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JER : ARRAS BEK

19:00~9:10 BAsBRE Mk |EWOD)
9:10~9:40 HB &

[First year review of the trilateral laser activity and KPSI] (3043)

9:40~10:10 K3J& 1#4T [High intensity physics experiments at APRC, JAEA] (30 %3)

10:10~10:30

PREE (20 43)

WE O
10:30~11:10

11:10~11:50

HE O
11:50~12:30

12:30~13:30

BERGE 11T

Do—Kyeong KO (BEEEINFL EHE M BEA T FIZHFT) :
[Recent progress on high field physics research in APRI] (40 43)

HyungTaek KIM (FEEDENFLZLEMTBEH EFFIAHFFPT)
[Coherent X-ray development in APRIJ (40 43)

Chair: Sergei V. BULANOV

ZhengMing SHENG (W7/EEFHFEEH) BEGTETT)
[Recent activities on high field physics in China] (40 43)

H AR D#RE
13:30~14:00

14:00~14:30

14:30~14:50

B (60 4))

FEE: : Do—Kyeong KO

HE fnk (KEAS)

[Tntense laser pump probe and related Asian activities] (304))

FEIR 57 (ARAZ)

[Nuclear photon science with inverse Compton photon beams] (30 43)

AREE (20 43)

14:50~15:20

15:20~15:40

FEE : ZhengMing SHENG

KA Hli (B2 TR

[Recent progress on high energy particle generation in CRIEPI} (30 43)

B HA

[Characterization of a proton beam driven by a high—-intensity laser) (2043)

15:40~16:10
16:10~16:30

/NEE 51T TLong self—guiding of 100 TW laser pulse] (30 %3)
Liming CHEN [Control of Ko x—ray emission from high contrast femtosecond

laser—solid interactions] (20 47)

16:45~17:45
18:00~20:00

FERBUR S (60 47)
AFT Vv TRE
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- 9:00~9:10 BSRE HE B#1045) :

9:10~9:30 WM AK B EF/HEICBIT 2 0ETFREME] (20 4)

Tyvay EEL—F—DRA., HH1] BB /i HEA
9:30~10:00 LN & (FRAS) '
[Ultrafast hydrogen atom dynamics of molecules in intense laser fields] (304)
10:00~10:30 W] —i8 (ERFEHEAF)
M= e — L 2% b DX L —V—%2FH U= HiE RS e 0REE) (30 4)

10:30~10:50 K& (20 4y)

10:60~11:20 ‘BN EZ (BEH/ER)

[E s+ OWEDEF R RMAT FEBZE L T OFIH] (AR 17 4EEEERBFZE 03) (30 43)
11:20~11:40 4R Z& 10.88 keV AEFMERFL T2 A OB X IR RICIEAMG] (20 43)
11:40~12:00 Zx EFR

=Y —T7 7 A=A EREREERO O JLITE-X W L—¥—3EE ] (20 4))

12:00~13:30 BA (90 &)

tyvay RTFABRBICBIT B EEL —F—D®RE) R

13:30~14:00 V&M SI) BHTERHAE 507 AR BT OB ILIEE & L—P—HiF~n 85 (30 4)

14:00~14:20 VEAF BB TAVLIS IZd 1) B @IRGhL & SCC x5 & LTmIEBINT) (20 4))

14:20~14:40 #5L H—

. MFEEERRE L — P — IR EfEIRIC B 2 BF BB HEROAMBEIE] (20 4)
14:40~15:00 TFagE 1217 ‘

RF BRI —EIRY =7 v 7 EHABREFL—F—0iSA1 (20 4))

15:00~15:20 £B & MEHRLHIZONT) 2045)
15:20~17:50 ANAH —3F (LR 16 F£E, 17T EEDOW S « LEFFEREREM) (150 43)

18:00~ ZRHS
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tyvay [EEL—F—0FH, KH2 ]

R K AT
9:00~9:40 Julien S. FUCHS (AEx 2 —/ L) 72 =—2 N Y FEAKZ) [Recent results on
high-brightness ion acceleration and beam handling using pulsed lasers] (40 4})
9:40~10:00 PR 1EML [Spatially collimated, quasi-monoenergetic electron generation
through laser—plasma interaction] (20 43)

10:00~10:20 Timur Zh. ESIRKEPOV [Single-cycle high-intensity electromagnetic pulse
generation in the interaction of a plasma wakefield with nonlinear coherent structures]
(20 43)

10:20~10:30 {RE (10 4y)

JEL : Sergei V. BULANOV
10:30~11:10 Paul R. BOLTON (FKEF X 5> 7 4 — FNAZEX # 2 7 3— FNREIEREE > 5 —)
[ Proposed development of novel diagnostics for intense, ultrafast laser-plasma
experiments at JAEA-KPSI| (40 43)
11:10~11:40 KB JE8 (ARBLAZR) (757 5 b+ 7= b MOL—F—ic £ 5 BHMET T~
WY DFEAE ) (R 1T BRI 03) (30 49)
11:40~12:00 {2 A B TBUV DOV I 2 L—3a VEBEFMEE] (20 4)

12:00~13:20 B (80 4))

By valy FHEeNREEERLTC—HBE VA, ae—L v b XE—] EE KB EN
13:20~13:40 PFH B— T=RXAF—EIREY =7 v 7 1 L AR ETFIR] (20 %)
13:40~14:00 R g 10. Hz VIR EEEXBL—F—EBOBESRE] (2045)
14:00~14:20 (LIl &F— [EBRE « YA ZANRT A RNY v 7 HEIRY T 5] (20 4))

14:20~14:30 PASRE WP &—(104)
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Program

*(One without affiliation belongs to JAEA.
**Including Q&A time.
Japan-Korea-China Trilateral Workshop on
Ultrashort Pulse High Intensity Laser Research Collaboration

May 10th (Wednesday), 2006|

Opening Chair: Toyoaki KIMURA
9:00-9:10 Opening Remark Yoshiaki KATO (10min)

9:10-9:40 Toshiki TAJIMA “First year review of the trilateral laser activity and KPSI“ (30min)
9:40-10:10 Hiroyuki DAIDO “High intensity physics experiments at APRC, JAEA“ (30min)

10:10-10:30 Break (20min)

Reports from Korea Chair: Hiroyuki DAIDO

10:30-11:10 Do-Kyeong KO (Advanced Photonics Research Institute, Gwangju Institute of
Science and Technology, Korea) “Recent progress on high field physics research in APRI”
(40min)

11:10-11:50 HyungTaek KIM (Advanced Photonics Research Institute, Gwangju Institute of
Science and Technology, Korea) “Coherent X-ray development in APRI” (40min)

Reports from China Chair: Sergei V. BULANOV
11:50-12:30 ZhengMing SHENG (Institute of Physics, Chinese Academy of Sciences, China)
“Recent activities on high field physics in China“ (40min)

12:30-13:30 Lunch (60min)
Reports from Japan Chair: Do-Kyeong KO

13:30-14:00 Kazuo A. TANAKA (Osaka University, Japan)
“Intense laser pump probe and related Asian activities” (30min)
14:00-14:30 Mamoru FUJIWARA (Osaka University, Japan)
“Nuclear photon science with inverse Compton photon beams” (30min)

14:80-14-50 Break (20min)

Chair: ZhengMing SHENG
14:50-15:20 Yuji OISHI (Central Research Institute of Electric Power Industry, Japan)

“Recent progress on high energy particle generation in CRIEPT” (30min)
15:20-15:40 Akito SAGISAKA
“Characterization of a proton beam driven by a high-intensity laser” (20min)
15:40-16:10 Hideyuki KOTAKI “Long self-guiding of 100 TW laser pulse” (30min)
16:10-16:30 Liming CHEN “Control of K-alpha x-ray emission from high contrast femtosecond
laser-solid interactions“ (20min)

16:45-17:45 Laboratory Tour (60min)

18:00-20:00 Steering Committee
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JAEA-KPSI 7th Symposium on Advanced Photon Research -

May 11th (Thursday), 2006

Opening Chair: Shunichi KAWANISHI
9:00-9:10 Opening Remark Toshiki TAJIMA (10min)
9:10-9:30 Keynote speech Toyoaki KIMURA “Advanced photon research in JAEA” (20min)

Session: Utilization and Application of Advanced Lasers (1) Chair: Masato KOIKE
9:30-10:00 Kaoru YAMANOUCHI (University of Tokyo)
“Ultrafast hydrogen atom dynamics of molecules in intense laser fields” (30min)
10:00-10:30 Kazumichi NAMIKAWA (Tokyo Gakugei University, Japan)
“A Novel Solid State Spectroscopy by Use of Plasma Based X-Ray Laser” (30min)

10:30-10:50 Break (20min)

10:50-11:20 Shinji MIYAUCHI (Shimadzu Corporation, Japan) “Development of simulation
methods for analyzing grating diffraction efficiency based on physical optics and their
applications® (30min)
11:20-11:40 Takashi IMAZONO “Polarization measurement of soft x-ray source using
polarizers made with mica crystals at 0.88 keV*“ (20min)
11:40-12:00 Michiaki MORI
“JLITE-X multi-TW laser system for laser-plasma interaction study” (20min)

12:00-13:30 Lunch (90min)

Session: Role of Advanced Lasers in Atomic Energy Development
' Chair: Atsushi YOKOYAMA
13:30-14:00 Shikou KIYOTA “Decommissioning of ATR Fugen and expectation for application
of laser technologies” (30min)
14:00-14:20 Akihiko NISHIMURA
“ Blective excitation in AVLIS and fs-laser processing for SCC mitigation” (20min)
14:20-14:40 Keiichi YOKOYAMA “Phase control of the probability of electronic transitions in
the non-perturbative laser field intensity* (20min)
14:40-15:00 Nobuyuki NISHIMORI “Application of a high power free-electron-laser driven by
JAEA energy recovery linac” (20min)

15:00-15:20 Akira NAGASHIMA “Facilities utilization of JAEA” (20min)
15:20-17:50 Poster Session (150min)

18:00- Banquet
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May 12th (Friday), 2006|

Session Utilization and Application of Advanced Lasers (2)
Chair: Hiroyuki DAIDO
9:00-9:40 Julien S. FUCHS (Kcole Polytechnique-Universite Paris VI, France) ‘Recent results
on high-brightness ion acceleration and beam handling using pulsed lasers® (40min)
9:40-10:00 Masaki KANDO “ Patially collimated, quasi-monoenergetic electron generation
through laser-plasma interaction” (20min)
10:00-10:20 Timur Zh. ESIRKEPOV “ fhgle-cycle high-intensity electromagnetic pulse
generation in the interaction of a plasma wakefield with nonlinear coherent structures”
(20min) :

10:20-10:30 Break (10min)
Chair: Sergei V. BULANOV
10:30-11:10 Paul R. BOLTON (Stanford Linear Accelerator Center, Stanford University, USA)
“Proposed development of novel diagnostics for intense, ultrafast laser-plasma
experiments at JAEA-KPSI” (40min)
11:10-11:40 Shigeki NASHIMA (Osaka City University, Japan)
“Generation of high-power terahertz radiation by femtosecond-terawatt lasers” (30min)
11:40-12:00 Akira SASAKI “Modeling of the plasma EUV source” (20min)

12:00-13:20 Lunch(80 43)

Session Towards the New Light Sources -Ultrashort Pulse, Coherent X-ray-

Chair: Keisuke NAGASHIMA
13:20-13:40 Ryoichi HAJIMA ”Energy-recovery linac for future light sources” (20min)
13:40-14:00 Yoshihiro OCHI “Development of 0.1 Hz repetition X-ray laser system” (20min)
14:00-14:20 Koichi YAMAKAWA

“High intensity, few cycle optical parametric amplification system” (20min)

Closing
14:20-14:30 Closing Remark Shunichi KAWANISHI (10min)
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3.1 Energetic electron beam and proton beam generations with the APRI

ultrahigh-intensity Ti:sapphire laser system

Do-Kyeong Ko"*, I. W. Choi', T. J. Yu', J. H. Sung', H. T. Kim', T. M. Jeong', K-H. Hong', Y-C. Noh',
N. Hafz', H. Daido® A. Yogoz, Z.Li% A. Sagisakaz, K. Oguraz, S. Orimoz, A. Pirozhkov?, K. Nemot03,
Y. Oishi3, A. Noda“, Y. Iwashita4, T. Shirai*, and S. Nakamura“, H. Jangs, H. Suk®, and J ongmin Lee!
! ddvanced Photonics Research Institute, Gwangju Institute of Science & Technology, 1 Oryong-dong,
Buk-gu, Gwangju, 500-712 Korea
2 Advanced Photon Research Center, JAEA, Souraku-gun, Kyoto 619-0215, Japan
3 Central Research Institute of Electric Power Industry (CRIEPI), Yokosuka, Kanagawa 240-0196, Japan
* Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
? Center for Advanced Accelerators, Korea Electrotechnology Research Institute, Changwon 641-120,
Korea
* email: dkko@gist.ac.kr

A 100-TW class ultrashort, ultrahigh-intensity Ti:sapphire laser system is operating and the upgrade to
300-TW is underway in APRI. With this laser system, series of cXperiments on high field physics, such
as high harmonics generation, electron acceleration, proton generation, and x-ray generation, have been
performed through domestic or international collaboration. In the electron acceleration experiment, we
have observed highly directional electron beams and, in some shots, quasi-monoenergétic electron beams
were generated. In the proton generation experiment, we observed protons with the maximum energy of
~2.4 MeV emitted from a 5-um thick copper tape target which was irradiated by laser pulses with peak
intensity of ~1.4>10"® W/cm?®. The energy conversion efficiency from laser to proton was >1.4%.

Keywords : Laser, High intensity, electron acceleration, proton, conversion efficiency

1. Introduction

Table-top terawatt lasers of a few tens terawatt to hundreds terawatt have become more and more
common in laboratories all over the world and enable us to examine and perform many high field physics
research. There are also several attempts to increase the power to 10 PW and even more than 100 PW
class[1][2]. And for the past few years, there has been remarkable progress in the development of
laser-based high field physics research. Among them are the particle acceleration, x-ray generation,
attosecond pulse generations, and so on. As these phenomena occurs in the regime that the electron mass
cannot be assumed to remain constant, the optics in this regime is called as relativistic optics.[3] After the
three consecutive papers on the monoenergetic electron beam generation were reported in Nature[4-6], this
year ~GeV monoenergetic electron beam generation was reported[7]. And recently H. Schwoerer ef al.
reported the laser-plasma acceleration of quasi-monoenergetic protons from microstructured targets[8].
They used a 5-pum thin titanium foil coated with a 0.5-um layer of polymethyl methacrylate (PMMA) on
the back surface and microstructured the PMMA layer in some regions of the sample. By irradiating the
microstructured target foil, they observed the proton spectrum with a distinct narrow band feature, peaked
around E,=1.2MeV and has a full-width at half-maximum of about A Frwpy=300keV.

In the Asian countries it becomes more and more often that the joint research experiments on high field
physics are being performed. APRI, as one of the ultrahigh intensity laser facilities, is now taking steps to

. play a certain clear amount of role in the international high field physics research community. APRI have
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been performed a PW Project and now reached a turning point. Currently, a 100-TW class system is
operating and the upgrade to 300-TW is underway. And there have been several experiments on the high
field physics for the last couple of years.

2. Current status of the APRI PW Program

APRI 100-TW class system was constructed on July 2005 and was’initially open to the users up to
35-level using only the 1% main amplifier. And from the second half of 2006, full system including the 2™
main amplifier is open to the users after about 1-year performance test. Fig.l shows the schematic
diagram of the APRI 100-TW Ti:sapphire laser system.

Modelocked pulses with 20-fs pulse duration and 6-nJ output energy are stretched to 350 ps and are
consecutively amplified in the regenerative amplifier (1 kHz, 0.7 mJ output), the 4-pass preamplifier (10
Hz, 55mJ output), the 4-pass 1% main amplifier(10Hz, 2 J output), and the 3-pass 2" main amplifier (10Hz,
5.61 output). » '

Z1a0sey dum g

= Puri%p:laseré |

owiso

¢ Pumplasers

[ Lsosery duing

1 Tosery dumg
6 Tosery duimyy

Fig.1. Schematic diagram of the APRI 100-TW Ti:sapphire laser system

The amplified pulses are compressed in the Tracy-type vacuum compressor with the overall
transmission efficiency of 65% and we have the final compressed pulses with the pulse duration of 30~35
fs and output energy of ~3.5J, which means 100-TW output power. With this laser system, series of
experiments on high field physics have been performed. Among them are the experiments for high
harmonics generation, electron acceleration, proton generation, and x-ray generation. Some of the
experimental results is reported in the following sections.

Fig.2. APRI 300-TW booster amplifier



JAEA-Conf 2007-001

And we are currently constructing the booster amplifier stage to increase the output power upto
300-TW lavel as shown in fig. 2. The 6 green beam lines with total output energy of ~50 J from the
frequency-doubled Nd:Glass laser system (8.5J/beam x 6 beams) will pump the Ti:sapphire crystal with
the diameter of 80 mm and the thickness of 20 mm. We expect to get the output energy of 24 J.

3. Electron acceleration

We had performed a joint experiment for the laser wakefield electron acceleration with Korea
Electrotechnology Research Institute (KERI). Fig. 3 shows the experimental setup for the monitoring of
the spatial profile and the energy spectrum of the accelerated electron beam. Laser beam with the pulse
duration of 32 fs was focused to the He gas target with the lens with the focal length of 750 mm and the
focused laser intensity was about ~1.0x10°W/cm?®. He gas is fully ionized by the focused laser beam and
the plasma density was varied to be 3~5x 10Y%em™ by changing the backing pressure.

Focusing mirror Focusing mirror
(=75 cm) (f=75 cm)

4-mm
slit nozzle
Collimator

{ 4-mm .
' slit nozzle

LANEX film EB

LANEX film & electron
(Scintillator) = (Scintillator) spectrometer
* ICCD * ICCD
Imaging lens Imaging lens

Fig.3. Experimental setup for the measurement of the spatial profile and the energy spectrum of the
electron beam

The left-hand side of fig. 4 shows the spatial profile of the accelerated electrons beam. The
fluorescence from the Lanex scintillator which was hit by the electron beam was monitored by the ICCD.
The measured divergence angle was about 20 mrad. The electron charge was measured by an integrated
current transformer (ICT) and it was about 190 pC which corresponds to the electron number of 1.2x10°.
The right-hand side of the fig. 4 shows the energy spectrum of the accelerated electrons. As shown in the
figure, the maximum energy was about 50MeV and quasi-monoenergetic electron beam at 32MeV was

observed..

32 MeV

22.5 MeV

Intensity {a.u.)

Fransverse Axis {pixels)

Fig.4. Spatial profile(left) and the energy spectrum(right) of electron beam obtained in the APRI-KERI
joint experiment
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4. Proton generation

Energetic ion generation based on high-intensity laser systems has recently been attracting considerable
attention. Owing to their compact size, reasonable cost, and almost radiation-shield free circumstances,
scalability studies show that the table-top laser systems with high repetition rates could be a particle
generators which could applied to proton radiography[9], injector for accelerator[10], proton therapy[11],
and radioisotope production[12]. J. Fuchs performed a series of experiments on aluminum foils, measuring
the proton-beam maximum energy and energy-conversion efficiency as a function of varying laser and
target parameters and suggested laser-driven proton scaling laws and new paths towards energy
increase.[13] And as mentioned above, quasi-monoenergetic proton beam has been produced from the
microstructured target which helps accelerated protons to be subject to homogeneous part of electrostatic
field[8].

Fig. 5. Experimental setup for proton generation

Proton generation experiment was performed by collaborating with JAEA-KPSI, CRIEPI, and Kyoto
University, The experimental setup is shown in fig. 5. A 5-um thick copper tape target was irradiated by
 laser pulses focused with an off-axis parabolic mirror with effective focal length of 238mm with peak
intensity of 410" W/cm?® with the incidence angle of 45° at the pulse duration of 100 fs. The proton
energy spectra measured in real time by the proton TOF spectrometer and the Thomson parabola ion
analyzer with CR-39 and imaging plates were used, too. The number of protons was counted by CR-39
detector and x-ray pinhole camera, electron spectrometer, 2-color interferometer and CR-39 coupled with
Mylar filters were used to monitor the diagnostics of the other parameters, such as x-ray generation, angle
dependence of electron energy and number distribution, plasma density, proton beam divergence.

Fig.6. Ion signals detected on the imaging plate detector after Thomson parabola ion analyzer. Upper,
center, and down signals were obtained by changing the direction of electric field (+, 0, -)
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Fig. 6 shows the generated ion signals detected on the imaging platé detector after Thomson parabola
ion analyzer. Upper (parabolal), center (parabola3), and down (parabola2) signals in the figure were
obtained by changing the direction of electric field (+, 0, -) and the each parabola signal was obtained by 2
shots.

Proton energy spectra measured by proton TOF spectrometer and Thomson parabola ion analyzer the
CR-39 particle track detector is shown in fig. 7(a) and (b), respectively. Protons are observed along the
direction normal to the target rear surface at non-irradiated side of laser pulse. As shown in the both of
the figure 7(a) and (b), maximum proton energy was as high as 2.37 MeV. Absolute proton number at the
above condition is shown in Fig. 7 (b) as a function of proton energy.

10"

-
=)
»

Number of Protons (1/100keV/sr/shot)
B
»

Number of Protons per Energy (A.U.)

L 1 P 1 ) Lt

1 1 i 1 i £ P 1 A ]
06 08 10 12 14 186 18 20 22 24 0.6 08 10 1.2 14 16 1.8 20 2.2 24
Proton Energy (MeV) Proton Energy (MeV}

(@) (b)

Fig. 7. Proton energy spectra measured by (a) proton TOF spectrometer by single shot and (b) Thomson
parabola ion analyzer with CR-39 particle track detector collected and averaged with 5 shots.

The beam divergence of protons at selective energy ranges was measured by placing the CR-39
detectors covered with Mylar range filters whose thicknesses are optimized for detecting the protons in
each energy range. Half cone angles of the beam divergence in the energy ranges of > 0.8 MeV, > 1.2 MeV,
and > 1.8 MeV were 27, 19, and 12 degrees, respectively. The total number of protons with energies above
0.42 MeV was estimated to be larger than 8x10'° protons/shot. The conversion efficiency from laser
energy on target to proton energies above 0.42 MeV was higher than 1.4%. This conversion efficiency is
much higher than ever published results. We speculate that it was owing to the real time monitoring with
proton TOF spectrometer which enabled us to optimize the parameters for high-quality proton beam
generation. Another possibility is the condition of the target which might have the high concentration of
water vapor and/or hydrocarbon in contamination layer at the target rear surface. In order to produce
high-quality proton beams, Bulanov ef al. proposed a two-layer targets in which the first layer consists of
heavy multicharged ions and the second layer consists of protons [14]. Through 3D PIC simulation in
double layer target with infinite foil as our case, he showed that the proton energy spectrum is
quasi-thermal to some extent and has a nonuniform pedestal, and the cutoff, which can be seen in Fig. 7(b).

One more interesting phenomenon is the ridge structure around 1.8MeV as shown in fig. 7(b) which
may correspond to the quasi-monoenergetic proton generation as the same as in the reference [8] and it
was also expected in 3D PIC simulation result of ref. [14]. More detailed investigations are underway and
the results will be published in elsewhere.

5. Conclusions

We have constructed a 100-TW Ti:sapphire laser system and with the 30-TW beams which uses only up
to the 1% main amplifier of the system, we performed electron and proton acceleration experiments. In the
electron acceleration experiment, we obtained electron beams with the energy of as high as 50 MeV and
observed quasi-monoenergetic behavior. In the proton generation, we generated the proton beams with
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the maximum energy of about 2.4MeV and the conversion efficiency was higher than 1.4%. And we also
found the indication of quasi-monoenergetic proton beam generation.
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3.2 Development of Coherent X-rays in the APRI

H. T. Kim', I. W. Choi', J. H. Sung’, T. J. Yu', N. Hafz', K. —<H. Hong', T. M. Jung’,
J.-H.Kim', D. K. Ko', J. T mmlerz, K. A. Janulewicz’, P. V. Nioklesz, and J. Lee'
1 Femtoscience Lab., Advanced Photonics Research Institute, GIST,
Oryongdong 1, Bukgu, GwangJu, Korea.

2 Max Born Institute, Max-Born-Strasse 2A, D-12489 Berlin, Germany.

The generation of coherent x-ray source using intense laser pulses has attracted much attention due
to its broad applications to x-ray spectroscopy, high resolution imaging and holography. There are two
different methods to generate coherent x-rays using intense laser pulses: one is the high-order harmonic
generation (HHG) and the other is the x-ray lasers (XRL). In this proceeding, we report progress and plan
of coherent x-ray generation including HHG and XRL using an 100-TW Ti:Sapphire laser in the APRL

Keywords: Coherent X-ray, High-order harmonics, X-ray laser, Laser plasma

1. Introduction

Coherent x-rays using intense laser pulses has been an important light source because of its applications to
high resolution interferometry/holography [1] and ultrafast x-ray spectroscopy[2]. High-order harmonic
generation [3] and x-ray lasers [4] are well developed methods to generate coherent x-rays using intense
laser pulses. High-order harmonics have unique properties such as ultrashort pulse duration [2], excellent
coherence [1], and continuous wavelength tunability [5]. However, the conversion efficiency of harmonics
in a short wavelength region below 20 nm is not high enough for broad applications while x-ray lasers
from Ni-like metal ions can generate sufficient number of x-ray photons around 13 nm wavelengths.
Recent progressbof x-ray laser research has opened a way to achieve table-top scale x-ray laser generation.
Especially, high-repetition table-top x-ray lasers were demonstrated using the grazing-incidence pumping
(GRIP) scheme [6], which can reduce necessary pumping energy for x-ray laser by enhancing absorption
of laser energy in plasma medium. On the contrary to high-order harmonics, transient collisional x-ray
lasers have not shown a beam quality good enough for applications even though they have sufficient
energy. Therefore, a new x-ray laser technique should be developed for amplifying harmonic x-ray to have
high pulse energy and good beam quality for applications.

In this proceeding, we report on the progress and plan of coherent x-ray generation research in the
Advanced Photonics Research Institute (APRI) based on high-order harmonic generation and x-ray laser
development using a 100-TW Ti:sapphire laser. Recently, we obtained preliminary results on high-order
harmonic generation and successfully developed Ni-like silver x-ray laser. The experimental results on the
high-order harmonic generation and the x-ray laser development are described in sections 2 and 3,

respectively. The summary is given in section 4.
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2. High-order harmonic generation

High-order harmonic generation from noble gases is a well developed and understood method for coherent
x-ray generation [3]. For high-order harmonic generation, we focused 33-fs Ti:Sapphire laser pulses on a
gas target with a spherical mirror having a focal length of 1 m. The laser intensity at the focus was varied
from 1x10' to 1x10'® W/em® by changing the size of the aperture that was located before the pulse
compressor. As for gas medium, we used gas jet puffed from slit gas nozzle with the size of 4 mm by 1.2
mm. Since the laser propagation axis was perpendicular to the elongated direction of the gas jet as shown
in Fig. 1 (a), the length of gas medium was around 1.2 mm. The gas density at the interaction region was
changed from 1x10" cm™ to 3x10" cm™. High-order harmonics were detected by a flat-field soft X-ray
spectrometer [7] equipped with a back-illuminated x-ray CCD. The scattered IR/visible light was blocked
by thin metal filters like Zr and Al having a thickness of 0.4 u m.

( a ) Soft X-ray
z<0 —~t >0 C?D

1.2 x 4 mm slit nozzle T

Focusing mirror=1m

i
Aperture size : 5~30 mm Toroidal XUV spectrometer

(or cylindrical)
mirror

(b) 1.0

0.8 +

0.6 |-

0.4

1 f\

LA L,

T T g T T
101 X 81 71 61 51 41 3

Frequency (Harmonic order)

Intensity (Normalized)

Figure 1 (2) Scheme of high-order harmonic generation (b) High-order harmonic spectrum from He.

We obtained the harmonics up to more than 91th order from He as shown in Fig.1 (b). In this case, the
laser intensity was 8x10'* W/cm® and the gas density was 1.4x10" cm™. Figure 2 shows the harmonic
spectra from Ne and Ar with a laser intensity of 6x10'* W/em® and 2x10' W/em?, respectively. The gas
density of Ar and Ne medium was 5x10'® cm™. Since the maximum order of generated harmonics is
limited by the depletion of neutral atoms, the highest order of harmonics was obtained with He because of
its highest ionization potential. High harmonics from Ne show the brightest generation at 63™ harmonic

where the wavelength around 13 nm. The bright harmonic generation around 13-nm wavelength can have
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an important role in a harmonic-seeded x-ray laser because the wavelength of Ni-like silver x-ray laser is
13.9 nm. Since we have successfully developed Ni-like silver x-ray laser using GRIP scheme as described
in Sec. 3, this preliminary result on high-order harmonic generation shows the potential for harmonic

seeded x-ray laser in near future.
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Figure 2 High-order harmonic spectra from (a) Ne and (b) Ar

3. Development of Ni-like Ag x-ray laser

For x-ray laser de%/elopment, we applied the GRIP technique because it can maximize energy absorption
by refraction in a plasma medium [6]. We succeeded in saturation of Ni-like silver x-ray laser using our
10-Hz Ti:Sapphire laser system. The pump pulses, both a 300-ps 0.5-J pre-pulse and a 5-ps 1.5-J main
heating laser pulse laser, delivered into a 7 mm-long line focus as shown in Fig. 3. The obliquely (~72
degrees to the target normal) incident heating pulse was delayed about 300ps relative to the pre-pulse.
Figure 4 shows the spectral images of the Ni-like x-ray laser with various target lengths. The small signal
gain coefficient was about 50 em™ and the gain-length product was around 18. The beam divergence of
this x-ray laser was around 4 mrad and Young’s two-slit interferometry showed clear intereference pattern
of the x-ray laser beam. Consequently, we obtained a high-quality x-ray laser beam from a 7-mm silver

target by using the GRIP geometry.

Seoft X-ray
Zr filter (0.2,0.,5,0.7, 1 um)  CCP

nmmn LEETRETEET CEETS
H
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X-ray laser N T

UEE3AREEEIENIEEINASNINANEEE

H
Toroidal XUV spectremeter
(or cylindrical)
mirror

8 ps main pulse, 1.5J 300 ps pre-pulses, 0.5 J

Figure 3 Scheme of Ni-like Ag x-ray laser
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(a)

(b)
(o) |8

Figure 4 Spectra from (a) 2-mm, (b) 4-mm and (c) 7-mm Ag target driven by

300-ps pre-pulse and 8-ps main pulse.

4. Summary

We have presented our recent results on the development of coherent x-ray sources based on high-order
harmonic generation and x-ray laser. Preliminary results of high-order harmonic generation have been
obtained using He, Ne, and Ar gases. Especially, we obtained harmonic around the wavelength of Ni-like
silver x-ray laser by using Ne gas. Since we succeeded in developing high-order harmonics and x-ray laser,
we will try to combine these two soﬁrces to achieve high-flux and high-quality coherent x-ray beam. With
the availability of the Mo:Si mirrors with the high reflectivity at around 13 nm, the harmonic seeded x-ray
laser using the Ni-like silver x-ray laser at 13.9 nm will be useful for many applications such as soft x-ray

microscopy, holography, and x-ray nonlinear optics.
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3.3  Recent Activities on High Field Physics in the Institute of Physics, CAS

Z. M. SHENG, Y. T. LI, and J. ZHANG
Laboratory of Optical Physics, Institute of Physics, CAS, Beijing 100080, China

A brief review of recent activities is introduced on the high intensity laser-plasma interactions at the
Institute of Physics, CAS, Beijing. Selected experimental and theoretical studies are hlghhghted Firstly, we .
 report the expenmental observation of fast electron emission along the solid surface in laser-solid
interactions. Numerical simulations suggest that the betatron resonance acceleration occurs in such an
interacting geometry. Secondly, we propose the bulk acceleration of ions in laser interaction with foam
targets. This is confirmed experimentally by the observation of enhanced neutron yields from deuterated
foam targets as compared with deuterated solid targets. Thirdly, some theoretical studies are introduced such
as the laser pulse compression by the plasma Bragg gratlng, terahertz emission from laser wakefields in an
inhomogeneous plasma.

Keywords: surface electron emission, betatron acceleration, bulk acceleration of ions, plasma Bragg
gratlngs, pulse compression, laser wakefield emission

I. Introduction

The high field physics has developed rapidly in recent years, towards wide potential applications [1]. Our
research ;group at the Institute of Physics, Chinese Academy of Sciences, has been devoting itself to this field
in the last 7 years. Our main research topics are as follows: fast ignition related physics (generation and
propagation of high energy electrons, ions, and x-rays) and applications, laser wakefield electron
acceleration, laser-plasma ‘based novel radiation sources and femtoseecond (fs) pumped x-ray lasers,
laboratory astrophysical processes, femtosecond laser propagation in air and applications, theory and

simulations on the above mentioned topics.

As the experimental platform for high field physics research, a 20TW CPA Ti:sapphire laser system .
(Xtreme Light-IT) with recently improved techniques was designed and constructed, delivering an energy up
to 640mJ -within a pulse duration of about 31fs [2]. As successor of the home-made 1.4TW T: i:sapphire
lasersystem XL—I, an adaptive optics system is used in the XL-II laser system to correct the distortion of the
wave-front of the laser pulses. The optimized beam quality makes it possible to realize 1.5 times diffraction
limited focus, when focused by an off-axis parabola,bproviding a focused power density of 10°W/em?® A
‘new laser system XI-III is under construction, which will be able to deliver energy up to 15 J in 40fs.

"For relativistic laser-plasma interaction, various targets such as flat solid targets, clustefs, micro-liquid
droplets and foam targets were also used [2]. Instruments were built to produce clusters of various sizes. The
same device can also provide us water or ethanol fnicro-droplets. A few spectrometers for the particle and
electromagnetic emission are adopted. The main diagnostics include one p -ray spectrometer to measure
radiations up to a few hundred keV. A magnetic spectrometer was used to measure the fast electron energy
distributions. It is mainly configured with a permanent uniform magnetic field of B~380 G. An array of LiF
thermo-luminescent dosimeter (TLDs) detectors at the rear can record hot electrons. The energy range of
this instrument covers from 7 to 500 keV, with a resolution better than 2%. The collection angle of the

spectrometer is on the order of 1>< 10757 . Because the TLDs are msensmve to v1sxble lights, it is not

necessary to use aluminum foils in  front of the TLDS. The background signal of TLDs is less than 1.2pGy
after annealed by heating to 240 °C. Hot electron angular distributions are measured by spherically installed
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hundreds of TLDs or radiochromic film pieces around the target. The distance from the focus to the TLDs
detectors was 45 mm. The angular resolution of the system was about 6°. The expected electron energy
range was chosen by composite filter in front of detectors. The filter assembly consisted of aluminum films
with different thickness. For some shots pieces of 1 mm thick CR39 was added at the top as an ion detector.
Strong magnetic field was applied in the direction of strong emission signals in order to determine the effects
of the x-ray as necessary. '

- In addition to the experimental efforts, we have developed various versions of relativistic PIC codes Lp*
in one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) coordinate space. These codes
~ enable us to deal with problems with different interaction geometries and target geometries. Our 1D code has
adopted a boosting frame [3], so that it can deal with oblique incidence of laser pulses. Recently, we have
extended this code to include field ionization, collisional ionization, and part1cle-part1cle collisions [4]. Our
2D and 3D codes have adopted the exact charge conservation scheme [5], so that one only needs to solve
two Maxwell’s equations by the finite difference time domain (FDTD) method. There is no need to solve the
Poisson’s equation additionally. This simplifies the implement and parallelization. These codes run in the
Dawning 3000 workstation and 4000A cluster in the institute, and the ShenTeng 6800 supercomputer of the
Chinese Academy of Sciences. In the following, we introduce some of our research work.

II. Surface electron emission in relativistic laser-solid interactions

The generation of fast electron beams from relativistic laser-solid interaction has been the topic of
significant theoretical and experimental studies in last decades. Dense and collimated fast electron beams at
different energy ranges are required for a variety of applications. For example, the concept of fast ignition in '
inertial confinement fusion uses relativistic electrons to heat the ignition spot in the pre-compressed fuel
core [6], for which collimated fast electron beams are essential. A variety of mechanisms for fast electron
generation have been proposed, such as resonance absorption, vacuum heating , acceleration by laser
ponderomotive force and JxB force, stochastic heating and acceleration [7], and direct laser acceleration of
electrons in a laser self-focusing channel [8]. Obviously, these mechanisms work under different laser and
plasma parameters and interaction configurations. Recently, it was observed experimentally in our group
that energetic electrons can be accelerated along solid surface [°]. A

The experimental setup is illustrated schematically in Fig. 1. The angular distribution of fast electrons
was measured by a stack array of imaging plate (IP) at a distance of 5.5 cm radially from the focus. The size
of a piece of IP is 30x50mm. Most of the 2 space in the laser incident plane was covered by the stack array
except about 25° radial angle left for laser incidence. The electron energy range was chosen by different
thick aluminum filters in front of the first IP layer and aluminum filters between the adjacent layers. Imaging
plate, a photo-stimulated luminescence detector with large dynamic range, excellent linearity, and high
sensitivity, is very suitable for x-ray and charged particle measurements in laser-plasma experiments [10]. IP
is sensitive o ioh, x-ray, and electron. However, the >400 pm thick aluminum filters used before the first IP
layer can block the ions generated in the experiments. Comparison of the signal intensity on IP with and
without a 1500 G magnetic field shows that the contribution of x rays is < 5%. Thus, the signal recorded by
the IP is mainly from fast electrons.
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Figures 2(a)-2(c) show the angular distributions of the fast electrons in the polarization plane for three
laser incidence angles of 22.5°, 45°, 70°, respectively. The fast electrons were produced in the interaction of
by a p-polarized laser pulse with a 30um thick aluminum foils at a subrelativistic laser intensity of
4-5%10""W/cm®. 0° corresponds to the laser incident direction. Each data point in the polar diagrams was
obtained by integraﬁng the signal intensities on IP. One can see that in the polarization plane some fast
electrons are distributed between the target normal and the laser specular directions in front of the target.
This is similar with previous theoretical and experimental observations form different groups [11]. The
most striking aspect of our measurements is the presence of part of fast electrons ejected along the front
target surface, marked as “surface electrons” in the figures (In Fig. 2(a) an inset with enlarged scale is used
to show them clearly). In particular, the component of the surface fast electrons increases with the laser
incidence angle. It even dominates the fast electron emission, the peak reaching ~5 times greater than the
component of the hot electrons close to the target normal for the case of 70° incidence angle. Moreover, in
this case the surface electron beam is also well-collimated with a emission cone angle less than 15° (the full
width at half maximum).
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Fig. 2 Angular distributions of the fast electrons with energies greater than 300 keV in the laser incident
plane for the p-polarized laser pulse at an intensity of 1-2x10'8 W/em? for three different incidence angles

0f 22.5° (a), 45° (b) and 70° (c).

Those difect observations of surface fast electrons provide strong evidence for the theory of surface
magnetic field proposed recently [12], in which fast electrons are guided along the target surface by the
confinement of quasistatic magnetic fields and electrostatic sheath fields. Further evidences come from the
distribution of the transmitted fast electrons, which are also shown in Fig. 2. The intensities of the hot
electrons behind the targets are much less that in front of the targets. To show the signals clearly, the

'_29__
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intensities of the transmitted electrons have been artificially multiplied by a factor of 10 in Fig. 2(c). One can
see that the peak of the transmitted electron beam is deflected slightly to the rear target surface for the 22.5°
incidence angle. This deflection, however, become much obvious for the 45° and 70° incidence angles,
nearly paralleling with the rear surface.

We propose a mechanism of electron acceleration along the front solid-target surface when a laser pulse
is incident obliquely at large angles [13]. Our simulations show that large quasistatic magnetic and electric
fields are generated near the target surface. These two fields will confine some electrons at the target surface,
where the electron trajectories show typical betatron-oscillations. At large angles of incidence such as over
60°, the reflected laser pulse is able to intersect with the betatron oscillation trajectories of these confined
electrons. Some of them are accelerated significantly in a way similar to that in the laser self-focusing
channel [8].

n Position (3}

10 20 30 40 50 60

Fig.3 Simulation geometry and selected electron trajectories along the target surface. The inset frame

shows the initial target density profile along the normal fo the target surface.

We have conducted two-dimensional (2D) particle-in-cell (PIC) simulation. The simulation parameters
are as follows. The targetis 5.4, thick and 60, long, which is tilted with respective to the simulation box to
allow for the oblique incidence of a laser pulse. The linearly polarized laser pulse obliquely irradiates the
target from the left side of the simulation box with the incident angle o =70°. The focal spot is 104,
with a Gaussian profile, where Ay is the laser wave length in vacuum. The temporal profile of the laser pulse
isa = a,sin’ (m‘/ T ) , where a is the vector potential normalized by ma,e/ ¢ . In the simulation, we take
the peak amplitude a, =2.0, and the pulse duration is 7" =60z /@, =307, with @, the laser
frequency and Ty the laser oscillation period. The total size of the simulation box is 62.54, x604,, where
X is the pulse propagation direction and Y is the polarized direction. The laser pulse is incident with

p-polarization. Figure 3 shows the simulation geometry. ,
Simulation results show there is a bunch of electrons emitted along the target surface. Some selected
trajectories of these fast electrons are shown in the figure. Typically they oscillate for a few periods along the
surface before leaving the interaction region. Simulations show that quasistatic electric and magnetic fields
-are induced near the target front surface. The quasistatic magnetic field is unipolar at the front surface with
“its peak located inside the solid target, as also discussed in Ref. [12]. While the electric fields have two peaks,
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one inside and another outside the target. The presence of these two quasistatic fields will produce

significant effects on the emitted electrons at high energies. -

L Bulk acceleration of ions in laser-foam interaction

Ton acceleration in high-intensity laser interaction with solid targets has been studied extensively in
recent years [14,15]. Protons and ions in this energy range can find various application such as fast ignition
fusion [16], generation of medical isotopes, medical therapy of cancers, injectors for conventional
accelerators. In the intense-laser interaction with solid foils, usually there are three groups of accelerated
ions, the first two occur at the front surface, moving backward and forward, respectively [14], and the third
one occurs at the rear surface, moving forward, due to the hot electron transport through the target rear
surface [1 5]. Thus, ion acceleration can be considered as a kind of surface acceleration, occurring both at the
rear-side surface and the front-side (or critical density) surface.

we propose that a target with density discontinuities such as a foam target can result in the acceleration of
large number of ions around the discontinuity surfaces inside the target to moderate energies [17]. This is
_ referred as bulk acceleration here to distinguish it from the surface acceleration with a solid foil target. When
hot electrons produced in the ultraintense laser-plasma interactions transport through such a target, strong
charge separation fields will be induced around each lamellar layer of the foam in a way similar to laser
interaction with a single solid foil. Such electrostatic fields result in serious inhibition of the transport of hot
electrons and in the meanwhile accelerate ions inside. Comparing with surface acceleration, the number of
‘accelerated ions could be significantly enhanced in the bulk acceleration inside the foam, even though the
maximum ion energy is reduced obviously. Experimentally the bulk acceleration of ions is inferred from the

higher neutron yields with foam targets than that with a normal solid target.
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We start by PIC simulations to investigate the laser interaction with a foam-like target. A foam target is
composed of irregular lamellar layers distributed randomly in three-dimensional geometry. To simplify the
problem, we first construct an one-dimensional (1D) foam, which is an array of thin solid films with a gap
between neighboring layers. This would lead to difference with the resulting ion acceleration both in its
energy and angular distributions from a real foam target. But the advantage with the 1D foam is its simplicity
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in clarifying the main physics involved in the interactions.

In the simulations, the plasma density in the underdense region increases from 0.01n, to n, exponentially
in a scalelength of 402, [see Fig. 4(a)] to model the preplasma formed by prepulse, where n, is critical
density and is g laser wavelength, respectively. This preplasma has significant effect on electron
acceleration and thereafter ion acceleration. The high density region consists of 40 thin layers of overdense
- plasma at a density of 9n, in the x direction to imitate the foam structure. The thickness of each layer is
d=0.11, and the separation between neighboring layers is L=A4, The target consists of fully ionized
deuterons (ion mass is 3680m,), D", and carbon ions with ionization of 4, C**. The incident laser intensity is
4.0x10"® W/em®. Figure 4(b) shows the induced longitudinal electric fields for the foam and solid targets, as
well as the electron density for the foam target at t=400 laser cycles. In the case with the solid foil, when the
hot electrons produced in the laser-plasma interaction transport through the rear target surface, an
electrostatic field is built up behind, which decays with the distance from the rear surface. This field
accelerates ions from the rear surface into the vacuum. This is the so called target normal sheath acceleration
- (TNSA). However, in the case with the foam target, an electrostatic field with multi-peaks is built up around
each lamellar layer inside the bulk foam when hot electrons transport inside it, as shown in Figs. 4(b).
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Figure 5 shows ion distributions in the longitudinal phase. In laser solid interaction, ion acceleration is
found only in the front and rear surface. However, in the laser-foam interaction, bulk acceleration is found
inside the target as shown in Fig. 5(b). This is caused by the induced field around surfaces of each lamellar
layer. Figure 5(c) is a closeup of the bulk acceleration region, which shows clearly that almost all ions are
accelerated. In our test simulation, C*" is also accelerated to a similar level as shown in Fig. 5(d), because the
charge-mass ratios are similar for our ionized deuterons and carbons. 7

 We conducted experiments to study the different ion acceleration processes with solid and foam targets.
The experiments were carried out using the PW laser facility Gekko XII and the laser system Gekko
Modulate IT (GMII) at the Institute of Laser Engineering, Osaka University. In the GMII experiments, 0.6 ps,
1.053 mm p-polarized laser pulses with an energy up to 10 J were focused by an /3.8 off-axis parabolic
mirror onto the target. The incidence angle of the laser beam was 20°. The diameter of the focus on targets
was also about 30 pm. A prepulse with energy about 3x107 of the main pulse, originating in the regenerative
amplifier, starts from 700 ps ahead of the main laser peak. Therefore, the main laser beam interacted with a
preplasma in all cases. Both low-density deuterated foams and solids were used as targets. The target
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material was deuterated Polystyrene [(C,Ds),, with D enrichment > 98%]. The foams were prepared by the
sol-gel-aerosol method. Two different foams with average densities of 50mg/cm’ and 160 mg/en’,

respectively, were used.
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Figuré 6(a) shows the neutron spectra for a 0.25 mm thick solid and a 1.6 mm thick, 160 mg/cc foam, -
- measured by the Mandala detector in front of the target at 76°with respect to the front target normal and at a
distance of 13.5 m from the target. Figure 6(b) shows the neutron spectra of the same shot of the 160 mg/cc
foam and the neutron spectrum of a 1 mm thick 50 mg/cc foam, measured by a single channel detector in
front of the target at 16°to the front target normal. The siﬁgle channel detector is put at a distance of 4.5 m for
the shot on the 50 mg/cc foam target while at 3.0 m for the shot on the 160 mg/cc foam target. The laser
energy is 190 J, 103 J, and 160 J for the 50 mg/cc foam, 160 mg/cc foam, and solid, respectively. Note the
spectra for the 160 mg/cc foam in Figs. 6(a) and 6(b) were measured in different directions. The neutron
-yield for the 50 mg/cc foam is about 7000 per Joule laser energy, which is higher than 2500 per Joule energy
for the 160 mg/cc foam at 16°to the target normal. Moreover, the neuron yield from the 160 mg/cc foam is
also higher than that from the solid in Fig. 6(a). Taking account for the lower densities of the foam, the high
neutron yields for foam targets imply that there are more energetic deuterons produced inside the foam
targets than that inside the solid target.

The split peak in Fig. 6(a) indicates that part of ions are accelerated in the radial direction. To deduce the
momentum distributions of the accelerated ions, we are developing a three-dimensional Monte-Carlo code to
simulate the measured neutron spectra. The preliminary results show that the momentum distributions of the

“accelerated ions consist of two components, a predominantly isotropic one (70-90%) and a radial one

(10-30%). The radial ion component would be generated by hole-boring or shock wave acceleration
mechanism [18]. While the isotropic component is due to the random distribution of the lamellar layers in a
real foam target. -

Iv. Plasma Bragg grating formation and laser pulse compression
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Laser intensities have grown remarkably during recent years due to the chirped pulse amplification
(CPA) technology. In CPA, the amplified chirped pulse is compressed by a grating. Usually the thermal
damage threshold (DT) for the conventional gratings made of metals or dielectrics is limited to a few J Jom?
for subpicosecond laser pulses. This proves to be one of the most significant barriers limiting peak light
intensities with this technology. The plasma medium has, however, no thermal DT and can sustain extremely
high intensities. Recently there have been a few efforts to control ultrashort intense laser pulses in the
plasma medium, such as plasma focusing mirrors [19] and proposed light amplification or compression
concepts in plasmas [20]. Most recently, we propose that plasma Bragg gratings (PBG) [21] can be used to
manipulate ultrashort intense laser pulses [22]. The ponderomotive DT of the PBG is found to be a few
10*)/em? for subpicosecond laser pulses, three orders larger than that of the conventional gratings. The light
speed reduction, pulse stretching, chirped pulse compression (CPC) and fast compression of Bragg grating
soliton (BGS) have been demonstrated in the uniform PBG [22].
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Fig. 7 (a) Spatio-temporal plot (part) of the plasma density grating induced by two counterpropagating laser
pulses with amplitude a0=0.03 and duration of 200 laser cycles in uniform plaéma with density 0.3nc; (b)
Compression of chirped pulsés as a function of the propagating distance because of the PBG's strong”
dispersion. The numerical labels indicate the central frequencies of the incident pulse in unit of the Bragg

frequency; (¢) Compressed pulse shapés found from PIC simulation and model calculation for ©=0.9wg.

The transmissive CPC in the uniform PBG makes use of the strong grating dispersion nearby the
photonic bandgap edges of the PBG. As shown in Ref. 21, the compressed pulse loses only 10% of the
energy due to the grating reflection and reaches the compression efficiency of 61%. The third-order
dispersion is the main limiting factor for the high-efficiency CPC in the uniform PBG. Figure 1 shows
typical simulation results from our 1D PIC code on the

A kind of reflective CPC in the nonuniform PBG (NUPBG) is also proposed. The NUPBG exhibits a
nonuniform photonic bandgap, which reflects light waves of different frequencies at different locations and
thus produces different group-velocity delays. As a result, pulse compression can be realized either for
positively or negatively chirped pulses, provided that the frequency spectrum of the chirped pulse is
completely inside the widest photonic bandgap of the NUPBG.

A NUPBG can be naturally induced through intersecting two Gaussian laser pulses in homogeneous
" plasmas. At the location where two pump-pulse peaks meet, the strength of the ponderomotive force
produced by the interference fields is the biggest and it also lasts the longest period of time. The deepest
density modulation is thus induced over there. For other places, the weaker the local ponderomotive force
and the shorter the life-span of this force, the shallower the density modulation, Note that such a PBG is
quasi-neutral, i.e., the ion density modulation follows almost exactly with the electron density modulation
[21].
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Now let us consider the CPC in the NUPBG. Assuming the incident signal laser pulse is with a Gaussian
profile a,, exp[—(1+iC)t* / Tc2 —iw,,] with the chirp factor C, the duration 7, and the central frequency
0so. In particular, we take a positive-chirped pulse with C=4, T=601, and ®=0.975 wg, for example.
Theoretically this chirped pulse can be compressed to a chirp-free Gaussian pulse with the duration
I,=T/1+C 2})“2 . Numerical simulation shows that the duration of the compressed pulse for as=0.01 is
15.9 o, corresponding to a compressioh factor of 3.8. The compression efficiency, which is defined as the
ratio of the actual compression factor to the theory limit, is 91%. Moreover, the compressed pulse reserves
almost completely the energy and spectrum of the input pulse. For the high intensity case with a4=0.1, the
. compressed pulse has two peaks. This is mainly owing to the nonlinear self-phase modulation related to
relativistic electron mass correction, which stretches the frequency spectrum of the chirped pulse and makes

the chirped pulse deviate from the perfect linear-chirped state.
V. Emission of electromagnetic pulses from laser wakefields

" The interactions of ultrashort intense laser pulses with plasma can provide a variety of novel radiation
sources, such as short pulse X-rays, coherent high harmonics, attosecond pulses, as well as coherent
far-infrared radiation in terahertz (THz) frequencies [23]. Recently, we suggest a new mechanism for-
powerful coherent emission of broad band, few THz radiation from laser wakefields in inhomogeneous
plasmas by linear mode conversion [24]. Since the laser wakefield can be excited at amplitudes.as high as
100 GV/m even at the plasma density 10'%cm™ (at which the plasma frequency 0/2n=9 THz [25], the field
strength of the mode-converted emission can reach a few GV/m.

0.0072

~0.0022

~0.0072

.
/7y

G 50 100 150 280 250 a 500 100 150 200 250
x/ g x/ Ay

Figure 8. Spatial-temporal plots of the longitudinal electric field E_x (a) and magnetic field B_z (b) in the
laboratory frame obtained from 1D PIC simulation. The incident pulse has parameters a0=0.5, d_=20 A0, and
6=25°. The trapezoid plasma profile takes parameters L=60A and n0/nc=0.01. It rises linearly from 0 to n0
between x=50 Ay and 110 A, then remains to be homogeneous at n0 up to x=140 A,, and finally declines
linearly to 0 again at x=200 A,. The while solid line in (b) shows the vacuum-plasma boundary.

Figure 8 shows the longitudinal and transverse fields in the x-t plane found from 1D PIC simulation
when the laser pulse is incident obliquely into plasma. In the inhomogeneous regions, Fig. 8(a) shows that
the phase velocity of the wakefield changes with time. In particular, the phase velocity changes its sign in the
region for increasing electron density (between x=50A, and 110)) along the line x=t/3. Around this line,
mode conversion from the wakefield to electromagnetic emission becomes possible. The reduced field
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amplitude inside plasma along the line x=t/3 indicates that a significant part of electrostatic energy is
converted into electromagnetic energy, which propagates away. Figure 8(b) displays the magnetic field
component. This is just the wakefield emission through linear mode conversion. It is found only in vacuum
and in the region with increasing plasma density, i.e., x<110Xo. This is a direct proof that the linear mode
conversion occurs only in the region with positive plasma density gradients.

When taking into account the finite transverse diameter of the incident pulse, the produced wake
emission is in a conical structure if the laser pulse propagates along the density gradient. The energy
conversion efficiency is comparable to that found in 1D case. The conical angle of the emission decreases
with increasing transverse diameters. To avoid conical emission, one can use an obliquely incident pulse so
that collimated emission becomes dominant in the "specular reflection” direction, which is preferable for
practical applications.

In addition to its potenﬁal use as a novel radiation source, the wake emission provides the possibility to -
diagnose the wakefield itself. Direct diagnostics of regular wakefields have been developed by a few groups
[26]. A limitation with these diagnosﬁcs is that one obtains only some local information about the wakefield
amplitude at particular positions. The wake emission can provide information about the global structure such
as wakefield amplitudes, plasma densities, and even wavebreaking, etc. Particle acceleration by laser
wakefields driven inside a plasma channel is also proposed for GeV electron energy gains [27]. The plasma
channel allows for the laser pulse to propagate over many times of the Rayleigh length without significant
diffraction and can thus increases the acceleration length. For the wakefield diagnosis inside a plasma
channel is also challenging. We show that the wake emission from the plasma channel can also provide a
very useful diagnostic. In the simulation, we assume that the plasma density changes like n=n¢+An
(y-yc)2/y02, where g is the density in the center of the channel, An is the density change. The plasma region
with such a channel is located in the middle of the simulation box along the laser propagation x-direction.
We take n¢=0.005n,, An =0.04n,, and y=40L, in the following. The incident laser pulse is s-polarized with
ap=0.5, dL=10 Ao and W=10 Ao. It is found that there is emission towards vacuum regions from the channel
- at both sides. The emission appears in conical structures, similar to the case in longitudinally
inhomogeneous plasma found before [24]. The magnitudes of the emission from the both sides of the
channel are comparable. '
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3.4 Laser Pump Probe and Related Asian Activities
Kazuo A. Tanaka and Kiminori Kondo

Institute of Laser Eng., & Graduate School of Eng., Osaka University
Suita, Osaka 565-0871 Japan

Abstract

Based upon the request to be responsible to cover and promote the pump probe activities in
Asia, especially in China, Korea and Japan by JAEA under the three country network project,
the most recent activities are reviewed. The unique frequency space interferometer was
“established at Osaka University, Japan which may be used to characterize a plasma channel
formation for electron acceleration. Inst. Appl. Phys. and Math., China showed a very high
level x-ray laser probe interferometer technique which can be utilized for plasma formation
characterization etc. KAERI, Korea shows that well defined point neutron source
development which can be used to various applications such as reactor damage studies efc.

Key Words: Intense laser pump probe, frequency space interferometer, x-ray laser
interferometer, neutron point source

1. Introduction
In Japan, Korea, and China, there are growing interest for the use of ultra-intense laser
for studying high energy density matter in a relativistic laser intensity regime. We would
like to introduce most updated such
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R Marques, etal, Phys. Plasmas 5 1162 (1998)
Fig. 1. Concept of frequency space interferometer in 1 dimension.

activities from these countries. From our university, the frequency space interferometric
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technique was applied to study the plama wake field for electron acceleration with a new
white light origin ultra-short probe as shown in Fig.1 the schematic[1]. We hosted a high
energy density workshop at the Jyuzaigo (Nine Village Valley), China in last Oct. 2005
with Prof. Z. Lin at the Shanghai Insititute of Optics and Fine Mechanics through the
Japan—China core university program organized by National Institute of Fusion Science
under Prof. T. Watari sponsored by JSPS. The results from China and Korea are
presented in the workshop by Dr. Guoping Zhan (SIOM)[2]. The Korea result shows a
point neutron source, possibly applicable the material study while the Chinese shows an
x-ray laser interferometric technique to study a plasma formation.

Frequency Space Interferometer

This technigue has been recently developed by K. Kondo, Osaka University in order to
know the 2-D distribution of charge state in a fine plasma channel for laser-electron
acceleration application. The original idea of this type was introduced by J. Marques [3]
and is shown in Fig. 1. This idea has been extended to two dimension by introducing an
imaging capability with single shot capability.

> 10 Wiem?
. Lasar Wake Field Waketald
X ;

Qg@ﬁ!ﬁﬁ of wackong
by 8 ponderoenotive force

o 10 GV |
]

Fig. 2 Application of this type of interferometric technique to a plasma channel.

In laser wake field acceleration experiment as shown in Fig. 2, electrons in the plasma
channel are ejected out of the channel by the Ponderomotive force of the pump laser
. light.

We present a single-shot 2D plasma measurement technique based on standard
spectral interferometry (81). High visibility interference was successfully obtained with a
commercial narrowband filter. The probe pulse was spectrally broadened by a hollow
fiber filled with Ar gas and then recompressed to its near transforim limit by a pair of
chirped mirrors, setting a constant phase over the frequency domain. The probe pulse is
then split in two, and both probe pulses are temporally separated, so as to obtain
interference in the frequency domain. The probe beam is then imaged through a
narrowband filter onto a CCD, which records the 2D relative phase shift between both
probe pulses with a single-shot at each probing time.

The experiment was performed with an OPCPA / Ti:sapphire hybrid laser system™,
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which delivers 10 Hz, 50 fs pulses at 800 nm wavelength. The laser pulse was divided
into pump and probe pulse with a beam splitter consisting of a high reflection mirror with
a small hole at the center. The reflected pulse was used as the pump pulse, and the
transmitted pulse through the hole was the probe. The experimental setup is shown in Fig.
3.
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Fig.3 Experimenfai Set Up of 2D plasma

‘measurement using Si technique.

The pump energy was 150 mJ and it was focused on a supersonic He gas jet with
an /4.6 off-axis parabolic mirror. The spot size of the pump pulse at the focal plane was
measured to be 7.3 um x 8.3 pm FWHM in intensity. The orifice diameter of the gas jet
nozzle was 2 mm, and the average atomic number density was 8.8 x 10" cm. To obtain
sufficient temporal resolution, we injected the probe pulse into an Ar-filled hollow fiber
where spectral broadening was induced by self-phase modulation'®. The bandwidth of
the output pulse from the hollow fiber was 100 nm with 100 pJ in energy. The output pulse
was compressed with a pair of chirped mirrors with a negative group velocity dispersion
of -35 fs? per reflection. After 32 bounces set to compensate for material dispersion in the
setup, the pulse width was measured by single-shot autocorrelation to be 14 fs FWHM in
intensity. This pulse was sent to a Michelson interferometer to generate two collinear
probe pulses with adequate temporal separation. The time delay between the probe
pulses and the pump pulse was adjusted by a delay line set after the Michelson
interferometer. The polarization direction of the probe pulses was rotated by 90 degrees
from that of the pump pulse. Probe pulses were focused inside the gas jet with an /410
and a polarizer was inserted before the CCD to avoid stray light from the pump pulse.
Moreover, the injecting direction of the probe beam was tilted by 7 degrees with respect
to the pump pulse. This tilt caused the image to be asymmetric in the horizontal direction.
Work is underway to demonstrate that the principle can be applied to the collinear
geometry. The focal point of the pump pulse was imaged on the CCD with an /6 lens.



JAEA-Conf 2007-001

The spatial resolution was ~5 um with a magnification factor of 15. A commercial
narrowband filter with a 2.5-nm spectral width centered at 800 nm was put in front of the
CCD to obtain the spectral interference. The experimental results are presented in Fig. 4.
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Fig.4 2D interfered data (a) probe laser pulses before the pump laser, (b)first probe
pulse after the pump, but second probe after the pump pulse, (c)probe pulses after pump
pulse. :

The image in Fig. 4(a) was obtained when both probe pulses were earlier than the
pump pulse. The relative phase shift between both-probe pulses is then spatially uniform.
The images of Fig. 4(b) was obtained when the first probe pulse propagated in the gas,
while the second one propagated in the plasma produced by the pump pulse. These 2D
images correspond to the spatial distributions of the relative phase shift induced on the
second probe pulse by the plasma at an interval of 13.3 fs. An expansion of the plasma
region can be observed during this interval. In comparison with the image of Fig. 4(b), the
signal level of the image of Fig. 4(c) drastically decreased. The residual relative phase
shift in Fig. 4(c) is thought to be caused by the electron plasma wave excited by the pump

| pulse, although the temporal reconstruction of the electron plasma wave could not be
obtained due to the stability of the laser. The solid curve in Fig. 5 shows the spatial
intensity profile along the line A-A’in Fig. 4(b). There are 3 regions which correspond to
different charge state populations in the plasma. At 50 um < |y| < 90 um, the intensity is
lower than the ionization threshold of He*" and the phase shift is attributed fo
singly-ionized He only. At 15 um < |y} < 50 pm, the pump intensity is high enough to
produce He®*, in addition to He*. At ly] < 15 um, He was predominantly doubly-ionized
over the whole region.

_41__
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Fig. 5 Reconstructed data and theoretical calculation.

Theoretical calculations were performed and compafed to the experimental results.
The dash line in Fig. 5 shows the calculated profile which is consistent with the
experimental result. The inhomogeneous distribution of ionized He atoms resulis in
points of discontinuity separating the three regions also visible in the experimental
profile.

3. X-ray Laser Pump Probe Method.
Another interesting pump probe technique is introduced referring Dr. Zhang
Guoping, Inst. of Appl. Physics & Compt. Math., Beijing China.

Fig. 6 Cover page of Dr. Zhang Guoping presentation.

This was presented at the 2005 workshop on ultrahigh density plasma production,
application and theory for laser fusion, Oct. 9-13 2005, Nine Village Valley, China (Chaired by
Prof. Z. Lin & K.A. Tanaka). The experimental set up is shown in Fig. 7, where 13.9 nm x-ray
laser was set up for an interferometory.

—42 =
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Fig. 7 X-ray Laser Interferometry Set Up.

Ni-like x-ray laser was excited on a Ag target at 200 nJ level pumped by a 100 psec laser
pulse at 1053 nm at 100J. Another 1053 nm pump laser produced a plasma on a CH target
at 10" W/em? intensity. After the x-ray laser beam was split into two beams, one beam went
through a plasma formed by a pump laser pulse. Then two beams were combined together to
make an intereference image onto a CCD camera. The multilayered x-ray mirrors were used
with 30-40 layers. Similarly mulfilayered beam splitter was used at 20 % reflectivity and
transmission. The total transmission was about 0.75 %. The raw data obtained on the CCD
is shown in Fig. 8 where one can see fine intereference fringes change their directions

according to the plasma formation.
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Fig. 8 Raw data obtained in the interferometric system on a CCD.
The data was reduced to reproduce the plasma profile as shown in Fig. 9, where the left hand

side image shows the fringe shifts and the right hand side image shows that reproduced

plasma profile. The max density observed was about 3x 10% /c.c.
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Fig.9 Left: Reduced phase shift data, and Right: Reduced plasma density profile data.

3. Neutron Point Source Development
At KAERI, Korea, there have been a rapid development to deploy ultra-intense laser plasma
experiments.

Neutron generation experiment
o 2

Labore

ey for Quantum Opties KAERI

Fig. 10 Experimental Set Up of KAERI neutron generation. -

'Th‘is talk was presented by Dr. Yangjoo REE, KAERI, Laboratory for Quantum Optics, Korea
Atomic Energy Research Institute, KAERI:
S.M.Nam,J.M.Han,D.H.Kwon,K.T.Lee,Y.U.Jung,Y.K.Kim,J.H.Ha,
APRIELW.Choi,T.J.Yu,D.K.Ko,J.M.Lee. This was presented at the 2005 workshop on
ultrahigh density plasma production, application and theory for laser fusion, Oct. 9-13 2005,
Nine Village Valley, China. The experiments were conducted with a 30 fsec, 100 mJ, 10 Hz,
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P-polarized light. The light was focused onto a target via. f/3 45 degree incidence off axis
parabola mirror with F = 178 mm. The neutrons were detected with He3, CR 39, and faraday
cups. CR 39 data shows that a 0.5 x 10° neutrons/pulse.
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Fig.11 D2 Cluster Experiment for Neutron Generation
Also D2 cluster generation was also demonstrated. These facilities will be used for the

neutron damage study for reactor walls.
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3.5  Nuclear Photon Science with Inverse Compton Photon Beam
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1) Research Center for Nuclear Physics, Osaka University, Mihogaoka 10-1 Ibaraki, Osaka 567-0047,
Japan

2) . Kansai Photon Science Institute, Japan Atomic Energy Agency, Kizu, Kyoto 619-0215, Japan

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
y-ray beam. New directions of the science developments with photo-nuclear reactions are discussed. The
inverse Compton y-ray has two good advantages for 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.

Keywords: inverse Compton scattering, quark, hadron and nuclear structure, nuclear resonance

fluorescence, high intensity laser

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, inverse Compton scattering are used to obtain these photon beams. Starting from the
observation of X rays by Rg)ntogen 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.

Historically, the scientific developments have mostly been made by observing the emitted-, reflected-,
and absorbed-lights from the objects. Observations were made by naked eyes for a long time in human
history. The novel invention of microscopes in 1590 and telescopes in 1608 with optical-lens combination
changed the means of observation very much, and triggered to investigate the microscopic world as well as
the macroscopic world, the universe. After 400 years later, we have acquired the deep knowledge both on
the microscopic and macroscopic worlds: The basic elements of the microscopic world consist of quarks,
leptons, and their mediators (photon, gluons, bosons). The universe starts from a big bang, and creates
nuclear elements through various reaction processes in stars in the circular transmigration. Many of these
observations have been made by using the probe “photon”.

In case of the studies of the microscopic world, interesting developments are now going on. For
example, hadron physics are studied with GeV photon beam obtained via the inverse Compton scattering

of laser photons by & GeV electrons at SPring-8 [1, 2, 3]. Recent experiments report that a new hadron
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consisting of 5 quarks (two u-quarks, two d-quarks and one anti s-quarks (called Penta-quark particle) may
exist at 1540 MeV [4]. This report has triggered world-wide enthusiasm of further experimental and
theoretical researches since there is no explicit reason of quark theory to prohibit-the-existence of hadron
particles with four, five, six quarks and so on. Although the existence of the penta-quark particle are now
in controversial situation since the new high statistics experiments at the Jeffereson laboratory presented
the negative results on the penta-quark particle at 1540 MeV [5,6], this problem will be still discussed in
future until we understand the basic reason to govern the quark world.

Apart from the hadron physics with GeV photons, our scientific development with photons seems to
arrive at the birth of a new era. The laser beam is extraordinary intensified with the usage of new optical
crystals [7], making the laser acceleration possible. The operation of a high intensity free-clectron laser
(FEL) becomes feasible [8, 9], and it is possible to use a high power infrared laser with a kW level for
further applications in combination with electron beam. Surprising discovery has been achieved in
obtaining electron beam with laser acceleration in 2004 [10-12]. Considering these recent developments of
laser technologies, a new feasibility is now extended for a unique feasibility that is to utilize the inverse
Compton process for obtaining a high intensity photon beam in the MeV energy region. Since the inverse
Compton photons are naturally polarized, we can employ MeV y-rays for new experiments with
polarization observables. These samples are follows:

1. High precision measurements of nuclear resonance fluorescence and Mnossbauer effects are much
feasible for studying the nuclear structure, the basic symmetries like the parity non-conservation,
materials science, bioscience, and archeology.

2. Application of nuclear physics for astrophysics: Simulation experiments by producing high-flux g-rays
are feasible. We can approach to answer the questions concerning the nuclear synthesis in supernova
sites.

3. Application for nuclear engineering: A very small amounts of nuclear contaminant would be possible to
be detected if a high resolution and intensive photon beam is available.

4. Observation of basic quantum effects would be realized by using a high-intensity polarized photon
beam.

In the present report, I wish to review the history of photo nuclear science and to discuss new
developments in physics with the inverse Compton y-ray beams. In Japan, China, Taiwan and Korea,
excellent synchrotron radiation facilities are in operation or under construction. It would be a nice timing

to discuss the possibilities performed with inverse Compton photon beam.

2. What is the future of inverse Compton photon beam?

Recent technologies to deliver a high intensity photon beam are enormously enhanced with an
appearance of the 3™ generation synchrotron radiation facilities. Intrinsic feature of photon is the fact that
' photon is boson, which can be coherently overlapped in space and in time. For 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 E= 20-200 MeV with a resolution of about 5%
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[10-13]. One can say that the dream predicted by the paper of Tajima and Dawson [14] in 1979 really
comes true. The point here is the fact that we can really control a high intensity photon in space and time.

This feature is also used for the inverse Compton scattering process.

Fig.1: Scheme of 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 its energy by a factor of about 4
v* thanks to the relativistic effect, where
y=E,(MeV)/0.511(MeV) is the
Lorentz-FitzGerald contraction factor.
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Figure 1 shows a schematic illustration of the inverse Compton scattering. If the laser light is

backscattered to the electron beam direction, the maximum photon energy becomes

— 4vE?
! (m,c*)’ +4vE,’

where v is the energy of incidence laser, E, is the enefgy of the electron beam, m, is the mass of electron.
The detailed description has been given in many text books. The features of the inverse Compton
scattering are 1) high energies, 2) high linear and circular polarizations, 3) short pulse width, and 4) high
emmitance. All these features stems from the properties of the electron beam. It is noted that when the
energy of the incidence laser photon is relatively high compared with the electron beam energy, almost
mono-energy beam is available [15-19]. Thus, using this principle, it is possible for us to obtain the
quasi-monochromatic photon beam at high energy.

An important question to be addressed is “how can we generate a “high intensity photon beam?”. Tn
fact, the intensity of photon beam is weak in the past; this is a serious disadvantage in case of the nuclear
physics experiment since the hadron beam intensity is now exceed to 10" /second whereas the photon
beam intensity in the MeV — GeV energy region remains at the level of 10° /second. This long unfavorable
situation for photon beams is now at the turning point thanks to the recent novel developments of D)
short-pulse and high-intensity electron gun, 2) acceleration of electron beam, 3) control system with
high-speed personal computers, 4) 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 (6x10'7 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 pm, the laser energy is about 0.01 ¢V The photon intensity is
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6x10%° /second. Assuming the laser and electron beams can be focused with the same size of the order 1
mm” and the inverse Compton process is used for obtaining a MeV photon, the intensity of such photons is
estimated to amount to 10" /second. This possible 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 5x10"
becomes feasible in the near future. For example, Ruth et al., [20,21] 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 3™ 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) have been done in recent years. A high
power FIR laser of 10 kW class is competitively developed [9, 22]. As an promising extension of this rapid
scientific developments, the construction of the energy recovery linear-accelerator (ERL) facility is
discussed [22]. If the dream comes true, the photon intensity from the inverse Compton scattering will
reach at 10" /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. 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 10" /second will be realized, the world of
these studies will be completely changed.
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Fig. 2: Synchrotron radiation with a single
electron and an electron bunch with a
number of N. If the N electrons in the

T bunch are bent in coherent in a dipole
magnet, the synchrotron radiation from the
electron bunch is enhanced by a factor of
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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. Fig.2 illustrates what happens for the synchrotron
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 electron number included in the beam 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
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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

LAy

University [24].
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Fig.3: Compton scattering processes of photons from (a) single electron, (b) atomic nucleus
with a charge Z, and (¢) a beam bunch with N electrons. The scattering cross sections are given
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respectively.

Second, we consider the case of the inverse Compton scattering. Fig.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 Z°. Since the individual protons i the 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" 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 n 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 N2X0'T, where or, 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 frap the electrons in the beam bunch with a
special potential. The key ingredient is the method for generating the trapping field of electrons. On the
basis of the idea given by Hartemann et al. [25], 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
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group in the beam would be confined in the laser potential for a short period. In the same instance, we
shoot the electron beam with another laser light divided from the same laser. For example, if 1000
electrons associated with the coherent scattering, the cross-section of the inverse Compton scattering is
enlarged by a factor of 10°. This means that the reflectivity of the laser becomes large, and the laser energy
is boost up by a y* factor as well. The possibility of achieving at the coherent scattering with many
electrons is not small: The electron beam bunch with an intensity of pA with MHz repetition contains
about 10° electrons. If 1/1000 of 10 electrons is trapped in the laser potential in the short period of the
laser irradiation, the cqherent Compton scattering is available. Such trails with the N? effect in coherent
inverse Compton scattering are made to generate a high flux X-rays and for the application of cancer
therapy [16-19].

Fig. 4: Scheme iltustration of the coherent
. o backscattered Compton process via the
P “\J/"é:;ﬁ{’éfﬁﬁﬁ%%%j‘fﬁ“’“ 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
Laser creates pofential to ~ Lactor of about 4 v* thanks to the relativistic
confine electrons effect, where y=£,(MeV)/0.511(MeV) is

S N % “ W ﬂ%ﬁ@f%f;ﬁfﬁ» the Lorentz-FitzGerald contraction factor.
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(NE} Inverse Compton scaitering
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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 (Ne)z, where N is the number of
electrons associated with the collision
process.

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 N? effect.
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Another possibility of testing the N* effect is to use the electron beam from the laser acceleration. Recently,
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the laser acceleration of electron beam has been realized [7,10-12]. 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 pm.
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.

4. Nuclear Photon Science with high intensity y-rays

A famous study of the nuclear structure using a photon beam has been made by Bothe and Gentner in
1937 [26]. They obtained the cross-section for the “Cu(y,n) reaction from the radioactivity induced by
y-radiation from the Li(p,y) reaction. The cross-section value is about 5x10° cm?, which corresponds to
those of exciting the giant dipole resonances (GDR) in nuclei. Actually, the existence of such GDR
excitation mode has been commonly recognized from the work by Baldwin and Klaiber [27] in 1947.
Since then, many discoveries were reported on the nuclear level excitations. The “nuclear giant
resonances” have been one of the important subjects in nuclear physics for long time. “Photon” played an
important role to probe the nuclear structure because the nature of photon is completely well understood in
terms of QED. It should be noted that the observation of y-ray de-excitation is also a powerful tool to study
nuclear level structures.

Needless to say, the discovery of nuclear resonance fluorescence (NRF) is a benchmark event in the
development of nuclear physics. Especially the finding of the recoil-less NRF by M ssbauer brought a
great benefit for the materials science. Combining NRF methods with a high-resolution Ge detector,

nuclear structure has been studied for many stable nuclei [28-30].
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Fig. 6: Schematic drawing to explain the
production mechanism of p-nuclei in the strong
photon field at supernova explosions. At the
death of a star with a mass by about twenty
times heavier than the mass of the sun dies, the
core irons in the heavy star start to capture
electrons and explode. As a result, nuclei at the
core of star become neutron rich, leading to a
neutron star. However, nuclei at the outside of
the supernova star capture neutrons, and become
heavier. This heavy nuclei are irradiated with
extraordinary strong photons from the supernova
explosion at the star center. There is a possibility
to make neutron deficient nuclei after repeating
two (y,n) processes. This kind of nuclei is called
“p-nuclei”. (by courtesy of T. Hayakawa).

In recent years, the demand to study the nuclear synthesis processes with photons increases since

some new observations in cosmos are reported. Especially, the nuclear synthesis at the site of supernova

explosion is considered to be of importance in understanding the story to create nuclear elements from
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light to heavy. In order to experimentally simulate the nuclear reaction processes in the photon fields at the
supernova site, a extremely high-intensity photon-beam is required.

Figure 6 shows a scheme to illustrate the creation process of p-nuclei at the supernova site. The
mechanism of the p-nucleus synthesis was one of the mysteries in astrophysics. Hayakawa et al., [31]
conclude on the basis of the systematic nuclear-abundance ratio and of the theoretical network calculation
that the p-nuclei are created by sequential two (y,n) processes in ultra-high y—ray fields at the supernova
site. It becomes gradually clear that in our solar system, the elements up to heavy uranium are synthesized
by repeating supernova explosions several times and the s- and r-processes in stars of the Galaxy. Further
detailed studies of the nuclear synthesis in cosmos are needed for understanding the birth history of the
solar system, and the earth. Especially, the explosion mechanism of supernovae is remained as an unsolved
problem. For this purpose, knowledge of detailed nuclear structures of the fp-shell nuclei is still required.
The NRF experiments with high-intensity photon beams at E, > 5 MeV are useful to understand the level
structures concerning the E1 and M1 excitations. The information on the M1 strengths in nuclei is
especially important for the neutrino absorption calculations for construction of a large-scale detector to
detect the supernova neutrinos, which are expected to appear within a few seconds. Thanks to the recent
developments of nuclear theories, more sophisticated experiments are also required to refine the theoretical
calculations. On basis of the new developments of shell-model and alpha-cluster calculations, new
experiments for photo-absorption processes are necessary for further improvements of theories.

If a high-intensity photon beam via the inverse Compton scattering process, a great benefit in physics
experiments is “linear and circular polarization”. Circular polarized photon beam is useful for the parity
non-conservation (PNC) experiment to study the weak-boson and nucleon coupling in nuclear medium.
The origin of B-decay is now well understood as a manifestation of the exchange process of charged weak
bosons, W' and W after the discovery of mirror symmetry violation in B-decay by Wu [32], following the
suggestion by Lee and Yang [33]. Observations of the PNC effect in nuclear excitation are not quite new.
The trial to observe the PNC effect was first reported by Tanner in 1957 [34], followed by the famous work
of Feynman and Gell-Mann [35] for the universal current-current theory of weak interaction. In the PNC
effect in nuclear excitations, neutral weak boson Z° is responsible, and strongly coupled with the vertices
of strong forces. The details of the PNC kstudies were reviewed, for example, in Refs [36-39]. The current
problem is originated from the fact that weak meson-nucleon coupling constants deduced from various
PNC experiments are not consistent. Haxton et al., [40] concluded that the experimental PNC results are
still not satisfactory and more experimental as well as theoretical studies are needed.

Common methods of experimental PNC studies are to measure the parity mixing between the
parity-doublet states. In the traditional experiment, one of the doublet levels is excited in the nuclear
reaction. Then, the PNC effect is appeared as the asymmetry of emitted circularly polafized photons.
Emitted circularly polarized photons are very difficult to be correctly measured.

Recently, we propose a new method for measuring the PNC effect in nuclei by measurihg the
excitation and de-excitation of the parity doublets using NRF [41, 42]. Let us consider electromagnetic

excitation and decay of the lowest excited 1/2° (E,=109.9 keV) state in F as an example. It is assumed



JAEA-Conf 2007-001

that the ground state with J*=1/2" and the first excited state with 1/2” are the parity doublet. In this case,
the first 1/2” (Ex=109.9 keV) state in "°F is excited by NRE. In the previous experiments for the circular
polarization measurement of emitted y-rays, one of the doublet levels was excited via a ﬁuclear reaction,
and the admixture of the configuration of the opposite parity was manifested as the asymmetry A of y-rays
emitted from the excited states with a polarization, or as the circular polarization P of y-rays emitted from
unpolarized excited states. In the case of the 1/2° = 1/2" transition in 19F, the PNC value is reported as
-8.5x10° [43] with 30% error bar. In case of '°F, a high intensity photon source from the synchrotron
radiation facilities at SPring-8, ESRF, and APS is avaiiable for the PNC measurement. At SPring-8, the
intensity from a Wiggler system reaches at 10** photons/second at E,=109.9 keV with an energy width of
about 0.1 keV. The NRF events for exciting the 109.9 keV 1/2” state are expected to be around 10® /second
for the LiF target with a thickness of 0.5 c¢cm. This NRF event rate is high enough to examine the
theoretical formula presented in the present work.. .

Figure 7 shows a sample NRF spectrum measured with a Ge detector at SPring-8 using a Wigller beam
[44]. A strong excitation of the 1/2° 109.9 keV level in "F is demonstrated. The accuracy of the
measurement depends on the details of the experimental set-up (counting rates, detection solid angles etc.).
According to our estimation we expect to achieve the accuracy better than 10-20% for one week
measurement, which exceeds considerably the previous experiments in the traditional design. A serious
difficulty stems from a high counting ratio of the Compton scattered y-rays as backgrounds. One method to
overcome this problem is to use a multi-segmented detector in order to greatly reduce the counting rate of
each detector and obtain the necessary total counts of 10'® as the NRE events. The use of newly developed
lutetium oxyorthosilicate (Lu,SiOs, LSO) and lutetium-yttrium oxyorthosilicate (Luz(l_x)Y?‘xSios, LYSO)
crystals with a decay constant of about 40 ns and an energy resolution of 7-10% is also promising for the
NRF measurement with a high-counting rate. Another way is to obtain a photon beam with an ultra high
 resolution of AE/E =10 - 10°S. In this case, the background photons due to Compton scattering are greatly
reduced, and the y-ray events due to the NRF process are relatively enhanced to get a high counting rate

necessary for performing a high-statics PNC measurement.
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If a high-energy photon beam with a high-intensity stronger than 10® /second will be realized in near
future, the following experiments, which have been difficult to be performed due to the lack of intensity,
are feasible.

1) NRF studies of nuclear structure:
The NRF process is only favorable to excite with the E1 and M1 modes. With linear polarized photons,

E1 and M1 excitations are determined without any theoretical ambiguities. Samples of such experiments

are relevant to

a) the transitions between the octupole-deformed states with the same spin and with different parities in

the mass of about 180,

b) the collective excitations of scissor or troidal modes in medium-heavy nuclei,

c) photo-nuclear fission

d) E1 and M1 excitations near the particle emission thresholds for the network calculations in

astrophysics.

For this purpose, we need to obtain the y-ray beam with an energy higher than several MeV, which is only
successful with the inverse Compton process. There are additional important studies that are relevant to the
nuclear transmutation with (y,n) reactions, the materials science with polarized positrons, the M ssbauer

effect measurements with the NRF photons, and the medical application of the high-intensity photons.

5. 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. The subjects to be
studied with such photon beams are 1) astrophysics applications of nuclear physics to draw the story‘of
- nuclear synthesis in the universe, 2) nuclear and hadron structures with high intensity and high polarization
photon beams, 3) studies of basic symmetries in the nuclear and atomic processes, 4) feasibility studies of
nuclear transmutation technologies with high-intensity photon beams in the energy range of 10-30 MeV, 5)
application of polarized photon beams to generate polarized positrons, which are useful for materials
science developments, 6) new technologies to generate the high intensity MeV photons with a full usage of
the quantum effect of coherency.

Recently, in Japan, South-Korea, China, Taiwan, US, and EU countries, many scientists discuss to install
the beam lines fof 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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3.6  Recent Progress on High Energy Particle Generation at CRIEPI
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o *Tokyo Institute of Technology (T.1.T), Japan
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Energetic particles, such as proton and x-ray, were generated by an ultrashort-pulse laser and their
characteristics were investigated. In our experimental condition (10"*10" W/em?, 55-400 fs), the
dependencies of the maximum proton energy (E, ... ) on laser pulse duration were close to the value
expected by the expansion model and E), ,... depends on not only the laser intensity but also the laser
fluence. This tendency is also in good agreement with the GIST experimental results. As for a pre-pulse
effect, we find it is useful for electron generation, but not good for proton acceleration. We have also
demonstrated near 1 MeV protons with the laser energy of only 30 mJ by optimizing focusing spot using a
deformable mirror. In addition, preliminary data of x-ray generation and x-ray imaging have been

obtained.
Keywords: Ultrashort pulse laser, Proton generation, X-ray generation

1. Introduction

Generation of high-energy particles by irradiation of ultrashort-pulse laser is expected to have diverse
applications, such as compact particle accelerators, fast ignitors for laser fusion, and medical applications
such as positron emitter production and cancer therapy [1]. Because the system can be compact and
spatiotemporal controlling is very easy. Therefore, in future, we would like to use these systems for
application in electric power industry. At the present sage, our objects are (i) generation of high energy
particles using ultrashort pulse laser. (ii) investigation of characteristics of particle acceleration to find
effective acceleration. Here, we introduce our recent progress on high energy particle generation at

CRIEPL

2. Proton generation

In this section, the characteristics of energetic ion emission in the medium laser intensity region around
10" W/cm? will be presented. The laser was a Ti: sapphire laser of which laser pulse duration was about
50 fs, and could be extended to about 400 fs at the maximum by adjusting grating distance in a pulse

compressor. The laser energy on targets, which were usually 5 um-thick copper tapes, was around 200 mJ.
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In our experimental condition, the dependencies of the maximum proton energy (E, nax ) [2] were close to
the value expected by an analytical plasma-expanding model [3]. According to this model, E, ,,., increases
with laser pulse duration. Therefore, ), ... depends on not only the laser intensity [W - pmz/cmz] but also
the laser fluence [J + pm*/cm’]. As a result, even a longer pulse laser such as a sub-ps laser is also effective
for ion acceleration.

This tendency is also in good agreement with GIST experimental results which were conducted with
JAEA and GIST using a GIST laser (Feb.-Mar. 2006). The experimental conditions were close to our
brevious one. Laser intensity was on the order of from 10" W/em? to 10" W/em? . Irradiation angle was 45
degree. A tape of 5 um Cupper was used as a target. Typical data are plotted on the Fig.1. Laser energy of
black data is approximately twice of gray data. 38 fs was the shortest pulse duration at that time and 103 fs
was the optimum condition. Basically, proton energy was higher than CRIEPI’s data at the same laser -
intensity and laser fluence. It is probably because that the optimization, of such as target position and
prepulse condition, was better than ours by using time of flight method. When the laser energy was kept
constant, the difference in E, ;4 is small (compare (i) with (ii), or compare (iii) with (iv) in Fig.1(a)).
However, when we compare (i) with (iv), although laser intensities are close to each other, E, ,a 18 higher
for longer pulse duration. This results agree with our previous data and the expanding model. In addition,

the scaling of E, ., with laser fluence is also good agreement as shown in Fig. 1(b).
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Fig. 1 Scaling of E, ;i () E, max Vs laser intensity, (b) E, . vs laser fluence.

We also investigated the influence of pre-pulse on ion acceleration [4]. By adjusting timing of a
pockel’s cell after a regenerative amplifier, we increased the pre-pulse intensity at around 5 ns from <10”
to order of 107 compared with the main pulse. When pre-pulse level was increased, the irradiated laser
target was supposed to be under dense plasma because transmitted laser light was observed. In this under
dense plasma condition, the ion energy emitted from the rear of the target was a few times less than the
over dense plasma condition. Along with the plasma peak density changed from over dense to under dense,
a transition of proton acceleration from the forward to the radial direction is observed, and in the latter case
energetic protons are emitted radially and slightly forward. In addition, E, ,... was increased with the

product of the target thickness and the mass density.
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We measured proton source size using a method like pinhole camera. When combined with Thomson
mass spectrometer, energy resolution is more precise and discrimination of ion species is possible. The
typical source size was 150 pm at 400 keV and 40 um at 1 MeV for 55 fs, 6.6x10"® W/cm? condition [5].
The size was large, more than four times the laser spot size of 4 x 11um’ . These values are similar with
other group’s reports [6]. When the dependence of source size on proton energy is fitted by power-law
scaling for some laser conditions, power-law exponent decreases as laser intensity increases, which means
that the variance of source size is larger for a higher laser intensity [7].

As for target material, when the polyimide tape target of 7.5 um thickness was irradiated with the laser
energy of 430 mJ and the pulse duration of 100 fs, the observed maximum proton energy was 3 MeV
which is larger than the threshold of *O (p,n) '°F [8]. For efficient proton acceleration, polyimide was
suitable for a tape target because it contains much hydrogen and has a small mass density and a high
tensile strength. We also demonstrated near | MeV protons with the laser energy of only 30 mJ by

optimizing focusing spot using adaptive optics [9]:

3. X-ray generation

Effective nondestructive diagnostic techniques are desired to inspect stress corrosion cracking and
plumbing recession in power plants. x-ray generation using T-cubed laser is expected to be a useful
diagnostic tool for power plants becaﬁse of its possible high spatial-resolution, compactness and easy
controlling. Here, we would like to introduce our x-ray generation experiment. Basically, the experimental
setup was similar with that of proton acceleration. For x-ray generation, instead of Smiron Copper target, a
thicker target is preferable because interaction length is need for bremsstarlung. But here, at first step, we
used the same 5 um thick Copper tape as a target. Main differences were detector setups. Ionization
chamber was used for dose measurement and x-ray image intensifier (X.I1.1) with CCD camera was used
for x-ray imaging. Figure 2 shows the signal decay with tungsten filter thickness. Both axes in the figure

are normalized for generalization.
We determined x-ray temperature 7, like electron
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temperature. Usually, temperature is determined by
fitting energy spectra with boltzman distribution (75;
dN,/dE ocexp(-E/T,) ) But here, we estimated x-ray
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temperature from signal decay using simulation code of
Geant 4. Geant 4 is the abbreviation of geometry and
track and is made by mainly CERN in France for the
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simulation of the passage of particles through matter. Its

Ion chamber signal (arb. unit)

areas of application include high energy, nuclear and (l) : 1‘ 0 ; 92 0
accelerator physics. Using this code, we can calculate the ] ' ’ ' ’

L ) Filter thickness x density
absorbed energies in ionization chamber for different (g/cm?)

filter thickness and different assumed temperatures.
Fig.2 Ion chamber signal vs filter thickness
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Compared normalized signals with simulation data, we estimated x-ray temperature to be 120 keV.

We also demonstrated x-ray imaging of some samples as shown in Fig. 3. These are preliminary data
and not optimized yet. Figure 3(a) shows a x-ray imaging of integrated circuits placed at outside the
chamber. Another sample shows copper plates. There were five copper plates, each thickness was 1mm
and was slightly shift each other. It is difficult to distinguish the boundary between 4mm and Smm. We

think x-ray intensity was not enough because x-ray with 150 keV can pass through 10mm thick Nickel.
A similar demonstration  (a) (b) ’

was also conducted in GIST

' thickness
o Omm

experiments. Imaging plate
(IP) covered with Al was
placed outside the chamber

(SUS 8 mm) and upper of

target normal axis because
Fig.3 X-ray imaging demonstration using CRIEPI laser and X.L.I. (a)

i i 4 .
this experiment was integrate circuit, (b) Cu plate

conducted in proton
acceleration  experiments @) (®)
and another detector was
located at the target normal
axis. Some kinds of bolts as
‘shown in Fig.d(a) were

attached to IP. Accumulated .

e el o R
. - Fig.4 X-ray imaging demonstration using GIST laser and IP (a) IP and
various conditions and the Bolts, (b) Readout data

shots were about 100 with

reading was conducted in CRIEPI two days after the experiments. Althogh we could not obtained sharp
images, we can see some bolt figures through 8mm thick SUS (Fig.4(b).These signals were thought to be
mainly contributed by x-ray because 8mm SUS chamber wall is enough to decrease electron. More clear

images will be obtained by more shots and by setting IP on target normal axis.
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3.7  Characterization of a proton beam driven by a high-intensity laser
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High-energy protons are observed with a 3 pm thick tantalum target irradiated with a high intensity
laser. The maximum proton enegy is ~900 keV. The half angle of the generated proton beam (> 500 keV)

is about 10°. Characterization of the proton beam will significantly contribute to the proton applications.
Keywords: High intensity laser, Proton beam, Preformed plasma

1. Introduction

High-intensity laser and matter interactions have been extensively investigated. High-energy ions
induced by laser-matter interactions have been observed experimentally [1-6]. The proton beam driven by a
high-intensity laser is paid attention as a compact ion source for medical application [7]. In order to develop the
laser-driven proton beam, characterizing the proton energy distribution and beam divergence are important as

well as achieving high energy.

2. Experimental setup

We use a Ti:sapphire laser system at Central Research Institute of Electric Power Industry [8). The
central wavelength is 800 nm and the pulse duration is 70 fs [full width at half maximum (FWHM)]. The
intensity ratio of a prepulse at 5 ns before the main pulse versus that of the main pulse is measured to be
~10° by a photodiode detector. Figure 1 shows the schematic view of the experimental setup. A
p-polarized laser beam is transported into a target chamber and is divided into main and probe beams by a
beam splitter. The main beam is focused by an off-axis parabolic mirror with a focal length of f= 179 mm
and an incident angle of 45°. The focal point of the attenuated laser beam is imaged with a magnification
of ~30 with an achromatic lens and detected by a charge-coupled device (CCD) camera. The spot size is 7
pm (FWHM) in vertical x 8 pm (FWHM) in horizontal, containing ~28 % of the energy estimated from
the profile of the focusing pattern. In this condition the estimated peak intensity is up to 2.7x10"* W/em®
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with the energy of 250 mJ at the target surface. A tape target driver provides a fresh surface of the 3 um
thick tantalum (Ta) target with a width of 5 mm [9]. The probe beam is frequency-doubled with a 2 mm
thick KDP crystal (Type-I). The pulse duration of the second harmonic pulse is estimated to be ~200 fs,
which comes from an effect of group-velocity

dispersion. We use both fundamental (800 nm)

and second harmonic (400 nm) pulses as an Off-axis
optical probe beam [10]. The two-color probe parabolic
beams pass through the optical delay line. A mirror
linear translation stage is used to vary the delay  f=179mm

Main beam
between the main and probe beams. Interference ' .

fringes are produced using a Fresnel biprism with
an apex angle of 176° and fringe separation is ,
. . . Target (Ta)
adjusted by the position of the Fresnel biprism ]
[10-12]. The plasma image is magnified by a
factor of ~10 and detected by the CCD camera. Probe beam
The intensity of the probe beam is attenuated by
neutral density filters so as to fall within the
dynamic range of the camera. We place the
narrow-band interference filters with the band ‘ t I'f t '
pass width of 10 nm for each wavelength in front nierrerometer
of the CCD cameras to reject unwanted emission

Fig.1E imental setu;
from the plasma. ig.1 Experimental setup

3. Experimental results

We observe a preformed plasma with the interferometer [10,12]. The preformed plasma at the front
side of the target is generated by a prepulse with a high-intensity Ti:sapphire laser pulse. An expansion size
of the preformed plasma is ~60 pm. On the rear side, no fringe shift is observed within the region ~30 pm
away from the original surface.

We measure the x-ray, electrons, and ions generated from the main laser pulse interactions. The
x-ray image of the plasma is observed by using the pinhole camera with the 0.8 pm thick aluminum (Al)
filter for each shot. This measurement indicates that the spatial stability of the target is less than a few tens
of um. High-energy electrons and protons are observed by using the Thomson parabola ion energy
analyzer and the magnetic electron energy spectrometer at the rear side of the Ta foil target {13,14]. The
electrons with energies up to ~2 MeV are observed. Figure 2 shows the proton energy spectrum measured
with a Thomson parabola ion energy analyzer. The maximum proton energy is ~900 keV. In order to
investigate the angular distribution of the ion emission, we use CR-39 track detectors with a 5 pm thick Al
filter. We observe the proton emission only in the target normal direction. The half angle of the proton

emission with energies above 500 keV is approximately 10°.
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4. Summary - 1012 gl LRI I T T T I T T T T T T T L
High-energy protons are observed with a E . F ]
= E -
thin-foil tantalum target irradiated with a high 2 10 ¢ E
= 3
intensity Ti:sapphire laser. The maximum proton }Va’ 10" L o ]
enegy is ~900 keV. The half angle of the § g ° o
= 9
generated proton beam (> 500 keV) is measured 7 10 E‘ ° o E
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with a CR-39 track detector and is about 10° . < 5| °
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Study of x-ray emission enhancement via high contrast femtosecond laser
interacting with solid foil
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M. H. Xu, X. H. Yuan, Y. T. Li, Q. L. Dong, J. Zhang
Institute of Physics and China Academy of Sciences, Beijing 100080, China

We studied the hard x-ray emission and the Ko x-ray conversion efficiency (7x) produced by 60 fs
high contrast frequency doubled Ti: sapphire laser pulse focused on Cu foil target. Cu Ko photon
emission obtained with second harmonic laser pulse is more intense than the case of fundamental laser
pulse. The Cu 7% shows strong dependence on laser nonlinearly skewed pulse shape and reaches the
maximum value 4x/0” with 100 fs negatively skewed pulse. It shows the electron spectrum shaping
contribute to the increase of 7. .

Keywords: X-ray emission, Conversion efficiency, KDP érystal

L. Introduction

The availability of intense femtosecond laser pulses [1] opens a new laser-solid interaction regime in which
intense laser pulses deposits onto a solid faster than the hydrodynamic expansion of the target surface. Hot
clectrons generated via collective absorption mechanisms such as resonant absorption (RA) [2] or vacuum
heating (VH) [3] penetrate into the solid target to produce hard x-rays via K-shell ionization and
bremsstrahlung [4]. This kind of intense and ultrafast hard x-ray source has a number of interesting
applications for medical imaging techniques [5].

Control and optimization of the hard x-ray emission produced by high intensity laser-solid interaction
requests an understanding of several mechanisms. Several groups have already reported x-ray emission
experiménts relying on sub-picosecond laser systems [6-12]. Previous works [6,7] used hundreds of
femtosecond laser pulse produced by CO, or Nd laser systems. Plasma density gradient steepened by
ponderomotive force and satisfy the optimal conditions for RA, which is the main heating mechanism at this
regime. Recently, it has shown that the use of shorter laser pulse durations less than 100 fs involve new x-ray
emission processes. Eder et al. reported observing a maximum in Ko emission when the target was placed
away from best focus [8] and qualitatively explained with the re-absorption of produced photons inside the
target. Based on optimal scale length for RA, Reich et al. [9] theoretically presented a scaling law to estimate
the optimal laser intensity and predicted a reduction of the hard x-ray yield if the laser intensity is higher.
Zhidkov et al. [10] studied prepulse effects with a low contrast fundamental 42 fs laser due to presence of ASE
and showed the presence of a large plasma gradient L/A=2.5 at modest laser intensities laser. They observed a
decrease of the laser energy absorption for shorter pulse duration with constant laser energy, which was also
proved by Schniirer et al. in experiment [11], and they reported the critical influence of the plasma gradient for
the hard x-ray emission via the resonant process. All theses publications proved that there is a limitation for
hard x-ray enhancement with laser intensity based on RA when tens of f5, low contrast laser are used.

In this report, we show a breakthrough for this limitation of hard x-ray enhancement in the case of high
contrast relativistic fs laser pulse. Cu Ko photon exhibits a higher flux when we work with a high contrast
laser pulse at 400 nm. The yield of x-ray emission can be controlled and optimized via detuning compressor
gratings positively and negatively. The maximum 77x can reach 4xI/ 0 for 100 fs negatively skewed pulse
irradiation.
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I1. Experiment

The experiments are realized with the high intensity Ti:
Sapphire laser system on Lab of Optical Physics, Institute
of Physics of China Academy of Sciences. The laser
delivers a maximum output energy of > 300 mJ after
compression with a pulse duration of 60 fs. After
compression, the prepulse from 8 ns before the main pulse
is better than /x/0° monitored using fast photodiode. The
laser contrast for picosecond pedestal obtained using s high
dynamic range third-order femtosecond auto-correlator
(Sequoia) is IxI10° (see Fig. 1a). A type I potassium
dideuterium phosphate (KDP) frequency doubling crystal
(1 mm thick) is used to get the 400 nm second harmonic
pulse. The double-frequency conversion efficiency of the
KDP crystal is about 35% at 200 GW/cm® intensity. The
infrared is almost rejected by passing the beam over 4
dielectric coated mirrors. This increase a pulse contrast
ratio compared to the picosecond pedestal > 10® and > 10"
in the ns time window. Finally the p-polarized laser pulse is

Relative intensity

500 0 500

Time (fs)

1000

Figure 1: Temporal distribution for low-contrast
800 nm pulse (dashed line)/high-contrast 400 nm
pulse (solid line). The 800 nm pulse distribution is
probed by cross-correlator. The 400 nm pulse
distribution is estimated from 1(400)~12(800).

- obliquely incident on the target at 45° by an /3.5 parabola mirror in a focal spot diameter of 10 pm (FWHM)
with an average /x10"® W/em’ intensity. By means of a A/2-plate p- or s-polarized light could be used. Cu foil
target with thickness 5 pum was used in experiments. The measurement of the x-ray spectrum and the

determination of the 7% are made with a single photon
counting x-ray LCX-CCD camera [6] placed 1.5 m away
from source as a dispersionless spectrometer. An electron
spectrometer with permanent magnetic field B=1000 Gs is
used to detect electron spectrum [12]. Imaging plate is used
as detector in spectrometer and also used for electron
angular distribution measurement. The x-ray emission size
is measured by the knife-edge imaging technique [6]. The
FWHM of fitted Gaussian function shows source size ~10
pum in 400 nm laser irradiation, implying no evident plasma
expansion in this case.

Pulse duration is increased by detuning compressor
grating but then the uncompensated linear or B-integral
phase reduces pulse contrast. We were able to vary the
laser pulse duration from 60 fs up to 2 ps by changing the
distance between gratings at constant laser energy. Distance
increasing  (decreaseing) will cause incomplete
compensation of accumulated phase nonlinearities results
in negatively (positively) chirp pulses having a gentle
(steep) rise time [13]. For a sample pulse, the integrated
rising edge energy, normalized by the case of 60 fs, are
0.98 and 2.14 for laser with pulse duration 100 fs positively
skewed and 100 fs negatively skewed respectively. It
shows that positively skewed 100 fs pulses are provided
with almost the same rising edge as the case of 60 fs laser
pulse, whereas the negatively skewed one has double
energy in rising edge. This is a key factor for following
experimental phenomena. The development of preplasma
for high contrast laser was calculated using hydrodynamic
code HYADES. A double Gaussian fit to the temporal
pulse shape was used and an estimate of prevailing plasma
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Figure 2: (a) Cu hard x-ray spectra produced by 800 nm
‘solid line)/400 nm (dotted line) laser at /x10'® W/cm’. (b)
Cu Ka conversion efficiency as a function of laser pulse
width at negatively (solid circle) or positively (solid
square) skewed in P-pol. laser, also negatively (open
circle)/positively skewed (open square) in S-pol. laser.
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scale length (L/1) before the arrival of the high intensity pulse was obtained. It is 0.1, 0.05 and 0.04 correspond
to 100 fs negatively skewed, 60 fs and 100 fs positively skewed pulse respectively. -

Figure 2(a) represents shows the spectra measured on a Cu target with an x-ray CCD camera with
following parameters: 60 fs, 100 mJ, Ix10" W/cm® at 800 nm (solid line) and 400 nm (dotted line) wavelength
in p-polarized laser. We observe that the Ko yield at 400 nm is higher than at 800 nm by a factor of 2. The Cu
Nk in 27 steradian reaches ~/x/ 0 at this intensity. It should be noted, however, that the x-ray spectrum is not
distributed in Maxwellian and an evident energy cutoff
(E ~ 20 keV’) exist, which also predicted in Ref. [10]. In
order to optimize Cu 7k, we introduce slight long pulse
duration with nonlinearly skewed pulse shape. Figure
2(b) represents Cu 7x as a function of laser pulse width

at negatively skewed (solid circle) and positively 10000
skewed (solid square). It shows Cu 7% with negatively 8000 ]
skewed 100 fs pulse width reach a maximum as 4xJ0™ 60001
and almost 5 times greater than the case of positively .
skewed pulse. However, for S-polarized laser incidence, - ol
Cu 7g (dotted line) is 3 folds lower and do not show o
evident pulse chirp dependence. It simply reduces as 200
increasing the laser pulse duration. .

A higher g for a 400 nm laser pulse corresponds to 2000
a higher laser energy absorption by hot electrons. 10000 ]

According to Freshel’s equations prediction and Price’s
experimental results [14], inverse bremsstrahlung (IB)
decreases for an increasing intensity, whereas in our 30— : :
results the x-ray emission increases as a function of the
laser intensity. Therefore, it implies that an additional
absorption mechanism is stimulated. If we consider
that RA is the main additional mechanism to generate
hot electrons [2], a 800 nm laser pulse should be more
effective than a 400 nm one because the later presents
a much weak pedestal which induces a smaller L
(<0.13) that is far away from optimal scale length for
RA[15]. However, our measurement doesn’t agree with
this assumption. Simulation shows VH dominates RA
for steep density gradi]%nt [3, 126]. In our laser condition  gjoure 3: Hot electron detection in case of P- and S-
with intensity of Ix10° W/cm®, the plasma scale length polarized laser irradiation. (a) Angular distribution of hot
is 0.05A according to our hydro-calculation and Ref  electron observed in case of P-polarized laser (solid line)
[17] in similar conditions. It agrees with the necessary ~ and S-polarized laser (dashed line) interaction. (b) Hot
i . . . electron spectrum observed in case of P-polarized laser

condition to stimulate VH: X,,.> L. It also satisfies the (solid line) and S-polarized laser (dashed line) interacti

. o P . solid line) and S-polarized laser (dashed line) interaction.
optimal condition for VH: V,./c23.1(L/4)° [16] in
which Vo..=eE/m.w is the electron quiver velocity in the laser field that is governed by the quiver energy:
Eq=mc2[ (1 +2U1,/mc2 )]/2—] ], where Up(eV)=9.3x1 0™12% is the ponderomotive potential. The most important
evidence is the cutoff energy we detected, i.e. 20 keV, which rationally fit for the scaling law of VH: E,=15
keV. The x-ray emission size we measured confirmed our electron energy measurement. The x-ray emission
size generated by 400 nm laser is 15 = 5 um. This value is much smaller than in the case of 800 nm laser pulse
(>80 um) [12]. Therefore, we conclude VH is stimulated and may be the main absorption mechanism in our
_ experiment.

Hot electrons generated by intense laser field are responsible for producing characteristic and
bremsstrahlung x-ray radiation as they interact with a solid target. Therefore, it is important to determine the
energy spectrum and angular distributions of fast electrons, which are generated by P- and S-polarized laser
fields. As figure 3 shown, fast electron emission is concentrated in target normal and specular reflection
direction in case of S-polarized laser incident. For P-polarized laser irradiation, electron emission is much
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stronger, by a factor 4-5, and show broad emission in regime of concerned, excepting a peak along target
direction that is presented, in Ref. [17], as surface fast electrons when similar high contrast laser incident. Fast
electron spectrum shows a peaked structure and it is suitable for Cu Ka photon generation, considering Cu K-
shell ionization cross section. The spectrum cannot be fitted by Maxwellian distribution for a temperature
because the laser pulse is too short to cause plasma satisfied to local thermal equilibrium [12]. It should be
noted that there is an individual second peak with energy ~ 110 keV in case of P-polarized laser irradiation,
which means another group of quasi monoenergetic electron heated by other mechanism and contribute
-enhancement of fast electron and Ko photon generation in this case. Considering enhanced “vacuum heating”
mechanism [18] as a candidate, which stimulate surface plasma wave resonantly excited by laser and
accelerated electrons perpendicular to target surface, it will accelerate quasi monoenergetic electron, when
ponderomotively heated electron phase match for charge separation potential, to maximum energy Epax ~
mc*(Yose-1) ~ 120 keV in our experimental condition, that is almost same as experimental data.

ITI. Summary

In conclusion, Cu ng produced by a high contrast laser pulse at 400 nm with intensity / = Ix] 0" Wiem’
reaches 4x107, thanks for restructure hot electron spectrum shape. Tuneable control of hard x-ray emission is
succeed via control pulse duration and nonlinearly skewed pulse shape. It implies an effective method for hard
x-ray enhancement in fs-plasma regime: resonant absorption maybe non-effective with femtosecond laser-
dense plasma interactions [12], whereas high contrast laser is more efficient for hard x-ray generation via
enhanced “vacuum heating”.

This work is joint supported by the Trilateral project, KAKENHI project in KPSI JAEA and NSFC (Grant
No. 10474134) in China.
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Development of simulation methods for analyzing grating diffraction
efficiency based on physical optics and their applications

BN OB, MAEA
WiR BEBRUERT REFEFE Y Z—
@PMSLATBIE N B AT F W EEE S A B v — LIS AR R E
Shinji Miyauchi(V), Masato Koike®
(MProduction/Design Technology Center, Shimadzu Corporation
@)Quantum Beam Science Directorate, Japan Atomic Energy Agency

Conventional analytical methods for diffractive coefficients require setting of smaller elements
and computation of higher-order Fourier coefficients for higher calculation accuracy. These
requirements result in huge matrix equations and therefore usually place some restriction to the
methods, depending on computing power, including CPU speed and amount of memory. This
paper describes two typical analytical methods for diffractive coefficients : Rigorous Coupled
Wave Analysis(tRCWA) and Boundary Element Method(BEM). We theoretically consider a
wavelength range proper for each of the two methods, the validity of which is demonstrated by
comparison of actual measurements and analytical results of diffractive coefficient.

Keywords: Diffractive grating, Diffractive coefficient, Analytical method, Rigorous coupled
wave analysis, Boundary element method
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Fig.1 Rigorous Coupled Wave Analysis(RCWA)
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(a)Interpolation of electromagnetic fields
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G(l): Green Sunction

(b)Green's theorem

Fig.2 Boundary Element Method(BEM)
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d/A  Resonance
domain

Deep ? <

Scalar domain

Shallow

» A/A

1 100

1000

Fig.3 Proper range for RCWA
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d/ A Resonance Scalar d .
RCWA: V(Z) = Zcme exp(ﬂ,mz) domain Calar domain
" (1) Deep < > < >

AV(z)

= ve) =N,z (A4, z>>1)

3.2. BHRERIEBEM)
RS AT B 2 B — R EFREh 5
B Lo CRBH L7203, BERESRIE ISR L shallow

DY T BRI DR B, 0%, ER | | L /2
AN CE AT RIS A VAR BIUTEE 1 100 1000
SRELFEHSBPNCINZ 5 Z LG TE B, S Fig.4 Proper range for BEM

BRSO ZERNE IR RIRE R DT, Y7V ED

EEL—FEDZY 10~20 SBRELIUTHHEHRTRETHD LB 2 bILD, LnL, SHHEER (CP
UBE, AEV—ER) OEPDITTeRHMIT L TIVREHERTZ LI TE R, HRER IR &1
RGBTV, A T BRIV VR OB BRI FEAMIEZ L 725, BT, ORI
B A ERREF D72 5 7Y — BOREIZBO T, A0 T —FEERoiEOE Bl CREFNDIHR
NELLBYLT 52 ENDERAMENZ L 225, Figd [TERERE BEMA) IS8T &2 b5
REERER LT, ‘

4. FEBRZ X BHEE -
HIEEOZEHH(Figs.3,4) D & 5 7eRHSn SR8 Tz, FOIE L S 2 F2ANE & DL CHER L7z,

4.1. A7 7 —FEIRER X AR BRI T

A H T — RO T Cd HER X MRS BIERTHE-T-OEFThERIc B U T, FRME & B S o
HEME L THE AR B2 o7, B FICBT 25003 Figh OV Thd, BEEESHITC IV HE
L. Z®_Ei Debye-Waller £2551C & ¥ FEHH S (0 =0.6nm) Z 58 L 7= E (Fige), ERE L £FETR
W—EERLTWD,

0.30 i T

©  Exp. i
RCWA
RCW A+Deby e-Waller(a=0.6nm)!

L

. N =1200[1/mm]
Incident © Duty =0.5

Wave,

Diffraction Efficiensy

0.00
03 1 12 14 1.6 18 2

‘Wavelength (nm)
Fig.6 Diffraction Efficiency of Multilayer

. . . . Laminar-t Grati
Fig.5 Multilayer Laminar-type grating aminartype bratmg

4.2, AN T — (=Y = VEIHTHEF)

AH T —FEROIEYHE T T DT ¥ =/ VEHEF-OEHTERIZEE L, SHAE L R EREOMEME L
THEEZRB I o7z, BHHEFICEIT 25003 Fig.7 D@ Y Th 5,
—211 WIEIZEE L Tl EAT o 72 & 2 A, BRAEAIT—E L T2 0MERMEITD2 Y Bl o TLE ST,
(Fig.9ZDFRE & U CTHEEHmE+RE O LIFGEEH )R ERB 2 bivd,
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Inc.Ray v To---BEM |
(/1 =1994~2016nm) 0.80 LR ——0——Measurement]|_
’ hai X | ==& - ~PCGrate i
0.60 '.él R\\
70° S N
S /, N
Al .40 d:.i— \ﬁ
22.676 4 m VA% \t\‘ \
- > 0.20 ot ¥
£ \y N
0.00
Fig.7 Incident condition of echell grating 68.0 6.5 6.0 6.5 70.0 70.5 710 7.5 2.0
477 £ K [deg]
Fig.8 -211th order diffractive coefficient of Echell
grating
5. LR

FEHTET-ORFH T RE (BRI, BRERE) [ OWTHEmEEELL. T EThOFE
23 U BRI W TERRAOICE R L, TOUMEEFEER L OB CHER LT,
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4.3 0.88 keV AEBKRRFAFZAVEERXBAFRO R

Polarization measurement of soft x-ray source using polarizers
made with mica crystals at 0.88 keV

SEELS . KHHEREL EHSTFL FEHEGR . ML
' BARF A ERAFEEE 2T E— LGAREEM
2 JASRI/SPring-8
Takashi IMAZONO," Hiroaki KIMURA,? Toko HIRONO,? Yuji SAITOH," and Masato KOIKE'
' Quantum Beam Science Directorate, Japan Atomic Energy Agency

2 Japan Synchrotron Radiation Research Institute

By means of ratating analyzer method (RAM), soft x-ray polarizers made with single-crystals such as a
muscovite and a fluoro-phlogopite micas were newly developed and utilized for evaluating the state of
polarization of linearly polarized light. Both of them were found to work as highly efficient polarizers at
0.88 keV. By use of them, the degree of linear polarization of light generated from a variably-polarizing
undulator (BL23SU of the SPring-8) in linear polarization mode was experimentally determined to be

0.993 at 0.88 ke V.

Keywords: degree of linear polarization, soft x-ray, polarizer, mica, muscovite,

fluoro-phlogopite

1. IC®IT

AR T Pl —2IREP LR HEND 1 keV IEORIEHKERIL, BER T/ SARIZEBIT DR
PETTC R DOWNRE T2 T RBIRANCHIE T A2 L0 R A IO REMAT BTS2 FA Th B, IR
R OZRFE SR SO RYCRBICE T 2B E B LITEE ChH D, EMRFELECHFELES
DR IERRET BIIL, B TOBHE TEORHETRUERAR CThD, BIE, XEEEO
TRCEHBII 2SI T, Hit eV 35 0.7 keV ETOMEE CLBEAMR R T, K 6 keV DL LT
RIE T AANBN TN, L, 0.7~0.9 keV (BATF. 1 keV $EI0) SIS\ MEREZ A 4 AR IEHE
FORBBNEE CHAT-DITREFHBAT FLIIFa LT T olz,

WG N —7"Tid 1 keV FIBARAE TE2HFET 27202, K 1 nm O TFHEEIBERL., 46
LU THLLBMLN TWA B ZE R (muscovite, KIR) #Em 125 B L., By 1B ERRIZE O3
2l —Lal R E YR VT, RS ORCEHEZ R LT, TR, A A 45°, AR LF—
0.88 keV TEVMEIEMRERZ A TAKK AR F LU THRET 2282 ODIILIZ[1], £, BERR
b U T D7 v R e E R/E & (fluoro-phlogopite, &%) % 0.88 keV TRV EAR D
BRI F & U CHEBE T B AT REME A RN L2 [2], UL R T OVERE Th AR HE % B R0 IR
ETHIENH RN T2 ORICRIEE R E T2 E T ELR 0T,

S B YT OMERENL. s (p) IRYESI 3B Ry (R,) &AW IERET (= (RJ/R, — D/(RJ/R, + DI Lo THRHSAT
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Table 1 The chemical formulas, the lattice spacings, dy, determined by x-ray diffraction measurement,
and the energies corresponding to the incident angle of 45°, of muscovite and fluoro-phlogopite micas.

Muscvote (Natural mica) - Fluoro-phlogopite (synthetic mica)
Chemical formula K Al (AlSi30,0) (OH), K Mg3(AlSi3040) F>
Lattice spacing, dog; 0.9929 nm 0.9963 nm
hel2dypc08(45°) 879.06 eV 879.9 eV

* b Planck constant, ¢: velocity of light in vacuum

TBI, R SEL T 31T WIEEHEREN B, T 2R E T DX BTk (RAM) 28 Vb,
2 BDRHF (A—TR TRV 2 VT 3 DO SRR E O LA IKFRIEZTT), IRIEF D
Ik A2 RAM Tl SEDEMMRIEE Py J O YeAE F o ER OB E 6 OtoEIT A IZIEX T 58
B RCREEFENAZIE) RO T ZREBHIRETHIER RS,

KELTIE, 0.88 keV (21T D AER L Oy REERFHREA VKN FEEFLLTOMRE, KU
BRI R (ELBRR 6B Je OV YeAs H o £l O %) 2 [ FIEIC K> THALNZ L, ERE
R ORI ETF LU TR B >WTREET 53],

2. HERL7ELSEBFRES

ARFFTIL, HEL Ty REEREENEN P SEL. THARETL LT, b5 1
KT & UTHWE, iR ORS it B OR-FEMEZ XBRET (XRD) BIZE & - TR
L7, MERORBEERENT & ROMELTORIGENE b & < 72 2 AS = FLF—i3K
0.88keV T D = L B o 7[1], Table 1 IZ M OIL2R, BTG dop. BT T v 74
pp = 45°% 1l 72 9 IRF D = 0V —he/2dygac08(45°) 2 TR T,

3. BiAFENEIPTEEIC O B E R R ORCR T
XHR OB ) 0BT EE AR RO X F R L2 AE RSO0 7 Ty 7 Bt O (a) s RIERU 3R
Ry. ) p @HERHFHLR,, () RHET ZAFTINF—E ROASA ¢ DT T g oD A ¢
(= g5 — @) DEIEKLL CFig. HIRT, 22T, o [ BUBRENORI 72 AE THS (0.8 keV < E < 1.0
keV DB, 38.70° < g5 < 51.37°),, Fig. 1D RyFREL, Ry >> R, THAHZED 53D (BIZIELE = 0.88
keV, 4 g=—0.084°DE, R, = 4.5%, R, = 1.7X10°%) , =l —al#ERE, AERREGH 0.88 keV
O T LR T A LB R LTS,

4, RIS TR KD R L ETAT 2 BR
ERERE SR 6T OMERE R K& OMRE SRR O AL E BRI E, SPrlng—8 BL23SU Z MW TiTo7z,

5 b) Rp (%
(@Rs(%) o9 ~ O)F %)

&b -0.05
3 3.9
2‘ 26 10
1.3
0.15 0 015 ]
0.80 0.85 0.90 0.95 1.00 0.80 085 0.90 0. .00 .

Fig. 1 Two-dimensional maps of the reflectance for s-polarizaiton R, (a), the reflectance for
p-polarization R, (b), and the polarizance I' (¢) of muscovite(002) in a symmetric Bragg geometry, as
functions of the incident energy £ and the deviation angle 4 ¢gfrom Bragg angle.
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TV al =2 DRHE—REKRERLE—REL, A FICERRE LI AR L U, Fe, AS
TR —% 0.88 keV (D MRIEITH 0.5 eV) LT, 2235, ZOMDOAERR Ty REER/HKHOT T
DTN 44.81°K% N 45.00°CH D, BRI YEF % VAR R IS, HOHR AT 42
& (ELLI) [4]% IV /=, ELLIG, %R EL TS it =4 A—F  RNF F R OB - RREIRT—,
R OB TvA70F 2L 3N T L— i o (25— BRIERROM0EEA, ),

A DO ERRICE PR T PSR FSNI D N ANT 77 5% Fp (25— ZRTNHA,
DOPYER A, (). BT (A ICRFE SN IO NTANT 77 5% Fy (25— ZRITEBLOMDE
o @), P RO A LS TRE SN DI NFANT 72 8% For(T5—1 BIBTRROMER A,
(b)), P IS SN S DRI AFEH O EEDEEE Spp (T BIRILBAONVERA, (b)ETHE,
Pp = [FpF ulFppcos2ps)> ThD, 22T, Fiid. BF 12 H0A E(=y, DAV TERETHZETHRLND
FAEREE I OB RAE I K O ME MR 2 BT Fy = M - MY+ 1Y TEZES L, Mallus
HITHESND T4y T VB IO = M - '™)cos’(d; - &) + M & AT 52l ic ko TRbIA,
ZIZTC S IEFE T AR T A ORI O FEHHOBEX T, i=P, A DRE, AS ORI D 6
E—ET D, BT IORILRET; IXEMMRNE PLE o N AN 774 Fia WD E, Ty = F/PLTHY,
T RO PRI E TR RS (=P, A) [3].

b’
(a) 5. MR
E = 0.88 keV, {7 T/ BEIZBITS (a) A
LR (0) 7y ROERIERO s RS R,
e RO p RIS R, % 4 ¢DBI%ELT Fig. 312
oy - R HERRERO R, KT R, OV —2 1T
! FNEN 3.0%K TR 0.015%, 7y REERFERO
| R BU* R, DE—=IIFFRIXTHLLN 2.6%0K% T
I . . o
i 0.013%THY, EHLHLDf b R, 3E<, R, >> R,
D THOTENG D, 138, BRI A RO
(b) !
i — IR BOTIEAR KO I RIEEE BT 5L
,%,,- 4 - » T H
1 (@) Muscovite (b) Fluoro-phlogopite
H 1 p=4481° | D en=45.00°
™ |
:,\j Ry I. B ;ﬂ;-. :
3 . . RE s
LA, '
14 8 IR, .. iy - L L
Fig.2 = Schematics of reflection measurement ] 25 (<100 = ol ] - fif’m: 3
using a polarizer and/or an analyzer (a) and ] ‘,f & E
reflection ellipsometory using a polarizer and an O e FA SRS
-0.5 -04 -03 -02 -01 00-03 -02 -01 00 01 02

analyzer (b). ¢p (pa) and y () are the incident
angle and the azimuth angle of the polarizer at P
(the analyzer at A), respectively. Arm is the
reflection angle of light reflected by the polarizer
and can move the analyzer and a detector, D,
without changing a relative position of them.

Deviation angle from Bragg angle A¢ (deg)

Fig.3  Measured reflectances for
s-polarization, R,, and p-polarization, R,, of
muscovite (a) and fluolo-phlogopite (b) in a
symmetric Bragg geometry at 0.88 keV, as a
function of 4 ¢
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W&o THETED[1], o Polarizer. & Analyzer, O Polarizer+Analyzer,
Fig. 41, Fig. 20 RLEEBECHELE () B 10— s

B RR O (b) 7y REZRE RO P CRFSR ]

TRORITHIE (O), A TRESNHORIH 2 ]

BE(A) P RO A CREFSHIOEORRIRE (D) £ &

BT, BRI T 40T 40 TRERTHD, BRENT 3’ 3

HLE  GEREARA L COR R ThD, 3

WET —2 LT 49T 4 THERITILS—HLTOD, i . ; T

BT DR R, BERR R K U7 R e R 10.10("‘) M::ﬂtel(zsn 270 360 (;(b) F‘;“om-pfzi(:)gop‘:jsﬁaso

iX 0.88 keV TEIH R, mimtaERON T FEL ‘ Azimuth angle (deg)

FLUCHEBET AL . A ROESEYeEE Fig.4  The azimuth dependences of intensities
of muscovite (a) and fluoro-phlogopite (b)

D TEL ARHTEBRREHL TODIEDB DD 2T measured with the configurations shown in Fig. 2.

Table 2 IZifE L DIRIERE. AFSEORE SR LE  Open circles, triangles, and squares in these
s . _ . . figures show intensities of beam reflected by the
KRR OEMOBEZERT, LHLOML polarizer at P, by the analyzer at A, and by the

FERAOVTHEBRECEOEIT %L, analyzer at A after reflected by the polarizer at P,
EBRRR O R RBHRL 08V T

RAEBURIETLEUTHREL . ThbE AW TERMEEEEZRETOZLICHI L, 208t Hikx

FNF—IEH OBF ORISR MR EDOFTMOIZD DM FEL TR A TEDRILERL TN, &

To AT L BB SITEXIMREIE R T L L THE R THHI LD D LI,

Table 2 Polarization abilities, the reflectance for s-polarization, R, and the polarizance, I, of polarizers
made with muscovite and fluoro-phlogopite micas, and polarization states, the degree of linear
polarization, Py, and the azimuth angle, J, of the major axis of polarization ellipse of light at 0.88 keV
determined by each polarizer.

Polarizing abilities Polarization states
Reflectance for .Polarizance, Deg. of linear Azimuth anele. §
s-polarization, R I'p/Ta polarization, Py gle;
Muscovite 3.0% 0.999/0.990 0.993 £0.001 —1.54° +—-0.24°
Fluoro-phlogopite 2.6% 0.999/0.996 0.993 =+ 0.004 —2.25° £ —0.45°
e

BT () BT 7 v BEEREER L DR Y B LB LEFET, BARESE #F)
BRI ERCE LERIE B0 IRERHP LT T, AERRIL (M) mEREREN Y
> % — (JASRI) SPring-8 D FEEFRE (No0.2004B0748) Db &4Tbiviz,

BE R

[11 T.Imazono et al., Rev. Sci. Instrum. 76, 023104 (2005).
[2] T.Imazono et al., JAERI-Conf, 2005-004, 23-26 (2005). "
[31 T.Imazono et al., Rev. Sci. Instrum. 76, 126106 (2005).
[4] H.Kimura et al., AIP Conf. Proc. 705, 537 (2004).
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4.4 FEUEEHIE ST AR BT OB LHE L — I — i~ ORI FF

Decommissioning of ATR Fugen and Expectation for Application of Laser
Technologies

THH %2
MSTATEOE N B AR T AR S8 SO A Brilisilr S AR ERT RERER
T914-8510 f&FIRBUETTHIMRET 3 F it
Shikou KIYOTA
Decommissioning Planning Section, Fugen Nuclear Power Station, Tsuruga Head Office,
Japan Atomic Energy Agency
3 Myoujin-cho, Tsuruga-shi, Fukui 914-8510, Japan

Decommissioning technology for nuclear facilities has been developed introducing advanced technologiés
from the perspective of safety and practicality. On the basis of the development of Laser technology
promoted recently, we have studied applicability for decommissioning of several technologies including
Free Electron Laser (F)EL as a new technology. In this paper, both present status on the Fugen

decommissioning project and the availability of Laser technologies are described.
Keywords: Fugen NPS, Decommissioning, Decontamination, Cutting method, Free Electron Laser

UHIZ

PIREEHUE 5 AR ERT (LT IS A D) 1, 2003 48 3 A 29 BISEEREZKE T L, TOHIT 2002 4£
3 AICAFR U T RER T 50T A S BT OB TROFEDED FIZONWTNIEIE, Bah
DO PRI 7RRE L HHE O FHIC T, BEILHE O R R W BRI B S A E L T D D2,

2005 4F 10 A 1 Bi2hE, BARR T OMEETEORA I DRSTATBOE N B AR W78 BH S 5 |
MERIEEH, T 5T A iE, ZOFHRICRB W TR FIF iR OBEILE B OM R L L ToREZH I Z L L
720, HERE N BE R O RS 28 LB B IC AN TR I B HEAT OBIR - B EITHIL I, 2O
WA TS BT BT DEOMAHREED TN,

[ 50F A ) BE I HE B~ D B

2. 1. BEIRHE O BERIRIL

EERAE T 0%, FEILHNE IS A e B S LT P DRRBH R B L BRBHE P D IS B B SR T &0
R T L3R, AR O FEALELOD 7201 T B AL AT B 38 o &7 — | ~ DB % FEHEL T
%o 0. Bl ThHHEAEBRENSEIRL, AFF TOFEFADODIZ, [5F A THRESINy
RS2 AV T Co-60 S 2FRET DRI EIEL /2% . A A#IZE AL T4 ~iiiE LT
WD, MERRE BRI TIE, 7T ME B K ORI E AR DR 1T ARTRL, A REL L DRI

gz M) R BEIEM O ALIR - Sy ARDIRIRE B &L T, I FE R EI RO FERR G AATY Vet
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W2, BRAE DR IR E R E R R EANCERL T,
JELF I MERR D BRI HE IR DR IR O B RR(L S & H L LT, 2005 £ 5 AT EMHIED
WIESNIASE 12 B ICHiITENI 800, BITE, RIEL 2 B R L HE B 2 00 FR SR YRR A D T B,

2. 2. BEILEBICRAEINBEZ

[ 3l A ) A - PR AR - ) B LR IR Ty S T A O MM 72
BOE CRERR S TV B o b W B 26 I L TV B - L S0 il A LTV 5(Fig 1), £2. BT
frA T T I LY B B EL T B, SO EEZEL . B TR CEA R L%
Lo BT BT OBE R ORI R EZED TOB, —Fh ., B TFASLEARUSO
BAEIE . W B A DI IF (BWR) LR THY., I, wﬂ#o)%ﬁ&m@/ﬂﬁ@&a ALY,
[T A ) DEEILHEBICE AL T EEFHEL TS 2, s
(1) RPIEAEOM AT

[ 50T A ) DIRFIFARE R LSO TN T D720 %g
o, —HRPE SRR 2 ) CRER BT RS A LT, ZORE R,
GIMFEAR O, R RIAS B RS EOTROEL, B
S OIS B ERAM R T A ERETMURRT o
YR BEDRERELI, DRI L TR MR Troon | 1] ]
LR LU, Bl RS EOREEED TND Y, " '
F AP AR T IO — OB Fig.2 IR 5

2 BE GBI R L L C L BV I Tl IR~ T —2 Fig. 1 Structure of the reactor
BT L — I — BT, BERE I CIT, T Ao H— RN o h
SRS B, BT TS HY | I | e
SRR, TS R OB BEOK KU S A E LT, A @
L D ERE T AL E RSB, 20T, OWEFORETE ||

AT

RAEERE
(%] Eﬂ*aﬁﬁﬁ )

{ 7 e‘- 3/ )
(’“ﬁﬁt&:’z'ﬁ?’“ ﬂ‘ii Ffti)

T3 D5 — 5 BAFE % AL LR E KL T D, 1% i o
(T cames) : | sERRTOERERORMNEE
(2) f‘%;ﬂéﬁﬂﬁ' J‘ﬁ(ﬁﬁiﬁ‘ % i , I&mﬁéﬁ"“&,/}/b’ R &JJW"FJ
T—LNEEFAE YR REN . BRI '
R ORI R OME, BRSO, MR R |msnn
R T BB A HERE L TRY, _ME@HET“Wﬁ%ﬁ Fig. 2 The outline of reactor
AEHEZ OIRIEDREE L2 > TS, B OJRFIFHERR D dismantling plan

BRI, I ERRSTHEEROFITEEE B L TERAEESHY . BEICZ ORI IE R
L& TS, ZREDRYHTZ R AT DL, ORI, QW E - M Tk, OBR
HIFIEIC KBS NS,

— 77, %E#&%&Bﬂﬂ@ﬁ%%i VB2 OWIT R IREREDOFE B, BRI DML, B EFE
FEW) DALY KT (] AL~V KL~V BRI A E)%aéﬁ&f%ﬁ’@éﬂé }ﬂt
P18 BB @Wﬂjﬂi%?:me%W‘ T BRI RITL LY, A BRI T D70l
BT DR Bk A7 I TR AT LN B E L5, eIk B BRSOl S A Rl &mi Hé
e R R ORE R B O £ o B R T A BB A RIBIC BRSO Z LA EIR P L R2 50 DD,
HARHNT FiEsR e FARO BN AN H TE D,
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L5 AT BRI DB e, 20k %, AT e im0
B LI Fig 3 10T LI BLRETL T B 9, BRI
BRYEHEEIZOWTIE, ZIREEYORERELEEL T, I At

Y IS = > N SER H-afs HIBROBERY BARAYILE
FRAIREDADD AT AERIL | Sl TR E @ E T APBBRL | EREERE BT L% /M ERNTLA, ¥
5:&&[/(%@\ AZ\%%CFSD'CT&HZVJ@%%%%)%%TI&% 7’_—»@:;& T HUTENE

BREERS | -HBRSALRE
el AR T AR A FHEL T 5,
DUTSURIEU SN IR IS
3. L— RO BE I B~ Fl D FTRES EBRBPDLN-M  R/B.AB, RW/BS
3.1 L—P— O 5 Fig. 3 Classification example of
B AR O BRI B BT, L— P —HiIE. BT decontamination in Fugen

AR ORED DTN -CHER B ESICE U B RO R EICHE A O RS A HAFThHY, K
1T F DB R LR — B R HIE TR TR ALV D BT ARE OB O BB T
TOREBRAVEEZE~DOBEHIRAIN TS 9,

L— PG, L— P — AR L . ZOE — A THINTR S 2R U B A Tl ET 57
LIZXDEIWNr 45 51T, BE—20ENENERD TEATEY, 8N RVX—FBENMELNLZD, K
EVEIBHREN R B LTS, $7o, SIS BRI OO BT L, IR SRR B I — 3R
R DI LRI E | ZRAT R OBIBT RS FTRE Ch BT LEh D, BT RO CIMHF L LTl
FACEBITHEMREHL T, |

— 75, L—F—RYT, UL RIRICRIR T DL —F — R R Y S (58 - 3, oo o) — b, B
)12 S U C RO B 2 IR R B 5 1 ChY . EEL T T RBEED QI A EI R SN AR Y5
WChD, S NAL—F —iE, BERNE—BEOL —F — Wi BB L RIET 5L —F—C,
BB BB IR T AR LT VI T AL TRET B0, R B R ETHY | B
BRI SRR DR DR BRSNS,

IO, PR, TIWFRRBRLE DA% E B L BB R ST TEXTVaR, ZhETIE
FHES T DL — =D H I SHE(10kW FRED R ABAE D LD BN, IR DHIIR, 155
(T ESEDORENERIN TV, : ,

BITE AL 2B Ol B AR Ol B L —EIRAL B B T L — P —Hifficon T, £
ARG ~ ORI AR A% BIELZBRMED LR TRY, 20— —#
WBBERDBREL T L — 22—, TR OB LB O3 A B TR R EEL TS
LSS,

3.2 BEHEBTFL—V—HI

BERETFL—V—iX BFOL—F— (YAG L—F—= CO L —¥—%) LITELD, WEFE, B
FIOVA, NAE =D R =N T R0 — LS B (Fig )3 H 52 e h 5, [REANIZIT, &
H AL — 12 L B AR BT o B A L AL — (2 L 2 FEBM R e 28 BT T D T IF iR
DPEILFEBEA~OHANHRINLBWNTCTHD 7,

PN LTIk, B EHETFL— P —i3, E—AREREL BHA» NS o/t Ry —Y—%
AT AZENTELZEND, BRI 2B, Imm LA F) CEIRT 32 L3 T REEE 2 B,
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Fo, BRIZBEL TiE, B0 )b T = AN
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Phase control of the probability of electronic transitions in the
non-perturbative laser field intensity

BRI — B EBZ, LTS, SFEE, $LE
WSZATEIEN B AR T e BI RS B e — 205 AFERM Sti7 e —2M AL =y
K. YOKOYAMA, A. SUGITA, H. YAMADA, Y. TERANISHI, A. YOKOYAMA

Quantum Beam Science Directorate,

Japan Atomic Energy Agency

A preparatory study on the quantum control of the selective transition K(4S,) = K(4P 7 (J=1/2,3/2) in
intense laser field is reported. To generate high average power femtosecond laser pulses with enough
field intensity, a Ti:Sapphire regenerative amplifier system with a repetition rate of 1 kHz is constructed.
The bandwidth and pulse energy are shown to qualify the required values for the completely selective
transition with 100% population inversion. A preliminary experiment of the selective excitation shows
that the fringe pattern formed by a phase related pulse pair depends on the laser intensity, indicating that
the perturbative behavior of the excitation probabilities is not valid any more and the laser intensity

reaches a non-perturbative region.
Keywords: Quantum control, Selective transition, Population inversion, Non-perturbative inteisity
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Application of a high power free-electron-laser driven by JAEA energy
recovery linac

PR BT Ve B— S ALk R e kIt RIARA B S s A
MSTATEIEN B AR T HAFSCBR S B0 — 2SR FEEe %@ﬁ?ﬁﬁﬁ%‘ﬁ%l——%
Nobuyuki NISHIMORI, Ryoichi HAJIMA, Hokuto IIJIMA, Eisuke MINEHARA, Ryoji NAGAIL Masaru

_ SAWAMURA, Nobuhiro KIKUZAWA, Tomohiro NISHITANI
Advanced Photon Source Development Unit, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

A high power free-electron laser (FEL) driven by an energy recovery linac (ERL) has been developed
in JAEA. The FEL with an average power of 0.7 kW is used for non-thermal laser ablation as a prevention
technique of stress corrosion cracking of reactor components, frequency resolved optical gating
experiment aiming at polyatomic molecular dissociation and so on. An intense coherent synchrotron

radiation is also produced in JAEA ERL as an intense mm wavelength light source.
‘Keywords: FEL, High power, Laser Research
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4.7 Laser-acceleration of high energy protons: study of acceleration mechanisms
and beam handling

J. Fuchs, P. Antici, L. Romagnani, E. Brambrink, P. Audebert
Laboratoire pour 1'Utilisation des Lasers Intenses, UMR 7605 CNRS-CEA-Ecole Polytechnique-Univ. Paris VI,
91128 Palaiseau, France

M. Borghesi, C. Cecchetti
School of Mathematics and Physics, The Queen’s University of Belfast, Belfast BT7 INN ,UK.
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Institut f r Laser und Plasma Physik, Heinrich-Heine-Universit t D sseldorf, Universit tstrasse 1, D-40225
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In the last few years, intense research has been conducted on laser-accelerated ion sources and their
applications. These sources have exceptional properties, i.e. high brightness and high spectral cut-off, high
directionality and laminarity, short burst duration. We have shown [T. Cowan et al., Phys. Rev. Lett. 92 204801
(2004)] that for proton energies >10 MeV, the transverse and longitudinal emittance are respectively <0.004
mm-mrad and <10™ eV-s, i.e. at least 100-fold and may be as much as 10*-fold better than conventional
accelerators beams. Thanks to these properties, these sources allow for example point-projection radiography
with unprecedented resolution. They also open new opportunities for ion beam generation and control, and could
stimulate development of compact ion accelerators for many applications. Energy increase and beam handling
are now major challenges that these ion source face. We have been studying scaling laws for the maximum
energy of laser-accelerated protons. This has allowed us to show that there is an optimum in the laser pulse
duration of ~200 fs-1 ps, with a needed laser energy level of 30 to 100 J, in order to achieve e.g. 200 MeV energy
protons. We have also performed first experiments exploring the interaction of ultra-high contrast laser pulses
with ultra-thin targets (10s of nm thick) and observed a significant energy increase of the ions in this regime as
compared to using thicker foils (>a few pm thick) interacting with a laser having standard ASE. Finally, as for
such applications beam control is an essential requirement, we have developed an ultra-fast laser-triggered
micro-lens that allows tuneable control of the beam divergence as well as energy selection.

Keywords: Laser, ultrashort pulse, high-intensity laser-matter interaction, ion acceleration, low emittance
beams, pulsed source of ions

1. Introduction

Laser-acceleration of intense, collimated beams of multi-MeV protons [1] is a fast growing area of
high-field science that is very promising for a number of applications. The generation of such beams has been
only recently achieved since it requires extremely high laser intensities that have been made available in recent
years thanks to the fast progress of short-pulse lasers [2]. The first observations of such proton beams were
independently published in 2000 by three research groups [3,4,5]. In each of these experiments a well-defined
proton beam was observed in the forward direction (with respect to the laser pulse) with a roughly exponential
spectrum and mean energy in the MeV range and a high-energy cut off in the 10-55 MeV range. The beam was
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generally emitted with a low divergence angle (max. ~20°), with the most energetic protons having the lowest
divergence angle, along the normal to the rear target surface. The accelerated beam is composed mostly of
protons originating primarily from contaminant layers of water vapor and hydrocarbons on the target surface.
The mechanism accelerating the highest energy ions is as follows [6]: first, electrons are accelerated at the front
side by the laser pulse and penetrate the target. Leaving the target at the rear side, they set up a huge electric field
‘which, in essence, is pointed normal to the target rear surface. By this field surface atoms are field ionized and
accelerated.

Due to its pulsed nature (the duration at the source is of the order of ~ps), its extremely high beam
quality [7,8], the high number of protons ( 10'-10" jons in a single bunch) that can be produced and the
possibility to tailor the spectrum [9,10,11] and the beam divergence [11,12], the laser-proton source could
prove useful for applications. Energetic proton beams are already applied for high-resolution
charged-particle radiography [13]. A potential application could be to use the proton beam to ignite [14]
pre-compressed capsules in the “Fast Ignitor” (FI) [15,16] scenario of inertial confinement fusion or, in a
broader perspective, to produce warm-dense matter [12]. Indeed, thanks to their narrow energy deposition
range (the so-called “Bragg peak”), protons are well-suited to deposit their energy in a small volume before
any expansion of the heated material takes place. Other perspectives include high-brightness injectors for
accelerators [8], and sources for proton therapy [17,18,19] or radioisotope production [20].

Since the first observations reported in 2000, particular attention has been devoted to the exceptional
accelerator-like spatial quality of the beams, and current research focuses on their optimisation (energy,
divergence, spectrum) for use in a number of groundbreaking applications. In this paper, we will first present
the work we have been performing in determining simple scaling laws for the maximum energy of protons
accelerated from thin metal foils by ultra-intense lasers [21]. Scaling laws are necessary to guide
technological development of lasers in the right direction if one wants to go towards energy increase of the
ions. Such energy increase is a major challenge for laser-acceleration; aside from applications like ICF
studies, the very high ion energy beam generation with compact lasers could indeed offer prospects in
medical applications like hadron therapy. Then, we will present experimental results testing a scheme for
energy increase of the protons by using ultra-thin targets interacting with ultra-high contrast pulses. Finally,
we will present a micro device able to focus and energy select protons out of the broad-band and divergent
beam produced at the source [11].

2. Scaling laws governing the maximum energy of laser-accelerated protons

The determination of scaling laws is a necessary step to determine which laser or target parameters
are the most important or optimum in order to go towards a significant energy increase of the accelerated
protons. We have therefore conducted a series of experiments, measuring the proton beam maximum energy
and energy conversion efficiency as a function of varying laser and target parameters (including pulse
duration and intensity, and target thickness) [21].

The experiments were performed using the 100 TW laser at the Laboratoire pour 1’Utilisation des
Lasers Intenses (LULI) working at 1.057 um, and the Atlas laser at the Max-Planck Institut f r Quantenoptik
working at 0.8 pm. Both lasers operate in the chirped pulse amplification (CPA) mode [22] where an initial
short pulse of low energy is chirped temporally to allow amplification while minimizing spectral phase
distortions to be recompressed in the end. On both facilities, dynamic wave front correction is applied to
ensure optimum and reproducible focusability at every shot [23]. Having a constant laser focus is crucial in
order to have a good reproducibility of the proton beam. The focal spots full widths at half maximum
(FWHM) are close on both facilities: 6 um (LULI) and 5 um (Atlas) as measured directly by imaging
diagnostics collecting light after focusing, as illustrated in Figure 1. Overall, we varied the laser energy (E)
from 0.2 to 60 J, the laser pulse duration (1) from 150 fs to 10 ps, and the on-target intensity (I) from 10" 1o
6x10" W.cm™. The laser energy was varied by using calibrated attenuators positioned before compression,
i.e. to attenuate the chirped pulse. The pulse duration was varied by changing the distance between the
gratings in the compressor chamber, and was measured by second-order autocorrelation. On both facilities,
the energy that precedes the main pulse is controllable within some limits by the use of fast switching
Pockels cells. For this study, we kept the conditions constant and similar between the two lasers, i.e. a
maximum ASE (laser amplified spontaneous emission) level of ~ 1- 5x10" W.cm™, for a duration of 1.5-2 ns
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as measured by a fast photodiode, with the main pulse rising from -20 ps, as measured by third-order
autocorrelation (see Figure 1). The measurement of the proton beam is performed using radiochromic film
(RCF) dosimetry media [24] directly exposed to the beam, as shown in Figure 1.a, and Thomson parabola
equipped with CR-39 [25].
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Figure 1: (left) high-dynamic range temporal profile of the LULI laser pulse as measured at 10 Hz/1 mJ level in
the output of the regenerative amplifier (note that the ASE level is not significantly modified by amplification).
(right) focal spot as measured through focus at full power with adaptive optics correcting the wave front.
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The data sets were compared with a simple estimate of the maximum energy that can be gained by the
accelerated ions based on a self-similar, isothermal, fluid model, e.g. Eq. 10 of Ref. [26]:

Emax=2 X Thor< [In(t,+(t,"+1) )] (1)

where tp=copi><tacc/(2><exp(l))” % and mpi=[(ez><neo))/(mi><so)]”2 with e the electron charge, t,. the acceleration
time, and Ty, and ne the temperature and density of the hot electrons that drive the rear-surface expansion.
This model modifies previous models of freely expanding plasmas [27] to the case of a sudden burst of
energetic electrons coming from the target inside. As the model cannot take into account the progressive
transfer of energy from the fast electrons to the ions and the decrease of the accelerating charge separation
field, we use a crude approximation, i.e. we fix the acceleration time. Using PIC simulations we have
observed that, although not physically accurate, this approximation is reasonable. As in most of the
experiments, we have a preplasma in front of the target due to laser energy impinging on the target before the
main pulse. In this case, the electron temperature Ty is found numerically and experimentally to be given by
the ponderomotive potential (T, =mec2([l+l7x“m2/ 1.37x10"®Wem™ umz)m-l) where m, is the electron mass, I
is the laser power density (“intensity”) in W.ecm™ and Aum is the laser wavelength in microns) of the laser
[28,29]. We now assume that neo corresponds to a number of accelerated electrons at the target front surface,
N, that are ballistically sprayed in the target. We can express N.=fE/T, where f is the fraction of laser light
that is absorbed into the electrons. This fraction f depends on the laser incident intensity as follows: f=1.2
107 1" [W/cm?*] with a maximum of 0.5 [30,31]. Since the N, electrons are accelerated over the laser pulse
duration and spread over the surface of the sheath Sgeam, We have Deg=Ne/(CTSshearn) With
Ssheath=n(ro+d><tan9)2, The latter depends on 6~25°, the half-angle of the hot electron inside the target [32], d
the target thickness, and 1, the initial radius of the zone over which the electron are accelerated at the target
front-surface, i.c. the laser spot. Finally, an effective “acceleration time”, t,., has to be defined. Otherwise,
because of its isothermal hypothesis, the fluid model of Ref. [26] would predict endless proton acceleration.

Comparing the simple scaling laws to all our data sets, we have found they compare favourably when
using an effective acceleration time of ~1.3 times the laser pulse duration. This finding is supported by two
dimensional PIC simulations [21]. To extend further the use of the scaling laws, when comparing it to
experimental data obtained for very short pulse durations (shorter than the 150 fs minimum duration we could
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explore in our experiments), we postulate [33] that the acceleration time is no longer proportional to the laser
pulse duration but tends towards a constant value. This is justified as, even for very short pulses, there is a
minimal time for the energy transfer from the electrons to the ions that needs to be taken into account. Also, for
low laser intensities, this acceleration time has to be increased since the expansion is slower. In summary, we use
tace= (xX(rL+tmm) where t,,;,=60 fs, 7r is the laser pulse duration, and a varies linearly from 3 at the intensity 2 10'®
W/cm?to 1.3 at 10 W/em® and stays constant at 3 for higher intensities.

An example of the good match between the simple model and the experimental data is shown in
Figure 2 where the measurement and the model are represented for the evolution of the maximum proton
energy with target thickness. As shown in Figure 2, the thinner the target, the higher the maximum proton
energy. If the target is too thin (< 8 pum for the parameters of Figure 2), the high-energy proton beam
disappears, i.e. its energy falls abruptly. This is consistent with the fact that for too thin targets, the
rear-surface is perturbed by the shock wave launched ~ 1 ns before the main pulse by the ASE [34]. For
thicker targets, this slow shock wave preheating does not have the time to reach the rear surface before the
sheath formation. Going to thinner targets requires to reduce the ASE level, however this can also be
detrimental because the absorption in hot electrons is less efficient in sharp gradients than in long gradients.
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Figure 2: Maximum proton energy for similar laser conditions (=320 fs and I~4x 10" W.cm™) and various Al
foil thicknesses. Dots represent experimental data and the solid line calculations using the fluid model with the
laser same laser parameters. Error bars on the proton energy represent the shot to shot fluctuation cumulated with
the simulated measurement uncertainty in the detector.

We have also found a good agreement between the isothermal fluid model and the measurements
when studying the dependence of the proton beam on laser energy (keeping the pulse duration constant) or
laser pulse duration (keeping the laser intensity or laser energy constant) [21].

For laser or target conditions other than the ones we did explore experimentally, we still find a good
agreement between the model and published results from other groups. Table 1 shows a comparison of
calculations of the maximum proton energies as computed from the simple fluid model (i.e. for protons
accelerated from the target rear side) compared to experiments performed in a wide range of laser and target
conditions (in particular for short pulse durations and/or low irradiances). In addition, we have also computed the
maximum proton energy that would be produced for the protons accelerated at the laser-irradiated target front
surface. For these, their maximum velocity is given by twice the recession speed of the plasma surface [35,36]. In
the case of total back reflection of the laser beam (i.e. when the efficiency of the laser piston is max1mum) this

recession speed is expressed as [37]:
u 1n, Zm
5 e T e aé %))
c 2n, M,

where 1. is the electron density at the reflection point, i.e. n=y n, [38] where y is the Lorentz factor of an
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oscillating electron in the laser field, i.e. v =(1+a02)1/2, with a02=(posc/mc)2=17»p2 /(137 10'®) where I is the laser
intensity in W.cm™ and Ay is the laser wavelength in microns. Therefore Epaysront = 2><Mi><u52=Zmecza02/y.

In summary, Table 1 shows that rear-surface acceleration of protons is predominant in producing the
higliest energy protons, and that the simple fluid model fits quite well the measurements in a wide range of
parameters.

Reference Intensity Target Tlaser Focal Epmax Emax/front Measured
(W.cm?) thickness (fs) spot model MeV) Epax (MeV)
(um) FWHM | (MeV)
(um)
[39] 210" 10 40 10 2.7 1 3
[40] 610" 6 40 4 9.2 2.5 10
[41] 210" 5 55 7 0.47 0 0.5
[41] 610" 5 55 7 1.47 0.4 1.2
[42] 710" 5 60 5.2 1.4 0.5 1.3
[43] 2.710"° 3 70 7.5 1 0.17 0.88
[41] 210° 5 170 | 7 1.15 0 1.15
[21] 4107 20 320 6 19 2.2 20
[4] 310”7 100 500 9 46 6.3 56
[44] 2107 100 700 7 46 4.7 42
[21] 10" 25 800 6 8 0 10.2
[21] 210" 25 10000 6 9 0 9.5

Table 1: comparison of maximum proton energy as reported from various experiments and computed by the
simple model. To compute the front side-accelerated proton energy, the slowing down in the target of the protons
is taken into account. Note that in these estimates of front-side accelerated protons we do not take into account a
boosting that could take place at the rear surface due to the sheath fields. For laser pulse durations up to 170 fs,
the laser wavelength of the reported experiments is 0.8 um. Otherwise, it is 1 pm. For each calculation, we use
the laser focal spot size as given in each reference.

The validated model is then applied to extrapolate the laser conditions necessary to increase
significantly the proton beam energy, in particular to ~200 MeV, as required by proton therapy. Indeed,
before being able to envision such an application using laser-accelerated beams, these have to reach the
necessary energy to penetrate in several cm of tissue (25 cm at maximum which corresponds to 200 MeV
protons). Results of this extrapolation are shown in Figure 3. There is indication of an optimum for the pulse
duration in the range ~200 fs- 1 ps in order to take full advantage of the proton acceleration time. These
extrapolation should be taken with caution as purely based on the rear-surface acceleration mechanism,
while other mechanisms, such as ion shock acceleration [45,46], may produce equal or higher energy ions as
the intensity of the laser pulse increases above 10*! W/em®. According to simulations, for intensities ranging
from 10*' to 10** W/cm?, the interaction exhibits a continuous transition from the rear-surface
acceleration/shock acceleration regimes to another regime where the radiation pressure of the
electromagnetic wave is directly converted into ion energy via the space-charge force related to the
displacement of the electrons in a thin foil [47]. In this regime the accelerated ions form a nearly flat thin
plate with high density and energies in the GeV region.
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Figure 3: Projections of required laser energy and intensity to achieve a certain proton maximum energy using the

adjusted fluid model: required laser energy in the focal spot to achieve 200 MeV as maximum proton energy for
various laser pulse durations and target thicknesses (solid line: 25 pm, dashed line: 10 pm, dotted line: 2 pm).
The thinner lines are for a 10 um focal spot, the thicker for a 3 pm focal spot.

3. Proton acceleration from utra-thin targets

Another path for energy increase of the protons may be provided by the relativistically transparency
regime where simulations predict extremely efficient proton acceleration [46,48]. In this scheme, the laser
pulse interacts with the whole volume of a very thin, dense target and this can accelerate the whole electron
population efficiently. This however requires ultra thin targets and therefore ultrahigh contrast pulses, so that
the peak of the pulse interacts with an unperturbed target. Preliminary experiments, performed at the 100 TW
LULI facility, accessing such interaction regime were carried out using laser pulses with contrast improved
by the use of two consecutive plasma mirrors, as shown in Figure 4. The laser pulse was irradiating at 45° the
plasma mirrors, i.e. anti-reflection coated glass slabs, in an intermediate field position before focus at a peak
irradiance of ~90 J/em®. All energy preceding the main pulse was transmitted through the slabs while only
the high-intensity main peak, ionizing the surface of the slabs, could be reflected towards the target [49].

Plasma mirror
beam size =37 mm
on mirror

Compressor
e

0° Ry
Wirror

Figure 4: Experimental set-up for the acceleration of protons from ultra-thin targets using contrast enhanced
laser pulses.

As shown in Figure 5 (right), the focal spot FWHM as focused by the off-axis parabola without
plasma mirrors was 8 pm. The measurement was done at full laser energy, using a 0°, 99.9 % reflectivity
mirror positioned in front of the collecting lens with a larger aperture than that of the beam. This way, only
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Iess than 10 mJ went through the lens, ensuring that no non-linear spurious effect occurs in the imaging
optics. Figure 5 (left) shows that the quality of the focal spot measured at full energy is worse when plasma
mirrors are used, which suggests, because the fluence was too high on one or both of them, that they were
triggered too early. When this happens, their surface motion before the arrival of the main pulse may induce
distortions of the laser beam wave front leading to imperfect focusing. The same problem would also lead to
a too high absorption of the laser in the plasma streaming from the mirrors. And indeed, calorimetry
measurements showed that there was only ~1 J of energy at focus after the two plasma mirrors for ~10 J
incident on the plasma mirrors. As a consequence, the loss of laser energy associated with the use of the
mirrors and the worsened focal spot both reduced the peak laser intensity to 10'® W.cm™.um® when using the
plasma mirrors.

Figure 5: images of the focal spot on target measured at full laser energy with (left) and without (right) two
plasma mirrors before focus.

However maximum proton energies ~8 MeV could still be obtained using 30 to 100 nm thick targets,
as shown in Figure 6. This is to be compared to <1 MeV energy achieved for the same pulse duration and
intensity in the standard regime of rear-surface acceleration, i.e. using thicker targets (5 um). This result
shows the potential of such interaction regime to increase the maximum proton energy.

iy P £ = $
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Figure 6: Stack of RCF showing the 2D angular distribution of the proton beam accelerated from a 30 nm Si
target (top) and a 30 nm Si coated with 50 nm of Al

4, Beam handling

An important requirement for many applications is to be able (i) to refocus the beam on a target or to
collimate it to transport it over large distances, and (ii) to select a sufficiently small energy spread AE/E<<1
out of the energy spectrum of the beam.

Focusing at short distances (a few 100s of microns) has been achieved by curving the target surface
in order to focus down the protons to a tight spot [12]. For energy selection, there are already several options.
First, it has been proposed to use combinations of conventional deflecting magnets with selecting apertures
to pick only a fraction of the broad initial energy distribution that is subsequently refocused for dose
delivering [50]. Research at JAEA-KPSI (Japan) is exploring phase-space rotation. Alternatively, it is also
possible to achieve energy selection by using double layer targets with a heavy ion layer followed by a thin
proton layer. In this case, simulations [51] have shown that a small energy spread can be achieved if the
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proton layer is thin enough so that it is depleted before the accelerating field decreases. This scheme,
recently demonstrated using micro-structured targets [9,10], however requires complex target engineering.

focused proton

CPA4 | proton source foil

Figure 7: schématic of the proton micro-lens able to collimate and energy focus a fraction of a broadband proton
beam emitted from a source foil.

A different and interesting option to solve the two issues mentioned above simultaneously is to use
an ultrafast laser-triggered micro-lens [11]. This device provides tuneable, simultaneous focusing and
energy selection of MeV proton beams. The principle of operation, as illustrated in Figure 7, is rather simple:
the micro-lens is a hollow cylinder that is irradiated by an auxiliary laser pulse (CPA2). This pulse injects
relativistic electrons through the cylinder’s wall. These electrons spread evenly on the cylinder’s inner walls
and initiate hot plasma expansion, The radially symmetric transient electric fields associated with the
expansion can act to focus a fraction of the broadband proton beam (the fraction that transit at the time the
device is switched) along the axis of the cylinder. This broadband beam is the one accelerated by CPA1 from
the source foil.

Its operation was demonstrated in an experiment also carried out at LULI, still employing the 100 TW
laser providing two independently compressed CPA pulses. One of the two pulses (irradiance I = 4 10" W/em®)
was used to accelerate a high-current, diverging beam of up to 15 MeV protons from a 10um thick Au foil target.
The other pulse (I=3 10'® W/cm®) was focused onto the side of a hollow cylinder. The proton beam from the first
foil was directed through the cylinder and was then diagnosed with a stack of Radiochromic Films (providing a
profile of the energy resolved beam cross section) or with a magnetic spectrometer (providing a high resolution
energy spectrum).

w/o the micro-lens with !

/ N i?é Eisimu!atioa with the micro-lens
= MICIo-IeNS (0.1 MeV resolution)

simulation with the micro-lens
1 (0.2 MeV resolution)

Protons / MeV/ srad

AE/E ~ 3%
1E10

Energy / MeV

Figure 8: Proton spectra showing the energy selection capability of a plasma-based, laser-triggered proton
micro-lens [11].
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This device that can selectively focus a part of the proton beam allows for tunable energy selection
of the energy spectrum by positioning appropriate apertures downstream in the beam, as demonstrated in
Figure 8. Depending on the transit time of the protons through the cylinder, energy components of the beam
can be collimated or strongly focused, as illustrated in Figure 9. The data of Figure 8 shows clearly the
energy selection capability of the micro-lens: due to selective collimation of the 6.25 MeV protons, these
could be transmitted efficiently through the spectrometer slit (acting as an angular filter), and their density
after the slit in the spectrally dispersed plane is enhanced as compared to the free-space expansion case. For
this shot, the 6.25 MeV protons experienced the focusing fields for ~5 ps before exiting the cylinder. Note
that the energy spread is 0.2 MeV -limited by the spectrometer energy resolution- for the peak located at 6.25
MeV. By varying the optical delay between the laser beams, the location of this peak on the energy axis can
be tuned selectively, while the width of the peak can be adjusted by modifying the source-to-cylinder
distance.

Such relativistic laser-plasma device appear very suitable to achieve the required angular and
spectral control of laser-accelerated ion beams since it can withstand large ion beam currents, can be
switched over ps time scales, and can support large deflecting fields on micro-scales. It is therefore of
interest not only for many of the proposed applications of laser-driven proton beams, but also for application
as an ultrafast focusing/switching device for ion beams from conventional accelerators.
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Figure 9: (left) Trajectories for 100 protons at 6.25 MeV propagated in a cylinder in conditions similar as those of
Figure 8. The protons enter the cylinder 83 ps before it is triggered (i.e. they are still in the cylinder when it is
triggered, although close to its end). These protons are clearly collimated and therefore induce a strong peak in
the spectrum after having passed through the spectrometer slit. (right) same for 100 protons at 4.9 MeV. The
_protons enter the cylinder 64 ps before it is triggered (i.e. they are closer to the middle of the cylinder when it is
triggered, so they see a stronger field than the 6 MeV protons along their path in the cylinder). As a consequence,
these protons are actually focused tightly at a very short distance from the micro-lens exit plane and diverge also
strongly after this focusing point. This explains why there is a dip in the spectrum at this energy and below (see
Figure 8). Note that for both graphs the two axes (in units of microns) are not scaled similarly for clarity.

6. Conclusions

Research on laser-driven ion sources has grown at a phenomenal pace since the first experiments
reporting multi-MeV proton acceleration from laser-irradiated foils. It is motivated by the exceptional spatial and
temporal qualities of the beams, the high-energy and high particle numbers achievable. Work is undergoing
worldwide aimed at the optimization and control of the acceleration mechanism and of the beam properties. Aims
of particular interest are the increase of the energy of laser-driven protons and the achievement of beams with
narrow energy band. We have shown here recent developments and perspectives in these areas.
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1. Introduction:

Development of new diagnostics is critical for future laser-plasma accelerators,
laser-driven light sources and for xray FELs. Recent laser wakefield electron acceleration
developments and novel beam-based light source schemes (such as free electron lasers)
obviate the need for next generation ultrafast diagnostics, capable of temporal resolution
of a few femtoseconds (and in some cases attoseconds) for laser pulses (high order
harmonics), x-ray pulses and electron bunches. Single shot detection capability in
noninvasive and parasitic modes is also important.

Alterations of laser pulse spectra and the associated dynamics can be informative
diagnostics. The portion of a high intensity laser pulse that is transmitted through a self-
induced underdense plasma (such as in laser wakefield acceleration, LWFA schemes)
carries the effects of plasma processes it has experienced. A distinction between the self-
modulated laser wakefield (SMLWF) acceleration regime and the forced laser wakefield
(FLWF) acceleration regime is in the spectral signature of the transmitted ir laser pulse.
The former regime generates sidebands from stimulated Raman forward scattering (SRS-
F) and the latter exhibits general spectral broadening that evidences ir laser pulse
compression. Transmitted spectral effects can diagnose these acceleration regimes.

Existing noninvasive electro-optic (EO) schemes for detection of ultrashort
electron bunches are limited by material properties to temporal resolution at the 50-100
femtosecond level. While timing jitter at conventional accelerators is of this order (or
greater), single bunch longitudinal profile measurements can require improvement of at
least an order of magnitude. A new EO technique is described here which monitors
enhancement and associated dynamics of spectral components in a probe pulse.

Three correlation schemes for detecting ultrashort xray pulses are described. Two-
photon absorption in tailored ion targets is proposed for scanning auto-correlation
detection of coherent xray pulses where the ion species can be adjusted according to the
xray photon energy. The well established xray/ir cross-correlation obtained with Auger
and photoelectron energy spectra that are modulated by coincident ir laser pulses is
summarized briefly. Finally, a novel single shot, xray/ir cross-correlation scheme based
on ir group velocity dispersion in a plasma column is described.
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2. Transmitted Laser Spectral Diagnostics:

Intense laser-plasma interactions rapidly establish strong wakefields for
acceleration of plasma electrons[1]. Incident laser intensities are typically in the
relativistic self-focusing regime (which requires only 10°s mJ of pulse energy with target
densities used at the KPSI-APRC facility). Significantly improved diagnostics are needed
to understand, characterize, and possibly control the laser-induced plasmas and the
accelerated electron bunches. For ultrashort electron bunch generation a good example
concerns the distinction between the forced laser wakefield (FLWF) acceleration (short
pulse) regime for which c7,,,, <A, and the self-modulated laser wakeficld (SMLWF)

acceleration (longer pulse) regime for which ¢z, > A4, . High brightness, high charge,

low emittance, electron microbunches with significantly reduced energy spread
(quasimonoenergetic) have been generated in both regimes using relatively compact
experimental configurations [2]. A transition from one regime to the other can be affected
by increasing the laser pulse duration and/or the plasma density.

Stimulated Raman Forward scattering (SRS-F) is a plasma instability in which
spectral sidebands typical of the SMLWF regime evolve rapidly within the laser pulse
duration with asymptotic gain [3]:

P L @
exp{G}G = \/SEL—RG)—Z’(@J)

Gain =~

1
N 272G (D

where L is the ratio of the peak laser power to the self-focusing power threshold, —LL— is
c R

' w
the ratio of the plasma length to Rayleigh range, and — is the ratio of the plasma

frequency to the optical (ir) frequency. It is important to monitor the temporal growth of
SRS-F satellites for a single laser pulse. Equally important is resolving the spectral
dynamics of the transmitted laser pulse in the FLWF regime where Raman sidebands are
suppressed and the overall laser pulse spectrum is simply broadened by the plasma on the
ultrashort time scale as a consequence of ponderomotive electron ‘blowout’ driven by the
laser intensity gradient. Shot-to-shot instabilities are typical of these new sources at this
development stage and so, it is essential that these ultrafast diagnostics apply to single
pulses.

In transmission, optical field ionization (OFI) induces ‘blue’ biased complex
spectral structure that scales with the free electron growth rate according to [4]:

L
AL ‘1j ! (d”e)dzw )
A 2eng, l—n—ek dt _
n

crit

where —%- is the ratio of the electron density to the critical plasma density and ¢ is the
: n

crit

vacuum light speed. Stimulated Raman forward scattering (SRS-F) can induce both  ed’
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(Stokes) and ‘blue’ (anti-Stokes) spectral sidebands which appear as satellites spaced
approximately by the plasma frequency. Rapid reduction in pulse duration is revealed as
a general spectral broadening on both sides of the central frequency.

Examination of Stokes sidebands then mitigates some complexity introduced by
the OFI-induced ‘blue’ structure. Satellites beyond a 10 % incident laser bandwidth are
anticipated for plasma densities at least of order 10'° cm™. Under the KPSI-APRC
conditions, the SRS-F growth can be a few efoldings (gain coefficient, G ~ few). Intense,
high density laser-plasma interactions can nonetheless also add considerable complexity
to ‘red’ side of the laser central frequency [5]. In the short pulse (high plasma density)
FLWF regime we expect to see the dynamics of SRS-F satellites replaced by those of
overall spectral broadening.

In addition to the rapid onset of complex spectral structure, transmitted laser
pulses can reveal reduced energy, enhanced divergence, degraded transverse profile
uniformity and temporal profile modulations. With adequate transmitted laser pulse
energy, frequency-resolved optical gating (FROG) can in principle resolve single pulse
ultrafast spectral dynamics. The spotsize, w, over which transmitted light must be

collected depends on the transmitted fluence, J,,,, and the single pulse energy

2% tran

requirement, £, (for obtaining a single pulse FROG trace) according to:

w > _2_8_&.
° 7Z]tran
( ) (3
AtAL
gﬁog('u] ) ~ 2n—5

Here, Atf is the pulse duration (FWHM) in femtoseconds, A4 is the spectral bandwidth
(FWHM) in nanometers and 7 is the camera resolution (number of bits). FROG provides
the amplitude and phase history of single pulse spectra through the acquisition of a 2D
FROG trace displaying the temporal dependence of spectral content [6]. We therefore
measure the time-dependent optical field or ‘waveform’ of an optical pulse. This is
equivalent to an oscilloscope operating at optical frequencies. By its design, FROG
measures spectral dynamics. The 2D information is intuitively complete since it provides
correlated resolution of conjugate variables, time and frequency.

Therefore transmitted laser spectral diagnostics can be considered in two phases;
time-integrated observations followed by time-resolved observations. Time-integrated
data can include transmitted pulse energy, spectra, divergence, transverse profile
uniformity and polarization. The feasibility and appropriate setup for acquiring time-
resolved data would be based on time-integrated results which are easier to acquire. For
both phases, there is no need for a separate probe pulse. Addressing the broad bandwidths
can be a significant experimental challenge.

3.0  Electron Bunch Diagnostic Development:
Bright electron bunches generated by wakefield acceleration in laser-induced

plasmas can be of duration near 10 fsec. THz interferometry and electro-optic (EO)
methods and have not yet achieved this level of temporal resolution. More specifically,
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~ even with the thinnest possible crystals, EO methods do not exhibit resolution better than
about 50-100 fsec due to frequency-dependent material constraints [7]. This includes the
spectral-temporal [8], spatial-temporal (not discussed here) [9] and direct-temporal
transcription EO schemes such as cross-correlation and FROGEO [10]. No techniques
have yet been developed that are capable of electron bunch longitudinal profile
measurement with temporal resolution at the few femtosecond level. In what follows, a
generic description EO electron bunch detection using spectral observations is described
and a new spectral technique is proposed.

In the Pockels electro-optic regime, the electron bunch field induces a linear
birefringence in an anisotropic crystal. The Coulomb field, £, , of a single electron

unch

bunch is predominantly directed orthogonal to its momentum and given as:

32

S2

_20'2 -
Ebunch (S)E E3 = er = Eboe 262;L>> 1 (4)

5(471'801”2) oy

where the longitudinal space variable along the bunch is s (s = 0 at the central peak), o
is the bunch extent, » is the perpendicular distance separating the EO interaction site and

the electron beamline, and y is the electron energy. E,,,., can typically be at the MV/m

level for nanoCoulomb charge and » values of a few mm. Figure 1 illustrates a typical
EO configuration in which transmitted probe spectra are monitored according to the
spectral-temporal transcription scheme. The ir probe is focused in an anisotropic EO
crystal between two crossed polarizers. One can select an optical bias (phase) such that in
the absence of an electron beam, the probe energy is balanced between the ‘S’ and ‘P’
channels and the spectrometer provides time-integrated spectra. On arrival of an electron
‘bunch (coincident with the ir probe) the bunch field, £, ., induces a dynamic

birefringence (via the Pockels effect) in the EO crystal (ZnTe for example) that alters the
balance between ‘S’ and ‘P’ channels. In this standard case the ir probe bandwidth
exceeds that of the bunch field and due to its chirp, establishes the necessary time-
frequency correlation for the ‘transcription’ of spectral observation to temporal behaviour
of the bunch. Limits for this will be addressed.

In the Pockels (linear) regime, the E

= E,,.,(ct = 5) dependence of the

bunch

transmitted intensity signal, S, ,.,, can then be written as:

E
SinZ(%_Z chh] 5 .
SPockels ~ ]_ - ¢ z ~ 7[( gmd, J 1 St ¢0
sinz[a"—j - cosg, ©)

where E _is the field level required to induce a 7 phase shift in the EO crystal and 4, is

E . ‘
the optical bias. If % ~10%, then S, = 30% . Note that for electro-optic methods

T

based on the Kerr Effect (i.e. birefringence scales nonlinearly with the bunch field) a
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o
cube

Figure 1. Typical EO configuration for spectral-temporal transcription.

bunch

E
similarly defined signal, S, scales with [—E—————

m

2
. E
J and we therefore require —g‘ﬂ to be
much higher.
Transcribing time-integrated spectral observations to temporal behaviour using
the frequency-temporal correlation established by the probe chirp contains ambiguity
because the required convolution has not been done [11]. This spectral-temporal

z probe

T

which typically can be hundreds of femtoseconds. Improved temporal resolution is
obtained (thus avoiding this Fourier transform limit) by going to direct-temporal
transcription schemes in which the transmitted EO signal is observed with an ultrafast

' diagnostic such as cross-correlation or FROG and spectral-temporal correlation is ignored.
Improved temporal resolution has been obtained using the cross-correlation detection of
the transmitted EO by Berden and co-workers [10]. Although it has not yet been
demonstrated largely due to pulse energy requirements, direct transcription with FROG
(FROGEO) represents a more complete EO signal diagnostic that combines spectral and
temporal resolution. FROGEQ is robust and can improve overall polarization extinction
when integrated with an EO setup. Narrower bandwidth probes (that are more easily
transported to the EQ site) can be used and the spectral dynamics of such probes can be
revealed with potential for the distinction of wakefield dynamics.

Even with transmitted EO signal diagnostics of high temporal resolution (i.e.
much smaller than probe or bunch durations) integrated EO effects within the EO crystal
cannot be resolved. This is ultimately attributed to how well the ir probe and bunch fields
are phase matched as they propagate across the crystal. The phase matching limit to
temporal resolution, ot ,,,.,....» 1S typically the largest one (hundreds of femtoseconds)

=T

transform 0

transcription is limited by the Fourier transform to a resolution, o
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and includes both velocity-induced slippage and dielectronic resonance effects inside the
crystal which are frequency dependent [12]. Other frequency-dependent material
constraints on resolution are the variation of electro-optic coefficients and the Fresnel
reflection and transmission coefficients at the surfaces. Also, resolution can be improved

. . C 2r . .
if the geometrical limitation, ¢ ,,,,, =~ is minimized to the few femtosecond level (r is
e

the perpendicular distance from the EO site to the electron beamline, y is the beam

energy, and.c is the vacuum light speed). Best case EO temporal resolution for
diagnosing single electron bunches is still in the 50-100 fsec range and significant
improvement (by at least an order of magnitude) is needed.

We propose here a new technique that uses spectral bandwidth enhancement of
the ir probe. This is an extreme case for which the electron bunch duration is significantly
shorter than that of the ir probe pulse and has a significantly greater bandwidth. This
situation can be common for future accelerators that can produce femtosecond electron
bunches yet where the use of narrower band ir probes facilitates transport to the EO site.
Spectral enhancement is anticipated to be well beyond the incident probe bandwidth. It
can be monitored in time integration and time resolution phases. Time resolved spectral
enhancement reveals the spectral dynamics of the electron bunch field’s electro-optic
effect on the ir laser probe. The paradigm shift here is the intuitive exploration of spectral
dynamics, for which the signal amplitude can increase with decreasing bunch duration.
Using the EO setting is convenient because it affords observation of THz frequencies as
sidebands superimposed on an ir central (carrier) frequency.

This technique is considered for narrower band ir probe pulses for which the
Fourier transform-limited duration can be several times greater than 10 fsec (i.e. narrower
bandwidth than currently used with existing EO techniques). Low level chirp on the ir
probe (for example that attributed to GVD in transport) a not problem. However, shortest
- possible probe durations are still preferable because the EO signal level (energy) scales
with the coincident time interval between the electron bunch and the probe. A more
detailed description of the spectral enhancement scheme follows.

Tn the Pockels EO regime, the bunch field, E,,, (ct = s) linearly modulates the ir

probe field, E

probe

unch

(£) to generate a transmitted field spectrum, Esigna (w) and a transmitted

spectral intensity, 7, (w) according to:

Esignal (t) = Eprobe (t){a + ﬂEbunch (t)}i' Esignal (Cl)) = aiprobe (a)) + ﬂ_E_probe (0)) ® Eb“”Ch (a))7
(0)=a? |
GKIB _E_ probe (C()){_E" probe (a)) &® Ebunch (60)}* + —E* probe (a)) probe (a)) ® Ebunch (0))}]'{‘

B’ E probe (a)) ® E punch (a))}{E’ probe(@) @ E bunch (a))}*

where the symbol, ® represents the convolution operation. Assume for simplicity that the
longitudinal (temporal) profiles of the probe and bunch fields are Gaussian with

1 E probe (mj ’ +

signal

(6)
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bandwidths, I and y respectively. The spectral intensity can then be expressed in terms
of the probe bandwidth, I and bunch bandwidth, y as:

L (@) = azlf probe (a)jz +2afTE, E,,

(o . P~ o — 22— | | o
14| — v r
+(7) V2 1+( J

where E,, and E,, are the ir probe and bunch field amplitudes respectively and

Aw = ®— »,. Within an ultrashort timescale that is determined by the electron bunch

duration, significant bandwidth is added to the probe pulse. This is revealed in the third
term of equation (3) that is determined mainly by the bandwidth of the bunch field. For
example, for a 10 femtosecond bunch and a transformed limited 40 fsec ir probe,
significant probe bandwidth enhancement can be observed for Aw > 4I". Note that both
time-integrated and time-resolved data provide bunch duration information. Figure 2
illustrates a typical experimental configuration for monitoring time-integrated transmitted
‘S’ and ‘P’ spectra. Time-integrated data can include signal pulse energy, spectra, and
transverse profile uniformity. As with the transmitted laser spectral diagnostic, FROG
technology (described above) can be considered for time-resolved measurements that
reveal the dynamics of spectral enhancement. A noninvasive EO diagnostic that
determines the longitudinal profile of a single ultrashort electron bunch is much needed
for future FEL development. This also constitutes an initial development of THz
diagnostics which are likely to have other diverse applications.

4. Xray Diagnostic Development:

High intensity laser-plasma sources and new XFEL developments place similar
demands on next generation, ultrafast, xray diagnostics. Currently, such xray pulse
diagnostics typically utilize some type of correlation scheme where the correlation signal
can be obtained from photons, ions or electrons. The following schemes are briefly
described here: scanning xray autocorrelation with ion signals generated by two-photon
absorption, scanning xray/ir cross-correlation generated by ir modulation of
photoelectron or Auger electron energy spectra, and single pulse xray/ir cross-correlation
induced by group velocity dispersion in a plasma column. In these schemes, timing jitter
‘between xray and ir laser pulse must be minimized and is assumed to be zero for present

purposes.
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gas jet

ir laser
probe
pulse

lens on
half waveplate

polarizing cube

Figure 2. Configuration for measuring time-integrated spectral bandwidth enhancement.
4.1 Scanning Autocorrelation Using Two-Photon Absorption:

Two-photon absorption (TPA) in helium has been used to detect 8 femtosecond
soft xray pulses (27™ harmonic of 800 nm) with scanning autocorrelation [13]. Soft xray
pulses generated via high harmonic generation (HHG) were split and the variable time
delay between them was scanned. Autocorrelation was obtained from the enhanced He™
ion signal generated during coincidence of the two pulses which scales quadratically with
xray pulse intensity. The coherence of the HHG process affords use of the TPA method.

We propose extending this methodology to higher photon energies and to
‘tailored’ ion targets. Target ions can be selected according to the xray photon energy in
order to simplify interpretation of ion signals for autocorrelation. Figure 3 shows the
variation of the half ionization potential (from the outermost electron) for Kr ions. For
example, ‘valence’ TPA (with the outermost electron) of Kr'® to form K™ requires

photon energies that exceed about 115.5 eV and “valance’ TPA of K" to form K™’
requires photon energies that exceed about 416.5 eV. It is well established that, prior to
arrival of the xray pulse pair, initial optical field ionization (OFI) of a gas can generate
high charge states where the ionization levels are well predicted by the incident laser
intensity [14]. Spatially filtered ion detection can be used to further select desired charge
states [15]. For example, threshold production of K™ requires ir laser intensities of order
10'7 W/em? and for Kr' production, intensities of order 10" W/em” are needed. This
technique then uses three pulses (ir pulse followed by a pair of xray pulses) in a co-
propagation scheme where the xray pulse pair can follow the intense ir laser pulse by 100
picoseconds or more. If the main ir laser pulse is also driving the production of the xray
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pulse (via HHG, XFEL or XRL interaction) we can anticipate minimal timing jitter in
these measurements.

While ‘valence’ TPA of arbitrary ion, B™ generates B™", ‘core’ TPA results in
‘hollow’ ions and can generate charge states higher than B! that evidence Auger decay
- processes. The ensuing charge balance is then determined by the cross-sections for
valence and core TPA in addition to those for the appropriate Auger decay channels.
These cross-sections are critical for predicting ion signal levels that follow TPA with a
specified ion target. Any charge state that scales quadratically with xray intensity is a
candidate for the autocorrelation. For example, target ion charge states can be selected to
optimize valence TPA. The charge state upper limit is determined by

10000

1000

Haiflonization Potential (eV)

0 5 10 15 20 25 30 35 40
Charge State

Figure 3. Half ionization potentials for krypton ions

“the laser intensity available and by ion detection resolution (the latter is typically the
limiting constraint for laser intensities above the 10" W/em® level).

This TPA application with procured ions illustrates the intimate connection
between diagnostics, nonlinear xray optics and xray gating. These are pump/probe ion
absorption experiments in which the time delay between pump and probe is varied. For
example, the generation of ‘hollow’ ions by core TPA is of great interest for xray laser
developments that might benefit from such transient population inversion. Furthermore,
xray second harmonic generation (SHG), analogous to that in the visible regime, as well
as ultrafast xray gating for pulse shaping and transport control can be explored in these
pump/probe settings. Coherent xray pulses can be produced synchronously with ir pulses
from high harmonic generation (HHG), tabletop xray lasers (XRL) or xray free-electron
lasers (XFEL).
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4.2 Scanning Cross-correlation Using Electron Signals:

Energy spectra of photoelectrons or Auger electrons liberated by xrays can be
modulated by coincident ir laser photons. That is, the electron energy can be accelerated
or decelerated by the absorption or emission of coincident ir photons respectively and the
modulated energy spectra reveal sidebands about some central energy value which are
spaced by the ir photon energy. Figure 4 contains a sketch of the general layout used. The
sideband amplitudes vary according to the time delay between the xray and ir pulses and
can be used as cross-correlation signals in the scanning detection of ultrashort xrays
where the ir laser pulse is well-known. Because photoionization and Auger decay rates
are adequately rapid, such electron spectrometry can be implemented as an ultrafast xray
diagnostic and has been demonstrated during the past decade or more [16,17]. The Auger
electron version was referred to as laser-assisted Auger decay (LAAD) and the

- photoelectron version was referred to as laser-assisted photoelectron emission

i
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Figure 4. Configuration for synchronous ir modulation of electron spectra.

(LAPE). As is typical of these correlation techniques, it is essential to have excellent
relative timing stability between xray and ir pulses.

According to the simple classical picture of LAAD, the final energy of the Auger
electron, & is expressed in terms of the Auger energy at birth, £ ., and the maximum

number of sidebands, N, ., then depends on the ir laser intensity, /,, according to:

— be . 2
=& puger — | O tugerE quiver SINPCOSE+E i, (1 +2sin ¢)
2\[ 88Auger‘9quiver

Nsidebands = m“—hv— ~ 1-3Xl0ws\/17i,;f01’ € puger 203eV (8)

ionization phase, $

laser polarization—e~ momentum angle, 9 = 0°
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where ¢ . _is the electron quiver energy, Av, is the laser photon energy, ¢ is the ir

quiver
waveform phase at which ionization occurs (driven by the xrays and not via OFI), and 9
is the angle between the electron emission and the orientation of linear ir polarization
which is preferably zero. N, is then determined by the laser intensity which is

constrained to be below ionization (OFI) threshold values. With LAAD a wide variety of
channels exist with different excitation and Auger electron energies for a given gas type.
In the context of HHG studies, the LAPE approach has become much more
sophisticated in the recent past. The XFROG version of this method examines both
sideband amplitude and actual electron energy shift versus time delay between the soft
xray pulse (from HHG) and the ir pulse [18]. This has enabled determination of the
intrinsic chirp in high order harmonic pulses. The RABITT version (reconstruction of
attosecond beating by interference of two-photon transitions) has XFROG capability but
also determines the modulation of the sideband modulation itself that originates from the
interference in LAPE between two consecutive high order harmonics [19]. This has
enabled determination of the spectral phase delay between harmonic pairs. These
methods are mentioned due to their promise for coherent soft xray detection in general.

4.3 GVD-induced Single-Pulse Xray/ir Cross-correlation:

A novel xray/ir cross-correlation technique capable of ultrafast measurement of
xray pulse longitudinal profiles with single pulse capability has been proposed by
Tatchyn [20]. As illustrated in figure 3, it is a three pulse co-propagation scheme in
which the first ir pulse (linearly polarized) is the ionizer pulse that produces a fully
ionized plasma column of subcritical density. A second ir pulse (circularly polarized)
closely follows the first one (by a time delay much less than the effective recombination
time of the plasma) and heats the plasma electrons. The xray pulse is launched slightly
after this second ir pulse at the plasma column entrance such that ir GVD along the
column allows the xray pulse to pass (sweep through) it within the column. In the
pump/probe jargon, the second ir pulse represents the pump and the xray pulse is the
probe pulse. Optical field ionization (OFI), driven by the first ir pulse, typically generates
‘cold’ electrons. At intensities required to fully ionize helium, the maximum electron
energy is estimated classically to be:

2
eE.

e =317U ;U =m r ~3KeV 9

s prop £2ma)ij ©)

where U , is the ponderomotive (oscillatory) energy, e is the electron charge, m is

the electron mass, @, is the central angular optical (ir) frequency, and E,, is the ionizing
ir laser field magnitude. Xray/ir cross-correlation is obtained via reduced scattering of the
xray light by heated electrons as plasma GVD causes the xray probe pulse to sweep

through the ir pump pulse. The number of scattered xray photons, N, can be estimated

xray

from the xray pulse energy, ¢,,,, and relativisticy factor to be:

, ,
i n, \ € e V(E, . 3
N ® 3x10 rxmy(w J( y)&yz 51.4_(_) (_P_P] ~1+6x10 26Eii—pump (10)
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Figure 5. Three-pulse concept for GVD-induced xray/ir cross-correlation.

is the central angular xray frequency, 7, is the

xray

where 7, is the plasma density, @

xray

xray pulse duration, cis the vacuum light speed, and E, is the field magnitude of the

ir—pump
ir pump laser. The ir heater on/off signal level can be expressed with the contrast function,
7 given as:

2
- eray (Ei/—pump = 0)_ eray (Eir—pump) . }/(Eir—pump = 0)
7= T R B (11
xray \"ir—pump v ir—pump
For example, fore,,,, of 100 microjoules, plasma density of 10" cm_3, and£, ., of

10 V/m, n is near 10% and N__ is reduced to about 100.

xray

Electrons are heated by the circularly polarized ir pump light only within the
duration of the pump pulse. An array of xray detectors is placed along the plasma column.
Because there are no bound states involved (xray-plasma scattering is in the continuum)
this method has potential for single pulse, attosecond temporal resolution. For plasma
densities of order 10" cm'3, the xray pulse sweeps through the ir pump at a rate near 1
mm/fsec. It can easily be shown that GVD at this density also longitudinally disperses the
ir pulses themselves by about 10 fsec for each 10 cm of plasma column length (where a
5% ir bandwidth has been assumed). In addition to testing an xray detector array with sub
mm spatial resolution, development of this diagnostic requires establishing ‘extended
‘ plasma columns (lengths of many Rayleigh ranges) that can result from guiding
relativistic ir laser intensities in a plasma environment.
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5. Conclusion:

New discoveries and ensuing technologies can inspire novel diagnostics. Next
generation accelerator, laser and light source technology will require next generation
diagnostics for advancing experimental science and for detailed machine control. New
free-electron laser facilities and other electron beam-based light sources will mandate
electron, laser and xray diagnostics with similar temporal resolution capabilities. Mindful
of the imminent nature of new applications and discovery that come from studies of -
ultrafast, high intensity laser-plasma interaction, it is essential to identify and develop
companion diagnostics in an integrated way. Development of novel techniques should be
integrated with the vision and proposal of new facilities. For example, tabletop sources of
GeV electron beams generated in laser-plasma interactions have recently been
demonstrated. One can visualize in subsequent phases multi-staged configurations n
which each stage requires state-of-the-art laser, plasma, electron bunch, THz and x-ray
single shot diagnostics for table top FEL and other light scattering applications.

The laser-plasma diagnostic suite is needed to characterize fundamental laser-
plasma interactions. For example, this can be a basis for better understanding and
controlling both optical emission (from THz emission to xray generation) and
quasimonoenergetic (QME) electron bunch generation. Well-established, ultrafast optical
techniques such as FROG can be used to probe spectral dynamics, the value of which can
be enhanced in the future by increasingly rapid dynamics.

‘Novel laser-based electron microbunch diagnostics may best be developed in
settings where the timing jitter between the laser probe pulse and the electron microbunch
is negligible, where appropriate synchronous probe pulses are readily available, where
wakefield effects are minimal, and where there is good access to regions in close
proximity to the electron beamline. Laser facilities, where high field laser-plasma
interaction studies include laser wakefield generation of ultrashort electron microbunches,
can potentially provide this setting. In particular, examination of spectral dynamics for
electron bunch detection in an electro-optic environment is well-suited to these facilities.
There is also general interest in THz science and technology that is closely related to this
work. Ultimately, attosecond temporal resolution is needed. The full broadband
characterization that FROG techniques can provide for optical pulses is also being
explored in the FEL community. FROG devices have been applied (and proposed) for
ultrafast observations of FEL emission.

Also intrinsic to laser facilities is advancing the development of single pulse,
ultrafast xray detection for laser-plasma sources such as table top xray lasers (XRL’s) and
other plasma sources, for high order harmonic generation (HHG), and for xray free
electron lasers (XFEL’s). For example, both ion-based and electron-based correlation
schemes need to be exploited with xray and timing jitter diagnostics in mind. In recent
years, HHG studies have ushered in attosecond science and technology. Similar
methodologies can be considered for XFELs where coherence is a major issue. For years
free electron laser development has relied on lasers for driving electron emission from RF
photocathodes, for diverse noninvasive electron bunch diagnostics, and for other (more
invasive) laser-electron beam interactions such as Compton scattering. Conceptual
designs for new free electron laser facilities are increasingly incorporating laser-atom and

— 127 —



JAEA-Conf 2007-001

laser-plasma technology for FEL seeding and the generation quasi monoenergetic
electron bunches of ultrashort duration (i.e. laser-plasma guns).

High intensity laser facilities are favourable settings for these developments.
Historical broadband experience, potentially improved access to ultrashort electron
bunches, the availability of relatively jitterless probe pulses, and the increasing technical
relevance of laser-atom and laser-plasma interactions to free electron laser developments
can make intense laser facilities ideal environments for developing novel, ultrafast
diagnostics for future accelerators and light sources in general. Coordinated development
is needed and should be encouraged as conventional and free electron laser technologies
become more combined and therefore more critically dependent one each other.
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Generation of high-power terahertz radiation by
femtosecond-terawatt lasers

g EE D, OB AT, E w Y
DB T S22 T A B2 A
DB AT SR BREAE BV AR
Shigeki NASHIMA", Hiroyuki DAIDO?, and Makoto HOSODA"
YDepartment of Applied Physics, Graduate School and Faculty of Engineering,
Osaka City University
YKansai Photon Science Institute, J apan Atomic Energy Agency

We observed electromagnetic waves in the terahertz (THz) frequency range from a Ti foil excited by
tabletop terawatt (T-cube) laser pulses. The radiation power was increased drastically with increasing its
laser power. We also investigated the polarization characteristics of the sub-terahertz wave. It is found that
the polarization of the radiated sub-terahertz waves was parallel to the incident beam plane, which is
independent on the pump laser polarization. These results indicate transient electric field to the incident

plane is generated by laser-plasma interaction, i.e., laser wake field and coherent plasma wave.

Keywords : T-cube laser, terahertz (THz) radiation, poderomotive force, laser wake field
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4.10 EUVHFEDI I 2 b —v g BT EE
Modeling of the plasma EUV source

2 2 AHA
T HeHs - BT ©— LIS - BT U 2FARE =y
Akira Sasaki

Quantum Beam Science Directorate, Japan Atomic Energy Agency

The simulation code for the atomic process of the EUV sources is discussed with respect to the
information processing methods. Advantages of modeling using data structures such as
structure variables and associative arrays for developing a large scale collisional radiative

model are discussed.
Keywords: laser produced plasma, EUV source, simulation, plasma atomic process
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B LR otdl, ATV NMERMEETIR, Tul T ART 7 EATE LT —Z OHEEAN
TV VRN TEBICIRO DNATDIL, T4 77 ) ar 7 a0EHEEPEE -7,
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NOF—ZREEN T NICNBET 2HEZ RO L 51020 | EEANSRIIBIN 2 3L UHEFEICHREN
TEAHLEIITROTWVWBEIT TR, BE, V— b, EAOBESLCHOEE R EOMELFIHTE
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— ROMAEBBELRBHELERDEZELDND, ZOXHRa— FOFEREEZ&ED D20
DI, BERT — X MR FIRT OMAME T EE X b, TOFRLE LTI Vs MERIC
L2a— FEEOFELZRESTETCOL I ENEGBRETE LD EELDLND, £ U TKRHMBEHEI
BOWCEHEHE A DO & BB bR EEICRD LEZADND,

W5 RBRTHREE Y —F L T a V= b ESEA (EUV) LRSS0 ft ey
BRERRORA OXEEZI TiEbhE,

2235 30HR

[1] A. Bar-Shalom et al., Phys Rev. E56, R70 (1997).
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4,11 ITxNAF-EIRRY =7y 7L REREEFE
Energy-Recovery Linac for Future Light Sources

PER—, TR, KRG, HBEE. HREST. S, HAEE, BREA
HARE TSN, &F € — AJCHAZEEM, ERL XR&T-HARMES NV~ 7
319-0091 F3IE IBFTER A HEAS F1 7 AR 2-22

R. Hajima, M. Sawamura, R. Nagai, N. Kikuzawa,
N. Nishimori, H. Iijima, T. Nishitani, E.J. Minehara
ERL Development Group, Quantum Beam Science Directorate, JAEA
Tokai-mura, Ibaraki 319-0091 Japan

An energy-recovery linac (ERL), which produces an electron beam of high-brightness and ultra-
short pulse, is expected to be a promising driver of future light sources such as next-generation
X-ray light sources and high-flux gamma-ray sources. We have started research activity on a
high-brightness high-current electron source, which is a key component of future light sources
based on the ERL technology.

Keywords : energy-recovery linac, light source, coherent X-ray, high-flux

gamma ray
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REETHORE (LA NVEF—) 2HEREZONRL L WIFEEHL, TRETICHE D
Wb L OBESFIAEENTE S, ., F/7209—, NAFF7 709 —ffFSh
BT, SO RO RFEEROLFFIEE o TBY. TR 5~ GFEA N
ORI HD SN TV B,

bIDIEFZEZ b — 71k, Th o ORIERE L EHT 5 20 0EEs LT, TR VF—[
A1) =7 v 7 (Energy-Recovery Linac; ERL) OBF % #E®D 5, W 10 HICH A Y —
M L770 BIEWE, ERL GETFEOF —HMTh 2 HHERBRETHROMBEED TV L, F72,
KEFRIE TR S BIEEERCEEENET ¥ — At 2 &7 ERL BAHM 2 L 5720
12, KEK & 3t C ERL %34 (ERL test facility) DE#RICEF L7z €512, ERLEHT S
KEEN ¥ < BBEOFREF IR OV THRE 2 HDO T b,

2 IXNFX-—EIEYZTy T

MOERIC L B0 FE (Y 7a ba VDL, BRHETFLV -V -, L—¥—a 7 b VHEL
H 2 ) Tk, BF AN —O—EPRCEREINLDOATH Y, BFRIRIBTOLLIV
FrFoFF/EERIAILICE D, BEINTT AN F—2EI - BRI TEIUL, ol
MEBEDOMRE L B0 5 2 ENFTRIC R 5o T ANF—EIENIES (ERL) &, 20720 0%E
Thhbo

ERL TiE, Jox Al Lk o BT % BSOS TEAS L, EFoAvy—%
EEW (RF) AV F— 105, BEETOMRCHFHT24HMA TS 5, @IZEIES L
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Development of Diode-Pumped Ultrahigh-Peak-Power Lasers
| mEh —
BROBEE KR PV — it RirE e 2 —
Hajime NISHIOKA
Institute for Laser Science, University of Electro-Communications
e —
KIRKZE L — P —x R F—ZEW 50 F—
Junji KAWANAKA
Institute of Laser Engineering, Osaka University
)H#—
HARF TR EE BT o — LR ZeEsM
Kouichi YAMAKAWA
Advanced Photon Research Center, Kansai Research Establishment, JAERI

We have developed an all-solid-state fs-regernarative amplifier producing 60 mJ-pulse enrgey with a
stage gain of 10° . The high stage gain was produced by a cooled Yb-doped YLF crystal pumped by a
fiber coupled CW-LD. The gain bandwidth has been extened by the cooling because of the gain and
absorption overlappling at the room temperature.

Keywords: ultrashort pulse laser, high light field. all slid-state laser
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Fig.1 Quasi-three level system in a Yb-doped laser crystal.

2. Yb-YLF L —F—DIKIEEIE ! .
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FIBARZ I AZIIRIL AT WV D KB/ B2V B0 5, FEdm T mENT 2 EMFAT T2
BASFRC IR AT WS I U, R EIIAAY MV A Sy S U 700 2 BRI i 4
FAZLNTED, &5, FEMHIFERALEMN T A7 HIRE TR X —E2 5[ S HT 729
WhHEED RV, AR BRE B 2EYREFRIRLL —V —H 1% Fig2 O™ 7, FIGH
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100 0 .%0 C%o Erfonic,

E 5° HIRERN DR B RN F—E 5 EH 720
g 10f 8 ° 7 (X, fafT L — U AD BRI O R
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T AEPEINE R T EHL®RE LiF 52808 T
DM, VA H RS BRI D ATV REE
NARRE O HE T ULVATRIZIX R H D,

A MIESE— RO AR ORIESRTHY, o/ UV RZIHIERO I BN R
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Fig.2 Gain broadening in a LN cooled
Yb-YLFE.
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Fig.3 LN-cooled Yb-YLF regenerated amplifier.
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Fig.4 Output laser pulse energy as a function of pump

pulse duration with a pump-power of 53 W (), 73 W
(A), and 93 W (0), respectively.
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[1] Junji Kawanaka, Koiéhj Yamakawa, Hajime Nishioka, and Ken-ichi Ueda, “Improved high-filed laser
characteristics of a diode-pumped Yb:LiYF4 crystal at low temperature,” Optics. Express Vol.10
Pp-920-926(2002).
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regeneraﬁve amplifier,” Optics Letters Vol.28 pp.2121-2123(2003).
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5.2 Target Positioning and Composition in High-Energy Proton

Production by the Laser-Solid Interaction

Y. Wada * A.Ogata |
AdSM, Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526

S. Nakamura, Y.Iwashita, R. Inoue, T. Kanaya,
ICR, Kyoto University, Gokasho, Uji Kyoto 6111-0011

H. Daido
KPSI, JAEA, Umemidai, Kizu-cho, Souraku-gun, Kyoto 619-0215

July 28, 2006

keywords proton generation, pro-
ton acceleration, laser-matter interac-
tion, deuteron substitution.

abstract : This paper reports two findings
which enhance the efficiency of the proton gen-
eration in the laser-solid interaction. First,
the number and maximum energy of protons
is enhanced by four orders of magnitude and
by a factor of five, respectively, if the target
is positioned before the laser waist, and if the
laser is accompanied by prepulses. Second, the
maximum energy is enhanced by 25%, if the
polystyrene target is deuterated. These find-
ings open up the possibility of MeV proton
production by a TW-class laser.

introduction

Laser-driven energetic ion beam generation us-
ing a compact table-top laser holds promise

*Present address: Megaopto Co., Ltd., RIKEN, Co-
operation center, W414, 2-1 Hirosawa, Wako, Saitama
351-0106.

tPresent address: ISIR, Osaka University, Mi-
hogaoka, Ibaraki 567-0047.

for application to a particle injector or a pre-

‘accelerator for an ion accelerator. This paper

reports two findings which enhance the effi-
ciency of the proton generation. First, if the
target is positioned before the focal point of the
laser accompanied by prepulses, the number
and maximum energy of protons is enhanced
by four orders of magnitude. Second, the max-
imum energy is enhanced by 25% when most
of hydrogens of a hydrocarbon target is deuter-
ated. These findings open up the possibility of
MeV proton production by a TW-class laser.

target positioning

We used a commercial Ti:Sapphire laser sys-
tem (B. M. Industries, a-Line series) based on
the chirped pulse amplification technique gen-
erating up to 50 mJ, 50 fs (1 TW) pulses. The
wavelength of the laser is 800 nm and the rep-
etition rate is 10 Hz. The laser system is not
equipped with a pulse cleaner, so each main
pulse was accompanied by prepulses. Observa-
tions by a photodiode detector told that there
is a train of prepulses 5 ns, 8.5 ns, 17 ns, 26 ns,
and 34.5 ns before the main pulse and their en-
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Figure 1. Experimental setup.

ergies are 1072 to 10 that of the main pulse.
All of the prepulses leak from the regenera-
tive amplifier cavity. Although they are com-
pressed, their pulse widths are not the same
as that of the main pulse because they do not
have the same dispersion in the laser system.

Figure 1 shows our experimental setup. The
experiments were carried out in a cylindri-
cal vacuum chamber 400 mm in radius and
200 mm in depth under a typical pressure
of ~ 5 x 1073 Pa. A p-polarized laser was
split into two. The weak branch was used
_to obtain shadowgrams. An f = 300 mm off-
axis parabola mirror (OAP) focused the strong
branch on a target in the chamber with an
angle of incidence of ~ 7/6. The laser in-
tensity on the target was up to 1.6x1017 W
cm™2. The measured spot size (wg) was 11
pm in half width at e of maximum and the
Rayleigh length (Zg) was 0.44 mm. We used
Al, Polyethylene and Mylar (C19HgO4)y, as the
target foils, but this paper reports only on 2.5
uM-thick

Ions and neutral particles were obtained on
both sides of the target foil by the laser irra-
diation, into the directions normal to the tar-
get surfaces. Henceforth, we define “forward”
as the laser penetration side, and “backward”
as the laser reflection side. It was found that

ion production has an optimum target position
when the main laser pulse is accompanied by
prepulses that evaporate the target.

1013
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Figure 2: (a)Proton energy spectra obtained
at the waist and at the optimum position.
(b)Maximum proton energies as a function of
target positions observed on forward side with
various laser energies.

. First, we measured the size of a hole bored
by a laser pulse on a foil target, changing the
distance between the OAP and the target. We
assumed the position of the minimum hole size
as the waist.

We varied the distance from the OAP to the
target, irradiated the target, and measured the
energies of generated particles. Two Thomson
parabolas having apertures of 0.5 mm in diam-
eter, each with a CR39 detector, were set in the
direction normal to the target in the forward
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and backward directions, respectively, 100 mm

from the irradiation point. The present paper.

mainly reports the results obtained on the for-
ward side.

Figure 2(a) compares two typical proton en-
ergy spectra generated from 2.5u-thick Mylars,
at the laser waist and at the optimum position,
1mm before the waist, on forward side. The
maximum proton energy was 900 keV at -1.0
mm, which was about five times as large as
that at 0 mm. The number of ions at -1.0 mm
was four orders of magnitude larger than that
at 0 mm. The maximum proton energies ob-
served on forward side from 2.5um-thick Mylar
foils are shown as a function of the target po-
sitions in Fig. 2(b) for various laser energies.

The target positions giving the maximum
proton energies did not coincide with the laser
waist. Instead, two positions existed that gave
the local maxima: one 0.5 to 1.5 mm before
the waist, and the other 0 to 1 mm behind the
waist. As the laser energy became smaller, the
target position giving the maximum proton en-
ergy became closer to the laser waist. The po-
sitions before the waist gave larger energies to
the protons than those behind the waist. The
same tendency was obtained in the backward
direction.

It was found that the intensity of the pre-
pulses strongly influences the proton energies.
A larger prepulse resulted in smaller proton
energy. Although we have the lower limit in
- the realizable prepulse intensity, there should
be an optimum intensity. Maksimchuk et al.
[1] reported the existence of optimum intensity
and timing of the prepulse, although their ex-
perimental conditions were different from ours.

We have introduced a model to explain these
experimental results that the energy of gener-
ated ions is not highest at the beam waist[2].
In our model, a prepulse first evaporates or
ablates the surface of the target to create a
neutral gas layer in front of the target. The
nonlinear refractive index proportional to the

intensity of the main pulse guides the main
pulse itself. The main pulse with a smaller
radius than in a vacuum thus interacts with
the target, enabling more efficient ion gener-
ation. If the target position coincides with
the waist, the prepulse intensity is, however,
too high to create neutral gas. The prepulse
creates plasma instead. The plasma density
distribution is highest on the laser axis, which
diffracts the main pulse.

A blueshift of ~ 15 nm or ~ 1.88% in the
main pulse was observed in the present exper-
iment. This supports the creation of neutral
gas by the prepulses, because the blueshift is
caused by the difference of refraction experi-
enced by the main pulse; i.e., the head of the
main pulse is refracted by the neutral gas left
by the prepulses, while the tail is refracted
by the plasma created by its own head [3].
The shadowgrams also showed that the plas-
mas were created not by the prepulses but the
main pulse[2].

The prepulse fluence of 1073 of the main
pulse was 0.2 to 9 J ecm~? depending on the
spot size on the target. We deduce that
this value is around the threshold of abla-
tion by femtosecond laser, because the single
pulse threshold is 2.6 J cm~2 in polymethyl
methacrylate and 1.7 J cm™2 in polycarbonate
for a laser pulse width of 150 fs [4], although
that in Mylar has not been reported.

target composition

It was found that the deuterium substitution
for hydrogens in hydrocarbon targets enhances
both the number and energies of protons gen-
erated at the laser irradiation. The experi-
ments used the same experimental setups, with
the laser energy of 40 mJ and the pulse width
of 40 fs. The target was polypropylene with
deuteration molecular ratios of 98 %, 36 %, 0
%. The Spin coat process fabricated the tar-
get films with 2 pm thick, which were desic-
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cated in vacuum of 2 Pa at 373K for several
hours. Deuterons (d*) and full-stripped car-
bons (C%*) have the same traces on Thom-
son parabola CR39 tracks, but they are dis-
tinguishable which have different sizes.

Il mrerry
% ——30% |
2
&
2
g
B
[+ %
s
2 N .
E | @ :

06 07 08 09 10 11 12 13

Energy (MeV)

Number of deuterons (1/srishotfke V)

40 180 180 200 220 240 260
Energy (keV)

Figure 3: Proton (a) and deuteron (b) energy
spectra obtained from deuterated targets.

Figure 3(a) shows proton energy spectra at
three ratios of substitution on forward side.
Five shots were accumulated in each measure-
ment. The maximum energies of protons were
1.26 MeV, 1.15 MeV and 1.02 MeV at 98 %,
36 % and 0 % substitution ratios, respectively.
It was found that both the number and the
energies of protons were clearly related to the
substitution ratios. The maximum energy is
enhanced by 25 % in the 98 %-substituted sam-
ple.

Figure 3(b) shows deuteron energy spectra.
Comparing two figures (a) and (b), we notice

that the protons are mainly accelerated even
in the case of the 98 % substitution ratio, in
spite that we had desiccated the target before
the irradiation.

We consider that the deuterated targets
are more rigid than non-deuterated ones, so
that they maintain the acceleration structure

longer. Results of simulation studies will be

published elsewhere.

summary

We detected energetic protons in the interac-
tion between a 1 TW, 50 fs, and 1072 con-
trast laser and thin foils. It was found that
of-the waist positioning of the target enhances
the production of energetic protons. It was also
found that the deuterated hydrocarbon targets
yield more high-energy protons.

A recent study shows that the maximum
proton energies should be scaled not by the
laser intensities but by the fluences in an ultra-
short pulse regime such as several tens of fem-
toseconds [5]. It tells that the laser fluence of
more than 10° J cm™2 is necessary to generate
MeV protons. The findings in this paper sug-
gest that the fluence smaller with the order of
magnitude could generate the MeV protons.
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Observation of High-Power Coherent Synchrotron Radiation in the THz
Region from the JAEA Energy Recovery Linac
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The energy recovery linac (ERL) is able to generate high-power coherent synchrotron radiation
(CSR) in the terahertz and the millimeter-wave regions, because it produces shorter bunches than usual
storage rings and a higher current than conventional linacs. The spectrum of CSR has be‘en measured at the
JAEA-ERL in the wavenumber range from 0.5 to 15cm™. The detected power was 2x 10* W/em™ at 2.5
cm™ for the average beam current of 17.7 pA. When the infrared FEL was operated with the undulator in
the ERL, the CSR spectrum was shifted to the longer wavelengths because of the energy broadening of the

electron beam.
Keywords: THz, Coherent, CSR, ERL, High Power
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ARy 5.2 THY, ERLIZBITS CSR BSEEE T 7~ VY HIREL TRERBFELED THD,
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HEE D250 5 ERLIIER 1 CThH 5,

DORENCRBWTIE, BARETF 1058

Table. 1. Comparison among three types of IR radiation sources. FHeRE(JAEAIZ S H H5#R4 FEL 07
Storage Ring |  Linac ERL »® ERL AREBESN T3, 74+ FEL
Repetition Rate large small large 5Z¢%HIEL, CSR DAV EEH
Average Current large small large FALLbI % 4 FEL % 3iES ik
Usable (IRSR) (CSR) (IRSR+CSR) N \—:_ ’ - ° \.»\ N
Wavelength NIR~FIR mm- and NIR~ HET, TIRICRBITS CSR ATV ARE
region in IR sub-mm wave mm-wave 57V A GHEECHIE LT
2. EBFHE

EEL, BART O GEHEEEE T X —RINAEBEET Ay 7 BRET ViR T
o, ZOMEROWMNE Fig. 1ICRT, 7 Pa b—FIZBW TR FELEIRS B0
CSR DAL BRI TE 5 1 5, 2nd ARC EROMRMIERA (BB EE 20 cm) 12 CSRBLRIA DGR

BHRELE, BFE—L0RT A—F X, TFRAF—17 MeV, N FH#uEL 20.8 Mz, <7 1/
JL AINE 230 p.s\ BOE L 10 Hz ThY , FHERIT 17.7 pA, ~Z7 22V AE—7 BRI 7.7 nA
Thot, RELI-ONEBOMKXNE Fig. 2 IR T, AR ONFERIL 80 mrad OZEAT
CSR ZENT H L IRE SN TND A, CSR OIMENRIEFICREIMHGPEAMLTLE-
B, RLEBTIT—0—ME~YA7 L, THAZL 37 arad IHIR L TAEZIT- 72, BRAR

DEZEET (EX 8.2 mm) 2B REF H&D Hahizae—vr MR YeE, BAERE 1500 mn
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Fig. 1 Layout of JAEA-ERL. L, KHRITE—L AT »
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# —BS2, BENEE MM, EESE FM 2572 A FEEHR~E
b, BEISICL Y RRELZELSETEREDE
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HEst g 7Y 7 v P3RS T, vy 740707
ERAWT=ZaxL20FA IV 7EE LR LUEE
B0 KA EE LT,

' . Fig. 2 Schematic diagram of the experiment:
3. %%iﬁ%% W, vacuum window; M1, M3, M5, flat mirrors;

R P N ° M2, M4, Spherical mirrors; FM, fixed mirror;

3. 1=k I/./H)‘ﬂ(%]‘p'ﬁ@}/\&]\}]/ MM, movable mirror; BS1, BS2, beam splitters;
B X2 AT M A% Fig 3ICHETCRT, ity D, Sibolometer.
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4
10 T | vrxchs, E@EmMORED, HHEHI24000 KO R
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WAVENUMBER (cm™)

Fig. 3 Observed CSR Spectrum (circles) and the DEY ., REEO/SYFILHMIRA T ARG TR
spectrum of a high pressure mercury arc lamp (dotted = 3 N e SN Me fofe A i B b
curve). The dashed curve shows the calculated CSR EBDI D, 2B RBLHELNE.S psD = AR
spectrum of 4ps Gaussian bunch and the dotted curve ~ A DNV FRAE LR OFHRETH 505, FEH
shows that of 3.5 ps (FWHM) triangular bunch.

Y R OB IS HER A DT DIC Ay M BERRICH RS, 25, SHE 10 cmM B
St &9/ SR, BEUINESS EE o 7o b — L v NEWTHCR ORI CRBROEBE 2 H 5 [4],
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Numerical analysis of plasma medium of transient collisional excited x-ray laser

SREPIGTE . RTE D, o A D
DB AJETF TR DI R RN SR T C— SRR = b
DRCLKE TR % TR

Masaharu NISHIKINOY, Naofumi Ohnishi”, Akira Sasaki"
D Advanced Photon Research Center, Kansai Photon Science Institute,

Japan Atomic Energy Agency
2)Department of Aeronautics and Space Engineering, Tohoku University

Two-dimensional radiation hydrodynamics simulations have been performed to investigate the
effects of plasma medium flowfield on the x-ray laser generation. After the main pumping pulsey irradiation,
a blast wave is created due to local energy deposition and a density dip is formed behind it.
Three-dimensional ray-tracing of x-ray laser has been conducted with arranging 2D flowfield along the
incident direction. In this calculation, the size and the position of the area, which the non-refracted rays are

distributed, are similar to the experimental results
Keywords: X -ray laser, Blast wave, 2D-simulation, 3D-ray tracing
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FIGURE 1. (a) Simulation domain of the second target of the double-target x-ray laser. (b) The pulse

condition of the simulation. (c) Contour plots of the electron density. (d) The Comparison of the electron density

and the electron temperature with 1D simulation and 2D simulation.
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FIGURE 2. The ray positions at the plasma termination of 9 mm.
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Photoabsorption and ionization processes in Xe cluster plasma produced by coherent X-ray laser

COEERERR— Y, RBIR, IR, RAK. Wk, BPkF. LA,
BN, B, KBEN, ZRLEY

A) JKEBRERFEG AR X 7 A THEHR
B AT B R SR F v — AR =y N XL — YRR —

Shinichi NAMBA*, Noboru HASEGAWA, Masaharu NISHIKINO, Maki KISHIMOTO,
Tetsuya KAWACHI, Momoko, TANAKA, Hiroshi YAMATANI, Kouta SUKEGAWA,
Yoshihiro Ochi, Keisuke NAGASHIMA and Ken TAKIYAMA®

_ A) Graduate school of Engineering, Hiroshima University
Advanced Photon Research Center, X-ray laser research Group, Japan Atomic Energy Agency

Xe clusters were irradiated with X-ray laser pulse (A=13.9 nm, pulse width ~7 ps, intensity <2x10"
W/cm?). The large Xe clusters with average sizes from 10° to 10° atoms/cluster were prepared by
adiabatic free expansion of high stagnation gas into vacuum through a supersonic nozzle. The cross
section for inner-shell ionization of Xe 4d electron (1.6x1077 c¢m?) is by ten times larger than
photoionization of valence electron. The inner-shell ionization process, therefore, dominates over that of
the outermost electron in Xe cluster subjected to high-intensity X-ray laser pulse. In order to investigate
the photoionization and inner-shell decay processes in the cluster plasma, Xe?" ion yield was measured
with a time-of-flight mass spectrometer.

For high intensity pulse and larger cluster, the anomalous enhancement of Xe* ion yield to Xe*" ion has
been observed. This result indicates that the double Auger decay process dominates the normal Auger
process (N4 sO0), which has not been observed in the similar experiment with synchrotron radiation.

In this paper, the cluster dynamics associated with the inner-shell ionization and subsequent Auger

decay is described in detail.

Keywords: X-ray laser, Cluster plasma, Inner-shell ionization

1. ZCHIZ

BEBPFRADLENMNBEETOT7 2 b VPEREL -V %X )V REOFHIRI T ALK
—ICHRAT D EFELL VP =X —DRINBEZ Y | BT RVFX —RL T ORESCEMEE
XBEA~OISARSH IR TS, 207D, EBR - VI 2 b— g YOMED? LRI
BT T3,

T, IVEREL—— L7 7 AX —HAEERATIHR—RED LI BREEBEZ 200, &\
S B B U CIXEEBRIZHE1T LT Saalmann 52353 F8) /17 EZ AV CTRIEREZ1T o 72[1), #
Sk X BEE iRV — VBRI L A EFIREBIORIE « =R AF—2VhE N2 &6 HHIE K
FHZ & B EBTFMBBIE S, MiEOB WA F U RR RN F— A A ORETHFTE RN
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EEHFELTND,

—7 . ERBEEROMRIEEEOEREN B BEF L —Y —(VUV-FEL)D B % TR
B DSEIR T o 72, Wabnitz 5 IR 98 nm, VAR 100 fs, 38E ~10"° W/em® ® VUV-FEL %
Xk )7 TR =ZRETAEREITV, Xe AT 1 EHE720 EIZ30EONFEZRIRL, 7—
aVBEPEI S Z EEP LI LtmowﬁbtiDL\%%M&%%#W%éhét
Mz DE ST KEDOKRFRRINEINEDNES H Z LIZE U THix BRI E D 6
N3, FlxiX, Santra HiLT T AH — 7°§7:‘7E|3’C‘&;t?/*‘/|’:§75§9 52 B =P A XL bIA
LB LITEBL, 7—uVRTF U NE L TCIOREEEETDHZLICEY ., HEK
S L AMBMBWETHS Z L R LT[, £, Jungreuthmayer 1% VUV V' —HF—nD X 572
BT INE—DERE, 7T AX—NETIHBMES 77 A~ BERSHh, “SEREES”
VIO LVESZEATSZ ik, EREREZIATLIZ LI LTVS[4],

ARFFED B, VUV-FEL & B L CE BIEEAEV X R —F—13.9m) & F &/ 7
5 25 —ABEAERICEE D AR ERE S 2B T2 LidH D, WR B39m T T RZ—F A X
CERETHY, SOICHBICEL Y NRERELSIXEZ T EBTREL 8D, Fiz, HH - IR
AEIRD L—F— L 0 HENCETORBRIE, X, Rr7aE—7 4 7T RUF =/ S0
e, 7T AR —NTOBRBBHFIC L2 V—F ORI EPRT 5 = L TR L 725,

SENIEIC. XML —YF—2F 8 ) 7 T AX =B U CTER SIS SliA 4 2 RATRH
RFT L, EDO XD RBREN T T AL — ¢Tébfm5®ﬂ%ﬁ«to XBEL—P—Dr—
7 BEIE <2510 Wem?, »VAE ~Tps THD, ¥/ VI FRAE—ZREEN A2 @ER/
ANPOER SEDZ LTIV AERLE,

EBROFER, ) ANVYEE, RO, L—F— %r%tﬁéﬁékXQX?/Eﬁngey&ﬂ
A A K LTRSS R LT 2 E B L, $7-. Xe-He IBAV A TIL X A A D
HREN Xe fi A2 BWZEA LB L TE hol, BLEOFKRNL, 77 A F—2%lA
TR S POFEBEERIELTWAZ LA LN E RS,

2. R

EBIL. B AR T OB T 5 7 T X IR X L — P — SRR R T
FFotre 20 XL —F—0# & LTk, JE 13.9 nm (FFRE AMA ~ 107, 7V R IE ~T ps,
TRAE— >100 0] Th D, £HIT 2 m OERFEREE > Mo/Si ZREREKESEZ V. K72
ARy MY A RS TN 39, 24 pm ThH D,

¥k )Ly T AR —ABIEN A P EETICIHEAE BESEBCERENE 7 7 VT
—RT T RE =T D, BEH ) XA RETHEE L bOEMA L, 20— MET 02
mm DBREED, FTRAEZ—DFA XL LTiH, J ANVEEZHETLZ L2 L) 10°~10°
atoms/cluster & LI RERY A XDY FRAZ —%AR LTz, EHIT, LV 7T AZ LR
B R B0, Xe(30%)-He(T0%)DIRA H 2 % AV % EB b 1T - 1 (seeding Hff), 7 T A5 —
U A DB - ORI RS T B DL B O DOEEA AL A —DICTHIE L, F A
B e XBU—Y— ARRROZ IV IHECER L,

XBLr—P— 7 7 22— AR TAER SV D S0 A A i, Wiley-McLaren 240 A
7 FRAT W 43 fiF 5047 35 8 (time-of-flight mass spectrometer, TOF-MS) CT1T 272, 774 hFa—7
X 55cm . #HHERE UCIIEED MCP 2 Wz, Fiz, AR TIX Ao & L—3—
RO L mm ¢ DA Fw— Y 1) 72, ZHUZ K Y TOF-MS D5 fggRE R720 T,
BEARNCENT HBEEX Y/ VAL V=Y — L OMEEREZB I LA TE D,
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S5, BRIV U N ay PTITO D, Ya vy FZEIR X B L— P —OMEZFHRIT
LUNERDHD, FOED, VIFAZ—E—ArZEBLE XBL—F =38R 5 50 cm Tt
WWEY T B TW5A CCD A AT Tl 21T o 7=,

3. SR

XL —Y—« ¥/ 7 7R —HEERAERRA LM, TiS V—¥—% H\ /2 TOF-MS
2% 1T o 72.(~80 £, ~2x10"° W/em?), & DfEHR, Xe'" A A £ THOART "MABEBI S, 14
VTR — AR D B A > TGRSR T 5 Z LM Lz (Xe'%A A Dz R
—I~10keV), —fIC, K& 727 T AZ—TEIRMEMIZT 7 ABEIRL TN EWNWH ZERT
nifwiﬁ V3ial—valyTHLNZRSTWVATZD, %%fmwt77x& E— AJR
CIRERT TR —DEBGFET D EHHERTE T,

égp\m77z& BTy FELEERBIToR, &I Db, Kr3d EFDONBKERE
(B 94eV) IZITARFE TRV L—F—HE®9 eV) TR+ THY ., 77 A F-NDRF
DEENBENENCHBREDLDENBENLBEDLOTIHRED L I REVHELLDNETRD T
DICEHEREEZ LN 2D TH D, EROFER, FREY Ke'A AV AT MAOZBBRIS I,
SBBECAE S KBTI L B ETEEEER LN T ERAER TE 5 2 LRyl
M1 X#BLr—Y—%Fk /) 7 7AX BN LESEICEOND TOF-MS 234 (/X
NEE P=18 atm), X ML —P—DME (CCD F V¥ MY IKHFICFRINLTWS, ZORNH
oMk o, b—F—BRENERT D L XM T DERDRN LR TIHEFBOND,
Xe* A FUNERISNDENBRR—/VORERRIT, FINVA—V ol (KRBT L 20—
2 EBFVRHRHEEND) LIEENTNAEN, Xedd BETOWNREBEDOE S . NysOpOp A — Y =T X
% Xe*' A v ~DREHRERE L RE VI EBREROERTHAL TN D, 2F 0| X okt
T 5 XeF DAL, 20%REL/NEL, AFRTHEONIEREIRES ERD, £72, Rk
DIRD PN Xe-He BEFTATHH/ON T LR, MiXe TALY bIREVAZHNLTHR LY
Xe*' A A BRI AR Th o T,

—J7. K 2B MMiA A ERNED ) ANEERFEETRT, 727210, Xe-He AT RAIZ X
DTI T AE—IFERS

fro JANAIER LB L g 20T g T T Ko tarmel T Intensity 25579 3
IR Y R LT I B Y~ petgam .
REEHILIHETEO g osf || - Xe'
T RERITAI—DEA &, on_»wéwwww’w%wm-¢mwﬂmh“m =
it FIAA-Taiic 8 Tof | Intensity 10357 ;
BET S XA Arnxi 8 1ol ) ]
et r 5 ki ]

L 72% L AVHIA LTz, £ gﬁf wﬁ» N M
UEDRERNG, 72K 8 20F Intensity 6310 ]
A ROBK, R, L § s :
PoMEORKIHST .~ oF A W
- a A A

R TRBES L TnARN 00 b Mo IS
MBI IR IURRES Y 4 5 6 ! 8 °

5 2 5N TE T HEE 2 Time of flight [ps]

x¢z:preirsmrl BLXBRU—Y— - Fv) 07 IAFHEEAICL-TE
¥~;F®°7kﬁ$Uf R &N B ZAfiA A D TOF-MS, L —F—5RE DHKIC
L B, AR K E BT B T L BH B,
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VBTEMA DD, &b, sl o o T T T T ]
) 725 N TEKDRT | Hie-Xe target A Xe3* ]
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CkE< Y mEEEE  E 0120 | )
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BREkE < AsEsre 2 | v
E5FRLHBM, c0ks 8 00T 0 ]
RV BE BB T QW~!* e

0 2 4 6 8 10 12 14 16

WBDT, A%iIRkx 72 EE
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BEANWDEZ LIZLY, Nk

EBHLATE - FOREREEZH 2. BAEA AV ERBO ) ANVEERFE, TEREO L

RTNE FECH S Xe[;;/l’ AURAEBPERL, ¥ 74—V o BERX
° BLHZ72 5,

4, FLHESBRORE

XBL—F B L 2k /) 7 T A5 —ONREREER AT 5 dic, A 4 TRATH
IR HEHR Z T oo, TORER, L—F—RE, 75 RF—% A XOERITHEN Xe¥ 1 4
DERRNRBELSRDZENHIA Lz, 20 L%, F 7AYo BRI LD NEE— VA B
BT AHERNPEMRERICILENTZY FAF—FTIIEMT I EERBKRLTRY  KHEE DK
FHOERBETORBOER TN E THRAI S TW RN,
Ltk BIOHETH, KBEF - AV 2B TFOZRIAX—SGMANL T TAFZ—NTED LD
PR AE U TV D ONEMBIIT 5, Eiz, BN BITVIRIBHIC L 2 NRET O R
WOWTHFEMIZTARD TFETH D,

BE X
[1] Ulf Saalmann and Jan-Michael Rost, Phys. Rev. Lett. 89 143401 (2002).
[2] H. Wabnitz, et al., Nature 420 482 (2002).
[3]1 R. Santra and C. H. Greene, Phys. Rev. Lett., 91 233401 (2003).
[4] C. Jungreuthmayer, L. Ramunno. J. Zanghellini and T. Brabec, J. Phys. B: At. Mol. Opt. Phys. 38 3029
(2005).

— 162 —



RN MARNUIELAN

JP0O750093
JAEA-Conf 2007-001 [17 —1 05]

5.6 L —¥—77 X< XBEAMEEIC LSRN/ MEE ORIHAE

Visualization of organelle by using laser plasma X-ray microscope.

P EEY 2, IR REETS. SR KAED 2 imEE
LR BT RFIRFCNE U GERL, 2R B AFRFIAER NI & —, S REZFRFHE
FEAEMBIERN BT AAFSEAT BAERTTEET R TR S —
Satoshi TAMOTSUL2, Kazuko MORIHIROY, Keiko YASUDAS, Yuji MIKATAZ?, Tadashi
OISHI!2, Masataka KADO4
1Department of Life and Environmexital Sciences, Graduate School of Humanities and
Sciences, Nara Women’s University, 2Kyousei Science Center for Life and Nature, Nara
Women’s University, 2Department of Biological Sciences, Faculty of Science, Nara Women’s
University, ‘Advanced Photon Research Center, Kansai Research Establishment, Japan

Atomic Energy Research Institute

1. Lo
AEMBEDSEHCIN T, BIMSHIIULBER ARG T D, T DOERI - TEMPIFD T
RBLTEZEESoTHBE TR, LnLARRL, X REMEIL, ZOBRENS 20 KEE
ETCNDIE2D05 T, EKELLTHBDLT, ELRERMREET THDEDITTHA,
FOHEE LT, ~— RETHE, RESIERICRHIND 10725 2 & LTS & DR
BRCRNZ &S DIV D, Ll RS RE RER & LTI B oI5 BETEE ORETH 5,
ETIREII L HAAD I L FHOEHBBEOFRIZIL, FEOEN OB OB LA
Tholeh, X BREMED 7 D DIFEBEIMIES BRI TORY, MAT, Bbh/cERzIE
FEFHITS 2 AT DR DIZ, BIEEOMREDR B 2RI STV Rh o722 &iZh 2,
FIFFET Y = N D HENE X SRR & T E 5 A T ADOMESL & & DI XM i
AT OBFE T 5, SEEIT X BRBHERBIEITE L T 5 & Bbh 2 AR OB
RN — B CREEROMET & XARTEHE & DO HIRODT= D ORIV % T D% A% 4T

277,

2. MEtEHIk
EBTIET v FEIBREE RS (PC12 : REAREK) Z MV, WEFEHT, RPMI1640
Bt VS, 837°C. 5%CO, DA v 3F 2 —F — N THERER LT,

ST IR 5 et

Y 7 BEMZ, a7 —Fra— S F vy o —RA T4 KT, WEEHIZ NGF (85RAL
ERF) WiE%Z 0.01ng/ n L7225 X 928U, 87°C. 5%CO, DA > o —& — N TCEEE;
2L, ' '
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>3
KEYutaizlk DAPL (4),6-diamino-2-phenylindole) % vz, 7 HREREE L7121, BRI O
R U7z DAPLIEK (RAIREE : 0.3mg/L) THEALT,

S haRFIT _

12817 1% Mito Tracker Red CMXRos (Molecular Probes #18) % F\v 7=, MitoTracker stock
solution Z/EBLL . J@HHEM 1ml iZxF L 00.02 10X, ZOHIC3TCTA v Fa—a
Lz, F0O%., WikEWE L CRESCREYeE L, BT AL,

Lk

L DRI BODIPHY FL Ch-ceramide (Molecular Probes #H#) %Mo, 55§
BODIPHY FL C5-ceramide stock solution fEEL L, £5# 1ml IZxf LT 10p 102 T, Z D55
30 53, ACORIBIZLTA L a—ira v Ui, TO%K, WafEHERE L, Kk Lk
B CRREIDES L7z, BT LV BRI 2 T 30 5], BTCORMETA v Fart—va L,
HERRE L, BERMTEALL,

FHR

AR B FEAEERI 2 1% Alexa Fluor 488 phalloidin (Molecular Probes ##) % AV 7z, phalloidin
stock solution Z{Fi L. PBS (U ESEEAIAIEK) T4 OfHIHN U7z, Mz ¥ RN=
— B {LEEE L, PBS T 2 Efeh 4. ol SYRERE MR T, YeaRFHOE I X585
WEDZALAND B ETNDTZOIZ 60 47, 20 230 2 @Y ORI TENENAHE S BT, TOR,
PBS THe% L. #HAK (BIOMEDA #H#) %#Hw\WC, HALR,

EHprp L5 — | TD PC12 M2

SoBbR L2 — IR D T, BTN TR 5, Z OREE RIS 572010, BEREER LT,
Aé&% anFRIc L, 2OMEFA o U BTRWE (” ),

4-well culture dish (NUNCLON #40) 0% well PUIZRREIA L& — 2 #cis &, 20 R
ERR YT, ML S A RERERE F0 EPSEMIAN. 0% NGF ¥, 37°CTH
ELT,

3. FREBE
PC12 DL

PC12 1% NGF & Lo CIIAB 732 A% L, BRSBTS (K1), NGF
TIN5k B R CRREZS R AT (K2), ZORETIEIITa—AT I ThDH /T LT
Y R0 B XX R AERR - BT AEEANRHH T LB TS, NGFIRED 0.01Ing/p L T
VL7 B TR 2 (5RE OJGE 2 ARHR U773, 0.04ng/ n L T3 B CHllAD 1.5 %
FREEIC E TR A IR LT e,
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HCTAEEIC X DRI A T R T DB

PC12 IS D HIAN AV 3 T FER OBl St %R 2 T IR B RCALERRF R B DA
BRI TYa LTz, BEOEE, DAPI OREIL3.3X107 pg/ml 2RI 5 &I L, &
7oy MR E MG DBRA, (LREENBE TH D D EEROBRE B I 2o, TO/ME, E
EWIIIF Y R=—FEHE (4% 73NV LT VT F+H0.05%E 7 U V) AV, £72
YuEFRAIT 2 0 4y CYE SNz, ZOSMEETO PCI2 Mz X 1R d, NGF ZHINL T
VNEE R CITHIIOEZ L (R ). NGF #9nEsF Claiai skt 2 R S8 T
B0 (" ), TNFNAMLERNERE TE L, I b2y FYTREDRE, ~—h—ORikE]k
FE, B/ e B 20D B 72012 3 DR D~ —%— (0.5 1 Vml, 0.1 x Vml, 0.02 4 Vml )
B L, ReERTE 154y, 3043, 60 CHER LIz, ZOfEHE, 0.5uVml, 0.1 Vml I3IRE
NEFETHIRANOI hay RY 7PRHER LS5 & H#EV 0.02 4 Uml THRIfENOI F=
RY 7 2Ry 3eismo L o icBbhs (1), REREICBEL T, EORETHRE 22T
RoNroTl,

X MBS & 2BUED T D ORI OWIE ;

X SBER FIREIR LA —IC b F = L8R T4 R E RIS 001ng/n L OWREC2T—5
VEEAG LTz, BB — T, MIAAIR D AT KL IR A ETICREA D o T, F
B2 =02 Y 3 U BRI EERREE SR - T2 72T T2 o T2y, T b ORIRIE, ARk
ZERA R ST W (05), 27— AROBEZFERE (0.0lng/uL) O 2 fFRETH
R AT, FORBE, PC12 MilmiiaE ks ) o U ECRR LR S, RO
Lz,

!

M1 NGF@mET () &@mg7 5B PC12 fHifa
NGF #ei ClIsw cdh b, £ 5 TIIEE O N EE L T\ 5, NGF 23T 5 &
JSENMBE L, RO EART, A7 —/L: 50 pm (). 20 um F)
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K2 XEBEEEAORE RS — () LRV F— ETofaiEE F)
BV E — B RE A B LTIV Y a VB R a S-S U BRI L., 0%, BR
P CEEE AT = N IR AT o2, AL 1 mm (). 5 mm (F)

3 PCI12 HEcRIT 57 7 aAa D UAERE () LaBlRAV 2 —nE ) o B T
E45% PC12 Ml (£)
HIRIRTS ) T < | ARRZSIEAIC L BB R OIS (), Zbv U aEETH NGF Z#
M35 & TR (LTS (FR), 27— :20 um

— 166 —



NIV AR MR

JPO750094
JAEA-Conf 2007-001 , [17 —1% 06]

5.7 F/RT—IVE X RO AROBREEILICET O

Improvements of the detection efficiency of a Soft-X-ray emission spectrometer

for analytical transmission electron microscopes

OFNEDY, NFHAY, FEHEZ? ., SEFEY
U IRALREL ST ERERSERT. 2 BART ORFRBRE B v — 25 RS E

OMasami Terauchi®’ , Masato Koike?’ , Masahiko Ishino? and Takashi Imazono?’
D Tnstitute of Multidisciplinary Research for Advanced Materials, Tohoku University
2) Quantum Beam Science Directorate, Japan Atomic Energy Agency

In this development, a Ni-coated varied-line spaced grating (VLS) with an averaged
groove density of 1600 I/mm. The optics of the grating was designed for a soft-X-ray
emission spectrometer for a transmission electron microscope (SXES-TEM) [1]. The
grating covers an energy range from 165 eV (7.5 nm) to 500 eV (2.5 nm). The
performance of the grating was evaluated by using a SOR facility. It was revealed
that the efficiency of the grating is 2-3 times larger than that of an Au-coated one.
The grating was installed to the SXES-TEM instrument and confirmed the nice

performance by measuring C-K emission line of diamond.

Keywords: SXES, TEM, VLS-grating, Ni-coating

1. iFLwi

F ) A — VAR O Y
FENTZIE, T R — D%
M5 fERE 2 A 2 HiR A E
B % # ( Transmission
electron microscope: TEM)
AW RFERENTH
5, BTFBEMEICLORHEE
F DRIV — AR E A3 SF
NHIZE VIO THE S
[2]. & Z T, IVHOETTH
FrROTaRBANLN
Teo Fx L, £DOHIRDOM ~ ‘

Figure 1: WDS spectrometer attached to a

A > . o
HEZ LT O, H14 FREL conventional TEM of JEM2010. The spectrometer
DRI AT > TV A 3], composed of three VLS gratings and a CCD detector.

C CD{'% Ii': e
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H16 4EEElC, BHOBTHEMBEFERE OWMEZRRE L, =XV FXF—0BEBEZTNLET

D 2 fEZ Uiz & fRee
T+ (E1) 2HNWT
HREL 7p o TUWNA,

AR (1) #84EL70], Z o SXES E#E T, 3 2DlHE
60 eV (20 nm)7> 5 1200 eV (1 nm) 0 == L 5 —&0 BH O 2 53

L P OB ACENSOR X N % E L
(mm) BAHE (F) (H) Bl (eV)
L-VLS 171200 1.6 3.0 60 - 180
M-VLS 11600 0.4 1.8 165 - 600
S-VLS 1/2400 0.0 1.4 410 - 1200

- Au =2— k M-VLS BT OfE

Table 1: Averaged grove spacing, setting angle, incident angle of X-rays and
energy range of each grating, which is installed for the SXES-TEM instrument
shown in Fig.1.

Alfa=88 Bdeg

2 . B BEITHE T ORUE & M

)X RdeosEaiE, Ttk r @

DB PERTERLIZ A AR S T e T
—ADIEE AVl 00 —~ %
Lo TREMLTLES D, O 5 / |
DEFOLX R TO X I 2 S RN

PEDHD TIERNZ L THBM § o7 b oA
21, BEDO K BTIRbTH N

0.14% T Lz, i &h 06 N : )
- X A L < R B I

BUMERERERD, FI T, 0.5 bl : —
BT kD Au = — h T \ Wavelength (nm) '
B Nim— bR LB % Ty

VE & MERERMI 21T o 720 042 -

5 2. MM 88.6 T3 /1N
BN L AUDFHETHS, 5" } U [Nichated| (1) 2|
M-VLS Ofi (2.5-7.5nm) T & oo e it [
. Ni OFB@EWEHBRELRT 5 f . e
o LB, Rl o N e ]
v [==diiseid > - : %""‘-&

O, EEAERLENI T oo AR
— } M-VLS B4 O EHi) R

. " R 0.02 Vi

% RS KD SOR IZERE & o s S

EXA > 3 o =
T B R OO PR T E T, s . s s 1 s . w
LibDThd, HDED, Wavelength ()

" Figure 2: (a) Theoretical calculations of reflectance -
of Au and Ni. (b) Evaluated diffraction efficiencies

RHR LIz, 4.5nm FHIDEHT of Ni-coated and Au-coated M-VLS gratings.
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RO T3, FEEBOSNRO L& I X —v a VICERT 310k 5, TELET
SOV —FEEK 165 eV (7.5 nm) — 500 eV (2.5 nm)IZEBW T, Au 22— NI~ Ni 2— hD
T 2 (DRI RE O Z ERH LN o, CK %t (4.46nm) Tid, Ni=z—
2 Au =— FOK 3 EOEFAEE R LTS, X 2@ & B)D Tom fH3EDT — & & 3
L WBEL LTORKFRIT Au & Ni TIEER U SIS 0ic, HEEICRUE U 2B
FCLT 5 & Ni A Au O 2 EMOBEFTIEEZRLTWD Z EB3gnd, 2O &iE, %
BEOEITHE T T NI 22— MNEOREIBEDN AuDF TR TEINWZ L 2RER LT\ 5,

L HET

Figure 3: X-ray collection mirror unit installed for the instrument (Fig.1).

3. X#HEa oy FOEA L BHREFETFORET X b

e L7 Ni =— bk M-VLS B 1%, BRIz H 2 SXES-TEM & (1) I
FEELTT A 2T, EEOBRPMERZM ESWLFREE LT, EHOENIT—
PUERL (M 8) LTS L, BHIT—V A X, M 10mmx K 145mm ThH D,
25 —FDHDIE, Si v T 7 OFEEICW DAy ZIE () 100nm) Z/ER L THW
oo ST—~D XBMOAFAN 3 ERELTLRDLICREH L, EREPEZD
& LA, EIEFIC AR5 XBRREII0 8.2 B L b Z EBHIFF SN D,

B 41z, Ni =2— b M-VLS+4¢ 3 7 — Tl L7z Diamond @ C-K ¥} A <27 b
NV (ETF) 25T, o), Au=—h M-VLS O& (2 7—#) oF—% (EL)
HRT, Niz—h M-VLS+#E¥%I7—TRIE LT —#I%, Au=— bk M-VLS O
DF— BT EBREED 7 0 — 7B 5.3/12=0.44 f%. BIERREN 1/10 TH A
LB HFHSRSINDARY MARELN TS ERRN5, B — 7 HBEHNKI0.75
BEThdILEEETHE, BEAKE UTKH 17T EOMRA ENEF TE /- LFHET
x5, ZOZ LiX, B TFOBERTH 3. I 7 —0HENXETH 3 FohER LA+
AYVTHERE LTV A 721 T < BB HUER 2 120k 5 SN 7o 8 E O 1) 38 X USE LW o
TeODAY v FREMEN L VEIICR>T25IC X580 2 Booahsn ERERE R
PILD,

SE, &Iz L7z M-VLS OHIE&FH 165 €V (7.5 nm) — 500 eV (2.5 nm)

X, BEAETHE B, CO N, OO KB oI AVX—2IZUTMEL TB Y, MEHZBIT 5T
J A — )L TORTER OB IRERT~DISHPFFTE 5,
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Figure 4: C-K emission spectra of Diamond obtained by using Au-coated grating
(probe current: 12nA, acquisition time: 40min) and Ni-coated one + X-ray collection
mirror system (probe current: 5.3nA, acquisition time: 4min) are shown. Detection
efficiency was improved by about 17 by the new grating, the mirror and a fine
mechanical alignment of the instrument.
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VIR RS ST OMNRE R BIRIT, BRI 8T v R — D% « BYEICB W T
FRFZERT O E GREtE. WRER LE) OoBHhEFETIToTWnd,
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Radiation—induced Amorphization in Mo/Si Nano-multi-layer Materials

RERHA
JEHRHE R PRI LA ER MER S EK
T060-8628 #LRALX L 183 578 8 T H
Somei OHNUKI
Materials Science Division, Graduate School of Engineering, Hokkaido University
N-13, W-8, Sapporo 060-8628, Japan

AEE
AR T OB s iE &7 v — 200 AT FEE M
T619-0215 FUERIFFHIARAEETHEE & 8-1
Masahiko ISHINO
Quantum Beam Science Directorate, Japan Atomic Energy Agency
8-1, Umemidai, Kizu, Souraku, Kyoto 619-0215, Japan

High-resolution microscopy was carried out for surveying atomistic mixing process in Mo-Si

multi-layer materials, which is a candidate for soft x-ray mirror materials. Amorphization

and shrinkage were observed during electron irradiation at room temperature. The Furor

Transfer indicates that the multi-layer structure changed to be a amorphous structure. The

Inverse Furor Transfer indicates random arraignment of the atoms with much compact

packing. In this process the diffusion of Si atoms should be predominant for this

amorphization
L Itwic

T LoV ORRRE - IS ORFEEIRIEE R & U TR EEE, R EBRE, KRR ERHY

NBIZ DWW T OB RIEE T M L 2P BEAITEN TV D, AT XHROIT—
M Mo/Si T/ ZREBCAE B L, moRiEE @A & &= 3L % —h iR IRE 2 F B
LT/ ZRBEOFEFHREBR L T/ EDOLREMZ B Uiz, FiZH LWl EIc >0 T

b

—

i)

ATz,

. EBR :

F ) ZEEEENI. Mol Sik ¥ —7 v MIE LT AR ZEKFEIC LD | Q00BERELESI Y =~
RICHEFE L. Mo/SiZiEl e UTr, MEAEE L A o 2%y ZEIC L O B RB 28R U, B
BN B RS ERIT S & & 11T, 200keVAr & IMeVO BT TS L. FEREHOLENS

WEt LT, mofEiesisy — ) = (FFT) & 77—V =i (IFFD) [ X 0 /T 217 - 72,

3.

R L BE
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Fig. 1. Mixing process during e-irradiation Fig. 2 The change in layer thickness during

e-irradiation.

B TIIF  LEBETHD, Mo BT (110) FAICHKE L=&MEM <, Si BIdIEE T
bolz, Fi7, Mo & SiFEICIE 1~2mm OEXDOBEBRBHFE LT, BRTA T BINE L2
A, a-Si JBICIIAR A RFIBTER SN, £/, Mo & Si OREIZ a-Si SRR DIERED I T
VIBRE L, 2O 0BT S OFMERIEEE R LTV, £, HERIED, BE
EOIELEDR Lz EHEE LT,

Osec FFT Mask Filtering 3800 sec FFT Mask Fitering

Fig. 3. HR images and FFTs before and after Fig.4. IFFTs before and after irradiation

e-irradiation

Figure 1 1XA—fEI % SR CET RIS L7354 OGS L2 7=, Bl e & bICm
BRERE LTI Z BBt D, £, REOETE & L IZBRIRS AT 5, ZD
IFTUTBIEI Mo L Si DIEREIRAE TH D, Figure 212 Z ORFMRURIE 23, PG XA
B (600 7)) TITTHET T A, IFEDRE L S DEEARE W (SiBOESNEW) 1E9 N
ECholr, TNLDRBIIFEFYA XORRDEAOERENOF EHE L, B
BEEHIICHET L7z, Figured XETREHFOESMERE TOT7—) ZEBBTH D, RKERE
PHCFEYS T 5 FFT CTIIER ARy FOWHEE L 2BO 0 —3N 1 BIZB T2, 372bb 2Ok
SRES 1 MORBEITRD I EPMBRISNABR TH o7, Figure 4 [ZIRHATER TOWEHE
(IFFT) Th Y, BEFMNEOEREEA TS, BFEROERINILT X L5 THDH, FHMEIT
2 fEdH D, BRBIZT VA LRESOMET 1 e, KIVEERBRBE 2> Tn5, BAE
ALY, LoERIERERE L D ENRR ST,
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Fig. 5. A model of mixing of a-Si and c-Mo
WHEENDTHA 9,
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mmr%/gfﬁwﬁﬁ%L%mA%%%%ﬁﬁ WLV EBEL R TORGBEEZ R LT,
Mo Bix (110) FHirAxHE->LfEM, Si BILIEAE T&oto%@E®ﬁﬁ Mo/Si S ER g
DOEP RN, Zhid, BEBORTRESICLVHEZEEZ N5, Si OESEAYPLHEL : Si
D cMo JB~ORGERIEHMBEZ V| a-Si JBIZ iw v R=niRA RBER SN, IFT
AN X AIERVEAL - JREREALEBERIE. BRI T OFESCIRHN O F AR, R EEILEIC
LIVELTWAEEZLND, BEREOHELE : EOEHTHLRABOIES RO, W7 —
TEBORER, BT OFHMRNRE 8 ROV IRWNIEREIZ > T D,
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Nanostructure and Thermal Stability of Co Oxide
Multi-layer Materials
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T060-8628 FLIRMALXAL 13 %7 8 T H
Somei OHNUKI
Materials Science Division, Graduate School of Engineering, Hokkaido University
N-13, W-8, Sapporo 060-8628, Japan

HEFHEE
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Masahiko ISHINO
Quantum Beam Science Directorate, Japan Atomic Energy Agency
8-1, Umemidai, Kizu, Souraku, Kyoto 619-0215, Japan

High-resolution microscopy and x-ray refraction were carried out for surveying thermal and
environmental stability in nano-multi-layer materials, which are candidate for soft x-ray
mirror materials. Co304/SiO2 nano-layer: This system shows excellent X-ray refraction
property, and has a flat structure at nano-scale, where the thermal stability was high up to
600 C. Co304/BN nano-layer: This showed not enough x-ray refraction property, and has a
nano-particle structure of CosO4. Such difference may be caused by less wet-ability and
chemical affinity. Thermal stability at high temperature up to 700-1000 C: The nano-particle
structure in Co3O4/BN system up to 600 C, where such high stability consists with

qualitative thermodynamic data, even if nano-scale particles.

1. IZC®WIT

HEREME DT /RS A 12D, RmfEiE, R iEBoliE, Mz e, BUSFER & ol
HMNBEETHD, AW TIE XA EITH S Co,04/810,5% & Cos04BN ROLEEIZTE
HL%Z, ZbOREBICHSLENDOMAEDETHY , BRI+ 0T / & OBWIZ EME
DIBEHNZ BRI Th b, BDTREBE L HEOICLI Y., BERO T /S 2EER L. S5
FEEMEIZ DWTHE LT, :

2. ER
+ 7 ZREEREHT, Co;04, SiO,. BN & —7 'y MMfL L7e A8y ZZEGEIEIT LD, <100>
B Si vz — BICHERE L7z, 30 AEIOZEIEITO= v Mk & o) = b OFEE
(Co;04/810,) L@z v Nk & Eb RV FEOFE (CosO/BN) & L7z, Figure 112 Co,
04/Si0, %% B & CosOuBN 522 BIED X IR T T 7 %17, Cos 04810 , R O S REMEIT
B2 ElEL R L TWAR, —H D CosOuBN FROEHERX, #E (B oflhz
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Fig. 1. Refraction from Co;0,/Si0, and Co,0,/BN multi-layers (60 layers, 30 cycles)

3. R LER

Figure 2 I% Cos04/Si02 (as-deposition)F L U CosO4/BN (as-deposition) D W& #&iE 5 H % R T,
MDCo0304/S102 DF / #EiE: Co304 & SiO2id & BT

mEAETH Y . EFHRETTTIIEY 3.2nm

OEFFAR Y NRE LT, FEEE T, Cos04B & SiOBOMIKBD 2 T 2 kN TEE
BRFEEL TV, Z0Z &b, Cos04 @ & SiO: B OMEBLHIIIBFENH v | SFERIC
FEEINTWADZ EBohoT2,@DCo304/BN DF / #it: CosOs DIBTITHTBNR LN D729,
CosOs I F IR mE TH D, Tk LT BN BIZITEHER RO W2d, BN BIIdEsE
EUTHET B, Fio, HIIH 5.2nm OEHFTFAR y b2FHNT, CosO4lTHEFIZH— YA X
(K Bnm) OF KT T, —FNIEFIT DEEEB3H 0 . Cos04/Si0z DREIEIT Ll U CTHE &b TR
HITH Y, CosO/BN RTIEFRANBZE b EHE ST,

Co3504BN.

Fig. 2. Structures of nano-multi-layers (as-deposition)

Figure 3 12 1000°C THEZEEWLHE L 72 Cos04/S10:2 (annealed)}s 3 U CosO«/BN (annealed) D RF
HEEEREY R, @7 =— 2 XD Cos04/Si0s DIEEZL: BRI T Cos04 & SiOz DHLHELA L
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BN Bz L 2B B Sz, BT L - T Cokr 77 BN BICEE L= E2x b5, &5
12, Co T bAAL LT, MEE#EWD T < IE EHAIL LT B D b - 7= Co BiF-A%, N
FEDTHF JRIFE UTHETAZENTEEZDIE, BN BARRIZLTHRE L THETS
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Fig. 3. Structures of nano-multi-layers (annealed at 1000°C)
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Fig. 4. Thermodynamic Data of Oxides and Nitrides

WAL B L ORI DN T OREMICOVWTELE LT, Figure 4 IZER{bEB L OED
IZDONWT DN ET — & (BHEE B3 X — L REOBR) 277, BT SiOz, CoO. Cos04
DIETEHEMENE . - T Cos04/Si0: R T/ LB EZINET 5 & Cos04JE1T Si EMRIC L - T
Co0. Co~EBT SN, CokiFIHRIb L, Hzl SiO BRI D, FEMTONT
X BN B b RERETH D, Lo T, CosO/BN RIL. BN FMCLEMEZE KL Co RT3
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v Plasma Polarization Spectroscopy
-Time Resolved Spectroscopy in Soft X-ray Region on Recombining Plasma-

A Bt MR BB L w B B e iRt
R TR R T R
F B AT SR B R A A B P YR R I
Atsushi IWAMAE', Masahiro HASUO', Makoto ATAKE',
Noboru HASEGAWA? and Tetsuya KAWACHI
"Department of Mechanical Engineering and Science, Kyoto University
*Kansai Photon Science Institute, Japan Atomic Energy Agency

We present an experimental study of polarization of emission radiations from recombining plasmas
generated by the interaction of 60 fs ultra-short laser pulses with a gas jet. Time-resolved spectroscopy
with a temporal resolution of 5 ps with repetitive accumulation is used to follow the recombination time

histories.

Keywords: Plasma Polarization Spectroscopy, Anisotropic Electron Velocity Distribution Function, -

Recombining Plasma
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Dynamics of the Primary Electron Transfer of Reaction Center Purified

from a Novel Photosynthetic Bacterium Containing Zinc-Based Pigment
| SeH B
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Yutaka SHIBATA

Division of Material Science (Physics Section), Graduate School of Science, Nagoya University
Abstract: The author studied the primary photo-induced electron transfer process in the reaction
center (RC) purified from a novel photosynthetic purple bacterium, Acidiphilium rubrum, which
contains Zn-bacteriochlorophyll-a as a major photosynthetic pigment. The electron transfer
dynamics was observed by detecting the temporal change in the fluorescence from the special pair
pigments in RC that act as the primary electron donor. Measurement was done by the femtosecond
fluorescence up-conversion technique. The observed fluorescence dynamics showed a rise with a
time constant of 160 fs, and a decay of 3.3 ps. The former corresponds to the energy-transfer time
from the neighboring pigments, and the latter the time constant of the primary eleciron transfer. The
kinetics was quite similar to those observed in the other purple bacteria, indicating that Zn-based
pigments are photosynthetically as effective as Mg-based pigments.

Keywords: Photosynthesis, Reaction center, fluorescence up-conversion, electron transfer

1. IZC®IZ

WARAEDIL, KBS ORI E—5FF L CEFOWRNEED L, B bOERE
BRI C X B LSRR = R LR L BT B, Hem R —LHRORA O BRI, K
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WV EEZ BN TE T, AL Mg [TV #Egh (Zn) % HP.0NZEML L 7z Zn-Chl-a <° Zn-BChl-a
. ORI R, BMLBTEA R S Mg BlOAR LIFIERA L THY, b TR
B, BERALFEHHE R T, A REET COREMEII LA Zn BERDHFRE LD,
AT A B3 L WERBEOHTIE Mg X9 bTe LS Zn & FOICER LIz &~ —
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ACHRWEBRER S, —EORRE Lf T& ik, ol X REROE Mg B AR
BAEBOIABIZFIA S TWE L, EERNTOERSHRGMHOLEMRZR E O M A HE
RERDHH, WELTIRRN,

1996 4, WENPLER LR >TWVWD Zn-BChl-a ZFEB/FE L L TRONEREY
Acidiphilium (A.) rubrum LI OBEYEFEK D B IR S 72[1], Zn-BChl-a THERET 5 KR D
WBRDOFERITHDTTH D, A rubrum L, TIVE TIISUSHEOREE 2 & ORI
HRNEHEIN TV AMANERME LR LY A 7D RC #R/FD, Frxid A rubrum % v
T, EREREZFE LI AERS Mg A W AEH ONEREETED X 5 RBENR
BB ODEREA RBRP DR TE L, KRR TIX, 4 rubrum 23T 2 W ER BERE
ERRDID, L RCIBITD S HNET v ar =T a VIROREEIT- 7,

2. Hph EBEE
2-1. B

A. rubrum OREJRLETIX, Mg-BChl-a b0 &E £115 03, Zn-BChl-a 23 9 1L, L% HDT
WA Z &SR TWA[L], RCIZH ZnBChl-a DAREERT NS, RCIE, 27727
FHEAAE LHL IZPE A, LH1 ® Zn-BChl-a iZ & BN SN 72T RAF—i%, HPLHIZRC
~&EE N ETOBERSICRH &5, LHL b Zn-BChl-a Z & o3, W D0 Mg &
%1 BChl-a LB E#boTNH EEXDND,

A. rubrum O RC LD & X7 BFRABHE,
W E & DFIEIC K0 B LMl d DAF
L72[2], Fig.1iZ, LH1 & RC O & &te
R gL (D). R L7 LHL (@), RC (®)
DWILA AT D NZRY, DD,
R 72 LN A A B Rhodobacter(Rb.)
sphaeroides © RC DWRIX AT kL (@)
YT, A rubrum @ RC T, 749, 793, 842
nm (2R ONDBINF L ENEI 7TV
FT72A 7 4F a (Bphe-a). T7EHY oo , :
—Zn-BChl-a, #I#I%EF#t5 Zn-BChl-g A< o 700 7% s0 350 900
VX NRT ORNETH D, Zib DRI Wavelength [nm]
H 1%, Rb. sphaeroides Db D & AR R Fig. 1 Absorption spectra of A. rubrum membrane
Y7 LTS8, FREHETTORNY @, LHI @ and RC @ purified from A.
—7 1% Zn-BChl-a ®J573 BChl-a &Y B pyprym, and RC from Rb. sphaeroides. Spectra
RICBIREFOZ L Lad 2. are offset vertically to avoid overlap

Absorbance [A. U.]

23, s BT v ar_R—T g U RT ADREE
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% < OILEIAAE RC ORBIER BSOS IR THRBIER~3 ps. KR T~1.5 ps
EWVWIHBEETEIT T RO TWA[3, 4], 4. rubrum RCIZEBWT, ZD X 572
EES R B0, BT v o A—Y g VIEORBEBE L, d0OLE TR,
WIERIIED & 9 W RISERD ORI RIZES D Z L7 <, Ki# (BChl A<y
Y ILRT OFHEIRAE) OWMROAEE=F—TE, K07 UV TRIFW|PELND, AR
D &5 RO OGEHLETBE UL BT 23R E O HETHH, LHL BEERD
BChl-a D= RN F—F8h, I 5 B RIEAEE b BLHIFTRE L /2 D,

Jh#2i%, BChl @ Qy /N> KD 5 800 nm (T DWRTITH, TOWETIL. HHT 7k
Y Y —Zn-BChl-a BEIRB SN BB, ZDOHDTIILF—REIEIL L Y R4 AT DRHER
BN &N D, AT % LT 0NFET 5 900-950 nm DENEDBWREEE=F—F 52 LT,
VBB BERIS D F A T 7 ARBR S5, BRI, Ti:S L — —DEARFE % A,
WHDOERIC T RTEE AN D72 ET~170 fs DEBBEBERET,

3. WR. BE

3-1. A. rubrum @ RC 3

TNFETOERT, A rubrum O RC B X O Rb. sphaeroides D RC DEH A T I 7 A% H
FL., VHEHIREGDOTA T I ARBIVRIAVX—BEF AT I 7 A2HEH LT,
HBIE T, BhEE% 810 nm D7 7 &% U — (Zn- or Mg-) BChl-a (B) DRI E— 27 TIT o7z,
ZDOFME T, BN B B3 E SN OB TR X —BENT LY ATy T (P) ~&
HEIREEA B V B DBEFBE), PP - BAFRIND, B SNImBHHIEL AT I T AD
OB BB Y 0D, B*=P*O R VX —BENRED 160 fs & RS biv, T OKL
A RS CEH STV D B*—P* O RLF BB EIITEE LV, BEOHIEERL
AT ONWTIR, 3 ODFEKBEEIRFETT 4 v b &k, 400 fs (34%), 3.3 ps (53%) BLD
16 ps (13%) DORFEEN RS Bz, A. rubrum RC TEWIDERE & 72 5 D1k, —F BV
16 ps DEED DEIERENZ LI2L D, DT LD D, A rubrum RC T3 LYIHIER 7B
DETINEMENEZZDND, £, A rubrum RC O & I FPREIR O 8 ERIE R M 0 E
MB. B &P OBEBWETFE— A FOMGAEL REL S Z LB TE, 360 LV HENE
Bz, Zhid, BREOBEIEDD Rb. sphaeroides THLIVT W AHE 32° IQIRTEVVE S 722
277, A

Ulok oz, OHER OB, =XV —BE#FAFI7 X, BIOP & B OEBRIMET
DREERE, SEFHDNZHEIL A. rubrum & Rb. sphaeroides B3k D RC TAH L DEWE
Ao, BERCThHoTz, ThiE, HEih L~ 730 AR FH R EE 2 Ff
LML REBBERTH D, TXITREROPE, ARV Y AT OBRLBETEAM L ED
BIE BTV, ZoDEMTIFER L TH D LW IREEB TV D, EFERISIZE LCiX,
TS BILER O~ 7 X U DEEK LIZER T TH D Z & Banol,
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4. SBDORE

INETOMRICEY . A rubrum OFIHSISBREN LA TE T2, HARYRKL AR DK
IEEAFI TR e, BARMIIIRELEDRVWEI> THD, LL, HEFENIHER S
BERSEERRR S, BB E LA TH S, BRIC LI EDRDB N LS, BRE
[

BEIIR
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Spectroscopic Study on High Brightness Ultra-short Pulse X-Ray and High-order Harmonic Generations
i“ﬁ*HZ D, EEEHD, Jia Tianging”. JunZhang”, He Xingui®,
MR Y, KT, BEEAD
1) FARKPYNERIZERT (T277-8581 TEEMTHOE 5-1-5)
2) HAETHIFSERH SRR B R AR & T E — LS A TSR
(T619-0215  FUERHTARZEBAIRMTHER £ 8-1)
Masayuki Suzuki®, Motoyoshi Baba, Jia Tianging”, Jun Zhang”, He Xingui”,
Satoshi Orimo?, Hiroyuki Daido?, and Hiroto Kuroda? 7
1) The Institﬁte for Solid State Phyéics, The University of Tokyo
(5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8581, Japan) ‘
2) Kansai Photon Science Institute, J apan Atomic Energy Agency .
- (8-1 Umemidai, Kizu-cho, Souraku-gun, Kyoto, 619-0215, Japan)

We demonstrate the first observation of signiﬁcaﬁt resonance enhancement of a single high-order
harmonic generation using the low-density indium laser plasma in the extreme ul_tra-Violet region. A strong
13" order harmonic with conversion efficiency is 8x107, and this harfnonic intensity is two orders
mégnitude higher than neighbor harmonics. Such a strong enhancement of high-order harmonic generation

is due to the multiphoton resonance in indium ions.

1. BU®I

SRS BT 50— V/F%kmmmmﬁﬁ%iaﬂxﬁv~ﬁ NHs, ZH5OD
b L 2 MRS ORISR A —2 2, X EROERILIE, WIS & O
MIANDISRHTRETH 2o T, F& 287 747 L—F—HilOBELICHEOBE OV (~
20fs) B LRI E— (~5) OL— ﬁ~yX7A#7—7»b/7ﬁ4XT%ﬁT%&ED%%*
LAV THREARO T b — L > MEORANTREE 2o e, BARBRRED AN =LA b
UENVEBC X OEFN SR EINAEBTI, AR -0 BB omESN, FLTE
D 1YA 7 VBITEORT EBEHETHRICHNE NS, ZORDARL —F—0¥1 ZILNE
DA IV THNTRET DEAEBRILT M 10 B) /LRI S, 7 MV ARED
BRI RA Y, v TRTT 20 BTFHEET OV ) — THEBIIH>THB O[], Bllah
TWDEREFEOBRERET 1.04nm(TX )V F— : 1.3keV) TH B[2]. BITBIETIX. 7 N
WASBEBIET T 7 MOBEZr — )L TOA TR, BFl. WikEiEs. REEs s o
2B 2 HTIHFEOMEMTOITA]. BHE, mA®HE LA TRREIMOIE—1 >k
KX XFL — =255, PHO® XL —F—-REBERMER L —Y— (UKI 75 A0V
Xliwﬁé)%mmfmkﬁ\Ffv‘7/7XTw/MnW®ﬁw—7ﬁ%$Lt B I it
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FRER WD & TRERRIFIVF—%2ET 3-10 BE) ETFTHZENTERLS. LML
MBI THR)VF—748 3] 2T 2 &M S 0IRUBIRIZEEE TH o 7. T 0k, B KREMIERR
B D7 I — T THEGEE L F Xz H B NWT 150mI (F LV 30ml, A 27NV A 120ml)
DI ALFIF—"T 189m I BT 2 NitkEY 77 > O XL —F—FIRICHKRI L7z[6]. €L
CTBHETHRCOFRE TR LS AR BBE R HRE R T AU h0—1 > AU NET EL
BF9ERTC 18.9nmNi AR E Y 75 >[7], 305 RK2ET 13.9nmNi HEER[S]D#E VIR L XL —H—0
FIRICRII L TN D, MO DIRL XL —F— i F NS EBERD D 0 7 5 > X6 A IEF 0
B DT )N—"T N Pd Ak 41.8nm Ft / RNtk U 7 2 32.8nm D X i L —H — O FHRIZ i
HLTBV9] T B CIEERE L EEHRICAVTHE 328m O NitEs ) 7R XL
— W — DEIEIZRIIU72[10). LED T EMSIFRTERERE B LR X L —F —0EkK
EAb, mtibd KO OV AL OBE S IR iT b Tnd,

G, LTIV ESBEO YT LST 2 IR E I W RHICE— KBS RSk o8
TENESND I al—a UER-1B3IICER Lz, XKIBBIEICX 2EREMEDOERALZ
HE U TREBEL —Y— 79 A2 ERBEEITR N TERREREREZTT /2. [REE1 >
PULTIAREBRMEEEICR W EE, ARV Y —ORLEE 795mm 1B 5 13 KEH
W Pk 61.26nm O TS OE I E 72, T 0 13 K3 E 0 OXREOERE L D
B 60 fEIRAND Fz. ARG TILT OB — I E RS I B O ERHE R D L OO BIED A H =
CRBIEDONT OERERS, |

2. ERIME « _ _
CEBRBIRNER LIORT . Fr—TVA LTS AT ARIBWT/OVAERT B HIO L
=PI ADO—E (FLIINVA) 2EEF ON—NIZRB L1 DT L5 7w MCEE
CRLTA PV LY =Sy bRERTL TS X EEREE S, K 100ns BIC/$)LAERE Lz L
—P=INARETV T IR (REETIX) IWREL TRARMEERES L. FELE
R AR IR AR B T e & AW T RN L T MCP ZHWTARY MVOMHIZEITS .
* MCP ¥ 100nm BA_F 03 £ I etz High-order
I T2 AE L —H— D8 armonic generation
HEHMET DT 73 < FMBO
HEMRHNT DI EINTED, HIE
DR ERD D FHiRE Dy - Low-density plasma

Main pulse

o {preplasma)
£%& 770-795nm £ THOLEEZ ,
L ‘ Fig.1 Experimental setup for high-order harmonic generation using
LS ®TEREN 2. - low-density laser plasma.

3. ERHR . ‘

BEEA > DT DL —F =TI ES =7y MW EEDOERERED AT NV E”
2R T . AL —T—DHLEE 7950m 125 LT, IHE 25.650m BT 5 31 RETOHTHKRDE
AR SN FECRD BO & REREDE S N R IEEE T 5 AW AL Licizd T
BB, ZORE, FmBIEET S RIE 13 REANE. HEE 61.260m ITB W T OB TIEF I B 5
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ENELENEZETHD, TOANRY l\)Lﬁf‘%iﬁﬂiﬂifﬁéﬁvﬁﬁ%j@‘:@bz7j:j.s NP L —Y
— POV DR EBRRIED S FRMAICELTE

£ th
MEfiok, TOME. PRACLEEEHEE & | *
PEMENBD S ENE, TOANT bt §0% o l
B < M THD T EABRLE, R 8 l%“ﬁmt
61.26nm K351 % 13 K BB O AN R IE 8x10° §“ﬁ3%> l/ﬂmﬁwm
CERADOERBICHEAT 2H A ERAE N D & S 20 30 40 50 60 70

Hinolee TOIEDPHELNTZ 13 REFREO L . . -
- v Fig.2. Typical harmonic spectrum using indium laser plasma
FIF—13 08w THolz,
4, EBR , , ‘ : ;
HEE THREREO LX) T —BMROEBRIIA AV ERWTHHESGREERVHEER
ETHMRETORMEZIEDEINI4] F23HPET v A N—RNICED 2 L33 > & D TR
IS RUZ/ZTIRE[ISIZEO T S ETERSINTEZ LD LIRS INS OFEBRIERIT
 HOLBEEEBROEREO N AEIEL THD, H-EETOMBTRN. #EF -7y MCH
W EEFFARESICB N TIO Y — 7y FEAWEEX XD b 80 BRI TRD I END
BIABBE B G I SN RIBIC /o TVND EE X SNB6). LD LA PP AERWZEED
LD WCRERB OB DHIIRSND Z LIIAAMBEE ORI LITEZIC . ZITHX
W3A P TLT I AP THIBEENE Z > TWADOTIdaWhEEZZ, BRI P TL 2
i, I 62.24nm O 4d'°557S-4d°55°5p(°D)' P BRI BT HF YL —F — A ML 2T ADEEEMN
111 SMDRE D IZIFET 2BB OMEICHENTH 10 [SRERERWZD[17IAC > 2 Z V7 8Rick D
61.26nm O FEFAMILIBIFF L 7= & BoN 5. T A ML —TF =LA H 0 ES 795nm B
- KO 770nm I BV B EKE RO AR MV ER 3 IR DR 795nm O L —H—Z iz
&EEVT 13 RE I DDHIR, —H D E 7700m O L —F—& R\ E X 13 RERE 0%
CEMNEELRD, 15 KA DIREN IR < T2 TWDe ZAUTHFOEER 7700m O L —HF—Z2 vk
EED 13 RBHEOWKEIL 5928m EHRDA VYA 2 . HE 6224mm O
4d'°55*5,-4d°55°5p(*D) ‘P, BED 5K E HEN TN 2D HBRIEIEZ 5 /a< a0 2T EEEL
TW5, FLEE 770nm O L —F—% BNz EE0 15 KEMEOWER 51.33m THo. HE

(a)

40 50 60 70
~Wavelength {nm)

Fig.3 High-order harmonic spectra of the indium plasma at the central wavelength of (a)
795nm and (b) 770nm.
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51.990m IZ BT B > DT L 2 fli D 4d"%5s*sp’ P,-4d°5s5p° (CP)’F3 B 4% AC /15711/7)(/5%_4: )
BB EZZ 5N, 1 22T A 2 D 4d5s%S5p P4 d95s5p CPYRBROF L —F—A ML
> 5 R1%.0.30 & 4d95578,-4d°55Sp(D) P, B L HLE LT 44 D 1 REETH % T D72 D E 770nm
O 15 REHE OBEERBIZIEE 795nm O 13 RERE L DK 22 EEZ BN,

5. EED

L —F 1 > P LTS XX E R E L CRRB I E OERET T, R
T TH 61.260m 12 B 5 H—REF KB B 2B L. T OBWEOLIR L
0.8 EWDIEHICE WA R B, BIE. Wik 61.260m OEIXTOLTHIEIEH ST
B8, TOREWIHO BN 0 WEIRUE, Sk AR TSRO TR S
B TOMHE. KOB @344mm) BHICH O TH— IR OMMISIERE £
ERRBORBREA X — > 7S AR VIR 257 hOBBHRENIBENS.
ZORDIE. Sk D EREER COR—ERE TOMIBEEET.

it

_ mﬁﬁﬁ)ﬁ?&%ﬁﬁi%ﬁkﬁéﬁ_ DI ARFAY RET HT I —D R, A. Ganeev BIZ73 5 N X
v 27 KEEERTHFER O Rk E ZHEROMNTREERL T, AR EENEREL T
WBEINRIR 0 7 b TH SRR X 4% V—'ﬁ‘—o)%fikﬁﬁ%%}ﬁflﬁ@ﬁﬁﬂj TRHRLNE
RRD—EHTH 5, :
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5.13 NAHEERIC KB V—F—ERBF O RN X — =7 BEL

Peak Creation in the Energy Spectrum of Laser-Produced Protons
by Phase Rotation

BPr B, R &k, BT HA. BF Bz, B/E R R Bz, BE Ot i IR
M58 e, KB AT, 7R GEEEY. ME M. B BAN DA BN
TN EETS. ML BRY. A BRREEY. RFE ORI, 'S TT TN
For— TUATRZE RE BN B, BE @B, B8R & R &Y
FERRPACER R B S E—a ) B 2 —
sk SZATEOEA H AR IR R AE &7 - A SR RER
PINATECE N O BRI S8 A FF 0TI BRL 740 B - TR e
Akira NODA, Shu NAKAMURA, Yoshihisa IWASHITA, Toshiyuki SHIRAI, Hiromu TONGU,
Hiroyuki ITO, Hikaru SOUDA, Atsushi YAMAZAKI, Mikio TANABE, Hiroyuki DAIDO*
Michiaki MORT*, Masataka KADO™, Akito SAGISAKA*, Koichi OGURA*,
Mamiko NISHIUCHI*, Satoshi ORIMO*, Yukio HAYASHI*, Akifumi YOGO*,
Sergei BULANOV*, Timur ESIRKEPOV *, Akira NAGASHIMA *, Toyoaki KIMURA*,
Toshiki TAJIMA *, Atushi FUKUMI”, Zhong LI
Advanced Research Center for Beam Science, Institute for Chemical Research, Kyoto University
* Quantum Beam Science Directorate, Japan Atomic Energy Agency
#National Institute of Radiological Sciences

In collaboration between JAEA, Kansai Photon Science Institute and Institute for Chemical Research,
Kyoto University, proton generation from a thin foil target (Ti 3 or 5 pm in thickness). with use of 10 TW
laser (JLITEX) has been performed. Proton production is optimized by real time proton energy
measurement with use of TOF method.  Phase rotation with use of an RF electric field
phase-synchronized to the pulse laser enabled the creation of peaks with the spread of ~7% in the energy

spectrum of the produced protons, which resulted in the increase of the intensity ~4 times at peak position.
_ Keywords: Ultrashort pulse laser, High intensity, Proton production, TOF, Phase rotation

1. I8

TP ERT I S A IR AR AR SRR O /N 2 BRE L T, A AV IERY 7 2 b
By DARBRTAT v o & b—F—A 4 VETEEHEZ DML A AR AR T
R SEAT & OLERICEVED TE TV BN, SEEFHHMEICLD 10T b—HF—
(JLITEX) & AV 7= AR (Ti: 3pum KON Sum) 2B OB TAERKERE IHAER) & FR9 53
VR L—W— L AR U7 5 R B B (80. 6MHz) 12 & 2 ME7 NLAR ERIN T O EHE & 1TV AR
BT — ADTZRAE—DIER Y R LT, =XV - — 7 2R T DEREZZITL
DT, EORERICBE L THET 5,
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2.  BFEREUNHEEEERO YN YT

B AR 7 OB Ze et - B T8 e 228 AT O Ti:Sapphire L —% —JLITEX % Fig.1 \Z7Rr L7z & 9
WCHEZ LA 1 5° | B REERE 646mm DO#RAL L ESE(OAP)E HIWT, Ti 7 A NVDF—F
FU?éwmmﬂm)L_11X1MWGMHW®ﬁ4ZL%$LkW6Q&~7VF£T
DL —H =T — R TR T 9x10TW/em® (123 L, AA 27OV R LY 12.50s FREERTICFFET
HFY VRO kT A BT 107 T2 S T 5, JLITEX OV R R EE 356
FETHEETH D03, - T DFEBRTITHRE(L DR 25065 DV AMETERERZIT > 7,

L=t LV AERESNBBTFIEEE LTH—F Yy FOBBEGAIC 1 0° OF[EINY T
ARESNDZENRINETHO CRI9 Z HWZRIEC L DHEHAL TS, SEFHEA TV —F—IC
' ‘ X VERENTZB O
Interferometer TRNLF—FE YT H

A LTHELSWET
Thomson parabola 7z B¢, & 0.2mm
ion analyzer o .
DTTAF 4T
4 FL—EINLDEEE
From Sy N\ a2ty 2 Sl FAN T BT O RATRER
' o ) ( Time of Flight:
TOF) % MW 2FiE%
ERL (FFrEUEE) .
Plastic scintillation Figl lmL L5,
detector Thomson Parabola & A
Fig. 1 Experimental set ub of laser proton production and phase rotation. NWEZ5Z &1L
REL . IR X BT OERETEEL T 555 2 — DRABLEFTH 2 L BHBKE, Bk
BV —Y = L D EERD D DT O
ERIE, ERITRE RNy 7 75T
Y ROY L THMEMAEER CR39 &
%mkﬁmﬁ¢@ >, EREROM
j D7 9ITIE CR39 % HZ2HE ) 5
I i R SUITIUNE SR AU = N
(a) signal at the oscilloscope (b)with target after optimization HEET—OT OHET HLERDH D
: 7, BBEEBEL WL, SEHE~
BEE LTz Ny 7 7T o2 REPH
, TORDDOHREM LT T AT 4
o - Y 7 VT =8k O T TRATRH]
e e R EBUTAIA ATORT TR
(c) without target (d) with target before optimization V¥ —®DFHHIFEIZ LY, L—W—
Fig.2 Observed signal of the time of flight of proton by the AEX+ D= R/ —HIE A Online
plastic scintillation counter. TREEE 720 . L—W—DEHSEME
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Ry —7w MILEEOREL
DI BRI AR R < AT A BE
78577,  Fig2 124 EF 4 3B
LTy 75y RO
EMREEEEIIm ELE ST
AF 4T T L—=FIT L
VIR LTEBFES 2RV
AT K5 [ (TOF) I & DR T % &
—y MMEL, RO —%5 > b Fig.3 Experimental setup for sensitivity calibration of plastic
HYDOWRETL—F—FDN scintillation counter.

T A= OEELORIEZICDOWTR LTz, 73T A
— X2 OB Y T AF A L TEERIZ T B
TpoleZ ERRTENA,

BEBE—LFavri—oky
BRI~ 10000 SILAE ~LEAL

PRV P S leF A

bt

N4
o

[e] Ex;‘)erimenta\
—— Fitted function Py
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Fig.7 Change of the energy spectrum of laser produced proton
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by phase rotation for two different RF phases.

Fig.6 Experimental set up for phase rotation of laser ~F = > /3— & ORIZ 1/4 R R F HREF DAL
produced protons. \/4 wave length RF cavity — fHEELZE[R 2 5% & L T(Fig.6 M), ~ LA L —
for phase rotation is set between the target W% U TR 2 2 B S B 72356 DLk
chamber and Thomsbn parabola. BEF DR F—AT MVORIEZIT -1,

E&3um D Ti & —47 v b bAR S B TFIoxd 5 BB 22 LM ERE DR R % Fig 7R L
2o 900keV £ TOMTOERIHER SN TEY  AHERRIC LY | =315 —ig 7%EEDHE
BOC—7NERSND Z ERHRINTNS, RINDAMHEREEZT Z 2120, =Fx1¥x
— = (LB TOBF C— ARENMMEEGEZTbRVEEIC L T4 ERERKAETH
DL L, L— AR T B A OERICEIT TRE REE 2R LTSN T
W,
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BE TR
[1]A. Noda et al., “Phase rotation scheme of Isaser-produced ions for reduction of the energy spread”,
Laser Physics, Vol. 16, No.4 (2006) pp647-653.
[2]A. Fukumi et al., “Laser polarization dependence of proton emission from a thin foil target irradiated
by a 70 fs, intense laser pulse”, Physics of Plasmas 12 (2005) 100701.
[3] M. Nishiuchi et al., “The laser proton acceleration in the strong charge separation regime”, Physics
Letters A357/4-5 (2006) pp339-344.
[4] A. Yogo et al., “Enhancement of high energy proton yield with a polystyréne-coated metal target driven
by a high-intensity femtosecond laser”, Applied Physics B83 (2006), pp487-489.
[5] S.Nakamura et al., “Real-time optomization of proton production by an intense short-pulse laser with a

time-of-flight measurement”, Japanese Journal of Applied Physics, accepted for publication.
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5.14 FEIEMHLFIEIC X DN FERTFEESEINOBRZE
Developments of a bonding technique for optical materials
by a surface activation method

R e, NEEELY, PIEE L, WOBLP
GMSTATEEN  BAR T IAFCR R BT B A5 HBFEER M
T619-0215 FUERIFFEEARARATHESE & 8-1
Akira SUGIYAMA

Quantum Beam Science Directorate, Japan Atomic Energy Agency
8-1 Umemidai Kizu-cho, Souraku-gun, Kyoto 619-0215 Japan

b7 2 S TEMAAE
T671-0225 i R AR T B BT 22 BT 60 &
Tomohiro ODA, Tomoyuki ABE and Isac KUSUNOKI

Ayumi Industry Co. Ltd.
60 Kagumachi, Bessho-cho, Himeji, Hyogo 671-0225 Japan

We have been developing a pair of sample holder used for optics in the surface activation
bonding equipment. The holder can adjust the relative position of samples in the order of sub mm.
To study the degree of dislocation appearing crystal surface activated by a fast atomic beam,
irradiated sapphire crystals were examined by RBS, XPS, and AFM analysis. The heat treatment
recovered the surface roughness of irradiated sapphire when the heating temperature reached at
1573K.

Keywords: Surface Activation Bonding, Sapphire, RBS, XPS

L XE®ic

FBFRFEMIEY 2 —Ic B AR EROBE Y — 7 WAL — Y — %2R T 2 LT, Wt
B DB ORERFOERNRNABEL B R CEIHI RN FRF AR T L LM E
FRAIRCH B[] BAITZOERICHEITTH L 5EE XY, HFEIMTEZ Ei Uiz e s
BR OB AT > T b, 1 7~ 1 SFEEIERKEMBEHDOR ZATREICT 5700
VNN E—DRMERIT 5 ke, RETEMEEREORET VI v b RS SO R E
{LiZ AT 72 FAB (Fast Atom Beam : g7~ B —24) OFEEREZT -7,

i

2., YU RN E—DRE
MR FE D IEFRITEIC CRME LI RETE V(LB AR ICHIATL - L 8T X 2 MBS
PENTRERY VSR X — OG- RERIT R o7 (Fig. 1 2B), ZoF T dn
TR BN DML LTUTOEEBET b5,

BT IV F—F O BEROEENELNDE

B FADOHMIBIZOWT X, Y, 0 FHOFHENAIRZE
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LoTHIERENRDZDOT, LVBEVWEIRBEARRIZNMDoTLE Y, VP NVOBESERE

PINENWE ZOEDZECESIIMEPRBORRE L 2570, MELXF v BT 5 X
AN E R HWEBENLETH D, INETORBIZL > TUENEZL->TAEL D
B 40 kgf 225 30 kgf 12 &8 72, BIZ 10kgf KA SR A0 OUEETT O,

3. RiEIEMLA FAB OFHEHE ,

FEEIEMALIE IR, BB TIZ & > TEBL S 2 DORE SRR IZ FAB % [RIFRFERST L C,
WS TS ELHRET D & TERD X - FEHEE L, MEEMIcLY 7
Uy 7Ry RER LEESEITR D FIETHH[2,3], ZDEIZ, FAB ORFRET DS,
IREE, BAER,. BIEAEICL > CEORE, BERIZAA—UNELLNEEET
LMD TEETH D, BEORT, mHEOCHMI L ARESEHRIBNE DS,

F T, BT EEERY T 7 A 7 2 AW T FAB B 21TV BRSOV VK
WA Ul R FES OFENEAIT DWW TR 21T o 7o

1~2mtorr £ /) F OFREIEHACIERE N T, JE X 300pm D AT v 7 a-A1,05(0001)EEHR
(B 12, 0.6~2 keV OFIPH CHEREBI LD R DT LI B — L %K 10 53R
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ZIRFET 10 B OBMIR 21T o 72, FEdmV > P RE BN SR O REL 2 BRI
BIET 572012, TIARA Jigk OFBIER K MBS B A 4 v — LT EEE 2 FV T, RBS
(Rutherford Back Scattering)il i€ %217 9 & 12 XPS (X-ray Photo Spectroscopy)ill 2 & 5 fdh
CREOTESWEIT T, ZNLORBIERND, RO T7 X AELTRICRFIZL > TH
o SNEERET VI EETM Lz, £720 EOFHGE 0T, AFM IZ X 2fEMEKRE O
TR DWW TR EIT - 72,
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BT T BiE, AlQ2p) .« O(1s) KUY Ar 2p) D% XPS A7 bW B EDIFIEN %K
Wiz, Boh, BEBEEOHEIMCES THAMIZT VF AERTERET VI BREZ T
W5, R LBIBEIME R I, B — A RRSA B ORI LT BN, FRHCIRET AR
DUNTIE, RERDAE 35010 LT 15° LT O®WAE THEMELT A2 Lk v, fERmo T
VHELEROBRBETNICBEE 350 1 B TED, BOAETORMCE > T, B
FA—UPERTE DR H B & b b,

—J5, BLES RS Y 710 RBS BIE B, AENRE OHIMIHE S Mo RIER
Boniz, 1373 K U EOBGLIREEICB W TR EMEITISIEEE c& 5 L3k, BET7 A
VHBREENDZERRALN Lo, ZORIEREBIZOWT, BREADOBAD LR
5721 AFM IE 24T - 72, Fig. 3 12, BULIERRTH% ORERELEZ R T, EOFER, FAB
FRETTE 1% O PR ML & (Ra) 427 nm 1E. 1573 K OB L - T 0.69 nm & FRERTO
0.43nm OWRFBIZIHSL Z L 2RO CTHERTHZ LN TE T,

5. & @
HERTOBEGICBW TR EREREMERD BRI ER I NVE —DRERIT 7,
AR, ENECESCMBELZ RSS2 00U EL2BETTHS, £/, RBS LU XPS
BB &5 FAB OB S| FAB D237 A — 5 CTh 2 RETEE K ORI A E OR
R ERBEIC A BIREE NG D, BB O 7 Vg, WBRRE O ERICHW,

— 195 —

“



JAEA-Conf 2007-001

RN IFEEET 2RBAS N L o T,
BAREOTEECICIBFABER CBHAEL L VDS T EnR N L #llSh 2,
EBORBITB VT, BFHEEEZFTMH LD, ZhbDONRT A—F ORE(LEAT D,

E— L HE5E E— LB ' Binmk

T skmEmts(Ra) FigakEH S (Ra) FiREES (Ra)

0.43nm Em LT 4.2Tnm [ waroms > 0.69nm

Fig.3 AFM IZ & 5 dnREIRAE D812

2% SR

[1]1 A. Sugiyama, Jpn. Weld. Soc. 75, pp. 9-13 (2006).
[2] T. Suga, Mater. Jpn. 35, pp. 496-500 (1996).

[3] T. Furukawa, Am. Met. Mark. 100, pp. 4 (1992).
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Status of Laser-produced Plasma EUV Light Source

CEEE B, & B, R Eh fExk B
XH 7+ bR Sth, BRI HUFSEB TS ©

Akira Endo, Yuichi Takabayashi, Hakaru Mizoguchi, Akira Sasakia
Gigaphoton Inc., aJapan Atomic Energy Agency

The development status of the key technologies for a HVM laser produced plasma EUV light source is
presented. This includes the high-power RF-excited CO, laser, the Sn droplet target and the collector mirror
lifetime enhancement (debris, jon mitigation). Basic experiments that support the development, e.g. a conversion
efficiency of 2.8% has been obtained with a 15ns TEA CO, laser and a Sn wire, as well as a general outline of

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

Keywords : EUV light source, EUV lithography, Laser produced plasma
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BT TR THY POV A ZPRNSWEEOREN DD, ZORE LV —F—% T 270,
BEASDD BV I ~DOEBBHRNER 0. 16FRE LKW Z & & Bk EUV HJ5 O116W [3])
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YA E LTI 18k MM EERE S5, 1158 U EOEH D BV %, BEMIZALY 2%
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New material creation by high—intense fs-pulse laser irradiation

@@G% % G, R
(R B R SERT

FHEAT, EAEE, AREA, 2B, IAE—. SRR, BEEE, Ml
| BARRTF AR BT O ARAPIEEM ERT ©— ARARES = b

‘ NobuovKamiya Hirozumi Azuma, Tadashi Ito.
TOYOTA Central R&D Labs. Inc.

Hu'oyukl Daido, Akihiko Nishimura, Aklto Sagisaka, Mlchlakl MOI‘I Ko1ch1 Ogura,
' Satoshi Orimo, Yukihiro Shimada, Hiroshi Murakami
Advanced Photon Research Center, Quantum Beam Science D1rectorate,
dJ apan Atomic Energy Agency

Surface modification of Silicon Carbide(SiC) by femtosecond laser pulse irradiation was
investigated. The trace of melting were observed on the surface of SiC after one—
pulse 'irljadiation. although SiC have no melting point. Furthermore, silicon/carbon
ratio of  the irradiated surface depended strongly Von the pulse duration of femtosecond
laser. The ratio of the surface irradiated with 70 femtosecond laser was nealy equal
‘to that before 1rrad1at10n although that 1rrad1ated with 150 femtosecond laser

» decreased remarkably.

Keywords Femtosecond laser, Surface modlﬁcatmn, Slhcon Carblde, Slhcon/Carbon

-ratio, Pulse duration
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Design of a high efficiency grazing incidence monochromator with multilayer
~ coated laminar gratings for the 1-8 keV region

Masato Koike,” Masahiko Ishino,” Hiroyuki Sasai b

* Quantum Beam Science and Technology Directorate, Japan Atomic Energy Agency

® Consumer and Optical Products Department, Shimadzu Corporation

A grazing incidence objective monochromator consisting of a spherical mirror, a varied spacing plane grating
with multilayer coating, a movable plane multilayered mirror, and a fixed exit slit for the 1 — 8 keV region has
beeﬁ designed. The included angle at the grating was chosen to satisfy the grating equation and extended Bragg
- condition simultaneously. The aberration was corrected by means of a hybﬁd design method. A spectral
resolving power of ~2000 - ~6000 and‘ a throughput of ~3% - ~25% is expected for the monochromator when

used in an undulator beamline.
Keywords: Grating; Spectrograph; soft X-ray

1. Introduction ,

Progress in grating and crystal monochromators’™ has extended their energy regions and a portion of the
energy region of 1 - 8 keV has been accessible to both gratings and crystals. However, the entire energy
region has not been easily accessed by either type of optic. Multilayer coatings on the gratings would
improve their diffraction efficiencies in this region. However little work has been done in the development of
practical grating monochromators employing multilayer gratings because of the difficulties to match the
diffraction conditions of the grating and multilayer as well as the focusing condition without mechanical
" complexity. = Years ago we proposed a high resolution grazing incidence monochromator consisting of é
spherical mirror, a varied line spacing plane grating, and a movable plane mirror.” In this paper, we describe
details of the désign of a monochromator which employs a multilayer varied-line-spacihg grating and a
multilayer movable plane mirror covering the energy region of 1-8 keV®  Also a description is given for the
expected performance of the monochromator from the viewpoints of diffraction efficiency and resolving power

in the region.

2.Design

Figure 1 is the schematic of a grazing incidence objective (entrance slit—less) monochromator optics: S,
source; My, fixed spherical mirror (incidence angle 0); G, varied spacing plane grating (incidence angle a,
deviation angle 2K); M,, movable plane mirror (incidence _angle ¢); and E, fixed exit slit. The ray
S-M,-G-M,-E lies in the vertical plane and represents the principal ray of wavelength A that passes through the
centers of the respective optics. Wavelength scanning is carried out by combining simultaneous rotation and

translation of M, with simple rotation: of G while keeping the exiting beam direction unchanged. The
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principal role of G and M, here is to provide
design flexibilities accommodating a multilayered
grating and higher-order suppression by propetly
varying o, 2K; and ¢ with scanning. For the

convenience of design, we define a reference ) ‘
scanning point C for My: C is taken on the straight =~ Fig.1. Shematic diagram of an objective '
line M,E and specified by the distance G-to-C monochromator.

= D} and the angle /M;GC = 2K, of AGCEX =2¢o. The positions of G and M, at A are drawn in Fig. 1 by
solid lines and those at C by dotted lines.

The design parameters to be determined are the scanning parameters (a, K, ¢, distances G-to-M»=D" and
M,-to-E=r"), and the groove parameters to define the groove number, n, by a pdwer series of coordinate (0, w; /)
on the grating: ‘

n=?.1_—(w +é—n20w2+—;—n30w3+;—n40w4+ -------- ), | €]
where ois the effective grating constant. In order to keep the exiting beam direction fixed during the scan, the

scanning parameters (D', 7', o, K, ¢) at A and (D},7y,0,,K,,P,) at Ag at the reference scanning point C
must satisfy
D'=Dysin2¢,/sin2¢, ¢-K =const, (2)
Ar'=r'-r; =D; sin 2(¢0- ¢)/sin 2¢.
When the gréting is illuminated at an incident angle, a, and the diffracted ray of wavelength A is observed
‘atan angle; B, the grating équation and the generalized Bragg condition based on kinematic theory are,

‘respectively, expressed as >:

mgA = o(sina +sin ), ORE
and : .
mMﬂ:d(Racosa+Rﬁcosﬁ), ‘ 4
where A
Rﬂ=\/1—(25—52)/c05277, n=a,p, 5)

G, d, mg, mc; and 8 are the grating constant, and the multilayer period, the spectral order of the grating, the
order of generalized Bragg reflection, and the composite average of the real deviation of the index of
reflection from unity over the multilayer structure. v
Controlling the depth of the grooves laminar gratings may suppréss the zeroth order light and enhance
the two first or other orders lights intensity matching the phases of the radiations from the lands and

grooves constructively. This condition is denoted by

mHﬂ/2=h(003a+cosﬂ), | (6)

0

where h is the groove depth and  my; is the order that should be odd number,'®  In the monochromator

design, we employ a hybrid design method given in Ref. 5. - The method incorporates ray tracing into an
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analytic merit function closely represents the variance of the spots formed when an infinite number of rays of a

design wavelength are traced through the optical system concerned. 1

3. Results .

The monochromator design was made with the following parameter values. Scanning range: Ami, = 0.2 nm
(6.20keV), Agze = 1.2 nm (1.03keV). M;: r=18 m, 6 =89.5°, R =488 m, dimensions =200 (W) x 40 (H)
mfnz. G: D =389 mm, K, = 89°, 1/o=1200 grooves/mm,‘dimensions =160 (W) x 40 (H) mm’, mg = my,
L =my =+1, duty ratio (= land width / grating period) = 0.4. M2: D} =940 mm at Ap=02nm, $ =K,
- design wavelengths: 1;= 0.2, 0.4, 0.8, 1.2 nm.

For example, we considered the following éases. Case I is the case in which all the elements, M;, G, and M,
were Au-coated. In this case the value of K for respective design wavelength as well as the varied line spacing
parameters and 7y’ were optimized solely to minimize the aberrations. In Case II it was assumed that M

~was Au coated, and G and M, were a multilayer laminar grating and inirror, respectively, having exactly the
'sa‘me multilayer structure. We assumed a conventional material pair of W (Bottom layer) and C (Top layer)
for the multilayer. The designed parameters are as follows: the multilayer period, d, = 6.66 nm; the ratio of
bottom layer thickness vs. multilayer periéd = 0.4; the total number of multilayer periods = 50; the groove
depth was 3nm both for Cases I and IL. Other geometrical parameters of fhe three cases are as follows:
Case I: 139 = —1.0050x10° mm'", 739 = 6.1695x107 mm?, ngg = ~2.2638x10°” mm, ro"= 1053.026 mm,
Case II: 7150=—1.0287x10° mm™, n3=8.7199x10° mm™, ngg=2.1996x 10" mm>, ;"= 1082.630mm,
Figure 2 ‘shows the calculated throughput of the monochromator for s-polarization light defined by
E1(MXEg(MXEo()) for the each case, where Eg(A) is the diffraction efficiency of the grating and Ej(A), and
’ Ex(\) are ’fhe reflectivities of M; and M, mirrors, respectively. To assess the performance of the fabricated
grating the theoretical diffraction efficiency was calculated by use of a simulation code’ based on a
differential method. We imported the optical constants published by Henke et al.® to this code.
The open circies'and open squires show the throughput for Cases I and 1, respectively.. The thickness of

the Au coating was chosen to be 100nm. The

throughput of Case II exceeds 5% almost the whole TX1,00 3
energy region in contrast to Case I dropping the T
throughput significantly below 1% in the region of > PE
2keV. : ' :3 1x107*
Figure 3 shows the estimated resolving power of the ~ 3
designed systems calculated wunder the same £ 1x10°
illumination condition described in Ref. 5. Case I gave N
a high resolving power ~10* because no constraint was 110"
imposed the deviation angle and its freedom was spent L
‘to minimize the aberrations. The resolving power of e 0 | 2 4 6 8

Photon Energy (keV)

Case II is 2000—6000 in the ehergy region of 1-8 keV: v
‘ : R Fig 2. Calculated throughput of the monechromators.

— 209 —



JAEA-Conf 2007-001

The reason of this deterioration is to be attributed to the Pe0°
constraint that the included angle K= (a.— B) / 2 for :
respective wavelength must be the solution that satisfies
Egs. (1) and (2) simultaneously. To circumvent lower

resolving power in the low photon energy region we

1x10*

Resolving Power

 designed another grating, denoted as Case III, keeping
same multilayer structure with the grating of Case II and

enhance the resolving power in this region. The designed

parameters are as follows: 1x10°
Case III: nyy = 7—9.8547><10'4 mm'l, nz = 2.8167x 10 Photon Energy (keV)
mm~%, ngo=1.1845x10® mm?, 7/ =1082.521mm. Fig 3. Calculated resolving power of the
The resolving power of Case IIl is also shown as open monochromators.
triangles in Fig. 3.

From the investigation described above we can conclude that the multilayer grating monochromator
would provide significant higher throughput with a moderate resolving power. To improve its resolving
power one can employ the multiple varied spacing gratings having different groove parameters and

multilayer structures optimized for the narrow wavelength regions.
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Study on formation mechanism of silicon carbide films by PLD in reactive gas

PefrREA . RIBFARI. AR Z - B &
MSEATEOE N BARJRF IR S B £ — ASHAMRBALE Y v — 2R e 2= b
Morihisa SAEKI, Hironori Ohba, Hiroyuki Yamamoto, and Atsushi Yokoyama
Ad\}anced Photon Reseach Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

To study formation process of compound film in pulsed laser deposition (PLD) in reactive gas, the
ainorphous and hydrogenated silicon carbide, a-Si(1»CiH, film was prepared by carrying out laser
ablation of silicon in acetylene gas. The reaction products in PLD was deposited on the large-area
substrate in off-axis geometry and investigated their spatial distribution of chemical composition, structure
and thickness by photographic image, XPS and IR reflectance measurement. The photographic image of
_the prepared film showed the red and brown striped'fringeé. This result indicates the film thickness
gradually decreases with being apart from the center of the fringes. The XPS measurement showed no
dependence of the chemical composition, structure on the deposited position, while the IR reflectance
measurement elucidated the dependence of film thickness on the deposited position. To explain these
results, new formation mechanism of the film in PLD in reactive gas is proposed. . The film thickness

~simulated based on the mechanism reproduces the observed dependence very well.

Keywords: pulsed laser deposition in reactive gas, amorphous and hydrogenated silicon carbide,

photographic image, XPS, IR reflectance measurement

1. F

Pulsed laser deposition (PLD) ¥ & iZE A EIZ L —F—FEBIZ LI v RIb L, ZEFEY L ERIZHK
BSETHEEHRT BEMTHBHH. PLD 2KMEHTITH 2 Lick v, BEW LKA L &2 RIG
SR T AMEEE TR T 52 LR TE 5, ZERISHEPLD &S, flxid, TEFLod
AFIEBNTCYY 2 L—P—RETIZLILLY, KEEELTEALT 7 ALY Ay H—A
4 F (a-SigyCrH) MEABREND Z LB LN TVA[1], (LAWEROERITMRLE LW
MR, B Lo TSSO TR Y, BERRERCB O TIRSORGEHET S 2 ik
HETH D, BT, Kalk PLD i CIXRMARBHEE 2 2 5 L AT 2 LAY ORI T
B RMBITEY . MR E I LA W2 TR T 5 DIl L FETh s L XD
N5, Uil FISHE PLD HIC R 1T 5 LA MBBIY BRI I SV TR R AR S < | Bl
(LA MEREOMEELCER, #EE2HET 2 S ELETE TRy, AR TIERTEF LT
CRPTYY DL —F—ER BTV, TR SN2 a-SiqoCoH MO OB, #ik 022 H
N ETRBD LIS X 0 RS PLD ISR A LA RBRIC OV THREB/ZOTT
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2. EBRFE

Hizs FICHERT ) arF 4 27 2B, RISESNEHER
LBENETeF L TRAREANL, FENOTAEDN 80 mTorr
T—EILRDLHIEHTADOTEEFEHT 5, RIT, YAG L—HF—
HAM (1064 nm) 23V ar5 4 x7 BlizEXL, b—PF—&K
FEIRETTEF LU ERBEED, Fig lallmnT Loz, U=
VIBIEEICH L TERERMEICAT V VAEREEBEL, 20
RS AR 2 T ST a-Sig . CoH B Z AL LTz, 2 LT,
TRk L7z a-Sig.pCyH WA RS S0 HER D H L, % DML
JEIE . M A X SOEETFE (XPS) EERBLIOKHAEY—V =
LA Ve (FT-IR) LEE TN L 7=,

3. BR

Fig. 1b 12, 30000 shot ® L —F—MHIZ X V| 40 mmX40 mm
DAT 2 L AFER B LT a-Sig . CoH BIEOE(E 27~ 3, B
Bzl ) a UREIEE S 12 mm B EERLE L,
BIROTWHENRZ TV, ZOFEHIT=a— MR ERULK
HIZEVBENEZEE XL, TWROPLRBIMINTIEA 12>
NEEREDL L THWDEZ 2R LTINS, BEZEHTPLD 2{7o7¢
A, RIS B 22 5 1~ O B E A b O m R
YRR (<100 km/s) LR TEETH I ENMbNATND, TH
N DR OB A Fig. 1b 12 AR TR, 21X Z OBIZh-
THBIEE D 5, 15, 25 mm BN 72 AR, £ O DOMEICE
i % a-SiqoCoH IO & XPSIZ KV 7 Lz, £ DRER,
EOMBIZEBWTS Si & COMBIIE—ETHY, Si:C=1:9
ThbdZERbrol,

E Bz, A LT a-SigoCoH IR D RESCHE 2R 5 72012,

FT-IR AW TREERm? S 5,10, 15, 20, 25, 30 mm B 72 2 TR
SRB R MBI LTS, Fig 2 12 700-4000cm™ 0 i,
THELEEREYTT, EOANT M THL—EORIELETX
SR8 EE SRR - WM 72 2 A EN BN TR Y . £D LRI C-Si
(@800 cm™) BLUC-H (@2900 em ") MFFEENITE TX 2R
BNy BB STz, BEIEE IEIRE E T ORI & Rk
HCORPEEDOTFHBICHRT LD LEZZDN., TR I OHE
BTSN E WD 2 iE, a-Sig ) CoH HEOBIEA pm A —
Bl o TWBHZEEBHRLTWS, FAPEEICRBIT MY 5
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Bond-selective Photodissociation Caused by Vibrational Excitation ,

| Ao B, L B B |

RSB BT AT BT MRS N T S
B

HSTATHOEA B AF HAIERRA 7 — AGRBTRI T o RR R ==

Hiroshi AKAGI, Keiichi'YOKOYAMA, ‘and Atsushi YOKOYAMA

Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Energy Agency

' Hiroshi FUKAZAWA

Neutron Materials Research Center, Quantum Beam Science Directorate, Japan Atomic Energy Agency

Ultraviolet photodissociations of partially deuterated water (HOD) and_ ammonia (NHDZ/NHZD)
molecules excited to the vibrationally excited states have been investigated by using a crossed laser and
molecular beams method. Branching ratio between the H- and D-atom ejection channels has been

“determined by utilizing a (2+1) resonance enhanced multiphoton ionization scheme of H and-D atoms. For

" 243 nm photolysis _of HOD in the Svop state, the OD bond dissociation has been solely observed with the

" branching ratio ,, (D+OHY ,, (FH‘+OD)F>12_', which has been determined by the detection limit for the H
“atom. For the photolysis of NHD,/ NH,D in the vibrationally excited states, the branching ratio between

the NH and ND dissociation channels has been largely altefcd by the vibrational state selection.

Keywords: Bond-selective photodissociation, Vibrationally excited states, Partially deuterated

species, Water, Ammonia

1. Y

1990 4E, Crim 507 N —712XD, %B"Ek%dﬁ&bmkﬁ% HOD ¢) OH g iRBI BTk A DS
 DEIIES \ﬁqrc OH fE& BRI IS AZERFESn(1, LI, IRBIRNEIRIED >BO)_
AR N TIL R B 2B EIRTL IO LT BRABEANITHH T, HOD T, OH
BFREIRRE Gvon 35 L0 Svop ORI ESAET, OH B DR ZITIE 100 %D ERECHMTX
BIEBBMESHTVB1,2], —H, OD HAFIRBMAIEGrop)d>HOI IR TIZ, OD 4% OH i
B IV 23 FREZOMINAZERHEESN TV B[3]45, 0D ﬁé@}f%@ﬂ%({:@]%?ézt
STV, o
AFFFETHL, HOD O OD fEBxELVEVHEERT @Jl*ﬁ*ré\.&%ﬁ BELT, MEDOERLIVLE N OD
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[EEEIRAE Sron) B DO RIS IRD EBRE T o7 [4], EbIT, ZDFHED— IR T 5
RS FTHBMER IR 57 ibic, HOD JVbHIRE T, BN GIBHC A28 7> o v Ml & 750 | M5 E
KRBT 7> =743 F-(NH.D/NHD)? NH 35 J 0N ND i RBIR 1845058 RO 528
ERcYNI | o |

2. EBHH S | |
SRS TFaE LR, BEEBNIC VANV T 2RV TEAU, AIREGIRA —Y —

SR BB LTS TR, 243 nm OIS — P — Yk B AL TSR,

A RARR U H 335 0ND JTF1L, 243 nm I —F — I EBI2 3 HFRIML . BT A

oMb B FOERAT R, RATRIRERANE T

BCHERALTHLMCP TRINTBZLICED K8 |

EIIT 4yl e e U, |

L8

3. WRLEE
3. 1 HOD(Svop)DRANIE531#
HOD(5vop)? 243 nm ¥4\ 55RO K Bk Fig. 110

. D BFOEREMBRSALNS H BFHRMS | ”“‘W’WW”‘

Niabote, Sos T TIVR AR ORERERLT, I

41125 41130 41135 41140 41145

REMPI signal (arb. units)

- OD/OH fﬁgé}@%ﬁ'tb 7‘8>12 &ﬂ%i ]./7}:0 :7) ;ﬁg%&jﬁ N UV wave number (ém")
Svop IREVRIED LD RANA LT, ODIEEEY  gig, 1. (2+1) REMPI signals of H and D atoms
EPLU OB R TR CEAIEERLTVS, - generated by UV phbtolysis of HOD (5vep) at 243

nm.

CORE AR, BT R —28 HOD 0

BT 4 RERT oL T EOBAIVBENZE
\CHRBET B, 4 WRIEIE, OH Fii% OD FEA A OB
NCHIICRT Y VAR — DB TS5, DS
HEHERBEEDORT L VA VlITEE R T 5, T72bb.2 O
DIREEET > RN OISR PAFET B2, OD fi
M0 LI OD A D B oS HRHE T BRI 725, &
BizT, ARHBLEE X RAETIZ, HOD AEMSIERLT
BT, EfAFEBL OD MBI LA LB EBE 5120,
& EOFEBRENTIE, OD HHEHEENAS BRIk
BB 4 RIERT L L L T 0B L0 b R i
T RETETFRET B o THY, Fig 2ICRE
NBHEY., OD FRMED AT O AHRIRIC B 7 BB IE

XA, FOFEE. OD AT OBV BIRMEARBEL T Fig. 2. Schematic diagram of 243 nm
- ' : ‘ : photolysis of HOD (Sygp). Complete selective

7 Lok s : ~

HLREm TED, . S OD dissociation is expected since the 4 state
is energetically accessible only at the large
OD distance.
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3. 2 NHD;(5vnu)I LU NHLD(Svap) DRI H 531
NHDz(SVNH)i’SJZU“ NH,D(Svnp)® 243 nm A5 fED
R Fig. 3 1R, NHD, © NH iEREMR 050 %
I CIE. HEF DR D RF LD 2~3 MRS MR
Hi&h i, NHD, 5 ND 8% 2 Ko TVBIEhb, fiA
1A BB T, NH 2SI O fESE ND & G180
19 5 BHCARYS B LIRS, bl NHD 0 ND (RS
RAETIE, 52 1 A %00 NHND SIBFEESH 0.7 L720,
ND &0 N EOHER THIR TX WA e bhoT,
TR T CORRMEIBIL, HOD OHALIZRRD,
FOREE L — BT RIR 4 RAERT S S L i Eicdh
DAL B LSRR ChBEE 2 bhD, T
F=T D 4 REEIL. NH 3BV g ND 5 AFRME L CRTH
R ORT LV EEE L TR, A REE D
AR R T CEIT T AT LIRS, &bt 4’ X

BHBVT, 2 THESETE R MEEDL FEH

B~ BB F IR ESEIT B, 2070, Bk
A LRIBOB A LRRE, £kt EVIENE S
(i, Fig. 4 (IORENB I, HIEBRITIHLEAIRED
BRI, SRR IR OISR | HAHRBIEIC X
STELTBRIEIEDLTLE LR TES, —H, 41

| DEREETIL, BRI IR 4 REOBAIIb T
ST o TR, Fig. 5 IORENAIDIC, 4 RERFY
Sy VEIEOTRICH EVFESN T, BENICREA YN
PETTEDID, BRUESRESNRT RTINS, &
Eibhd, | -

| (a) NHD, (5 Vi)

 REMPI signal (arb. units)

41125 41130 41135 41140 41145

UV wave number (em™)

~ Fig. 3. (2+1) REMPI signals of H and D

atoms generated by 243 nm photolysis of (a)
NHD; (Svnn) gnd (b) NH,D (Svyp).

%
% z
%; 1. 210
e ol >
g 1.0 120 =
g 15 120 NHpopg, 2 120 gl 715
"% 420 deuree) " length () -ofplo0° : % 42
z aut-of-plane angle (des¥ 0““0@69"‘36) >
© Fig. 4.  Schematic diagram of photodissociation Fig. 5.

out-of-plane angl

120 NI
e (degree)

‘Schematic diagram of photodissociation

dynanﬁcs of ammonia at excitation energy lower than the
saddle point on the 2 -state potential energy surface.
Bond dissociation proceeds accompanying with the
relaxation for the out-of-plane angle.

dynamics of ammonia at excitation energy higher than the
saddle point on the A -state potential energy surface.
Bond dissociation can proceed without the relaxation for
the out-of-plane angle. ‘
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4. ke

 EEREEEL, tt%zﬂ’lﬁﬁﬁfmb% T—f//wwﬁ;ﬁéﬁﬁéHODﬂi 2 DDREET v IV
DRI B EBFAES B, Z 070, OD. R E 2+ B LI, D8R L DIEY SR kLR
— TSI B LI LT, OD GIBF OB BN TR LI, — 7, TVE=T Tk, 4 REXATH
FRME N BUSHRBE LIS RS TFTEL, D DA B IRBI ORI & fE e SO MRBEETT 552D,
HOD I0bBIMsTy s M E AL TS, 207w, MEER A E AT LIS, Sbic
ﬁﬁzﬁwﬁéﬁmwmﬁb&mwm’ﬁ% B0, RBIFIEIC I - CTELTBRIEDR KD RIS,
- ZORIREE EE 5720, HOD 0% & Liddfic }m_n:ﬁr/vﬂe—%/w:ﬁ“@%‘e EOELTRT VY
VNS DB /NI THIET, @ﬂﬁ%%ﬁéﬁé_&b%%to JLB@%E&F%& PRENK
AR EZ T TR, RS I E—%IERAT BT LT, BRIpBHRT e VMEE R TS
EESERDTFRITHLT, @ﬁﬁ’]fif"A@J%ﬁ@T EMERDHBIEERL TS,

BEIR
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[2] M. Brouard and S. R. Langford, J. Chem Phys. 106, 6354 (1997)

[3]1 Y. Cohen, L Bar, and S. Rosenwaks, J. Chem. Phys. 102, 3612 (1995)

[4] H. Akagi, H. Fukazawa, K. Yokoyama, and A. Yokoyama, J. Chem. Phys. 123, 184305 (2005). '
[5] H. Akagi, K. Yokoyama, and A. Yokoyama, J. Chem. Phys. 120, 4696 (2004). -
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6.4 EMTRORRATICHT S BIKORH

The rolé of charge numbers of heavy paftiéles for dose distribution

ﬁ#ﬁ@
@iﬁﬁ&A.EKﬁ¥ﬁﬁ %%%%@i%twAmﬁﬂ i

HEFE—2FAHEZ=y b
T619-0215 FANRFAHESER AT HIE S 8-1
Kengo MORIBAYASHI '

Advanced Photon Research Centeér, Quantum Beam Science Dlrectorate

Japan Atomic Energy Agency
8-1 Umemidai Klle-ChO Souraku-gun, Kyoto 619-0215 Japan

Abstract

- We study the stopping powers of the target of H, for the pro;ectxles of He, Li, and C. We calculate the
‘stopping powers as a function of invasion lengths of the projectiles by using Monte Carlo. method. The
charge numbers of the projectiles have a larger effect on the stoppmg powers and the range as the atomic

number of the projectiles becomes larger.
Keywords: heavy particle, Stopping powers, Charge number, Ion impact xonlzatlon, Charge transfer, ,

Electron loss, Monte-Carlo

 RUBK
EM?%&E%%?&@WE%%@E?F%@\%?ﬁ%%@ ORI - L2, ARRIE,
ELYII 5 < ONETHINS RO TS, Bk, V12 OE—ACk D EETH#E 1
D@ﬁ@kﬁk%%?%%ﬁ@@hCﬁmeM6moL@%%K&U%%LTMEWM@#E
BEBIBENINA RS LT —HROFBAINBEN, E5I0, REMORETEENER
TEBES BRI MBKICHEIC N ST AE. B B ICHEERRRER S IS, B
TROBEAHOAN = XA EBBL, WEESRBAGAHEICE 5 PUNEAERS, BT
HROMRENL Eﬁ?ﬁw%ﬁ&kﬁﬁﬁémo%mka MEFHEICRMER TOERRDOE
KEROBS BENS D, BRTFROBAKIL, BHBTABoAE, A% AT,
B: *?E’Jﬁ?) ’ %??59'%( A%+ B = ACD* 4 B 4 )2 EOBETATFBRICE > TRET 3, Ti
pb. BRTHRICESRBAMHEICL. BHROPRARMENGRETH D, BHEOLL
eHELLRBATHER, BEICAD, £59<BTR BIRUaREICEY AN BN,
25 & D BEVHTFORBANEEI ML TEEOMRERD VNLFZIT, B iABRD
FIELRV. T2T. CORXTR, B2F 0V OEEMWTENEAESTE L, Higeq 4>
7MﬁE@mK%ﬁ%ﬁ‘%?ﬁ%ﬁ&é%%bf\nkwwmaanwﬁ%ﬁ%wmm%(ﬁ
B) 2ASHTORABROBEE L TR T, BREASRRICS X 2HBEIET 3.
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2. E®VFHNVOEK
RFHRO L) F—HRRCIIENOUHEEEITBITT 50O LBHONBIFINF—ITBTT D
CHOD2FEED B[5). MHILE B34 S TRV E—DBABEOHS F O TREEN TS,
2 DDRERETNEN, RPHEILE. BFHELESFENTAS, RTFHE LRSI TO
%&%%mtowﬁ‘%%mmﬁwﬂﬁtm ﬁ@%f%%?%m<oﬁ@ﬁ%\?hﬁwwﬁ
HMEHRN5, _
mmﬁﬁ%ﬁﬁ?@?»:UXA@%y%ﬁWD&%%m%Oo)iﬁzMwm@@%%ﬁ
FIRWEOA Y BRI EBAER ~0TART S, ()rolE/ETES L, BFREILES
R B L AT TBREMERIC 1 DRTBRT B, i) €OBENEE SHELAHAT
B, (DEOMENAMED bAEVEOLR, ZOBEMEIBET S, TOEE, AHA14
C OIFRNF—] A F OBRKETOBRICH S TENLSED, WMTOB BEMNET 5720 (FE
BB LD bAE V) EE, MOBBEBRL, FIH (EMERTTS. o) —DOBE
MR BN, £iE, TRTOBEIMNEZ 520K, FIEG-(v) ERTIED. (i) 1320
IRV F—D0 keViu. 122D ETEIR () - (v PEFEES, HIEERE, ?JIE(i)-(vii).élooo
CEEFL. ZOVHEEN SR B, BIEEORTITE. L— h AR E EEE < HED B8
@x%ﬁ% ﬁbf\ T?@tﬁ&b hﬁ%ﬁfﬁ@tﬁ&#&m—ﬁ%Tbt;k%%
Bl

3. RT4TRE
Z DT THIREHE (A™+ B - A"+ B*+ ¢ ), WZEHHE ( A%+ B — A™ + B*), BRI

(A +B o ACDF 4 BY, BTHK (AT4B 5 A 1B 4e) ﬁ%%@“ﬁﬁéh'cméusﬁmﬁéﬁm
T FTNDD5, %yfﬁwmﬁmmngfﬁéﬁﬁéﬁmé

WL B EARICIT He. Li A zi“/b;ﬁbﬂ;tszrﬁk [()DFEREZ C ITHL T iﬁkm@}i
_ﬁ%%ﬁm%%mtﬁﬁﬁé%m%oTwﬁmmmlzw# O U O W T I R AR U
SHMT 5. ZOBREICESTXNF—DREIENOA T LTI F— & 2 RBEFO IR
VEF—ORTHT ZENTED, Z02KETFOLRNF—HTITIE Rudd EFVOIEAVS.
TRNERERIZZOTEEERANS, :

ﬁ?ﬁ%@ﬁﬁlﬁLﬂifj/gﬂbf%ﬂ%hﬁﬁmnUﬂ m@%ﬁ@%mméo
4ﬁ/1xw% DN EIROME R0 o« E > ORTRY—U 27T 5[12]). A SAEHOD
AT HFNE— TN, [, BLO [ ETBE, COBRTOLFNF—EEE ( L-1,)
BB, Eh. COBENEELE ANHTOEEIETORRSIECT, BTHKOK
WA EF U RS —U > ZRIE DR B, £ OWRTO LI F—HkENO1F>
ETRNF—ET D, COBBBEERE, 14> OERIETFORRBH LTRSS T,
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4. MREEH
M1 (@-()l3roBEiE L THIEAEEFEE ﬁ&mmmé%
NEN, ASRFHe, Li, CIKHLTRLZ, ZORIKIE, B

WROZLEEB L b0 E LIZWb 00 278D OFFEHE R
BR U, AHTAHeORE, 238D ORILREOFHRR
'@%&U¥ﬁ%ﬁ&mm¢%@t;p<m%gmﬂyﬁﬁ@§
TET B, —F. ARKTR COBE. TOERVE: |
$98H D2 Bragg peakdk D bFHDE T B TRENS,
BRIEE, BIROLDITE ﬁ%ﬁﬁ%b*?ﬁ%ﬁ&kio
THRET 5, BEBERCHERIZEMNEO 3 RITHHT 5.

cmA

- Sp (Me

(a)

(~+~including
~——without
——ACN

0

Lieiio T, BFEBOAS MR TE L BHHMERIE s
DT B, —F, ETHARNENL. ANKTORET
FNE— ORI EHITHOT B, 14 THNFRBREL

(13 004 006 - 008

1 {cm)

01

725 EXEIBITLDENTNB LD CEBMBTICE> TAH
BFOBTRIED, BERE, $3, BOBEREEHR

T, TR D, A TORE IR E— ﬁk%<ﬁb?w

7 ?E%ﬁ&@ﬁ?ﬁﬁ#k%Mﬁ&E DI <725, Tu

b5, ﬁ%%ﬁ#ﬁ%<m%&&ﬁﬁzzw# ﬁm<mz
ETRRWERILAN S /2%, 97295, Bragg peak d

&D%mf%ﬁ@gméﬁgbﬁﬁm&mjut#bﬂéo

TOT LI LD FRRTFOFVBHEOELIRIDPTL o

B, BREAVNE <I2B EHIEEEDTNITHES TAE IS
D[2,13). FDFER, REA F > T2 OMHEILREDETEAS
BOENESNS, TabE, M1 TRINTVBEICE 4
FHENKREL RS ONTEMKOBEILENOFEIKE
KBBTE Bhirb,

CSp (MeV cmn2/mg) .
=

X 1 Stopping powers (S,) and the averaged charge
number (ACN) vs. invasion lengths () for projectiles
of (a) He, (b) Li, and (c) C: The two cases are treated;

that is, including and without the change of the charge 0
_ , 0

numbers
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S%W

ABHLTHe, Li, CIot UTKRA T OO BRI KA 2FIE Lic, BFEBIAE <25
K ONT, BHROBEOMEEAOEBIRENT LR oT, T, BHETEBTH
ROFERSASHT ORTFES EHICTNEN, B, WOZEIL, RTBRNAE<BS
EE, WA LT BBID THB LD T EMbM o, |

B
$Wﬁ%% T3 BRI H-0ERIBEE ébthtéith%&ﬁTE ﬁﬂlﬁjbﬁ m
@ﬁﬁW* )= SR ETEREFIIal—a U TIW—T DA N— D F5 I Bk

WELET, £2FHVORHER. MIEDLHERAEROBILFIE il SSCMPP THEF LI

2% X _
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6.5 EREREEIHL —— JLRIZLBTE ) — VOBREA LS AT

Selective bond breaking of ethanol in designed intense laser fields

OB e ILPY BRN RIB PR Sl IEETS ML SUZ°
D SEATEE A B AR IR BT — NS SR e — AR = b
D BURKRZERF G BRI
Rl IR NS T e
R.ITAKURA, K. YAMANOUCHI, H. YAZAWA, T. SHIOYAMA, F. KANNARI
Y Advanced Photon Research Center, Quantum Beam Science Directorate, Japan Atomic Enefgy Agency
2 School of Science, University of Tokyo

%) Faculty of Science and Technologies, Keio Universify

The response of ethanol molecules to a train of intense laser pulses is investigated by changing
parameters such as the number of pulses within a train and the chirp-rate of respectevé pulseé. The
adaptive optimal control of the selective bond breaking of the C-O and C-C bonds is also conducted. On
the basis of the resultant optimal pulse shape, the mechanism of the dissociative ionization of ethanol in
intense laser fields is discussed.

Keywords: Intense laser field, Laser pulse synthesis, Dissociative Ionization, Selective bond breaking

T, EREL— W — SV ZADWEEERT 5 Z L BNEIREICRIRE & 72 0 | L2 SRR~
HaEnsd koicirol, WAZINETI, BETH (10°~10° Wem?®) HizBiF =g /—L
DOFRBEEA A AL LT, LR F ¥ —F XD EICL 5T, CC HE DR
4B C-O FEA OFFBED LI 5 5T < bINT 5 Z & &R UIZ[1], ARBIR T, SR
B2 37 fs DIRL—YP— SR % IV ThRx ZRIETEIETS 2 RIRAITATV N, SIS D WTAKAT
PEIZ OV TGRS T2 [2], | '

B & Beth 0V AR E 800 fs ICEE LCL—P— NV RFIRHESE, VR, BIO
Fx—TRENG AL —L LT, CO WEOHRBEE C-C FE OMBEDISILDOZELZBRI Lz,
TORER, SNVARFNIDFDO VAP EZNEE, o, ENVZADEBRIRNHI1EE, C-O #EHED
YU AT B Z L RSN o Tz, AL, BON DN EOREKMEL, B A 2eF v
—FERBH L Lo T N ABEMIELERER L Thot, TRLDI LMD, 800 fs DY
BOPICBNT L—F— SRR FELE LI B 2 & 2 C-O R A D MM 43I e A HiK S 5
FERTH D 2 L IRL SN, - -

—J7 . EORIE AR RICT DI BB LI ERE T o1 L2 5, Fr—F iz k> TR
Iz b SV RIE R U RAES BTz, I EREZRVIRUATRSTEER, ODTFNOBELA A 7RETE
B REOBELL — P — VAT R EDNDE DD, ZIHDEABHROIEN 1 ps BETHEENDIL
DA B R RHEn e olc, ZOZEDD, L —F—FHHICBITH C-0 #iaE C-CHib s
DT, L — P — B OREFRFEN 1 ps FEICMHESNLA»EIDICKELSNTEY, ) 1 ps D
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6.6  1-8keV $EI I B B5 0D A A & R
Multilayer Mirrors for Use in the Energy Range of 1-8 keV

FEHEEZ, /NHTEA
AR OO ERAZEMs &1 2 — SIS ATTEE.
T619-0215 FUARFFHZEARAFATHESR & 8-1
Masahiko ISHINO, Masato KOIKE
| Quantum Beam Science Directorate, Japan Atomic Energy Agency -

8-1, Umemidai, Kizu, Souraku, Kyoto 619-0215, Japan

o —R
BErIvy b (%)
T541-0041 RERFHREAE2-5-23
Kazuo SANO ;
Shimadzu Emit Co., Ltd.
2-5-23, Kitahama, Chuo, Osaka 541-0041, Japan

Eric M. GULLIKSON
Center for X-Ray Optics, Lawrence Berkeley National Laboratory
1 Cyclotron Rd. Berkeley, CA 94720-8199, U.S.A.

We have fabricated and evaluated the multilayer mirrors for use in the energy range of 1-8 keV. As a
result of theoretical investigation, we have found that Co/Si and Co/SiO, mulﬁlayers show relatively high
reflectivity. We have fabricated the Co/Si and Co/SiO, multilayers by means of an ion beam sputtering
method, and evaluated the layer structures and optical properties of the fabricated multilayers. A simulation
calculation for the Co/Si fnultilayer implies large inter diffusion layers. The inter diffusion layers cause the
degradation of optical contrasts of the layer boundaries, so that the reflectivity of Co/Si multilayer decrease.
Roughnesses of the Co/SiO, multilayer are larger than those of the Co/Si multilayer, but it is possible that

x-ray reflectivity can be increased by using SiO, instead of Si.

1. IZU®IZ

1-8keV DT RAF— % b5 X BEEBRIC I TR OIS 5SS < FEE L, W LR < FREIERT
B LD, BRI ORISR 72 & OWIPEIGERe, R OB T TR RAT 72
EOENYETRIHENh > 255, LirL, X BER CIIWE OBEAS CORKEPMRIEIC /NS
W EHD[1]. R ERA LIEMARERPER L 2> TWVD, L, BASIEFR T
LR K E < 2D | B ECER TIIMBEOR R R PIFE L < ROVBIEAET B zw,
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—% . SRBERSIT RS ZFR LEVEERT THY . BARABERA LY bhE ko
THRWEHREBD LN TED, £, EPHETESRBBEEZMAEGDES I LIckY, WA
R R X IR R IR, SRR R AR S T L b AL RD2)

22T, 1-8keV DT RLX—RILCHIRET B X MIEERT (KI5, HART) ~0if% B
e LT, SREBRAEORE & AR, % L CHHEZ1T- 7 |

1.0

2. g% Hﬁﬁkﬂ%%g D igjﬁ | Mult;iayer Iillirrors:

Figure 1 {2 1-8keV %Eiﬁii@ X 0.8 g?&iid';n; 0.4
4 y b i > N=30 : A
ﬁ?"é?%ﬂ%@ 1 Yk Bragg 7 :; . ‘ _/‘F//J
DORFTEHBEBIZTT, ZBIK g e
DB (o) 1 6.64mm, BIEEL ( T) 3 /&¢:a
%04, AHIE (V) 1X30EH (60 / % , —o—\g//%
. —e— Pt
JB) &L, BECEEEME (& o —o—Cossi_
R L ORER S, RERSER oo | e
—_— , _ o 1- 2 3 4 5 6 1 8 9
L) 2EELTWD, ZBEICA C Energy (keV)

925 X BIE s THD, 1K
 Bragg E—7 OHBT RAMA
i, ZRIFECASNT S X HoTx
NX—IZEVENL, =07 »nb
59° OHEHAIZH D, ,

T — R R ST B WIC SREBI41 PUC SISOV T, MRt# Ch
B W R0 Pt O MRS 2-3keV D= RVF—FEIRIZH D Z & 0D, Z OFEIK T ORI
1D, FARIC ST 2 VWESRERTIE, K BRI (1.8keV) DRI LY 2keV TORUHILIR
DB M, T OO TR EIR RN TX 5, Figure 1 25 Co/Si 2/, 2 LT Co/SiO,
ZIBIER 25keV £ U b BT R —FIRIC BN TE KRR S b o m L A TR B, LinL,
Co @ K ARWINSE (7.7keV) DB LY. SkeV 231 B M BIIHAT 5,

SIS D |, Co/Si BBIEER L 18 Co/SiO, ZBIEM 2.5-7.5 keV DJEV T XL F—FiFHIZ I T
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Fig. 1. Calculated 1st Bragg peak reflectivities of multilayers.
Multilayers are assumed to have ideal structures. d, /" and N
- are represented multilayer period, thickness ratio of heavy

material layer, and number of period, respectively.
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Fig. 2. X-ray reflectivity curves of (a) Co/Si multilayer and (b) Co/SiO, multilayer at Cu-K « line.

Symbols represent the measured reflectivity curves (O) and the simulattion results (—), respectivery.
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~ Fig. 3. Measured x-ray reflectivities in the 1 keV region of the Co/Si multilayer (—) and Co/SiO,

~ multilayer ([1), respectively. Angles shown in figure represent the grazing incidence angles of x-rays.
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Properties of the laser ablation plume from a BN target in a vacuum

KH BMAIY, el BRAD, TR ScED, A iz Bl E
MSTITFEE N B AR 7 ARFSeE sk Va7 v — AT ARFZCERM ., 25771 5 T2 ge s
Hironori OHBAY, Morihisa SAEKI”, Fumitaka ESAKA?, Hiroyuki YAMAMOTOV
and Atsushi YOKOYAMA"

YQuantum Beam Science Directorate, “Nuclear Science and Engineering Directorate,

Japan Atomic Energy Agency

" The laser ablation of boron nitride target at 308nm was investigated by mass spectroscopy and
plasma probe in a vacuum. The velocity of ablated B is much higher than that of B. Although log/iig
ratio of the ablated neutral boron atoms was the same as a natural abundance ratio, the enrichment of
°B in the ionized boron atoms was observed even though the power density <10° W/cm’. The
fractional ionization increased to several tens percent with increasing laser power density. ‘

Keywords: Laser ablation, Boron nitride, Plume plasma, Mass spectroscepy, Particle fluxes
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6.8 RMAFBEEICES X BL—T—DERRLE

Highly efficient x-ray laser generation with the grazing incident pumping method

B, WS, AN, BhIgEA, BPshs. igssns,
SREPRIG. ILAE, B KBEN

H Kﬁ%ﬁﬁﬁ%%ﬁ%\é%ffﬁ BT ©— MG X L — RS -

Noboru HASEGAWA, Tetsuya KAWACHI, Maki Kishimoto, Kouta SUKEGAWA ,
Momoko, TANAKA, Yoshihiro OCHI, Masaharu NISHIKINO, Hiroshi YAMATANI,
Yuichi KUNIEDA, Keisuke NAGASHIMA.

X-ray laser research group Quantum Beam Science Directorate Japan Atomic Energy Agency

Recently, the improvement of the x-ray laser can generate the applicable x-ray laser, such as the high
intense spatial and temporal coherent x-ray laser. We studied about the high efficient x-ray laser for the
next improvement, that is, the high reputation-rate x-ray laser with a compact pumping source. The
optical system of the grazing incident pumpingl) controls the electron density at the pumping laser energy
depositioh region (= 1, 4). e, e i deseribed by the grazing incident angle to the target surface (= 0); n;,
do ~ Ne, or SIN°D. '

The maximum output energy of the Ni-like Mo x-ray laser was measured to be 0.33 pJ at the total
 irradiation energy of 4.0 I.  From this result, the energy of the pumping laser was reduced compared with
the previous work (~ 9 J) and the conversion efficiency of the x-ray laser was about 107, it was not
improved. In order to improve the conversion efficiency, we considered the spatial profile of the electron
- density (n.) and the temperature (T,) byv the 1-D hydrodynamic simuiation code; HYADES. The larger
suitable region for the x-ray laser was obtained under the condition that the pulse separation was 2.0 ns.
In the next experiment, we will optimize the pumping pulse condition to improve the conversion efficiency
of the x-ray laser. ’

Keywords: X-ray laser, Grazing incident pumping

1AM | o

A ARFT S e B S B VORI A R AT Tl X v — Y —Z2 WIS PR 2 #EE LT
%o XML —P—OISAERE XY MBICAT Y i, MBI L— % —I2 X 5 &m0 % LIRS
VETHY, BIROBDENIL, TOTDDOEPRFETHD, k. L—F—RiEELFRICLD
XL —F—Tik, REBESHOBRENIEFEERBEL —F—DORINENIEFEELY b
MRV, REDAOTER SN S EREEENET 5 Z LIFRAEThH o7, MFEBRENTH
ASTEE Y65 % (Grazing Incident Pumping : GRIP) Vi, Jihi Lt #—Fy MR LTRIDIC
AT 2 HCRIE L —Y — ORI E T E LRBEERIC S 7~ &8, WINGER & KEES7R D
BT BEEZ—HSEDLI L &ML Lz, T, TERMEER 7 —FE AV TAER L T 2L
REITE P A BRICBRT 2 Z &R D e, 7T X< OINEGRINZ 22 - R4 5
HNARETH D, AWETIE, = FREY 77 05X L—Y— (KR 189nm) Zxi5:
& LT, RAHBEEFZEROBRFHRER T, XL —F—DORIREREZIT -7,

— 233 —



JAEA-Conf 2007-001

(‘ib) ’ ' -ﬁmﬂmlaa § E

Rx]
P
w8

Spherical nirror
{curvature - R)

ko4
e

Coad L 3. 3. 3 3
-3 <2 ot 0 4 2 3 4
Position on larget {mm)

Cutoff density [1021em=3)

o
&>
&

/ ( a} &
nige 1 Critical density
By - Cut off density

D~ Mp 008 0
(0 << 90 deg)

Target 3

Fig.1 ) GRIP setup —— o

2B AS DR OFRE ;

GRIP DM % Fig. 1 1R, BRE R 7 —IZfRO AR5 Z LIZ K 2IZEZFIH LT, R0k
HxITH, ZOBIC, ARALETF TV~ L —F— v — AR &HREEOWR) 2WET S
Z LTk y ., BSOS MICIFIEEEOBITEIER S ND, 7T AR TORIEL—F—0
W (F5) A4 ME, BFEECHBE LT, n, — ngcos’(90-0)ERTZERNTED (0,13
B AN OBA OB E, WE lum OF 10*/cm’ | Fig. 1(a)). #I2. ARAIC X 0 BIEEEZH
BB ENTEETH D, RERTIL, Nilike Mo % ERIZIVT 18deg (n,—10%/em®)ITFRE L
Tz T2I2L. BEBICITMENRITEROR S 2RO, MELOSETARABRRD (RE
FOTFHIAT IR, AFANNE A2 D), i, b L— P — OB 5 HREL O
WZF > TREICEEDERNMINCY 7 b T 2720, XRL—F—DEEBGToh5, £NROF
FUANOERIZHEN, TOEINE L e B0, BERICITER RO R & BRIE T R OIS
DR T Z2FFL 12, HBEBKNETH D, st LA %L 18deg, Bl L — W —D ' — L8 % 100mm,
TR DA —VEE0um & LTZHETO, BENROBMEICRKIT LB EETFEELF T
N— (BREHEOME) OER%E Fig. 1R Lz, HISRPERE 4000mm &3 2FIZED, Tmm D
BENE SOEMICBWTREETEEOZEY 15 ELT (Fig2 AHEHD) [l 5 FERTE
Zo LLED S  BASR R ORE 2 ok LA - 18deg, B — A% 100mm ¢ | ST HH 28 : 4000mm
E L7,

33X — P —DORIRER

BB CREILIZNFERE A WT, =07 VTV T T Uk O — P — OB IREBR AT 072, Jil
fL—Y =3, =T oA AT DD DTV VAL AF BT DD DAL 7L ABEL
D, FREND IV ABRITENR 5 ps THY, BIFEIX 1.07 ns, FE LI Pre : Main = 1: 4 £ L7z, #EN
ESRUWREIL, #—7 Y rREOL —F — AHBI5, 221 8 mm, 60 pm EBRISIV, XL —
P—DEHENE 1/1200mm OEIFTHEFEFF ORI 36882 AV TUT o7, il — Y —x ¥ —L

— 234 —



JAEA—-Conf 2007-001

X ——oH I OBERE Fig. 2R d, 4—
Fob L CORE 3 NLF—35 T (pre 0.7 J + main
O 2.8 DOERHZE K 330nT (S/N > 1000) B3EFHNTEY,
3 BEAHOEE PLEEL TR 1/3 O RL¥—
WA D HFICRPI LT, B R 8 —% 3.5 TITIH
FLEBETD X Bl —F—0FBHIO R EE
Fig. 2(b)iZR" T, FHEIV=FIG & ORISR,
g=8.4 /em, gl=6.7 (1=8mm)THY, EAHFE DXL
NEATITITION. - STV PP P TEI — P (g>20) L LI T2 LRGN NS, Fiz, faFn
 pumpin e oneray (mam by — | SIEICE TR, e, HALLTHE 13 BET
HY | L = RN F — ORI MR SN, R

3
10 T T T T TR R T YR TSP T

]

nd

ol

oY

o
{1

XRL energy |

e
<.
T

10° greesyrrrrrrresrTIrTReTTTTRRTTTER
5 o= 8.4 fem DR EFRBNED T, ZOHNL, AEBTI,
10°L 0,85 - R FHIB R 7 7 TR S R I > TIEEEL
s I . % TNBEZZBND, B — Y —ORIIREIT, 7
2.0l ‘ é?éf% ; UV A 3.0x10° Wiem® | A2 7L A 1.2x10"
§ /ef Wiem® THY, A2 7V ADBBEREE IOV TIE,
TS SR ] | BFATPIE GRIP OB YRS THHH, 7Y
E : POV DWTIIAREBRB—AHTRENEDND, BT
10" b | FH ORI LETHBLELD, MAT, AR

T et et o) T BCOBERIEE. 0 60 um THY, HEIER S
Fig2 ) Niclike Mo XRL —— #‘%@Lw: E)JEIX/V«*\”‘O)T&Wﬂ%ﬁ‘:C %éf
L — VP — DR EEOREBELODIZ, 1 K
JLiit = —R HYADES (2L D RBREHOB/HRK T,
S ASNAGEOBEAICE DT TAREOH A LT o1, £ 7 vy M BTy — 7 v b DIk
EHAOREEZ R, F T4, A7 OVADBEY— 2% 0 FEZI &L, 20 ps £, 40 ps B DEFH
& (Ne) , TR (Te) RL TV, _
Fig. 3(2) : 3.0x10" W/em? + 1.2x10™ W/em?®, » /L ARINE 1.1 ns, 4L A6 5 ps (EBREAELFL)

A2 7 VAD N OB (A ADE — 28] ’HD 0 ps) TOEERRDE, FhEL —H— D
IANEEE TR 2x10%m” O TITHON TOBER S5, TRRLICH, EFREN NifgA
A B BT DO+ IRRE (AR T 2L —230eV) BMRIEN TS, BIRO T RSN AEF
FIHE(20 ~ 40 ps)l, FIBIC L BEARBTFHEE (8x10” ecm® < Ne < 1.2x10° em™) EBFIRE (Te ~ 300
eV) BT TR A — 2 o MBI 55um A5 65um OFIFE (M Do D#iF) Thoiz,

Fig. 3(b) : 3.0x10" W/em® + 1.2x10™ W/em?®, » VAR 2.0 ns, /L ANE 5 ps

AL 7 OVAD AHEH# TO R —F— O W E ()L B L TETEROEFHE 1x107%em” TfT
b T, ()& L TR E AR AR THY, FEREL T, HBIREBIL(2)D 2 0K 20 p m DK
XEPBLNTOD, HUZ X L —V D OERE O, JERVAEDSERN EICEDTHIEE X
bivD, ‘

Fig. 3(c) : 3.0x10°W/em® + 1.2x10"*W/em®, » VAR 0.5 ns, 7 SVAIETY 5 ps, A2 1 ps

— 235 —



JAEA-Conf 2007-001

R — Y
9 He Ops oo T Ops
5 e e N2 2003 e o wTe 20pS 05
oo s N& 408 esns T 4lps
0% L J04
G 3 o
5 : {403
2 20 i
< 10 a4 0.2
i H 3 Qi
10 m! get
10 f(a:) AR ‘i‘:”:’. fedntotid )
0.0 0012 0.014 0.016 0.016 0.02
R fem}
10? pprrrrrrrrrrer rerry 0.6
Ne Dps o Te (ps
o R Hp fem s wTo 20ps 13
o 400e se e Te d0ps 0.5 -
i
F2:3 N
Ky
=
10% ey rrrrrererrery 0.6
wesuemsan T (IS
o - = BE 2008 o o m Ve 2005 § 05
: wenernnx Nz 40ps «seseTed40ps -
107 L 104
L d 3 2
5§ | 03 ¢
2 0 i -
< 0%k 0.2
L H
X : .1
K 5
e L S f{r?‘ o
001 0011 002 0013 QD14 0015 0018
' Rioml
Fig. 3 ) Hydrodynamic simulation for
(P 3) Hydrody ,
optimization of the pumping laser pulse.
S35 Uk

1) R. Keenan et al. SPIE proc. Vol. 5197, 213 (2003).
2) Y. Li ef al. Opt. Soc. Am. B Vol. 17, No. 6, June 2000.
3) B. M. Luther, et. al, Opt. Lett.; 30, 165 (2005).
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6.9 Observation of density dip in a pre-formed plasma
: Toward axial pumping X-ray laser

T. Kawachi, N. Hasegawa, M. Nishikino, Y. Ochi, M. Tanaka, T. Utsumi, and A. Sasaki
’ X-ray Laser Group, Quantum Beam Science Directoratee,
J apan Atomic Energy Agency (JAEA)
8-1 Umemidai, Kizu, Kyoto, 619-0215, Japan

We report the observation of electron density dip in a laser-produced molybdenum plasma pumped by
double laser pulses which are linearly focused on the molybdenum slab target. The observed density dip
was clearly formed at the time of 1~1.5ns after the second pulse, and the eléctfon density 6f the dip was
around 2x10™® cm® to 5x10"* em®. The probe beam injected into the plasma column in the
longitudinal direction was guided with the plasma length of up to 43 mm. The experimental result
implies that the obtained plasma an be used as the pre-formed plasma for the axial pumping x-ray laser

scheme.

Keywords: x-ray lasers, plasma physics, laser interferometer

1. Introduction

Several years ago, Ozaki et al [1]. reported demonstration of directional x-ray laser beam‘at a
~wavelength of 18.9 nm of the nickel-like molybdenum ions, in which a molybdenum slab target was
irradiated by line-focused pre-pulse of the laser in the normal direction, and the following main (heating)
pulse with 150fs-duration, an energy of 150 mJ was injected into the plasma column in the direction of
longitudinal axis. Their explanation of the experimental result was that an electron density dip could be
generated in the pre-formed plasma, and the main (heating) pulse in the longitudinal direction could be
guided in the pre-plasma to achieve substantial gain-length product. However, the existence of the
density dip or flat region was not verified experimentally yet. Since the axial pumping scheme extends
the possibility of x-ray lasers with very narrow beam divergence and improves the pumping efficiency of
the GRIP (grazing incidence pumping) scheme [2], it is valuable to investigate the possibility of
generating electron density dip in a pre-formed plasma. In this report, we employed the methods of
interferometer and back lighting iméging to diagnose the pre-formed plasma, and found the electron

density dip could be generated under double-pulse irradiation. '
Before the descﬁption of the details of the experiment, the related former works are described. The
waveguiding of the pumping pulse has been studied intensively in the research fields of x-ray lasers and

laser acceralation: In the laser-driven plasmas, Milchberg et al. found “light pipe” was generated in the
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gas target irradiated by double pulse irradiation. In this experiment, the first pulse makes density dip in
the radial direction, and the following second pulsé was guided by the plasma channel [3,4]. In the
discharge plasmas, Hosokai et al. demonstrated waveguiding of the terawatt laser pulse in the capirally
discharge plasma column [5]. In the x-ray laser research, quite recently, Tomassini et al., measured
density profile of the pre-formed plasma»pumped by line-focused single pulse of TiS laser. However, no -

density dip could be observed under the single pulse irradiation [6].

2.  Experiment and Discussion

Experimental set up is shown in Fig. 1. JAEA CPA Nd:glass laser provides double pulses:
pre-pulse and the main pulse. The maximum total output energy of this laser is 20 J with 1 ps duration,
however, since our objective is to diagnose the pre-formed plasma, we used only the pre-amplifier of this
system to control the output energy to be 200 mJ ~ 500 mJ. The duration of the preé and the main pulse
was 10 ps, separated by 1.3 ns, and thé energy ratio of the pre-pulse to the main pulse was 1:3.3. A
portion of the uncompressed laser pulse was used as the probe beam: the duration was ~ 500 ps
(bandwidth of 1.9 nm), and the energy was ~ 2 mJ. The probe beam was injected into the plasma in the
longitudinal direction. The diameter of the probe beam was adjusted to be 5 mm at the position of the
plasma. Then probe beam went through the imaging lens, changed the polarization direction to 45
degree with respect to the horizontal axis by the first polarizer, was divided into two polarization
components by Wollaston prism, WP, and changed the polarization direction again to the horizontal
direction by the second polarizer. - Then the two components were merged by the steering mirror at the
focal position of the imaging lens, where the portion of the probe beam including the information of the
plasma and that went through the vacuum region made interference pattern, and we could obtain the phase
information of the probe beam at the edge of thé pre-formed plasma. In this set up, the magnification
factor was afound 9, which was assured by use of 120 micron diameter cupper wire as the test sample.
The spatial resolution was ~ 10 micron.

We set the ‘delay line in the optical path of the probe beam, and adjust the timing of the probe beam
with respect to the pumping pulse. It should be noted that by cutting one of the probe beam of the
interferometer, we could obtain the backlighting image of the plasma. In the following context, the time
of the probe beam was measured from the péak of tﬁe second pumping pulse. 7

Figure 2 shows the interferofneter patterns together with the backlighting image of the pre-formed
plasma at the timing of t = -300 ps; (a), t = +1000ps; (b) and t = -F1500ps; (c), respectively. - The total
pumping laser energy was set to be 190-210 mJ, i.e., the pre-pulse energy and main-pulse energy was ~
45-53mJ and 145-157mJ, respectively, which corresponds to the intensity on the target of 4x10" W/em®
and 1.2x10" W/en’, respectively.
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wollaston prism

Imaging lens
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Probe beant’

Polarizer olarizer

Bandpass filter

Pump laser

Fig.1 Experimental set-up.

In Fig.2 (a), the plasma image is the same with that pumped by single pulse [See ref. [6]]. The
interference pattern shows no unique feature in the density gradient, whereas at t=-1000~1500 ps,
complicated patterns is shown in the interference patterns. The backlighting images at the same timing
show the probe beam was guided in the plasma with the length of 1 mm. In order to assure the
waveguiding, we changed the thickness of the target from I mm to 4.3 mm, and the probe beam was

clearly guided in the plasma as shown in Fig. 3.

‘We tried to estimate the spatial distribution of
the electron density in Fig. 2. In the present

experimental condition, the wavelength of the .

probe beam is 1 micron, and the thickness of the
target or plasma is ~ Imm. This implies that one
phase shift corresponds to the 2x10'® cm™ of the

electron density. We compared the interference

pattern in Fig. 2 (c) with that for absence of plasma,
Fig.2 The image of the plasma taken by the and the spatial distribution of the phase shift were
interferometer. Upper column is the interference  derived. The data analysis showed that at t =
pattern and the lower is the back lighting image. +1500 ps, the density dip is generated: the electron
density of the bottom of the dip is ~ 2x10"® cm”, and that of the outer region was around 4x10'® ¢cm”.
Experimental interference patterns at t = +1000 ps is more complicated than that at t = + 1500 ps, which
indicates that the density dip may be generated in higher density region by at least one-phase shift,
however, the density is higher than the range of the present interferometer.

We estimate the possibility of axial pumping x-ray laser by using this pre-formed plasma. Consider
the situation that the circularly polarized axial pumping (heating) laser pulse is injected into the
pre-formed plasma. If the intensity of the axial pumping pulse is sufficiently high, the ions increase their
ionization stage up to the nickel-like (z= 14). Our 1D hydrodynamics simulation (HYADES) shows the

average of the charge state of the ions in the pre-formed plasma at the time of t = +1500 ps is-z ~ 3,
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therefore the after the axial pumping pulse, the electron density of the pre-formed plasma is increased up
to around ~ 1x10" cm™. This electron density is not so high compared with optimum electron density
for the nickel-like molybdenum laser (> 5x10" cm™), however is enough to obtain substantial lasing in
the nickel-like molybdenum laser at 18.9 nm. In order to obtain the strong lasing in this scheme, the
axial pumping pulse should be injected in earlier timing: Indeed hydrodynamics simulation shows that
after the second (heating) pulse, plasma expands in the vacuum with keeping its spatial profile, therefore
in earlier time region, electron density of the dip is expected much higher than that at t =+1500 ps. This
tendency is consistent with present result, at t = 1000ps, the electron density of the dip is higher than that

att=+ 1500 ps. In order to use earlier time region, it is required that the precise control of the intensity

of the pumping pulses and their homogeneity on the target.

Fig.3 The backlighting images for various plasma lengths. The probe beam is guided

in the pre-formed plasma with the plasma length up to 4.3 mm.

In summary, we have demonstrated to generate electron density dip in the pre-formed plasma by use of
double pulses irradiation. The plasma parameter at the time of t = 1.5 ns measured from the second
pre-pulse timing, electron density and the ionization stage of the ions, indicate that the axial pumping
x-ray laser in the nickel-like molybdenum ions is possible.

This work is auspices by Japan Society for the Promotion of Science (JSPS).
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6.10 L—H—/CVDNATYIRHIEIEIZKDTRNAVAMISVIRERK
Advanced ceramics synthesis controlled by the hybrid method of laser/CVD
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by LB KFRBRETHREWRER (T400—8511 BFHEEAT BH3-11)
GERIAPTEE (T0294-38-5004 HIIHAPRCGRETAT B12-1)

d; B BB R R TR  (F319-1195 RMBMMAREHN B HER2—4)
Toshihiko Yamauchi®, Keita Nakagaki®, Yoshinori Kanno®., Mikio Saigusa®. Katsutoshi
Furukawa® ,Seiji Kobayashi’, Kazuhiko Yamasaki®

a;Japan Atomic Energy Agency, b;Yamanashi Univ.,c;Ibaraki Univ.,d;RIST

It is very interesting for the synthesis of advanced ceramics to use the method of CVD (chemical
vapor deposition) and to apply the laser. The first characteristics of this synthesis is the control of
the particles (molecular, atom, cluster etc.) in diffusion layer by laser. The second characteristics is
the application of the hybrid-type synthesis using laser, or nucleation on the substrate in CVD. The
experiment of laser or CVD and calculation by the code named of PHASE have been started.

Keywords: CVD, laser control, ceramics synthesis, diamond, DLC
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6.11 Nuclear parity violation in photo-nuclear resonance scattering at
SPring-8
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Abstract

We performed the asymmetry mesurement of the nuclear resonance fluorescence(NRF)
with circularly polarized photons to study nuclear parity nonconservation(PNC). The NRF
asymmetry for left- and right- circularly polarized ~y-rays is caused by weak mixing between a
parity doublet, which is a set of two states which are energetically closed and have same spin
and opposite parity. In this study, we measured PNC asymmetry in exciting the first excited
-;-' state in'°F by using high intensity elliptically polarized synchrotron radiations generated
by elliptical multipole wiggler at SPring-8.

1 Introduction

Nuclear parity violation is caused by the weak interactions on the nucleon-nucleon (NN) interac-
tions in nuclei. In the picture of meson exchange discription, one meson-nucleon vertex is coupled
to the other nucleon mediated by weak interaction. Parity doublets in nuclei are mixed with each
other by this PNC NN interaction [1]. In the picture of the first order perturbation, the mixed
state |¢r > is written as

< ¢—x|Vpnc|dr
E.—FE _,

|q37r >= I¢7r >+ ~ |¢1r >, (1)

where |¢, > is parity pure state, E, is the excitation energy of the level, = denotes the parity of -
the level, and Vpy¢ is the PNC-NN potential derived from the PNC interaction.

In case of °F, the set of the ground (J™ = %Jr) and 110 keV (J™ = 1) excited states is a
parity doublet. Hence they are written as [2] :

lg.s.> = [+>—€+>,
110 > = |— > +€|—>, 2)
where
< —IVPNCH‘ >

T T (1l0keV) : (8)

In our new method, the parity mixing is studied by NRF using a circularly polarized photon
beam. The NRF with circularly polarized photons to the parity doublet nuclei drives scattering
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asymmetry A, written by the cross sections o+ for each photon helicity as

; 04 —0_ :
A,=F"%= 4
s @

As a result of the calculations of electromagneticVtransitions for NRF of 9F [3],

A,0) = (1+cosh) < Ay >, ' (5)
with
_ b
< A, >—26Re(<E1 >), . (6)

where 6 is scattering angle, u is the magnetic moment of the ground state of °F, and < E1 > is
the E1 transition matrix element.

2 experiment

The experiment has been carried out using hard x-ray synchrotron radiations (SR) from the ellip-
tical multipole wiggler (EMPW) at SPring-8 [4]. Note that ”elliptically polarized photon” means
partical-circularly polarized photons. Photon intensity is about 10'? (photons/sec 0.1% b.w.) at
100 keV region. EMPW consists of three magnetic arrays. Central array produces vetical magnetic
fields for storage electrons as a normal wiggler and both side arrays produce horizontal ones. The
side arrays move along the beam axis. Photon polarization is changed by sliding the side arrays
(Fig. 1) [5,6, 7.

In the NRF experiment on °F, photons produced from EMPW were monochromated to 109.89
keV by a Si(400) monochromator and bombarded to a PTFE target (CoFs, 3 mm thickness).
Scattered photons via the NRF and Compton scattering processes were detected by 19-pixel Ge
detector [8]. The schematic layout of the experimental setup is shown in Fig. 2. '

Storage Ring
N

Eltiptical
Multipole Wiggler

109:89 keV monochromatic x-ray lonization chamber
PTFE (3 mm 1) 0
S5 (400) curved-crystal 4

Giffraction monochromator
120 deg.

Picoammeter
19 Pixel Gemanium Detector
MCA scA -
[5ae] [or] vaE |

Figure 1: Schematic diagram of the EMPW.  Figure 2: Schematic layout of the detector setup.

Counting rate is estimated much high since Compton scattering events from the target are
dominant detections. Then multichannel analyzers (MCA) are not suitable because of their dead
time. Therefore we chose single channel analyzers (SCA). For the NRF peak region we set two
SCA gates. The one was a narrow gate. The other was a wide gate (Fig. 3). Both SCA signals
were counted by VME scalers. To reduce the counts of Compton background relative to NRF, we
put absorbers of Au and W with a thickness of 100 pum in front of the detector. Additionally, we
took MCA data of sample detectors to monitor the experimental conditions. Typical detection
spectrum taken during the experiment is shown in Fig. 4. In order to normalize the NRF events,
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Figure 3: NRF peak spectrum and SCA gate set-

bing -Figure 4: Typical detection spectrum.

we also measured the incident photon flux by using an ionization chamber (IC). The current signal
of IC was converted to the frequency and counted by a scaler. :

About five minites were needed for changing the photon polarization by sliding the side magnetic
arrays. Thus, we took each polarization data for NRF countings with turning the polarity about
. every three hours.

3 Analyses and Preliminary results

Since the counting data with narrow and wide gate SCA’s contained NRF events and backgrounds '
" (Fig. 3), we extracted the net counts of NRF events. The background spectrum was approximately
flat shape. The net counts of NRF N,,.; were calculated by using the following equation,

Nwide — Nnar?’ow

Nnet = Nnarrow - Wnarrows - (7)

Wwide — Wnarrow
. -where Nna;mw and Nyiqe is the SCA counts of narrow gate and wide gate, and Wrarrow and Wyide
is the width of narrow and wide SCA gate, repsectively.

By taking into account of the polarization degree of incident photons the NRF asymmetry is
written as

I e I SRR E] I w®

where o4, is the NRF cross section for photons with left-handed and right-handed each polarization,
and py is the polarization degree of incident photons. The cross section is written by using the
total NRF net counts for each polarization N and the total count of IC data I, as
Ny '
0L = aI—a ' (9)
, +

where the constant o contains common parameter, for instance, the target number, the solid angle
.of the detector, and they are not sensitive to the asymmetry. The polarization degrees for each
polarization was measured before NRF counting experiment. The results are |p| = 0.338 £ 0.005
and |p—| = 0.324 £ 0.003 [9]. '
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As a result of preliminary analyses, we got A, = (—=1.07 £ 0.50) x 1073. At present, the main .
component of error is statistical one (~70%). The remainder is the error from the fitting for the
correction of long-time dependence. This correction is not depend on each photon polarization.
The value of the asymmetry on this work is still by one order larger than the results of the two
previous 2Ne(5, a)1°F* experiments [2, 10].

4 Summary

We performed a new method for PNC study by using NRF with circularly polarized photons.
As mentioned above, the result now do not consist to the other experiments. We need more to
take account of other factors causing this large asymmetry, for instance, photon beam instability,
detector instability, geometrical asymmetry. To obtain the acceptable result, the data analyses are
in progress.
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First-principle calculation for electron excitation of transparent material
under the intense laser field

ZE B RAE—E A A EIE— A 5% A G F. Bertsch”
MSTATEOE A A AR F /SRR S &1 2 — 25 AT SR
H'ETF I Iab—va BRI N—7
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BULLhRE |
Tomohito OTOBE, Kazuhiro YABANA®, Junichi IWATA*, Takashi NAKATSUKASA®, and G. F.
Bertsch ®
Photon simulation group, Quantum Beam Science Directorate,
Japan Atomic Energy Agency
A Center for Computational science, University of Tsukuba

B Washington University

Electron excitation in the bulk system by the intense laser field is the key process to understatnd the
interaction between laser and the materials. We calculate the electron dynamics in the diamond employing
the Time-Dependent Density Functional Theory (TD-DFT) with real-space and real-time method. We
found that breakdown of dielectric occures under the intense laser field and the diémond behave like a
metal. We also found the plasma oscilation of excited electron after the laser pulse. |

Keywords: Laser, Ultra short pulse, High intensity, Crystal, First-principle calculation,
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Development of databases from scientific and technological
articles using language processing technology
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A. Sasakil, Y. Ueshima?*, M. Yamagiwal, M. Murata?, T. Shirado?, H. Isahara?
Japan Atomic Energy Research Agency!

The National Institute of Information and Communications Technology?

We present a new computer program which recognizes expressions of atomic and molecular
states in scientific articles. It is shown that the program can be applied to the automatic
collection of atomic data. Concept of another software to collect and analyze information from
academic meetings to match seeds and needs between basic science and application of is also

discussed.
Keywords: atomic data base, data mining, natural language processing
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6.14 Simultaneous imaging with a proton beam and an x-ray driven by a fs
intense laser
Satoshi ORIMO, Akifumi YOGO, Koichi OGURA, Akito SAGISAKA, Zhong LI,
Alexander Pirozhkov, Michiaki MORI, Hiroyuki DAIDO, Shu NAKAMURA®,
Toshiyuki SHIRAI" ,Yoshihisa INASHITA®, Akira NODA*, Yuji OISHI®, Koshichi NEMOTO",
11-Woo CHOI®, Jae-Hee SUNGC, Kyong-Ham HONGS, Jung-Hoon KIMS, Tae-Jun YU,
Hyung-Taek KIM®, Tae-Moon JEONG®, Young-Chul NOH®, Do-Kyeon KO, Jongmin LEE®
Advanced Photon Research Center, Japan Atomic Energy Agency
Institute for Chemical Research, Kyoto University™
Central Research Institute of Electric Power Industry ®
Gwangju Institute of Science and Technology, Korea ¢
Keywords: laser ion source, femto-second laser x-ray imagihg,

We are investigating an intense fs-laser driven MeV proton source using a thin foil, and its
applications. Simultaneous imaging using a proton beam and x-rays having a pico-second duration is
demonstrated using'a few TW Ti:Sapphire laser system. By generating a short-pulse proton beam
and x-rays, an intense laser irradiates a 5 pm thickness copper tape target with an having off-axis
parabolic mirror an f number 6 giving an intensity of intensity 6x10" W/cm®. We performed first
experiments of simultaneous imaging of a Cu mesh pattern by laser produced MeV proton and
X-1ays. ‘

At present, a fs high intensity table-top CPA (chirped pulse amplification) laser system is
commonly used for high intensity physics experiments. We found rapidly growing research area of
ion and proton generation and its application to the high field science. The proton beam and x-rays
produced at a target by the laser irradiation are simultaneously observed. The proton beam driven by
high intensity fs laser has the outstanding feature. The pulse duration is below ~ps, and protons are
generated from a small area (point sauce whose effective diameter is ~10 um), energy is more than
~MeV, and the beam has small divergence of 10 degrees. Similarly the x-ray produced by a high
intensity femto-second laser has a few 100fs, small source size of 10 pm.

We have demonstrated shadowgraphs of a Cu mesh having a periodically structured pattern by

 laser-produced proton beam and x-ray. The experimental set up is shown in Fig.1. The pumping laser
has ~800nm wavelength, the pulse duration is 100 fs at full width at half maximum (FWHM), the
pulse energy is 680 mJ, and the intensity ratio of the ~ns pre-pulse, which is due to the leakage from
the regenerative amplifier, to the main pulse is 10°° and the constant ratio of an amplified
spontaneous emission (ASE to the main pulse) is 10™ and ASE duration is ~2ns. A p-polarized laser
pulse with 50 mm diameter is onto the cupper tape target at 45 degree incident angle a with focal
length of 238 mm (F/4.8). The cupper tape was 5 micron in thickness and 20 mm in width. The ‘
target system supplies a fresh surface to the focus spot at every shot. The measured focus spot size
and the main pulse duration were 15 1 m diameter (FWHM) and 105 fs, giving an intensity of ~3 X
10" W/em®. '

First, we detected the proton signal at the target normal direction by using the time of flight
(TOF) proton detector (S. Nakamura et al., J. J. Appl. Phys: Part2, 45(33-36), pp. L913-916 (2006)).
Acocording to the TOF proton signal which is on-line real tims signal, we can optimize the target
position and laser pulse duration as well as duration of the amplified spontaneous emission. This

— 256 —



JAEA-Conf 2007-001—

TOF technique is very convenient. After the optimization of the target position and ASE from the
laser, we obtained the maximum proton energy of >2 MeV with 10" protons per shot. (Fig.2(a))

We measured the angular distribution of the proton beam at specific energy ranges, such as, -
>0.8MeV, >1.2MeV, >1.9MeV, by placing the CR39 nuclear track detector with the mylar range
filters whose thicknesses are determined for detecting the protons in each energy range. The beam
divergence of the proton been is measured with a CR39 with range filters. Each energy range is
- measured by single shot. The divergence angles are 10 degrees (vertical) and 13 degrees (horizontal)
for protbns with energy of >1.9MeV, 17 degrees (vertical) and 20 degrees (horizontal) for >1.2MeV
and 26 degrees (vertical) for >0.8MeV. A divergence of the vertical axis of over 0.8MeV cannot be
estimated. (Fig.2 (b))

The pulse duration of the accelerated protons is less than a pico-second at the source. X-ray
transmission spectrum of a Cu mesh is shown in Fig.2(c). Contrast is- falﬁng this time for the
projection image in the wavelength of an arrow. By choosing K-alpha Iiné emission of Cu, the
_ source of X-rays can improve in both short pulse and high contrast.

The peculiarity of this measurements, is that we have performed first experiments of
simultaneous shadowgraph by laser produced MeV proton and x-rays as shown Fig. 3. The
projection image of a Cu mesh pattern by the proton ‘(a) and x-rays (b). It is 30 times the projection
magnification of a Cu mesh pattern of this. The proton image was measured with CR39 nuclear track
detector. The x-ray image was measured with the imaging plate. Each projecﬁon ifnage is based on
the single shot, and the simultaneous measurement is carried out. The line of a mesh and O
characters can be checked in great numbers from a pfojection. The x-ray image (b) has faded
compared with the proton line image (a). Since one of the reasons has too thick CR39, it is that
x-rays dispersion increased. What is made thin (— 100 micrometers) is possible for the thickness of
CR39. Z-number of target material and a pattern mesh is not made suitable other causes are
_generated. In order to obtain the high projection X-ray image of contrast more, it is desirable to use
short K« line emission also in time.

‘The source of ions and x-rays of laser generation can catch the phenomenon of a short (~ps)
domain in time. Since there are maﬁy protons in one irradiation, a projection can be obtained by one
shot. Tt is the first demonstration this times, the static copper mesh was used. The driven laser ion
can made a snapshot of fast transient phenomenon. The resolution of this simultaneous measurement
is about 10 micrometers. . '

The simultaneous probing of a using a ~MeV electron and proton beams, THz -wave, and the
laser itself that branched further is possible. It is possible to apply to the pump-probe measurement
for the transient phenomena in the micro-structures from combined these. A proton beam can made a
image of the configuration of an electromagnetic field inside a sample.

We would like to thank T. Tajima and T. Kimura for fruitful discussion. And this work partly
* supported by Ministry of Education, Culture, Sports, Science, and Technology of Japan (The
three-country joint research of Japanese-South Korean-China)
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Figure 1. An experimental set up of simultancous shadowgraph obtained a Cu-mesh pattern by the ~MeV
proton and an x-ray. The p-polarized laser ligth has an ~800nm wavelength, the pulse duration of 100 fs at
FWHM, the pulse energy of 600 mJ at he laser irradiates Cupper tape target 45degree incident angle with a
focal length of 238 mm (F/4.1). The distance between target and mesh is 6mm. The mesh to CR39 track
detector and an x-ray imaging plate with range filter are 180mm and 540mm lengths. Magnifications of
shadowgraph are 30 (180mm) and 90 (540mm).
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Figure 2

[a] The proton spectrum obtained by a TOF (time of flight) spectrometer which composed of plastic scintillation. The proton number plateau
was observed by energy=1.5MeV domain. The maximum energy is observed by ~2 MeV.
[b] The angular distribution of the drive protons (> 0.8, >1.2, >1.9MeV) measured using a CR39 with the mylar range filters. A higher energy
beam is better collimated.
[c] An x-ray transmission rate of the dominant x-ray component of the Cu mesh image is a few MeV.

Figure 3 The projection image of Cu mesh pattern by the proton
(a) and x-rays (b). The proton image was measured with CR39
nuclear track detector. The x-ray image is measured with the imaging
plate. Each projectioil image is obtained simultaneously during
single laser shot.
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