscillate in

the laser pulse due to the electric field. The result shows that the electron beam profile can be controlled by

the laser polarization and the quasi-monoenergetic electron beam is in the first bucket of the wake wave.

The electron beam oscillates in the electric field of the laser pulse. The oscillation is on the time axis of

the electron beam. The electron beam is accelerated in an acceleration phase and is decelerated in a

deceleration phase. If the electron bunch is in the acceleration or deceleration phase, the electron energy

spectrum can be converted to the electron pulse width.

At an optimum phase of the electron acceleration

(around the crest of the electric field), it is difficult to see

the electron oscillation in the energy spectrum due to

dephasing. Before and after dephasing, we can observe it,

and the energy spectrum can be converted to the electron

pulse width. Figure 2 shows a typical image of an energy

distribution at ne = 2.2x1019 cm-3 when the laser pulse

has S-polarization (vertical polarization). This is the

Fig.1 Typical profiles of the electron beams,
the direction of the electric field in the
laser pulse, and the polarization of the
laser pulse. The profile can be
manipulated by the laser polarization.
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energy spectrum after dephasing. The direction of

the electric field of the laser pulse is longitudinal in

this image. The direction of the energy distribution

is horizontal. The direction of the oscillation (the

electric field) is perpendicular to the direction of the

energy axis. When the laser pulse has P-polarization,

the image of the energy distribution has no

oscillation, because the direction of the oscillation

is parallel to the energy axis. The oscillation

depends on the laser polarization. The pulse width

(FWHM) of the electron is 1.5-cycles. The pulse

width is at most several tens femtosecond. A 3D-

PIC simulation result of the electron beam

oscillation in the laser field is already published

[12]. The simulation result shows a result similar

with our experiment.

For application of the laser accelerated electron

beam, the electron beam position should be

controlled. Figure 3 shows a top view of an

experimental setup for the direction control of the

electron beam. The gas jet nozzle has a circular

shape of 3-mm-diameter. The "y" is the difference

of the laser axis from the center of the gas jet. In

order to control the electron beam direction, we

control the gas jet position. The electron beam

position is measured with a scintillating screen and

a CCD camera. Figure 4 shows the result of the

direction control. The electron beam bends to the

outside. The electron beam follows the laser pulse.

The laser pulse bends due to the plasma density

distribution when the laser pulse is focused on the

side of the gas jet. As a result, the electron beam

bends to the outside of the gas jet. The fluctuation is

very small. It is possible to control the direction of

the electron beam by changing the gas jet position.

4. Conclusions

Laser-plasma interaction generates an electron

beam in the self-injection scheme. The ellipsoidal

profile of the quasi-monoenergetic electron beam is

rotated in such away that the major axis of the

Fig.2 A typical image of the electron beam in the
energy distribution (a) and a projection of the
image onto the energy axis (b). The electron
oscillation can be observed when the laser
pulse has S-polarization.

Fig.3 Top view of the experimental setup for the
direction control of the self-injected electron
beam. The "y" is the difference of the laser
axis from the center of the gas jet. y = 0 means
that the laser pulse passes through the center
of the gas jet.

Fig.4 Control of the direction of the self-injected
electron beam. When the laser pulse is
focused to the center of the gas jet, the
electron beam is generated near the laser axis.
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ellipsoid follows the laser polarization axis. This result also indicates that the quasi-monoenergetic electron

beam is in the first bucket of the wake wave. In the image of the energy spectrum, the electron oscillation

is observed. The energy spectrum can be converted to the electron pulse width. The result of the 1.5 period

oscillations indicates that the pulsewidth of the electron beam is at most several tens femtosecond. As a

control of the electron beam, we have succeeded in controlling the electron beam direction by changing the

gas jet position.
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Nuclear Structure Investigation by Nuclear Photon Scattering 
 

 
  

Toshiyuki Shizuma 
Advanced Photon Research Center, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 
 

The magnetic dipole (M1) response is one of the fundamental low-energy excitations in atomic nuclei. 
Since the electromagnetic field couples the spin of the nucleon via the nuclear magnetization current, the 
M1 response provides direct information on the spin-dependent parts of the nuclear interaction. In the 
present investigation, closed shell nuclei and its neighbours are excited in a process of nuclear resonacne 

fluorescence (NRF) or nuclear photon scattering which provides a model-independent way to extract a 
wealth of information on the low-energy nuclear response. Here, we report recent results of NRF 

measurements using laser Compton scattering  rays. 
 

Keywords: Nuclear Structure, Nuclear Resonance Fluorescence, Magnetic Dipole Response 
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Nuclear Photon Science with “Coherent” Inverse-Compton Scattering 
 

Mamoru Fujiwara 
Research Center for Nuclear Physics, Osaka University, Mihogaoka 10-1 Ibaraki, Osaka 567-0047, 

and 
Japan Advanced Photon Source Development Unit, Quantum Beam Science Directorate, 

Japan Atomic Energy Agency 
 

Abstract 
Recent developments of the synchroton radiation facilities and intense lasers are now 
guiding us to a new research frontier with probes of a high energy GeV photon beam and an 
intense and short pulse MeV -ray beam. New directions of the science developments with 
photo-nuclear reactions are discussed. The inverse Compton -ray has two good advantages 
in searching for a microscopic quantum world; they are 1) good emmitance and 2) high 
linear and circular polarizations. With these advantages, photon beams in the energy range 
from MeV to GeV are used for studying hadron structure, nuclear structure, astrophysics, 
materials science, as well as for applying medical science. We discuss the method to obtain 
a high intensity photon beam from “coherent” inverse-Compton scattering 

 

Keywords: Laser, Back Compton Scattering, Laser Research, Advanced photon, Nuclear Structure 

 
1. Introduction 
In the scientific field called "nuclear photon science", many applications from basic science research to the 
biotechnology are performed with photon beams. Nuclear excitation, synchrotron radiation, 
bremsstrahlung, and inverse Compton scattering are used to obtain these photon beams. Starting from the 
observation of X rays by Reontogen in 1985, the applications now reaches at the sophisticated technology 
developments with help of the fast computer such as PET (positron electron tomography) and the 
observation of chemical dynamics. These fields will be more widely extended for contributing to nuclear 
science and human life. For these applications, we need more high intensity photon beams. In the present 
report, I would like to discuss a new possibility to obtain a high intensity photon beam by using coherent 
inverse Compton scattering. 
 
2. What is the future of inverse Compton beam  
 
Recent technologies to deliver a high intensity photon beam 
are enormously enhanced with an appearance of the 3rd 
generation synchrotron radiation facilities. Intrinsic feature 
of photon comes from the fact that photon is boson, which 
can be coherently overlapped in space and in time. Because 
of this reason, photon energy density increases without 
limitation whenever the coherence condition is satisfied. A 
good sample is the laser acceleration of monochromatic 
electron beam at Ee= 20-200 MeV with a resolution of about 
5% [1,2,3,4]. One can say that the dream predicted by 
Tajima and Dawson [5] in 1979 really comes true. This 
feature is also applied for the inverse Compton scattering 
process. 
 
Figure 1 shows a schematic illustration of the inverse 
Compton scattering. When the laser light is backscattered 
to the electron beam direction, the maximum photon 
energy becomes 
  Emax = 4 Ee

2/((mec2)2 + 4 Ee), 

Figure 1: Scheme of inverse Compton 
process via the collision between high energy 
electron and laser light. When a laser light 
collides with a high energy electron, the 
photon is recoiled and is boosted up its 
energy by a factor of about 4x 2 thanks to the 
relativistic effect, where =Ee/mec

2 is the 
Lorentz-FitzGerald contraction factor.
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where  is the energy of incidence laser, Ee is the energy of the electron beam, me is the electron mass. It is 
noted that when the energy of incidence laser photons is relatively high compared with the electron beam 
energy, almost mono-energy beam is available [6,7,8,9,10]. Thus, using this relativistic kinematic, it is 
possible for us to obtain the quasi-monochromatic photon beam at high energies.  
 
An important question to be addressed is "how can we generate a high intensity photon beam ". In fact, the 
intensity of photon beam is weak in the past. This is a serious disadvantage in case of the nuclear physics 
experiment, which requires a high-intensity photon beam to deduce small nuclear cross-sections. The 
hadron beam intensity is now exceed to 1015 /second and widely used for the studies of nuclear science 
whereas the photon beam intensity in the MeV - GeV energy region remains at a level of 106 /second. This 
unfavorable situation for photon beams is now at the turning point thanks to the recent novel developments 
of 1) short-pulse and high-intensity electron gun, 2) acceleration of electron beam, 3) control system with 
high-speed personal computers, and 3)short-pulse and high-intensity laser.    
 
At present, the modern storage ring can store the electron beam at the GeV energies with an intensity more 
than 100 mA (6x1017 electron/second). The laser intensity amounts to the 10 kW range. If this laser is a 
far-infrared laser with a wave length of 100 m, the laser energy is about 0.01 eV. The photon intensity is 
6x1020 /second. Assuming the laser and electron beams can be focused with the same size of the order 1 
mm2 and the inverse Compton process is used for obtaining a MeV photon, the intensity of such photons is 
estimated to amount to 1018 /second. This intensity is extremely higher than the present level of the photon 
intensity. Many scientists imagine a dream that the photon beam with an intensity of 5x1013 becomes 
feasible in the near future [11]. For example, the Ruth group [12,13] at the Stanford accelerator facility 
now test a new machine to obtain a photon beam in the X-ray energy region from the inverse Compton 
scattering. Ruth's statement is somewhat shocking. The essential point of his statement is the fact that big 
machines like a 3rd generation synchrotron radiation (SR) facility may not be necessary for developing the 
science with X-rays in future, and it would be possible to obtain a compact alternative machine delivering 
an intensive X-ray beam compatible with those from the expensive SR machine.  Remarkable 
developments of the free electron laser (FEL) are a remarkable mile stone in recent years. A high power 
FIR laser of 10 kW class is competitively developed [14.15]. As a promising extension of this rapid 
scientific developments, the construction of the energy recovery linear-accelerator (ERL) facility is 
discussed [16]. If the dream comes true, the photon intensity from the inverse Compton scattering will 
reach at 1013 /second, and new kinds of nuclear photo-science will be promised. At TUNL (Triangle 
University Nuclear Laboratory), a high intensity photon beam has been achieved using the inverse 
Compton scattering process between the stored electron beam and the FEL light [17] . Some fruitful 
experiments aiming at the studies of nuclear physics and nuclear astrophysics are pursued with a photon 
intensity of 107 /second. If the photon intensity of the order 1013 /second will be realized, the world of 
these studies will be completely changed. 
  

 
 
First, let's consider a different challenge of obtaining a high energy photon beam using the coherency in 
the collision process between electron and photon. Figure 2 illustrates what happens for the synchrotron 

Figure 2:  Synchrotron radiation with a single 
electron and an electron bunch with a number of 
N. If the N electrons in the bunch are bent in 
coherent in a dipole magnet, the synchrotron 
radiation from the electron bunch is enhanced by 
a factor of N2 compared with that from a single 
electron. 
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radiation if the electrons move coherently in a dipole magnet. When a single electron is bent in the dipole 
magnet, the basic QED process is described in terms of the coupling constant with the bare electron charge 
e, resulting the radiation is proportional to e x e. In this case, the intensity of synchrotron radiation is, of 
course, proportional to the number of electrons in the beam bunch passing through the dipole magnet. 
When the bunch of the electron beam is short enough to move together in the size of the wave length of 
radiated photons, a strong photon radiation is expected to be emitted thanks to the coherent effect. In fact, 
such enhanced radiations have been experimentally observed at the linear accelerator facility of Tohoku 
University [18].  

 Second, we consider the case of the inverse Compton 
scattering. Figure 3 shows three types of the Compton scattering 
processes. It is well known that the cross section of the Compton 
scattering process from the nucleus with an atomic number Z is 
proportional to Z2. Since the individual protons in a nucleus are 
trapped in the nuclear potential governed by the strong force and 
the size of the nucleus is very small as the order of 10-13 cm, 
photon colliding with the nucleus interacts with protons 
coherently. The process with the electron bunch is more 
complex. Usually, the size of the electron beam bunch is not 
small, and the individual electrons in the beam bunch are not 
trapped in the potential, and moved randomly in the space of the 
beam size as a molecule of an ideal gas. If the electrons are 
trapped in the beam bunch and the size becomes small as the 
order of the wave length of incoming photons, the cross-section 
could be enhanced with the order proportional to N2 x e

T, 
where e

T is the Thomson cross-section for the photon-electron scattering. This situation is illustrated in 
Fig. 3(b). In fact, the mirror or polished mirror-like metal surfaces used in our common life reflect light 
with a 100% reflectivity. This is due to that many electrons in metal move coherently against a photon, and 
as a result the photon is completely reflected.  
 

Now let' consider the collision between photons and the shortly bunched electron-beam under the special 
condition illustrated in Fig.4. What we wish is to trap the electrons in the beam bunch with a special 
potential. The key ingredient is the method for generating the electromagnetic field to confine electrons 
even for a short instance. On the basis of the idea given by Hartemann et al. [19] , this trapping mechanism 
is given by irradiating the electron beam with a short-pulse and high-intensity laser along the same 
direction of the electron beam direction. Since the laser provides a very strong electromagnetic field, the 
electrons in the beam bunch is trapped for a short period. This kind of trapping mechanism of electrons is 
now a well known concept when we consider the FEL machine: the SASE (Self-Amplified Stimulated 
Emission) mechanism is the most important ingredient. 
 
When the electron beam bunch is irradiated with a high intensity laser, some parts of the electron group in 
the beam would be confined in the laser potential for a short period. In the same instance, we shoot the 
electron beam from the forward direction with another laser light split from the same laser. For example, if 

Figure 3:  Compton scattering 
processes of photons from (a) single 
electron, (b) atomic nucleus with a 
charge Z, and (c) a beam bunch 
with N electrons.  

Figure 4: Schematic illustration of the coherent 
backscattered Compton process via the collision 
between high energy electron and laser light. When a 
laser light collides with a high energy electron, the 
photon is recoiled and is boosted up. When a bunch 
of the electrons are trapped in a strong laser 
potential, the electrons in the potential move 
coherently, and scatter photon with a large 
cross-section. In such case, the reflection rate is 
enhanced by a factor of N2, where N is the number of 
electrons associated with the collision process.  
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1000 electrons associate with the coherent scattering, the cross-section of the inverse Compton scattering 
is enlarged by a factor of 106. This means that the reflectivity of the laser becomes large, and the laser 
energy is boost up by a 4 x 2 factor as well. The possibility of obtaining the coherent scattering with many 
electrons is not small: The electron beam bunch with a intensity of A with MHz repetition contains about 
106 electrons. If 1000 among 106 electrons is confined in the laser potential in the short period of the laser 
irradiation, the coherent Compton scattering is expected to happen. Such trails with the N2 effect in 
coherent inverse Compton scattering are made to generate a high flux X-rays and for the application of 
cancer therapy [7,8,9,10] . 
 
At Kansai Photon Science Institute (KPSI), there is a betatron accelerator. The beam bunch from this 

betatron accelerator is rather short. A high intensity laser is also guided into the same experimental room. 
Thus, the KPSI is the best place to check the feasibility of the coherent inverse Compton scattering with 
the N2 effect. 
 

 
 
 

 
 
 
 

 
Another possibility of testing the N2 effect is to use the electron beam from the laser acceleration. Recently, 
the laser acceleration of electron beam has been realized [20]. The beam bunch of this laser driven electron 
beam should be extremely small with a size much less than the laser wave length of about 0.1 m. It is 
interesting to consider what happens when the laser collide with this electron beam from the laser driven 
acceleration (see Fig. 5). We can expect the same coherent inverse Compton scattering from the electron 
beam since the electron beam bunch is expected to be very short because of the laser acceleration 
mechanism. 
 
3. Summary and final remarks 
Thanks to the recent laser and accelerator technologies, it is turned out that photon beams in the energy 

range from sub-MeV to a few GeV become usable for various scientific developments. One of the 
important subjects to be studied with such photon beams are the new technology development to generate 
the high intensity MeV photons with a full usage of the quantum effect of coherency, where we can 
examine the nobel posibility of testing the non-perturbative QED processes.  
 
Recently, in Japan, South-Korea, China, Taiwan, US, and EU countries, many scientists discuss to install 
the beam lines for inverse Compton scattering at the SR facilities. There are great possibilities of having a 
high-intensity photon beam due to the boson nature of light, which is not fully used in the past.     
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Figure 5:  Schematic illustration of 
the coherent backscattered Compton 
process via the collision between high 
energy electrons from laser driven 
acceleration and laser light. 
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Energy Increase in Multi-MeV Ion Acceleration in the Interaction of a Short 
Pulse Laser with a Cluster-gas Target 
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   We demonstrate generation of 10-20 MeV/u ions with a compact 4 TW laser using a gas target mixed 
with submicron clusters, corresponding to tenfold increase in the ion energies compared to previous 
experiments with solid targets. It is inferred that the high energy ions are generated due to formation of a 
strong dipole vortex structure. The demonstrated method has a potential to construct compact and high 
repetition rate ion sources for hadron therapy and other applications.  
 
Keywords: Ion acceleration, High intensity laser, Cluster, Hadron therapy 

 
1. Introduction 

     Recent development of ultrashort-pulse, high peak power laser systems enables us to investigate 
high field science under extreme conditions (1). Ion acceleration with intense laser pulses has been one of 
the most active areas of research in high field science during the last several years (2, 3), because it has a 
broad range of applications including cancer therapy (4, 5), isotope preparation for medical applications 
(6), proton radiography (7), and controlled thermonuclear fusion (8).  
    We describe here a new approach where high energy ions are generated from the irradiation of a gas 
mixed with submicron-size clusters by a compact ultrashort pulse laser.  
 
2. Experiments 

     The experiment has been conducted using the JLITE-X 4-TW Ti:sapphire laser at JAEA-KPSI. A 
schematic of the experimental set up is shown in Fig. 1A. The laser delivers 40-fs duration (FWHM) 
pulses of 150 mJ energy at a 1 Hz repletion rate with a temporal contrast near 10-6. A pulsed solenoid valve 
connected to a specially designed circular nozzle having a three-stage conical structure with an orifice 
diameter of 2 mm was used to produce submicron-sized CO2 clusters embedded in a He gas. With the aid 
of a numerical model, the gas parameters were optimized for the production of submicron-sized clusters 
for a 60-bar gas of 90 % He and 10 % CO2. The laser pulse was divided into the main pulse and a lower 
energy probe pulse. The main laser pulse was focused to a spot of 30 mm diameter (1/e2 intensity) with an 
off-axis parabola of effective focal length, 646 mm. This yields a peak vacuum intensity of 7 1017 W/cm2. 
Soft x-ray spectra were acquired using a focusing spectrometer with two-dimensional spatial resolution 
equipped with a spherically bent mica crystal and a back  
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illuminated CCD camera. The position and timing of the nozzle emission with respect to the laser pulse 
arrival were adjusted to maximize the intensities of the He  (665.7 eV) and Ly (653.7 eV) lines of oxygen 
(see Fig. 1B). The high energy ions were generated when the laser beam was focused near the rear side of 
the gas jet and 1.5 mm above the nozzle orifice (see Fig. 2A). It is expected that significant enhancement 
of the laser intensity will occur during propagation through the gas, because the peak power of the main 
laser pulse is well above the critical power for relativistic self-focusing. The shadowgraph image shown in 
Fig. 2A reveals the formation of a channel of approximately 5 mm in length, substantially longer than the 
nozzle orifice diameter (2 mm) and the Rayleigh length (900 mm). 
 
 
 
 
 
 
 
 
 
3. Results and Discussions 

   The high energy ions were measured with a stack of solid state nuclear track detectors (SSNTD) 
placed on the laser propagation axis at a distance of 200 mm from the laser focal plane. The SSNTD stack 
consists of ten sheets of 10- m thick polycarbonate film and twelve sheets of 100- m thick CR39 with an 
area of 40 40 mm. A single 6- m Al foil was placed in front of this track detector to protect it from 
damage induced by the transmitted portion of main laser pulse. Ions were accumulated for about six 

Fig. 1 (A) Schematic of the experimental 
setup. (B) Measured soft X-ray spectrum 
of the He  and Ly  lines of oxygen (solid 
curve), and the calculated spectrum 
(dotted curve) for the near-critical 
density plasma of order 1020 cm-3 which 
is about 0.1nc. (C) Typical images of the 
etched pits registered in the 11th layer of 
CR39, whose penetration depth 
corresponds to maximum energies of 10, 
18, and 20 MeV per nucleon for helium, 
carbon, and oxygen ions, respectively.

Fig. 2 (A) The shadowgraph image for a mixture of 
He gas and submicron CO2 clusters, revealing 
formation of a channel of ~5 mm length. (B) The 
shadowgraph image for a target composed only of a 
60-bar He gas.  
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thousand laser shots. Fig. 1C shows a typical image of the etched pits, which was registered in the 11th 
layer of CR39, observed with a differential interference microscope. Observations of the pit images 
through the whole layers of CR39 reveal that these pits penetrate through several successive CR39 layers 
at exactly the same lateral position, and vanish at some layer which corresponds to the depth of Bragg peak 
for ions in the CR39 stack. In contrast to typical solid target experiments, as the pits are inhomogeneously 
distributed in CR39, it is difficult to estimate the number of ions accelerated in this method. The track 
images show that these high energy ions are well collimated with a divergence (full angle) of 3.4  in the 
forward direction.  
   The energy range of the ions is determined quantitatively from the extent of the tracks recorded in the 
CR-39 stack by calculating their stopping ranges. Since the target gas is a mixture of He and CO2, highly 
charged helium, carbon, and oxygen are the possible accelerated ion candidates. We observe the ion tracks 
in CR39 up to the 11th layer and none in the 12th layer. This penetration depth corresponds to maximum 
energies of 10, 17, and 20 MeV per nucleon for helium, carbon, and oxygen ions, respectively. We note 
that there are at least two different sizes of tracks. It is likely that the smaller ones are from helium ions 
and the larger ones are from carbon and/or oxygen ions.  
   We note that with the cluster target, ions were accelerated up to approximately 20 MeV per nucleon 
with a laser pulse energy of only 150 mJ. This corresponds to approximately a tenfold improvement of 
accelerated ion energy compared to previous experiments, where 1.3-1.5 MeV protons were produced at 
laser pulse energies of 120-200 mJ in solid targets (9,10).  
   Two-dimensional particle-in-cell (PIC) simulations were conducted to better understand the ion 
acceleration process. The laser pulse irradiates the gas density plasma which is composed of the electrons 
and the ions with Z/A=1/2 such as He2+, C6+ and O8+ with the density profile shown in Fig. 3A by the red 
line. The laser and plasma parameters correspond to those of the present experiment. The simulation was 
run for a 100- m thick plasma slab, because high energy ion generation has been observed when the laser 
pulse is focused near the rear side of the gas jet. The density was kept constant at 0.1nc for 20 < x < 65 m, 
decreasing linearly to 0.02nc in the region, 65 < x < 80 m, and kept constant at 0.02nc for 80 < x < 110 

m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
   The laser pulse undergoes the relativistic self-focusing leading to the plasma channel formation filled 
with the a quasi-static magnetic field of about 35 MG (Figs. 3A-C) (11,12).  Fast electrons accelerated in 

Fig. 3 The results of 2D PIC simulation for a 
100-mm thick plasma slab of the density 
~0.1nc. The density profile is shown by the 
red line in (A). (A): the electron density 
normalized by nc, (B): the magnetic field Bz 
normalized by the laser field, and (C): the 
longitudinal electric field Ex normalized by 
the laser field at t=900 fs, respectively. (D) 
shows the calculated spectra of the ions in 
unit of MeV/u and the electrons in MeV at 
t=6 ps. 
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the channel form a dipole vortex in the slope plasma region of 70 < x < 90 (18,19), which is associated 
with the strong bipolar magnetic field as illustrated in Fig. 3B. The magnetic field presses out the cold 
plasma electrons forming the low density regions surrounded by dense thin shells. The density profile of 
Fig. 3A resembles the shadowgraph image observed in the experiment (Fig. 2A). As is well known, the fast 
electrons produce a quasi-static electric field at the plasma-vacuum interface (Fig. 3C, region x > 110), 
which is associated with the acceleration mechanism known as TNSA. However we find in the present 
case that a much stronger electric field is generated at the shells wrapping the dipole vortex (Fig. 3C, 
region 70 < x < 90). Since the electric field reverses sign, the ions are accelerated in the direction 
perpendicular to the shell surface to the maximum energy of 8.5 MeV per nucleon (Fig. 3D). The electrons 
have a quasi-thermal energy spectrum with an effective temperature of 1.9 MeV and a maximum energy of 
~20 MeV. The simulation shows that the ions are accelerated along the laser propagation axis in a time 
dependent electric field generated during the magnetic field annihilation. This process is similar to the ion 
acceleration in plasma pinch discharges. In addition, accelerated ions directed perpendicular to the shell 
originate from the Coulomb explosion of the shells when the electrons of the shells are expelled by the 
inhomogeneous magnetic field pressure. Both processes give comparable ion energies. Our simulations 
suggest that increasing the areal density, nl, of the target and the energy of the laser pulse will result in the 
increase of the ion energies. 
   The contribution of the TNSA mechanism acting at the plasma-vacuum interface is estimated to be 
about 2 MeV/u. Thus the presence of the dipole vortex structure is essential for high energy ion generation 
under the present experimental conditions. Our computer simulations indicate that generation of such a 
magnetic field requires an optimal slope-step profile and optimal plasma density (~0.1nc in our case). This 
level of plasma density cannot be created by the background He gas (~0.02nc), but can be created by 
addition of the CO2 clusters which are initially at solid density and then expand during laser irradiation. In 
fact, analysis of soft X-ray spectra (He  and Ly  lines of oxygen) shown in Fig. 1B determines the plasma 
electron density to be of order 1020 cm-3 which is about 0.1nc. Thus the use of a mixture of He gas and CO2 
clusters is crucial for securing the proper plasma density and the slope-step profile. 
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An ultra-bright high-power X-ray source is proposed. A solid-density thin plasma slab accelerating in 

the radiation pressure dominant regime reflects a counterpropagating electromagnetic radiation causing its 

frequency multiplication and intensification. Frequencies of high harmonics generated at the plasma slab 

undergo multiplication with the same factor as the fundamental frequency of the reflected radiation.  

 

Keywords: X-ray generation, Laser-plasma interaction, Relativistic mirror 

 

1. Introduction 

The concept of relativistic mirror plays an important role in theoretical physics since the time when 

A. Einstein derived formulae for the frequency and amplitude of an electromagnetic (EM) wave reflected 

off a moving mirror using Lorentz transformations [1]. If the EM wave is co-propagating with respect to 

the mirror, its frequency and energy decreases upon reflection. If it is counter-propagating, the reflected 

light gains energy and becomes frequency-upshifted, making this effect an attractive basis for a source of 

powerful high-frequency EM radiation. Relativistic plasma whose dynamics is governed by the strong 

collective fields provides numerous examples of moving mirrors which can acquire energy from 

co-propagating EM waves or transfer energy to reflected counter-propagating EM waves [2]. This is seen 

in the concepts of the flying mirror [3], sliding mirror [4] and oscillating mirror [5]. In these concepts 

laser-driven plasma produces ultra-short pulses of XUV radiation and X-ray.  

The flying mirror formed by breaking wake waves in plasma partially reflects a counter-propagating 

EM wave, focusing it into a spot determined by the shortened wavelength of the reflected light. The 

resulted intensification [3] can increase the electric field up to the Schwinger limit when electron-positron 

pairs are created from the vacuum and the vacuum refractive index becomes nonlinearly dependent on the 

EM field strength [6]. The sliding mirror is formed by a thin foil whose density is so high that the electrons 

are confined within the boundaries of the ion layer. Irradiated by a relativistically strong laser pulse, which 

is not capable to quickly break the confinement condition, these electrons perform nonlinear motion along 

the foil, enriching the (partially) reflected radiaiton (as well as transmitted radiation) with high harmonics 

[4]. In a less dense foil the electrons can perform collective motion in the direction perpendicular to the 

foil, thus forming a mirror oscillating with relativistic velocity. A portion of an incident relativistically 

strong EM wave, driving the oscillating mirror, is reflected in the form of strongly distorted wave carrying 

high harmonics [5]. 
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Here we discuss the scheme of the accelerating 

double-sided relativistic mirror, Fig. 1, which reflects the 

counter-propagating relativistically strong EM wave 

enriching the reflected radiation with high harmonics, all 

frequency-upshifted with the same factor. The role of the 

mirror is played by a high-density plasma slab accelerated 

by an ultra-intense laser pulse (the driver) in the Radiation 

Pressure Dominant (RPD) regime (Laser Piston regime) [7]. 

In this acceleration the energy is transferred from the driver pulse to the co-propagating mirror (plasma 

slab), which acquires the fraction 21 (2 )  of the driver pulse energy [7]. The plasma slab is a mirror 

also for a counter-propagating relativistically strong EM radiation (the source). It exhibits the properties of 

the sliding and oscillating mirrors, producing relativistic harmonics. The source pulse should be 

sufficiently weaker than the driver, nevertheless it can be relativistically strong. In the spectrum of the 

reflected radiation, the fundamental frequency of the incident radiation and the relativistic harmonics and 

other high-frequency radiation like bremsstrahlung generated at the plasma slab are multiplied by the same 

factor, 2(2 ) , Fig. 1. Compared with previously discussed schemes, the double-sided mirror concept 

benefits from a high number of reflecting electrons (since the accelerating plasma slab initially has solid 

density) and from the multiplication of the frequency of all the harmonics. This concept opens the way 

towards extremely bright sources of ultrashort energetic bursts of X- and -ray, which become realizable 

with present-day technology enabling new horizons of laboratory astrophysics, laser-driven nuclear 

physics, and studying the fundamental sciences, e.g. the nonlinear quantum electrodynamics effects. 

2. Particle-in-Cell simulation 

In order to investigate the feasibility of the accelerating double-sided mirror scheme we performed 

two-dimensional particle-in-cell (PIC) simulations using the Relativistic Electro-Magnetic Particle-mesh 

(REMP) code based on the density decomposition scheme [8]. The driver laser pulse with the wavelength 

d , the intensity 23 2 21.2 10 W cm (1 m )dI , corresponding to the dimensionless amplitude 

300da , and the duration 20d c  is focused with the spot size of 10dD  onto a hydrogen 

plasma slab with the thickness 0.25l  and the initial electron density 480e crn n
23 -3 25.4 10 cm (1 m )  placed at 10x . The plasma slab transverse size is 28 . The driver is 

p-polarized, i. e., its electric field is directed along the y-axis. Its shape is Gaussian but without the leading 

part, starting 5  from the pulse center along the x-axis. At the time when the driver pulse hits the plasma 

slab from the left ( 10x ), the source pulse arrives at another side of the slab from the right ( 10.25x ).

The source pulse is s-polarized (its electric field is along the z-axis). It has the same wavelength as the 

driver pulse. Its intensity is 19 2 21.2 10 W cm (1 m )sI , corresponding to the dimensionless 

amplitude 3sa , its duration is 120s c  and its waist size is 20sD . The source pulse has 

rectangular profile along the x- and y-axes; such the profile is not necessary for the desired effect but helps 

to analyze the results. The simulation box has size of 50  with the resolution of 128 steps per  along 

Fig. 1 The double-sided mirror scheme.

VV
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the x-axis and 30  with the resolution 

16 steps per  along the y-axis. The 

number of quasi-particles is 106. We note 

that the p-polarization of the driver may 

be not optimal for a smooth start of the 

slab acceleration in the radiation pressure 

dominant regime [9], nevertheless it was 

chosen in order to easily distinguish 

between the driver and the source pulses. 

In addition, our choice demonstrates the 

robustness of the double-surface mirror. 

The results of the simulations are 

shown in Figs. 2,3, where the spatial 

coordinates and time units are in the laser 

wavelengths and wave periods, 

respectively. The driver laser accelerates a 

portion of the plasma slab making a 

cocoon where it remains confined, Fig. 
2(a). At the time 37 2t  from the 

beginning of the driver-slab interaction, 

the ions are accelerated up to 2.4 GeV 

while the majority of ions in the 

accelerated "plate" carry the energy about 

1.5 GeV. The cocoon structure appears in 

the ion angular distribution as a "needle 

eye" pattern, Fig. 2(b). The source pulse 

is reflected from the accelerating plasma, 

Fig. 2(a). Its frequency increases as the 

mirror moves faster. A portion of the 

source pulse reflected from the curved 

edges of the expanding cocoon acquires 

an inhomogeneous frequency upshift 

determined by the angle of the reflecting 

region. At the beginning the magnitude of the reflected radiation is greater than that of the incident source 

(3 times higher at maximum) due to the frequency upshift and due to the plasma slab compression under 

the radiation pressure. Later the reflected radiation magnitude drops because the accelerated plasma slab 

becomes more and more transparent for the incident source pulse whose frequency becomes higher with 

time in the instant proper frame of the accelerating slab. Eventually the source pulse is transmitted through 

Ez

(a)

EzEz

(a)

[º]

[MeV]

(b) [º]

[MeV]

(b)

Fig.2 (a) The z-component of the electric field, representing the 
source pulse, and the ion density (black) for 37 2t . 
Driver pulse goes from left to right. (b) The energy (curve) and the 
angular (grayscale) distributions of ions for the same moment of 
time. Here arctan( )y xp p , where xp  and yp  are the ion 
momentum components.

transmitted reflected

Fig. 3 (a) The electric field component zE representing the 
reflected radiation for 32 2t . (b) Colorscale: the 
modulus of the spectrum of ( )zE t t , taken for each t  with the 
filter of width . Dashed curves: the odd harmonics frequency 
multiplied by the factor (1 ) (1 ) calculated from the fast 
ion spectrum maximum. Modes aliasing occurs at later times due 
to the fixed width of the filter and a fast change of the frequency 
multiplication factor. 
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the plasma. This is seen in Fig. 2(a) where the transmitted radiation is focused due to the cocoon-like 

spatial distribution of the plasma.  

The reflected radiation spectrum has a complex structure, Fig. 3. It contains not only the fundamental 

mode of the source pulse, but also high harmonics due to the nonlinear interaction of the source with the 

plasma slab. Since the mirror moves with acceleration, the reflected spectrum shifts as a whole towards 

higher frequencies, Fig. 3(b). The high harmonics generation efficiency is optimal for a certain areal 

density of the foil, according to the condition ( )s e s ea n l r  [4], where s is the source wavelength in the 

plasma slab proper reference frame and 2 2
e er e m c is the classical electron radius. Initially far from this 

condition, the accelerated plasma slab satisfies it at certain time. 

 

3. Conclusions 

In conclusion, a solid-density plasma slab, accelerated in the radiation pressure dominant regime, 

efficiently reflects a counter-propagating relativistically strong laser pulse. The reflected EM radiation 

consists of the fundamental mode and high harmonics, all multiplied by the factor 2(2 ) , where the 

Lorentz factor of the plasma slab, , increases with time. With a sufficiently short source pulse being sent 

with an appropriate delay to the accelerating mirror, one can obtain a high-intensity ultrashort x-ray pulse.  

We estimate the reflected radiation brightness in two limiting cases. For 3 1 62 ( )e sn , the reflection 

is coherent and the brightness is 3 5 4 3( ) 4M s sB E c , where  is the reflected photon energy and 

sE  is the source pulse energy. For larger , the interaction becomes incoherent. Assuming that the EM 

radiation is generated via the Thomson scattering, we obtain 2 2 4 3 2 3( ) 8T d s e s dB a E r c . For example, 

if 10sE J, 0.8 ms , 1 keV ( 13 ), then 398 10MB photons/(mm2 mrad2 s), which is orders 

of magnitude greater than any existing or proposed laboratory source [10]. For the same parameters of the 

source pulse and 0.8 md , 300da , 10 keV ( 40 ), we have 323 10TB photons/(mm2 

mrad2 s). With the concept of the accelerating double-sided mirror, relatively compact and tunable 

extremely bright high-power sources of ultrashort pulses of X- and -rays become realizable [11].  
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The Measurement of X-ray Flux of X-ray Free Electron lasers (XFEL) 

Irradiating Bio-molecules 

Kengo Moribayashi 
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   This paper shows the mechanism of the production of hollow atoms and the behavior of photo-electrons 
produced by high intensity x-rays irradiating a bio-molecule. We have also proposed the x-ray flux using 
them. Furthermore, it discusses advantage and disadvantage of these two methods and shows the suitable 
x-ray  flux and sizes of targets for them.  
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We have demonstrated efficient second-harmonic generation (SHG) of high energy fundamental 

Nd:YAG laser pulse energy of the multi-joule (J) level at a high repetition rate using high optical quality 

top-seeded solution growth CsB3O5(TSSG-CBO) crystal. SHG (532 nm) output energy of 1.2 J at 10 Hz is 

obtained with a conversion efficiency of 60 %. This result has been obtained at the multi-J level by the 

growth of high optical quality TSSG-CBO crystal with the large effective nonlinear coefficient and high 

damage threshold. These results indicate that TSSG-CBO is a good candidate material for high energy SHG 

of Nd-doped lasers at the several J level or more with high repetition rate. 

Keywords: Frequency conversion, Nonlinear optics, High energy green laser pulse  

1. Introduction 

Nonlinear optical behaviour in crystals has extended available laser source frequency conversion from 

the near infrared (IR) to deep ultraviolet (DUV) regions [1, 2]. In particular second-harmonic generation 

(SHG) of fundamental Nd-doped (Nd:YAG or Nd:glass) laser pulse is useful for pumping the Ti:sapphire 

chirped-pulse amplification (CPA) laser systems that now can routinely provide high energy, high intensity 

pulses of ultrashort duration. The SHG of Nd:YAG or Nd:glass laser has been generated widely by 

KTiOPO4 (KTP), LiB3O5 (LBO) -BaB2O4 (BBO), and KH2PO4 (KDP). Although KTP, LBO, and BBO 

have a large effective nonlinear coefficient [1, 2], the input laser pulse energy is limited by crystal size (~1 

cm3), and therefore SHG energies have been typically no more than several hundred milli-Joule (mJ). To 

obtain the several ten J level of SHG, KDP has mainly been used, because KDP crystals can be grown to 

adequately large sizes with high optical quality [2]. However the efficiency of SHG for KDP is not so as 

high due to its lower nonlinear coefficient (deff KDP:0.37) [2]. As a novel nonlinear crystal for frequency 

doubling of high energy laser pulses, CsLiB6O10 (CLBO) and Y1-xCa4O(BO)3 (YCOB) crystals have been 

stably grown to large sizes recently [3, 4]. SHG pulse energy of 25 J with a conversion efficiency of 74 % 

from CLBO of 11 mm length has been demonstrated by using Nd:glass laser [5]. For YCOB, 31.7 J of SHG 

with efficiency of 52.8 % have been achieved in Mercury laser system [6].  
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The CsB3O5 (CBO) [7] crystal also has potential for high energy SHG because of the large size of crystal 

growing, the large effective nonlinear coefficient at the wavelength of 532 nm and the high damage 

threshold (26 GW/cm2) [2]. In particular, the effective nonlinear coefficient of CBO (deff CBO: 1.00) is 

higher than that of CLBO (deff CLBO:0.95) and YCOB (deff YCOB:0.98) [1, 8]. However, the most promising 

advantages of CBO are the large effective nonlinear optical coefficient at the wavelength of 193 nm (deff 

CBO:1.05) by comparison with CLBO(deff CLBO:0.91). Lithography for semiconductor devices is of interest at 

this wavelength. Consequently there has mainly been interested in third and fourth harmonic generation of 

a fundamental Nd:YAG laser pulse via the sum-frequency generation (SFG). 

In the past there were scattering centres in the CBO crystal grown by the stoichiometric melt technique 

[9]. Therefore it was difficult to stably grow high optical-quality CBO crystals of large size without 

scattering centres. Consequently the maximum SHG efficiency with CBO was approximately 45 % 

although the input fundamental laser intensity was 8 GW/cm2 [9]. High quality CBO crystals without 

scattering centres can now be grown to larger sizes using a top-seeded solution growth (TSSG) with a 

slightly Cs2O-enriched melt [10]. This novel technique affords opportunities for THG and SHG at high 

energy. In this proceeding, we report the first demonstration of SHG of Nd:YAG laser pulse with energy of 

2.0 J at 10 Hz repetition rate with pulse duration of 10 ns in a TSSG-CBO crystal. A maximum SHG energy 

of 1.2 J has been obtained with a 60 % efficiency using an input Nd:YAG laser pulse energy of 2.0 J. This 

study indicates that efficient SHG in CBO crystals can reach the multi-J output levels. 

2. Experiments 

Experiments are performed at 10 Hz repetition rate with a commercial Nd:YAG laser (Spectra Physics, 

Quanta-Ray PRO-IS350) at 1064 nm that delivered 10 ns (FWHM) pulses with an energy up to 2.0 J.  The 

detail of diagram on experiment was described in Ref. 11. To preserve the almost flat-topped transverse 

intensity profile of Nd:YAG laser, an image relay telescope  with convex lens used. The output energy of 

Nd:YAG laser is controlled by using first half wave plate (HWP1) and a thin film polarizer (TFP). The 

optimum polarization of Nd:YAG is set with a second half wave plate (HWP2) and the beam diameter is 

down-collimated from 12.5 mm to 7.5 mm with a convex-concave lens pair. The beam divergence is <0.5 

mrad. The SHG is converted by type I TSSG-CBO crystal with size of 10×10 mm and length of 10 mm.  

anti-reflection (AR) coating. To avoid degradation from stress of crystal hydration, cutting, polishing and 

thermal shock in high power laser absorption, the crystal is heated in an argon gas purged cell at a 

temperature of 160 ºC with an accuracy of 0.1 ºC by oven (SDR-S30-P TC, Sakaguchi E. H. Voc Corp.). 

The oven windows were AR coated. The SHG and fundamental laser pulses from TSSG-CBO crystal are 

separated with the dichroic mirror (DM) and the energy of SHG is measured with a power meter 

(PM;OPHIR, FL-250A-EX-SH, LASER STAR, LS-R,).  To monitor the output beam profile as a 

reference, the spatial profile of the SHG beam at the crystal surface is measured with a CCD camera 

(WAT-902H2, Watec) and an imaging lens.
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3. Results and discussion 

Figure 1 shows the SHG output energy at 532 nm as a function of the input fundamental Nd:YAG laser 

energy at 1064 nm. The input fundamental energies were measured without the TSSG-CBO crystal. By 

changing angle of HWP1, the fundamental laser pulse energy can be varied from 0.25 to 2.0 J. At the 2.0 J 

fundamental input levels we obtained the highest SHG energy of 1.2 J.  At an incident laser intensity of 

450 MW/cm2 which is calculated from measured values of energy, pulse width, and diameter both surfaces 

and the bulk material of the TSSG-CBO crystal remained damage-free. The damage threshold of the 

TSSG-CBO is 26 GW/cm2 but that of the AR-coated window in front of the TSSG-CBO is only about 800 

M/cm2 which limited the laser intensity for our investigation. 

Figure 2 illustrates the experimental result and the numerical calculation [12] of the SHG efficiency as a 

function of the fundamental input pulse intensity. A maximum conversion efficiency of 60 % has been 

achieved with the 2.0 J input. This conversion efficiency of this study is 1.3 times higher than that of 

previous work (input intensity: 8 GW/cm2) performed at much lower intensity. This is because we produced 

higher optical-quality crystal with the TSSG method compared with the early stage of CBO crystal growth 

process. As a method for assessing crystal quality, optical scattering could be inferred by the optical 

transmittance of a crystal at short wavelengths. For example, the transmittance of our crystal at the 

wavelength of 200 nm is about 85 % [13]. By contrast that of the previous one was about 52 % [7]. This 

result indicates that our crystal is of higher optical quality than the previous one. As another improvement, 

-CBO is slightly smaller than that of previous CBO type 

-CBO (1.00 pm/V) is larger than that of 

previous one (0.96 pm/V). 

Fig. 2. A conversion efficiency of second-harmonic 
as a function of the input laser intensity. The solid 
square is experimental result. The gray solid line is 
the numerical calculation.

Fig. 1. Output energy at the wavelength of 532 
nm from TSSG-CBO crystal as a function of 
input laser energy at the wavelength of 1064 nm.
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4. Conclusion 

 In conclusion, we have demonstrated highly efficient SHG of the high energy Nd:YAG laser pulse at 1064 

nm using a TSSG-CBO crystal of 10 mm length that has been grown using the TSSG technique. The output 

pulse energy of 1.2 J at 10 Hz corresponds to a 12 W average power at the input energy and average power 

of 2.0 J and 20 W respectively. The high conversion efficiency of 60 % has been achieved without any 

optical damage to the crystal. Because the intensity damage threshold for CBO is estimated to be about 26 

GW/cm2, efficient SHG further is expected with even higher energy 1064 nm input. These results show 

TSSG-CBO is a good material for high average power SHG of Nd-doped lasers at the several J level or 

more. 
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Rotational-coherence Molecular Laser Isotope Separation 
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EGASHIRA 2, and Yo FUJIMURA 3 
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3 Kanagawa Institute of Technology 
 

We have proposed new laser isotope separation method, utilizing rotational coherence of a simple 
molecule.  In the present method, photoexcited molecules are isotopically separated by difference of 
rotational period between them.  To demonstrate efficiency of this method, two-pulse photodissociation 
of mixed 79Br2/81Br2 isotopes has been investigated theoretically.  The photodissociation probabilities of 
79Br2 and 81Br2 have been calculated as functions of time delay between the photoexcitation and 
dissociation laser pulses.  We have demonstrated that isotope enrichment factor of 79Br to 81Br can be 
changed from 0.34 to 1.8, by just changing the time delay only by 0.2 ns.  Additionally, we have shown 
that this method is effective for heavy isotopes, based on mass dependence of the isotope enrichment 
factor.  
 

Keywords: Molecular laser isotope separation, Rotational coherence, Bromine molecule, Mass 

dependence of isotope enrichment factor 
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Fig. 1  Sketch of the rotational-coherence molecular 
laser isotope separation method. 

 
 

Fig. 2  Excitation scheme of the two-photon 
photodissociation process of Br2 caused by the 
two-pulse irradiation at 532 nm.   
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Fig. 3 (a) and (b) Photodissociation probabilities 
for 79Br2 (solid) and 81Br2 (broken), as functions of 
time delay between the excitation and dissociation 
laser lights.  (c) and (d) Enrichment factor of 79Br2 
relative to 81Br2. 

Fig. 4 (a) and (b) Photodissociation probabilities 
for virtual isotopomers 235X2 (solid) and 238X2 
(broken), as functions of time delay between the 
excitation and dissociation laser lights.  (c) and (d) 
Enrichment factor of 235X2 relative to 238X2. 
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Multilevel Effect on Ultrafast Isotope-selective Vibrational Excitations: 
Quantum Optimal Control Study 

 

 

  

Yuzuru KUROSAKI 

Laser Chemistry Group, Quantum Beam Science Directorate, Japan Atomic Energy Agency 

 

    We demonstrate, using optimal control theory, that perfect isotope-selective molecular vibrational 

excitations in multilevel systems can be completed in much shorter time scales than those in two-level 

systems. Considering the mixture of cesium iodide isotopomers (133CsI and 135CsI), we try to obtain 

electric fields that drive different isotopomers into different vibrational levels. As a result, we find that in 

multilevel systems the vibrational excitations can be controlled much faster. It is likely that this multilevel 

effect makes use of the large isotope shifts of higher vibrational levels than the lowest two. 

 

Keywords: Multilevel effect, Vibrational excitation, Isotope separation, Cesium iodide molecule 

(CsI), Optimal control theory (OCT) 
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3  

Table 1 T Nbasis yield [3,4]

2 cases A1-A3 T = 3,680,000 1,840,000 au  (cases A1 

and A2)100% T = 920,000 au (case A3)

12 20 cases A4-A6 T

100%

T = 920,000 460,000 au (cases B1 and B2) 100%

 

 
Table 1. Sets of total time T and the number of basis functions Nbasis considered in the present OCT 
calculations and the maximum field amplitudes and the yields for the resultant optimal electric fields. 

case T / au Nbasis 
Number of 
 time steps 

max. field amp. 
/ au yielda 

Density-matrix formalism 
A1 3,680,000 (~ 89 ps) 2 65,536 1.165 × 10-5 1.000, 1.000 
A2 1,840,000 (~ 45 ps)   2 32,768  4.924 × 10-5 1.000, 1.000 
A3 920,000 (~ 22.2 ps)   2 16,384  8.450 × 10-4 0.896, 0.897 
A4 460,000 (~ 11.1 ps) 12 16,384  3.752 × 10-3 1.000, 1.000 
A5 230,000 (~ 5.6 ps) 12  8,192  4.806 × 10-3  0.986, 0.985 
A6 460,000 (~ 11.1 ps) 20 16,384  5.204 × 10-3 0.997, 0.996 

Wave-packet formalism 
B1 920,000 (~ 22.2 ps)   8,192  1.177 × 10-3 0.999, 0.999 
B2 460,000 (~ 11.1 ps)   8,192  1.046 × 10-2 0.979, 0.976 

aThe left value is for 133CsI and the right for 135CsI. 
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Transition into ICP Connected with Internal RF Antenna 
 
Toshihiko YAMAUCHI(a), Seiji KOBAYASHI(a), Hideyuki SUGIBAYASHI(b), Masako KOIZUMI(c), 
Yoshinori KANNO(b) 
(a) Quantum Beam Science Directorate, Japan Atomic Energy Agency,   
(b) Advanced Institute of Industrial Technology, (c) Ibaraki National College of Technology 
 

A chemical vapor deposition (CVD) system based on 27.12-MHz-RF-heated plasma discharge was 
developed to investigate the synthesis of diamond. A multi-turn RF antenna coil was installed inside the 
vacuum chamber. 
  Inductively coupled plasma (ICP) changed from capacitively coupled plasma (CCP) was investigated, 
and the three types of transitions were observed for the first time as follows: “Direct transition”, “Hysteresis 
transition” and “Repeated self-pulse transitions”. The threshold power curve into the ICP transition of Ar 
gas is similar to the Paschen’s curve, which is in contrast to that of hydrogen gas. 
 
Keywords: Diamond synthesis, CCP, ICP, Plasma transition,  

 
1. Introduction 

The diamond is useful for the industrial material because of the superior characteristics as the higher 
thermal conductivity, the stronger hardness, the higher optical transparency in the wide wavelength region, 
the element for a new semiconductor with the wide band gap and so on.  

 A laser method as well as a chemical vapor deposition (CVD) method was studied for the diamond 
synthesis. In our experiment, the successfully synthesized diamond was already achieved with the high 
power laser of 6943 A, 20 J, 20 ns, and 70 GW/cm2 as shown in Tab.I. Hydrogen (H) or deuterium (D) gas 
was used to produce the JFT-2M tokamak plasma, and also the pyro-graphite (PG) plate was used to absorb 
the repeated Ruby laser beam used in the JFT-2M Thomson scattering experiment1). It was lucky for the 
diamond synthesis to use the PG as the laser beam absorber. The clear diamond layer was produced on the 
PG plate, whose size was about 50 mm2 and about 100 mt. It was clear and formed a rugged surface for 
the shift of the laser beam.  

Table I Research progress of RF plasma and diamond synthesis 

Remarkable results / 
Year                

  1990  2000  2010 Outline 

Clear diamond layer 
on PG by laser 

 6943A,20J,20ns,Size:~50mm2x~100 mt

(Through tokamak Thomson experiment) 
Invention of “New 
laser oscillator” 

 Plasma confined by superconducting 
capillary in ref.2, Prize from STA 

Ball-like diamond  Below 1 m ,CCP 

Acceptance of thesis 
for doctorate. 

 Ph.D. Nakagaki in ref.3 

Three types of 
transitions 

 Discovery of new transition mode, new 
plasma physics 

 A diamond on the carbon tile which was used for the inner wall of JT-60 tokamak was not produced, but 
the tile was only evaporated to make a long hole inside.  
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Fig.1 Experimental arrangement 

On the other hand, a CVD technique has been applied to produce the diamond after the prize was 
conferred from scientific technology of agency (STA), for the invention of “a new laser oscillator”2). Here, 
the investigation of a RF plasma has hardly been tried with the internal antenna but the external antenna. It 
is very interesting that the transition from the CCP-mode into the ICP-mode happens at some RF power, 
and the transition draws the hysteresis curve by the change of RF power. But it had been said that the 
transition with the internal antenna was not produced like the external antenna4). However, the transition 
was observed in our experimental device composed of the internal RF antenna. This transition physics has 
been studied using the RF plasma. Recently three types of transitions are found as written in Table I and it 
is discussed in chapter 3.  

While, the ball like diamond was produced in the CCP-mode using Argon (Ar) and methane (CH4) gases 
in the initial experiment. The doctor of engineering was given to the student for the study of plasma and the 
success of diamond synthesis within two years3).  

These transitions were named as “Direct transition”, “Hysteresis transition” and “repeated self-pulse 
transition”.  
2. Experimental arrangement 

Figure 1 shows the experimental apparatus. Three types of gases were used, and each gas flowed through 
the mass flow controller (MFC) into the electric gate valve after being mixed. The gas flow rates were 
10~30 sccm for Ar (H) gas and 0.1~0.3 sccm for CH4 gas. The mixed gas flowed into the chamber through 
the fused quartz pipe (inside diameter: 7 mm, the outlet diameter of gas at the top: 1 mm). The gas flowed 
through the center of the antenna coil (the inside diameter of the 4-turn antenna coil was 31 mm and the coil 
was made of a water-cooled cupper tube of 5 mm ). The mixed gas reached the surface of the 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 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 down to 10-4 Pa, the mixed 
gas was usually allowed to fill the chamber till ~500 Pa. 
  The characteristics of the RF heating system were as 
follows: the maximum RF power was 1 kW and the RF 
frequency was 27.12 MHz. The input and reflected RF 
powers were stored in a personal computer through the data 
logger. The parameters such as electron density (ne) and 
temperature (Te), radiation power (Pr) and holder temperature 
(T) were measured by using the double probe (DP), the photo 
diode (PD), and the thermocouple (or the thermal infrared 
radiometer), respectively.  
3. Experimental result 

3.1 Fundamental plasma characteristics 

The characteristics of plasmas are represented in Fig.2 and Fig.3. Figures 2 (left) and (right) show the 
CCP-mode and the ICP-mode of Ar plasma, respectively. The former plasma is produced outside the 
antenna coil, and the latter is inside. The fast transition plasma between the outside and the inside has 
recently been investigated. Figures 3 (left) and (right) show the Te profile and the ne profile, respectively. 
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Te in the ICP-mode shows the 
exponential decay with the distance 
from the bottom of antenna z~10 mm 
(outward diffusion), which is in contrast 
to the inverse gradient temperature 
profile in the CCP-mode of Fig.3 
(inward diffusion).  On the other hand, 
though the ne profile in the ICP-mode is 
similar to the Te profile, the profile is 
different from the linear decay profile in 
the CCP-mode, which shows the poor 
confinement.  
 Though the magnetically confined 
plasma (ne and Te), shows the outward 
diffusion, it is understood from the each 
gradient of Fig.3 that the particle 
diffusion coefficient is smaller than the 
thermal diffusion coefficient. As the 
potential of the RF antenna coil is 
negative, it is found that the ion particle 
runs to hit the antenna coil surface. 
3.2 Sharp transition between CCP-mode and ICP-mode 

The plasma suddenly showed a unique 
phenomenon, when RF power reached a 
certain value called as the threshold 
power.  

At first, the plasma was turned on at the 
first threshold power level P0=5~110 W 
represented as the bottom line of Fig.4. 
This was the threshold power for 
obtaining the CCP-mode. This discharge 
was caused by an avalanche increase in an 
electric field between the antenna coil and  
the inner surface of the vacuum chamber as shown in Fig.2 (left). The threshold power P0 obeys the 
Paschen’s law as shown in Fig. 4. Here, the plasma absorbs the RF power based on the collision between 
the heated electron and the neutral gas. As shown in Fig. 4, the region between P0 and P1 is the CCP-mode, 
and the region above P1 is the ICP-mode. (P1 corresponds to the upper line in Fig.4, which is in contrast to 
that of hydrogen gas.) 
 When the RF power (Pin), which appears on the transverse axis in Fig.5, was increased, the reflected 
power (Pref) was increased together with the absorbed power (Pabs=Pin-Pref). Reaching the next threshold 
power P1 (point A in Fig.5), Pref suddenly dropped to less than a ninth. The plasma radiation power (Pr) 

Fig.4 Direct transition through point J 

Fig.3 Electron temperature (left) and density (right) profiles 
from bottom of antenna coil. Pin~40 W (CCP) and 80 W (ICP) 

ICP-mode 

CCP-mode 

Fig.2 Plasma lights radiated from CCP (left) and ICP-mode 
(right)
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suddenly jumped to a value over ten times 
higher. The first “Direct transition” is 
represented as the “point J” in Fig.4. The values 
of ne and Te are extremely higher than that of 
the CCP-mode as shown in Fig.3. When the RF 
power was decreased till P1 in Fig.5, the 
ICP-mode was kept yet. When the RF power 
was decreased furthermore, the ICP-mode 
suddenly changed to the CCP-mode at the 
threshold power P2 (point C in Fig.5). Pref 
jumped to a value over six times higher in Fig. 
5. Pr dropped to less than a hundred. This is the 
second “hysteresis transition”. 

Figure 6 shows the third “repeated self-pulse transition”, which may correspond to the automatical 
hysteresis transition. These plasma investigations are described in ref. 3. 
4. Summary 

The sudden ICP transition in RF plasma 
produced by the internal multi-turn RF antenna 
is presented .It is concluded as, 

1. Three types of transitions are observed for 
the first time as follows: “Direct” transition“, 
“Hysteresis transition” and “Repeated 
self-pulse transitions”. 

2. The threshold power curve of Ar gas to 
change into ICP transition is similar to 
Paschen’s curve, which is in contrast to H 
gas.  
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Fig.6 Repeated self-pulse transition between CCP 
     and ICP-mode.  Pg=160 Pa and Pin~60 W 

Fig.5 Hysteresis transition between CCP and ICP-mode
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h-BN  

Formation of h-BN Thin Film using Double-Pulsed Laser Deposition 
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The effect of double-pulsed laser irradiation upon the composition of the plume plasma ablated by 
nanosecond pulsed UV and IR laser of hexagonal boron nitride (h-BN) in a vacuum has been 
examined. By irradiating two pulsed laser beams the charge number and number density of ionized 
boron and nitrogen atoms in the plume plasma changed respectively depending on the time difference 
of two laser pulses. A stoichiometric and crystalline h-BN thin film with no impurities was 
successfully formed by using an appropriate time difference of two laser pulses. 
 

Keywords: h-BN, Pulsed laser deposition, Double pulse irradiation, Stoichiometric thin film, 
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Fig.2 Diagram showing the propagation of (a) B+ and (b) B2+ in the expanding boron plasma 
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Fig.4 XPS B 1s (a) and N 1s (b) core level spectra 
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Development of novel separation and recovery technique for platinum-group 

metals based on particle-formation process induced by laser reduction 
 

*  *   
 *  

Morihisa SAEKI, Yuji SASAKI,* Fumitaka ESAKA,* Hironori OHBA 
Quantum Beam Science Directorate (*Nuclear Science and Engineering Directorate), 

Japan Atomic Energy Agency 
 

New separation and recovery technique based on particle-formation process induced by laser 
reduction was designed for platinum-group metals (PGMs).  Ions of PGMs in mixture solution of PGMs 
and lanthanide elements are reduced by excitation of charge-transfer band using UV pulse laser, which is 
followed by formation of nano-particles.  Only platinum-group metals are recovered by filtration because 
their efficiency of the particle formation is much higher than those of lanthanide elements.  The technique 
was applied to extraction of PGMs from mixture solution of PdCl2, RhCl3, RuCl3 and NdCl3.  Analysis 
using ICP-AES elucidated that the PGMs are extracted from the mixture solution with the separation 
efficiency of ~100% in Pd and Rh and with that of ~50% in Ru. 

 

Keywords: Separation and recovery technique, Platinum-group metals, Laser reduction, 

particle-formation process 
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Fig1(a)

[3] Pd Rh Ru 200–400nm

Fig1(b) Fig1(c)

 
 

 
 
 
 
 
 
 
 
 
 
 

  

PdCl2 RhCl3 RuCl3 NdCl3

~0.5mM-(Pd, Ru, Ru, Nd) 3mL
Nd:YAG 266nm 10Hz

16mJ/ 40 Pd Rh Ru
100nm Pd Rh Ru

 
 

  

Fig2 V-660 (a) (b)
(c)

 Nd Pd Rh Ru
Pd Rh Ru Fig2(a)

(<350nm) Pd Rh Ru
Fig2(b) 266nm  

Fig.1 Idea of separation and recovery technique for platinum-group metals based on particle-formation process induced 

by laser reduction 
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40

100nm Fig2(c)
0

Pd Rh Ru
100nm
 

ICP-AES  
%

Table1 Nd <3%
Pd Rh 99% Ru 52% Pd Rh

Ru
 

Table 1 Concentration and separation efficiency of Pd, Rh, Ru and Nd  

in the simulated high-level liquid waste measure by ICP–AES 

  (ppm)  
   

Pd 5.719 0.000 100 
Rh 8.001 0.076 99 
Ru 4.413 2.111 52 
Nd 13.100 12.748 3  

 

(Pd, Ru, Ru, Nd) Pd, Ru, Ru
 

 
 

1 JAEA-Review 2008-083  

2 2009–129298“  
3 Y. Yonezawa et al., J. Chem. Soc. Faraday Trans.1., 1987, 83, 1559. 

 

Fig.2 UV-Vis spectra of mixture solution of 

PdCl2 RhCl3 RuCl3 and NdCl3 (a) before 

laser reduction (b) after laser reduction and (c) 

after laser reduction and filtration. 
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MC  

Development of Inspection Technology for the Inside Wall Nuclear Reactor Heat Exchanger Pipes 
-Development for Effective Utilization of a Fluorescent Magnet Powder Microcapsule- 

 
  

Fuyumi ITO, Akihiko NISHIMURA 
Quantum Beam Science Directorate, Japan Atomic Energy Agency 

 
Fine magnetic particles having UV fluorescence were specially developed in magnetic crack detection 

technique. To apply this technique for inspection on the heat exchanger tubes of aging nuclear power 
plants, hundreds micron sized capsules containing the fine magnetic particles were chemically synthesized. 

The resultant microcapsules indicated the collective sensitivity by distribution of leakage magnetic flux. 
 

Keywords:  microcapsule, magnetic particle testing, magnetic crack detection 
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Fig.1(b)
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Fig.1 The principle and the state of the magnetic particle testing. 

Fig.2 Procedure of the micro capsule containing the 
fine magnetic particles. 

 

 

 

 

 

100 m 

Fig.3 Micrograph of the micro capsule 
containing the fine magnetic particles. 

(a) non-crack (b) crack 
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Development of a Health Monitoring System Using Thermally Stable Fiber 
Bragg Gratings for Fast Reactor Power Plants: Experimental Demonstration of 

Strain Measurement 
 

 *1  *1  *2  *2  *3 

1  FBR  
2   

3  

 

Koichi SARUTA*1, Kazuyuki TSUKIMORI*1, Yukihiro SHIMADA*2, Akihiko NISHIMURA*2, 

and Takao KOBAYASHI*3 

1FBR Plant Engineering Center, Japan Atomic Energy Agency, 1 Shiraki, Tsuruga, Fukui 919-1279, Japan. 
2Quantum Beam Science Directorate, Japan Atomic Energy Agency, 8-1-7 Umemidai, Kizukawa,  

Kyoto 619-0215, Japan. 
3Graduate School of Engineering, University of Fukui, 3-9-1 Bunkyo, Fukui, Fukui 910-8507, Japan. 

 

A thermally stable fiber Bragg grating (FBG) written by a femtosecond laser is examined to evaluate the 

performance in strain measurement, compared with a conventional FBG. Each FBG was affixed on a metal 

beam with a strain gauge, and the reflection spectrum was measured when the metal beam was bent. To 

determine the Bragg wavelength, we used the weighted mean algorithm in which the intensity of the 

spectrum was employed as a weighing factor. The sensitivity of the thermally stable FBG to strain was 

found to be 0.34 pm/ . Despite this low sensitivity, by employing the Bragg wavelength determination 

algorithm, the thermally stable FBG can measure strain with an accuracy of ±3 , which is comparable to 

an accuracy of ±2  for the conventional FBG. 

 

Keywords: Fiber Bragg Grating, Strain Measurement, Temperature Measurement, Structural 

Health Monitoring, Fast Reactor 
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  Fig. 1.  Schematic diagram of experimental setup. 
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Fig. 2.  Reflection Spectra of the thermally stable FBG (solid curve) and the conventional FBG (broken 

curve). 
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Fig. 3.  Bragg wavelength shift as a function of 

applied strain for the conventional FBG. 

Fig. 4.  Bragg wavelength shift as a function of 

applied strain for the thermally stable FBG. 
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High-power Laser Contrast Diagnostics Using Target Reflectivity 
Measurement 
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3) Central Laser Facility, STFC, Rutherford Appleton Laboratory 

4) SUPA, Department of Physics, University of Strathclyde 

5) Department of Physics, Lund University 

6) Department of Physics and Astronomy, Queens University Belfast 

7) Laboratory of Optical Physics, Institute of Physics, Beijing 

8) Institute of Laser Engineering, Osaka University 

 

We present a simple and convenient on-target diagnostic of high-power laser contrast. The diagnostic is 

based on measurement of the reflectivity of flat solid target irradiated at full laser power. When the 

contrast is sufficiently high, no preplasma is generated and the reflectivity is large even at ultrarelativistic 

intensities. In the opposite case, when the preplasma is generated, the reflectivity drops to nearly zero. The 

diagnostic has been tested at three laser systems and the consistent results have been obtained. 

Keywords: High-power laser, Contrast diagnostic 

 

1. Introduction 

Contrast of high-power lasers is an issue in most applications, including the laser-driven ion 

acceleration. [The contrast is the ratio of intensities of the main pulse to the preceding light, including the 

Amplified Spontaneous Emission (ASE), prepulses, and picosecond pedestal]. In order to use the highest 

available intensities (>1020 W/cm2) and thin targets, which are required for achievement of highest ion 

energies, it is absolutely necessary to have a clean laser pulse without preceding light, so that the target is 

not damaged before the main pulse arrival. At present, many efforts are paid to improve the laser contrast, 

and it is indeed gradually improved. However, despite of its importance, up to now there was no 
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satisfactory technique of contrast diagnostic. We present a convenient and simple contrast diagnostic [[1], 

[2]] based on measuring the specular reflectivity from solid target. The technique is robust, works on-target 

and at full laser power, and requires only several shots. The diagnostic has been tested with three different 

laser systems at different contrast levels. The consistent results have been obtained, which proves the 

technique accuracy and reliability. 

2. Experimental Setup 

We measured the dependence of the specular reflectivity R of flat solid targets on the target position T 

measured along the laser beam direction; T = 0 corresponds to the focus point. The reflectivity was 

measured with the calibrated in-vacuum calorimeter. Simultaneously, we measured the reflected beam 

profile by imaging the calorimeter surface and the surrounding teflon screen on the CCD. The schematic 

layout of the experimental setup is shown in Fig. 1. We performed the experiments with three laser systems 

at different contrast conditions (Table 1). The experiment A was performed with Astra Ti:Sapphire (Ti:S) 

laser [[3]] with the plasma mirror (PM) using 50 nm Al targets. The experiment B was performed with the 

Ti:S laser at APRC, GIST [[4]] using 7.5 m and 12.5 m polyimide tape targets. The experiment C was 

performed with J-KAREN hybrid OPCPA/Ti:S laser [[5]] using 7.5 m polyimide tape targets. 

 
Fig. 1.Experimental setup. P-polarized multi-TW femtosecond laser irradiates few- m or nm-thick target 

at oblique incidence. The calibrated calorimeter measures the target specular reflectivity R, the CCD 
measures the reflected beam profile. The spot size and corresponding intensity and fluence are 
varied by moving the target by distance T from best focus. The insets (a) and (b) show examples of 
the reflected beam profile for the case of target out of focus (a) and in focus (b) (the gray scales are 
same); the dashed ellipses show the edge of the circular calorimeter observed at an angle. 

 
Table 1. Experimental parameters. E0, 0, and 0 are the on-target laser pulse energy, duration, and 
wavelength, f/# is the OAP f-number, d0 is the FWHM spot size, I0 is the maximum intensity (average over 
FWHM),  is the incidence angle, CASE, ASE, and EASE are the ASE contrast, duration, and energy. 
Experiment E0, J 0, fs 0, nm f/# d0, m I0, W/cm2 , ° CASE ASE, ns EASE/E0
A with PM 0.4 50 800 3 5 2×1019 35 109 1 2×10-5

B 0.8/1.6 35 800 3.4 4 4×1019 45 106 0.9 3×10-2

C 0.5 35 820 3 3.4 5×1019 45 5×108 3 2×10-4
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3. Results 

The dependences of reflectivity R vs. the target position T, main pulse intensity I and fluence F, and 

ASE fluence FASE are shown in Fig. 2 (a-c). When the contrast is high, no preplasma is generated and the 

reflectivity is large even at highest intensity, exceeding 1019 W/cm2. When the contrast is not sufficient, the 

reflectivity decreases due to the increased absorption in the preformed plasma and reflected beam break-up 

(Fig. 1 b). The dependence R(FASE) has similar trend in all three experiments; further, the preplasma 

appears at the same value of FASE ~ 40 J/cm2, which roughly coincides with the nanosecond damage 

threshold. These indicate that the target was disturbed by the ASE rather than possible prepulses. From the 

dependence R(F) or R(FASE), it is clear how many times the contrast improvement is necessary. 

The maximum energy of protons emitted from the target rear side is shown in Fig. 2 d. For the high 

contrast cases, the highest proton energies were achieved at the highest intensities near the focus. On the 

contrary, in the lower contrast case, the proton acceleration was not observed at the focus due to the target 

rear side destruction before the main pulse arrival. 
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Fig. 2. (a)   (c) The specular reflectivity R vs. the target position T (a), average main pulse intensity I and 

fluence F (b), and average ASE fluence FASE (c). (d) Maximum proton energy vs. T. The 
experiments A ( ), B ( ), and C ( ). The numbers in the rectangles show the ASE energy fraction. 

4. Conclusion 

In conclusion, using three different lasers systems, we have demonstrated an efficient diagnostic of 

high-power laser contrast. The technique is based on measurement of the target reflectivity. It is robust, 

works on target and at full laser power, and requires relatively small number of shots. 
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Surface modification by highly intensive fs-pulse laser irradiation 
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Surface modification of Silicon Carbide (SiC) by highly intensive femtosecond pulse 
laser irradiation was investigated.  Ablation threshold was estimated to be 
approximately 2 x 1013 Wcm-2 for single pulse laser irradiation.  The morphology and 
the depth of the craters produced by laser ablation were strongly depended on 
irradiation intensity.  The depths of the crater produced at irradiation intensity of 2 x 
1014 Wcm-2 slightly higher than ablation threshold and at highest one of 2 x 1017 Wcm-2 
were 50 and 23000 nm, respectively.   
 
Keywords: Femtosecond laser, Surface modification, Silicon Carbide, Crater, Scanning 
electron microscopy 
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Ti:sapphire JLITE-X: 800 

nm 40 70 fs Hz off-axis

10 m 1013 2 1017 W/cm2

0.5 mm/s

2.6 10-4 Pa

SiC

3C 30 30 0.6 mm  

SEM Scanning Electron Microscopy
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SiC fs

SiC Si

XeCl 6H-SiC 4500 

K 1 GPa 8  

2 1014 Wcm-2 75 nm

50 nm

20 nm

2 1017 Wcm-2 23 m  

 

 

 

5 1014 Wcm-2 75 nm  

 

 

SiC 1 fs

 

2 1013 Wcm-2

 

2 x 1014 Wcm-2 fs 50 nm

2 x 1017 Wcm-2

23 m  
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Generation of intense terahertz radiation 
by ultrashort high power lasers 3 

 

1

2

Shigeki NASHIMA, Kohei Shimizu, Makoto HOSODA,  

Satoru ORIMO Koichi OGURA Akito SAGISAKA, and Hiroyuki DAIDO 
1Department of Applied Physics, Graduate School, Osaka City University 

2 Advanced Photon Research Center, Kansai Research Establishment,  

Japan Atomic Energy Research Institute 

 
 

We have investigated the polarization characteristics of terahertz radiation from Ti-plasma excited by 

J-LITE laser. We found that the polarization azimuth and ellipticity of the radiated terahertz wave was changed 

at observed vertical directions to the incident plane. These results indicate that THz radiation from Ti-plasma 

might originate from transition radiation at a plasma-vacuum boundary. 

 

Keywords : Terawatt laser, terahertz (THz) radiation, laser plasma, transition radiation 
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Figure 1 J LITE-X
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Figure 1: Schematic illustration of experimental setup for the detection of terahertz radiation. 
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Hybrid ターゲットを用いたダブルライン超短パルスビート波レーザー

による電子加速 

 
Electron acceleration from a solid-gas hybrid target with double-line 

Ti-sapphire laser beating 
 

森 芳孝、北川米喜 

光産業創成大学院大学 

Yoshitaka MORI and Yoneyoshi KITAGAWA 

The Graduate School for the Creation of New Photonics Industries 

 

We developed a double-line Titan saphire beat laser. The laser enebales exteranal wake field 

excitations by a beat wave scheme. The resulting wake amplitude was 11 GV/m in the electron density of 2 

x 1018 cm-3. In order to accelerates electrons, we injected external electrons from the solid target. These 

electrons were succesfully accelearated by the wake fields resulting in over 1MeV energy gain which 

beyond the detection limit. 

 

Keywords: Laser plasma accelerator, Beat wave acceleration, Electron injection 

 

１．  はじめに 
 超短パルスレーザーを用いた電子加速[1]の研究は、原理実証[2]と加速電子の高エネルギー化

[3]を目指した研究段階から、生成電子のビーム品質向上[4,5]及び安定化供給へ向けた開発段階

[6,7]へと移行しつつある。最近は、電子供給器と加速空洞器(航跡場励起)に分けてレーザー電子

加速器を構築する動きもでてきた。現在、単一波長のレーザーをガスあるいはプラズマ中へ照射

し、航跡場励起と同時に電子を加速場へ供給する方式が主流であるが、2 波長レーザーを用いる

と、うなり(ビート)効果によりパルスを多重にし、プラズマを複数回振動することで、強制的に

安定したプラズマ波を励起することができる[2,8]。ビート波加速という。強制振動により、安定

な加速空洞器を構築することが可能である。我々は、プラズマ波の安定化励起という点に着目し、

テーブルトップチタンサファイアレーザーによるビート波レーザー加速を推進している。ここで

は、電子入射器に穴あきコーンターゲットを、航跡場励起にガスターゲットを用いた Hybrid(固体

+ガス)ターゲットによる加速実証実験について報告する。 

 

２． 実験及び実験結果 

 ビート波レーザー加速を推進するため、発振器を 2台有するダブルラインチタンサファイアビ

ート波レーザーを構築した[9]。ビート波レーザーの増幅波長スペクトルとパルス波形を Fig. 1に

示す。中心波長 785nmと 815nmで発振し、出力 180 mJ、パルス幅 200fs(FWHM)を得た。2つの

レーザービームの時間及び空間同期をとることで、バンチ幅72fsのうなりをパルス内に励起する。

時間同期のジッターは 3ps 以内であった。前段増幅器には、プリパルスの発生しない光パラメト
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Laser Processing by Short Pulse, Short Wavelength Lasers
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　　国国際際単単位位系系（（SSII））

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

粘 度 パスカル秒 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号
面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

力 ニュートン N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン C s A
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

磁 束 ウエーバ Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
光 束 ルーメン lm cd sr(c) cd
照 度 ルクス lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（第8版，2006年改訂）
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