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     The 11th Symposium on Advanced Photon Research was held at Kansai 
Photon Science Institute, Japan Atomic Energy Agency (JAEA-KPSI) in 
Kizugawa, Kyoto on June 24 - 25, 2010.
     This report consists of invited and contributed papers presented at the oral 
and poster sessions in the Symposium.
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Study on Laser Driven Particle Beam Acceleration 
 

 
  

Kiminori KONDO 
Quantum Beam Science Directorate, Japan Atomic Energy Agency 

 
Following the mission of these 5 years-middle term plan of our group, the development of laser drivin 

particle therapy machine was presented. Research results show the possible planning of this development 
in the next 7 years’s Photo Medical Valley project. 
 
Keywords: Laser driven particle acceleration, Hadron therapy 
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Fig.1 Stopping rage of proton for water  
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Fig. 2 Maximum ion energy vs laser intensity 
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This paper gives an overview of recent progress of laser-driven plasma x-ray lasers in JAEA.  Fully 

spatial coherent plasma x-ray laser (XRL) at 13.9 nm with 0.1 Hz repetition rate has been developed using 

new driver laser system TOPAZ, and the succeeding optimization of the pumping condition has realized 

more efficient generation of the coherent x-ray pulse.  The 0.1 Hz XRL is now routinely used for wide 

variety of applications: The highlights of these applications are the first observation of temporal correlation 

of domain fluctuation of ferro-electric substances under the phase transition using the double XRL probe 

beam technique and pico-second time-resolved observation of nano-scale surface distortion of metal under 

the femto-second laser illumination by use of x-ray laser interferometer. 

…………………………………………………………………………………………………………….. 

 

Keywords: Soft X-ray Lasers, High power lasers, Laser-produced plasma, Coherent x-ray optics  
 

1. INTRODUCTION 
The Advent of transient collisional excitation (TCE) laser makes it possible for us to realize small size 

coherent soft x-ray lasers (XRLs) [1].  In JAEA, we have firstly demonstrated fully spatial coherent XRL 

beam at the wavelength of 13.9 nm by the method of double target geometry, in which the first gain 

medium works as the soft x-ray oscillator and the second gain medium works as soft x-ray amplifier [2].  

Successive optimization of the pumping condition such as the pumping intensity and temporal separation 

of the pre- and main-pulses allows us to obtain the high quality, intense XRL beam with the typical 

parameters of beam divergence of better than 1 mrad and the output energy of 1 �J [3]. 

    In the applications of soft XRLs, one of the most serious limitations so far was the repetition-rate.  

Typical shot interval of CPA Nd:glass driver was ~ 10 min and prohibited many potential users from 

conducting application experiments.  The demonstration of GRIP (grazing incidence pumping) scheme 

partly solved this problem.  Spatially coherent x-ray lasers with the output energy of several tens nJ has 

been obtained under the repetition-rate of 5 Hz by the combination of GRIP and higher-order harmonics 
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light as the x-ray seeder [4].  While multiple-shot exposure of this high average power soft XRLs is 

useful for soft x-ray imaging, however, there is strong interest and requirement from material science for 

more energetic coherent x-ray probe: For an example, nano-scale domain fluctuation under the phase 

transition of substances is essentially unrepeatable phenomena, therefore the single-shot probe is 

indispensable to observe and understand these phenomena.  

     In 2008 we have developed new driver laser system, TOPAZ (Twin OPtical Amplifier using Zigzag 

slab) [5], which can operate under the repetition-rate of 0.1 Hz due to the noticeable cooling efficiency of 

the zigzag slab amplifiers.  Now TOPAZ laser provides fully spatial coherent XRL beam with the output 

energy of a few �J and is routinely used for the applications of XRL beam.  
 

2. APPLICATIONS OF THE SOFT X-RAY LASERS 
 

The applications research fields of soft XRLs cover atomic physics [6], material science [7], laser processing [8], 

and plasma physics and so on.  In the following several examples of the applications are described. 

   The first example is the temporal correlation 

measurement of domain fluctuation of 

ferro-electric substrates.  A couple of years ago, 

we have firstly observed pico-second snap-shot 

of domain-structure of ferro-electric substrate, 

BaTiO3, by use of x-ray laser speckle technique 

[7].  We extended this method into double XRL 

probes to reveal the temporal-correlation of the 

domain fluctuation.  The 13.9 nm laser was 

divided into two beams by a Michelson-type 

double pulse generator based upon a free-stand 

Mo/Si multi-layer beam splitter.  With certain 

delay time, two x-ray laser pulses probed the 

surface of BaTiO3, and temporally different two 

speckle patterns were recorded by an x-ray streak 

camera.  Similar double probes measurements 

were conducted for various time delays, and the temporal correlation function of the domain structure of BaTiO3 

was determined [9].   

 

The second example is XRL induced damage of the materials.  Laser ablation has many technological 

applications in material processing and nano-structure fabrication.  The laser-induce damage of the materials 

has been intensively studied, and its dependence upon the pulse width, the photon energy, and the fluence has 

come to be understood.  For the relatively long duration optical laser pulses with > 20 ps, it is shown that the 

damage of dielectrics is mainly originated from the heating of conduction band electrons and transferring of 

electron energy to the lattice.  Damage occurs if the deposited energy is sufficient to melt the materials.  For 

the short enough pulses, the laser energy is absorbed by the electrons much faster than it is transferred to the 

 

 

Fig.1. Typical soft x-ray speckle signal from BaTiO3 

taken by x-ray streak camera.   The x-ray laser pulse is 

divided into two pulses, separated by 120 ps in this 

measurement.  
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lattice, resulting in drastically decrease in the ablation threshold energy.  The same situation can occur in 

extreme ultraviolet or soft x-ray laser.  In the recent studies, a well-defined ablation threshold at 0.06 for CaF2 

and 0.11 J /cm2 for LiF has been found for pulse energy 0.3 mJ of the Ne-like Ar x-ray laser at the wavelength 

of 46.9 nm with the duration of 1.7 ns, and much lower threshold energy can be expected in the case of transient 

collisional excitation laser with several picoseconds duration.   

     The 13.9 nm nickel-like silver laser, the energy of 1 �J/pulse was focused on a 2 mm-thick LiF crystal 

with the diameter of 20 mm.  A 0.2 �m thick Zr filter was settled in front of the x-ray mirror at 800 mm from 

the XRL exit in order to reduce the scattered optical radiation and the thermal x-ray emissions from the 

laser-produced plasma.  The total energy of the XRL beam in the focused area on the LiF crystal was 170 nJ in 

each shot.  The luminescence of stable color centers, CCs, formed by the x-ray laser radiation, was used to 

measure the intensity distribution in the XRL laser focal spot.  The CCs in LiF crystal were observed by using 

a confocal fluorescence laser microscope after irradiation of the LiF crystal with the x-ray laser. 

     The optical microscope image of the LiF crystal surface together with the AFM traces of the ablation area 

showed that the ablation depths are almost between 30 and 55 nm, which are consistent with the absorption 

depth of 28 nm for 13.9 nm radiation.  This implies that the ablation process in the present photon energy 

region (= 89 eV) is mainly determined by the absorption by the electrons in the localized area.  In the present 

experiment, the XRL fluence on the sample is only 10.2 mJ/cm2, which is more than 3000 times smaller 

compared with that for nanosecond Ti:sapphire lasers illumination.  To explain such a strong reduction in the 

ablation threshold in the case of using picoseconds x-ray laser, we have conducted calculation beased upon the 

molecular dynamics coupled with hydrodynamics.  The calculated result implies that an ablation mechanism 

for dielectrics is connected with a 100% XRL absorption in a thin surface layer and formation of negative 

pressure zone, followed by thermomechanical fragmentation, under a sufficiently strong tensile stress [11].  

 

The third example is the observation of nano-scale dynamics of material surface by use of x-ray laser 

interferometer.  The interferometer 

was designed with a group of Institute 

of Solid State Physics (ISSP) and 

University of Tokushima.  The 

Schematic of the x-ray laser 

interferometer is shown in Fig. 2.  

The fully spatial coherent 13.9 nm 

laser beam, with the output energy of 1 

�J and the duration of 7 ps, passing 

through the 0.1 �m-thick Zr filter was 

steered by a planar Mo/Si multi-layer mirror to the sample position.  The angle of the incidence of the XRL 

probe to the sample was set to be � = 70° with respect to surface normal.  The image of the illuminated area on 

the sample was transferred to the CCD position by a Mo/Si spherical mirror with the focal length of 250 mm.  

The distance from the sample to the spherical mirror and that from the spherical mirror to the CCD was about 

260 mm and 4800 mm, respectively, which led to the magnification factor of 17.  Interference pattern was 

obtained by putting a double Llyod's mirror between the spherical mirror and CCD.  The angle of the incidence 

 
 

Fig. 2 schematic diagram of the x-ray laser inteferometer using 

double Llyod's mirror. 
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for the double Lloyd's mirror was 87° with respect to surface normal.  The double Lloyd's mirror consisted of 

two Pt coated 400 �m-thick Si wafers, which were fixed with a relative angle of � = 0.006° (= 0.1 mrad) in a 

hausing.  One of the wafers covered the portion of the x-ray laser beam including the information of the 

grooves, and the other was used as the reference.  The overlap of the two wavefronts made interference pattern 

on the CCD.    

Figure 3 shows typical interferogram of the test 

sample taken by this x-ray laser interferometer with 

single-shot probe. The sample is several pairs of 

grooves with the depth of 6 nm.  The line and 

space of the pair of grooves are from 8 �m through 

0.5 �m.  In Fig. 3, arrows indicate the phase shift 

of the fringes, which corresponds to the 6 nm-depth 

of the groove.  From this result, the lateral and 

depth resolution was determined to be 1.5micron 

and 1 nm, respectively.  The lateral resolution may 

be improved by replacing the spherical imaging 

mirror by Fresnel zone plate.   

We have applied this interferometer to observe 

temporal evolution of distorted maetalic surface 

illuminated by an ultrashort optical pulse.  The 

sample was 400 nm-thick Pt layer fabricated upon the SiO2 substrate.  The pumping source is 100 fs-duration, 

2 J/cm2 fluence Ti:Sapphire laser at a wavelength of 800 nm [11].  The kind of application using x-ray laser 

interferometer will be extended to the research field of phase-transition in material science in near future. 
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Fig. 3. Typical interferogram of the test sample taken 

by double Lloyd's interferometer. The fringe shift for 

various line and space (1-8�m) corresponds to 6 nm 

depth. 
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In order to understand radiation damages on biolgical specimens, it is important to investigate from 
molecular level to cell level in size and femto-second to hours in time. Three key techniques such as 
molecular simulation, ultra-fast spectroscopy, and single shot x-ray microscopy has been developed. 
Combining those techniques, total image of radiation damaging process from molecular level to cell level 
are going to be established. 
 
Keywords: Radiation damage, DNA, Molecular simulation, Ultra-fast spectroscopy, THz radiation, 
Laser plasma, X-ray microscope 
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Fig.1 Establishment of total image of radiation damaging process from molecular level to cell 
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Fig.3 fluorescent image (left) and soft-x-ray image (right) of Leydig cells stained with Mito 
Tracker 

 

Fig.2 fluorescent image (left) and soft-x-ray image (right) of Leydig cells stained with Phalloidin 
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Gamma-ray Beam for Isotope Detection 
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A nuclear material detection is crucial in these days, because we do not have any effective method to 

detect it destructively. Especially for the hidden nuclear material in a container at the sea port, an existing 
X-ray detection system could not identify the isotopes. We propose a novel nondestructive detection 
method by using Nuclear Resonance Fulorecence (NRF) excited with a quasi-monochromatic gamma-ray 
which is generated by laser Compton backscattering. Brief introduction of the laser Compton 
backscattering gamma-ray and the NRF are described. The NRF experiments in our research group are 
also introduced. Finally, the proposed detection system for a hidden nuclear material in a countainer will 
be decribed in this paper. 
 
Keywords: Laser Compton Backscattering Gamma-ray, Nuclear Resonance Fluorescence, Isotope 
Detection, Nondestructive Detection, Nuclear Material 
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Fig.2 Typical energy spectrum of the laser Compton 

Backscattering Gamma-ray. 
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Fig.3 Excited states of 12C, 14N, 16O. 
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Fig.4 Typical experimental set up the NRF measurement by using laser Compton Backscattering Gamma-ray. 
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Fig.5 Schematic drawing of the Pb target hidden by 15mm Fe. 
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Fig.6 Typical NRF spectrum of 208Pb irradiated by 7.5 MeV LCS 

gamma-rays. 

 

-30
-25

-20
-15
-10
-5

0
5

10
15
20

0.E+00 1.E-07 2.E-07 3.E-07 4.E-07 5.E-07
Counts/ph

Po
si

tio
n 

(m
m

)

-30
-25

-20
-15
-10
-5

0
5

10
15
20

0.E+00 1.E-07 2.E-07 3.E-07 4.E-07 5.E-07
Counts/ph

Po
si

tio
n 

(m
m

)

 

Fig.7 1D image of Pb detection. 
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Fig.8 Proposed hidden nuclear material detection system. 
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Isotope Separation based on Quantum Effects 
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  Isotope separation by chemical exchange is based on the isotope effects in chemical 
reactions. It has been well known that the isotope effects in chemical reactions arise 
from the quantum effects in molecular vibration of the isotopomers in the chemical 
systems.  Strange isotope effects of mass-independent-fractionation were first observed 
in uranium chemical enrichment by ion exchange.  This phenomenon has been 
explained as the nuclear volume effects in chemical isotope fractionation. 
 
Keywords: Isotope Effects. Isotope Separation, Molecular vibration, Nuclear Volume, 
Mass-Independent-Fractionation 
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Fig. 1 Isotope effects in chemical equilibrium 
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Study on Material Science by using an Intense Laser 
 

 
  

Hiroshi AKAGI, Ryuji ITAKURA, Tomohito OTOBE, Takayuki KUMADA, Masaaki TSUBOUCHI, 
Atsushi YOKOYAMA 

Laser Application Technology Division, Quantum Beam Science Directorate,  
Japan Atomic Energy Agency 

 
The purpose of intense laser material science group is to elucidate electron dynamics in atoms, molecules, 
and solids induced by the irradiation of an ultra-short intense laser, and to develop an intense THz light 
source for its use in molecular science, laser isotope separation and so on.  In this symposium, we 
introduce our research plan based on the previous research activities. 
 
Keywords: Ultrashort intense laser, Electron dynamics, Reaction control, THz light source 
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Fig. 3 The laser electric field (dashed line) and the total electric field (solid line) as a function of 
the laser intensity. 

Fig. 4 The relationship between wavelength (frequency) regions and excitation processes of 
molecule. 
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DNA Damage Mechanism Irradiated by Particles: 
Effect of Electric Fields  
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�

Abstract. This paper discusses the effect of the electric fields produced from water molecular ions in the 
body on the DNA damage by the irradiation of particles of proton and � particles with the energy of 200 
keV/u – 1 MeV/u. The water molecules are ionized through particle impact ionization processes and 
become the ion. It is found that the strength of the electric field increase with the cross section of particle 
impact ionization processes.   ��
�
keywords: DNA damage, proton and � particle irradiation, electric field, impact ionization cross 
sections 

��������

��*������+,-./01��2 3 ��456�789-.:;<=0>%?@A69�

BCDEFGFH+I0JK0�7+89�G/LM;<=0NOPQ/RSTUV�W��XYZ

[/\IA69H9E]^_`abc��+de69�Nfghi#�Q(j+k�l9�

Ymnop69�^qeIA69�+0k�>r/s^,tuGp69H9BvDE*���^1�

�^�wx�l9/0yz�{|}~;<�B�DE��yz�{|}~/0������0VH�

�0���+dr�n��V�^��{n��F6GI���{n��V�;��{n�=�VE

VH��0*�����+1���=Wyz�{|}~+R�x��0yz�{��n��V�

�+�9E���{��@+abc��n��V��^H�^�_IA0fghi#��O

P�^��F]E���{��@/���{F] ¡¢+�����x�@n£_�¤�+<�E

FGFH+I0�������n¥5]&'/H�0¦§¨;/e©6ª§V�E�

� ���+dr«�¬�^dr«�u�®�¯°^±²�%n��F0u�n�{@³0��

n�d@³�+0��;�dF]��/´µ0	
� n�@³�´µ�%^¶·°G¸/��

¯u�^±²�%F ¹º g»�¼n�d@³0��g»�¼u�+ 	
� n�@³��µ�%^

¶·°^�_IA69�E½�¾5]��/0�����¿À�ÁÂnÃ_0����ÄÅÆÇ

���nÈgÉÊ@³�ËÌÍËÎÏÏ�BÐÑÒD^Ó���u�2	
�n�{@³�BÔDËÌÍËÕÏÏÖ×Ø

+<�E�AI���/0����ÄÅÆÇ�S����2g»�¼u�n�d@³0kA+½

�¾5]fghi#	
� ��ÙH+�Ö×Ø+<��;0��nÚÛV��^/*�^H�^

- 47 -

JAEA-Conf 2011-001

4.1



�_��^+;��E�

�

�

�

�

�

�

�

�

�

�

�

� � � � � � � � � � � � � 	
�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	���

�
�ËÎÏ���+dr�n��F]^�0yz�{��;�dV���+�{F]u�+�=ÜV���ÁÂnÝ

Þ�ß�àáËÕÏ����������{������E��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�� âã�ä0x�@0àá åÑ�æÑ�ç è�é=�nêVEë/¯u�nìVE�

�

- 48 -

JAEA-Conf 2011-001



���������

� íîïð¼/ñò��=;<�E�

�(i) âã�änó�r^F0k�ôõ�ö@n C÷�øù ^F0å0æ0çúâ/Ìû��ü�é�E(ii) 

âã��/¯u�+TUV�^F0u���{n ÷ý��øù ñþ0u��bcn ��C÷vv��ù��H�

�ü�g¢�����@³�E(iii) ������¼	#n
©60âã�ò�}���Ë÷Ñ�÷Ñ��Ò�

øùÏGI��n�@³60âã�n¿À@³�E(iv) kA�A�¯u�����yz�{|}~

nÃ_60���+k�|}~n��F]^�0̄ u�n�{@³�E�AI�|}~/1��0

����F60kA�A0¨�B�D0B�D��n%9�E (v) ¯u����nR C÷÷ �=£_60

kA�A�����F6 åèþ���níîF0k����n�©�E�

�

���������

��Ì��ß�H��¼	#�1�^*���ÍÙ;<����+âã�n��F]^�0yz�

{��;d�V� ¡¢+����^ 3 �����nêVEÌGI����+1���=WR�

�9��n���^+�Gp]E�]0��¼	#^Ó���/�@�H�+0v÷÷��� �!�"�Ò÷÷�

�� �! ��;/0���/s^,t£?FH9���F61��/�@�H��^W�Gp]E

��¼	#+ C�#� �! �H�^$����^W��/�@�H�E��;d�V���/0yz

�{|}~�%TV�+0&'�;/0R #� �!���¼	#�|}~+��� v÷÷��� �!^(

);<��B�D�;0��WR #� �!�&'�^R C÷÷��� �!���^;();<�^�_��^

+;��E�

�

�

�

� � � � � �

�

�

�

�

�

�

�

���������������������� � � 	
�� � � � � � � � � � � � � � � � � � � � � � � 	���
Ì�� ����yz�{;d�V� ¡¢+����^ å ��*���+,/ËÎÏ1��0ËÕÏ��0�����

�¼	#/kA�A0�v÷÷�� �!0�Ð÷÷��� �!0�Ò÷÷��� �!0�C�#� �!E�

�

- 49 -

JAEA-Conf 2011-001



� ��/��nÄÅÆÇ�ÈgÉÊV�^Ó����{; 	
� �n��F0	
� �n-x@

³���+<��^+�_IA�+0���2&'���+1���=W�9��n�=�V�

^/0�������+Í.�w/�¾5]+,-.�a�7�0��[M�1ÃV�Ö×Ø+

<��^nê2F69�E�

�

������

��1��0��*����ÍÙ°+dr«�3¬F]^�0yz�{��;d�V� ¡¢+

�����x�@níîF]E����+1���=WR��9��n���^+�Gp]EV

H��0��;d�@A���/��nÄÅÆÇ�ÈgÉÊV�^Ó����{; 	
� �n�

�F0	
� �n-x@³���+<��^+�_IA0�����+*������+,-.

�a�7�0��[M�ÙH+�Ö×Ø+<�E45/0���¿À����ÁÂ0�����

�{�67)níîF0�����+ 	
� ��*�GtüG78V�E�

�

���

� ¦&'n9�V��:]p60;<=9]�9]d>?@�&'A;<�BCDEF0GH´

IEF0JKMLEF0Mõó�EF0NO�PQEF0RNSMEF0T�UEFñþ��

�� °0¬VWXY0ZT[�EF0\N]^_`ñþ0ax°�bcF]9^d9�VE 

 

 !"#�

[1]�effg*��hhhýøijkýlmýng�Ñ�effg*��hhhýeiÕù�ýkeiøl!ýeæmlmýng��

[2]�private communications with Dr. Akamastu and Dr. Shikazonoý�

[3] C.D. Cappello et al.,Nucl.Ins.Meth.Phys.Res.B, 267, 781 (2009)

[4]�K.Moribayashi, J.Phys.B. 43, 165602 (7 page) (2010). 

[5]�K.Moribayashi, Phys. Rev.A. 80 025403-1-025403-4 (2009).�

[6]�T.Nakamura, Y. Fukuda, and Y. Kishimoto, Phys. Rev. A 80 053202 (2009). 

[7] S. Uehara et al., Rad. Phys. Chem. 59, 1 (2000). 

[8] S. Uehara and H. Nikjoo, J. Phys. Chem. B, 106, 11051 (2002). 

- 50 -

JAEA-Conf 2011-001



Diffraction Intensity of Biomolecules with Radiation Damage by XFEL 
Irradiation

 

Takeshi KAI 

Japan Atomic Energy Agency 

   Abstract. We calculated diffraction intensity of biomolecule with radiation damage by x-ray free 
electron lasers (XFEL) irradiation using a developed model for radiation-damage considering 
photoionization, Compton scattering, Auger decay, electron-impact ionization and electric field 
ionization. We performed the parameter survey for the radiation damage with various XFEL 
parameters and target radius of clusters. In the case of the x-ray energy 12 keV, we found that the upper 
limit of incident x-ray flux was in the order of 1019 photons/mm2, and the obtained average number of 
photons for elastic scattering at 0.1 or more region of momentum transfer was in the order of 10-2 
photons/pixel even if pulse width became 1 fs. 
Keywords: X-ray free electron laser, Radiation damage, Biomolecule 
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Direct comparison of soft x-ray images of organelles with optical 
fluorescence images 

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

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

 

Masahiko ISHINO1), Masataka KADO1), Satoshi TAMOTSU2), Keiko YASUDA2),

Kunio SHINOHARA3), Yuji MIKATA2), Maki KISHIMOTO1), Masaharu NISHIKINO1),

Toshiyuki OHBA1), Takeshi KAIHORI1), and Tetsuya KAWACHI1)

1) Japan Atomic Energy Agency, 2) Nara Women’s University, 3) Waseda University  

 

  Soft x-ray microscopes operating in the water window region are capable of imaging living hydrated 

cells. Up to now, we have been able to take some soft x-ray images of living cells by the use of a contact 

x-ray microscope system with laser produced plasma soft x-ray source. Since the soft x-ray images are 

different from the optical images obtained with an ordinary microscope, it is very important to identify 

what is seen in the x-ray images. Hence, we have demonstrated the direct comparison between the images 

of organelles obtained with a fluorescence microscope and those with a soft x-ray microscope. Comparing 

the soft x-ray images to the fluorescence images, the fine structures of the organelles could be identified 

and observed.  

Keywords: Soft x-ray microscopes, Comparison of images of organelles  
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2.

2.1. 

< 100 nm

X 1053 nm 10 J 600 ps Nd:glass

150 mm 50 �m

100 �m

2.1 x 1014 W/cm2 [3]

Figure 1

20 mm  

Si3N4 PMMA

Si3N4 PMMA Si3N4

PMMA

Si3N4 200 nm 1 mm x 1 mm

PMMA

PMMA PMMA

 

 

2.2. 

Figure 2  

Si3N4

4%

 
 

Fig. 1. Schematic diagram of sample holder.  
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DAPI Mito Tracker Red

X

 

 

3.

Figure 3

Figure 4

 

Figure 3

Figure 3 Figure 4

 
 

Fig. 3. Fluorescence microscope image (left) and soft x-ray microscope image (right) of Leydig cells 

stained with Phalloidin and DAPI to label actin filaments and nuclei.  

 
 

Fig. 2. Schematic diagram of experimental procedure.  
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Fig. 4. Fluorescence microscope image (left) and soft x-ray microscope image (right) of Leydig cells 

stained with Mito Tracker Red to label mitochondria.  
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Development of silver tape target system for 0.1-Hz repetition x-ray laser 
 

Masaharu Nishikino, Yoshihiro Ochi, Noboru Hasegawa, Tetsuya Kawachi, Toshiyuki Ohba,  

Takeshi Kaihori, and Keisuke Nagashima 

X-ray Laser Application group, Quantum Beam Science Directorate,  

Japan Atomic Energy Agency 

 

The development of continuous pumping to the target system is an important issue for realizing an 

x-ray laser with the high repetition rate. We have developed a 13.9 nm XRL using a silver tape target and 

demonstrated a highly coherent XRL with an oscillator-amplifier configuration using two tape target 

systems and the TOPAZ laser system with a 10-J and a 0.1-Hz repetition rate. The output energy is 

comparable to the x-ray laser generated with a silver-deposited slab target, and the pointing stability using 

the new tape target system is better than conventional slab target. 

 

Keywords: X-ray laser, tape target, High repetition 

 

1. Introduction 

The improvement of XRL generation so as to have a high repetition rate will open up the possibility 

of still more new applications. In last decade, progress in reducing the required pump energy for the x-ray 

lasing and raising the repetition rate has been achieved by adopting new technologies; The transient 

collisional excitation (TCE) scheme1, 2 using chirped pulse amplification (CPA)3 enables us to obtain 

XRLs with a pumping energy of about 10 J under the normal incident pumping geometry, and recently it 

was reported that 0.1 Hz operation was realized by the development of a CPA laser using Nd:glass zigzag 

slab amplifiers.4  Moreover, grazing incidence pumping (GRIP)5 has made possible 5-10 Hz operation of 

a gain-saturated XRL using a tabletop CPA Ti:Sapphire laser system with the pumping energy of 1 J.6 In 

the GRIP configuration, the pumping energy is significantly reduced by the adjustment of energy 

deposition region. Recently, experimental studies to achieve fully spatial and temporal coherence have 

been reported using an injection-seeded GRIP-XRL with high-order harmonics of an optical laser.7 Under 

such circumstances, the continuously supply targets is an important issue for realizing an XRL with the 

high repetition rate. With optical field ionization8 and discharged capillary plasma XRLs9 which use a 

gaseous target, highly coherent XRL operation with a repetition rate of up to 10 Hz has been achieved. In 

the cases of TCE XRLs using a solid target, a fresh part of the target material is required for every laser 

shot. Thus, the number of the XRL shots is limited typically to 15-20 shots by the size of the solid target. 

In order to a realize larger number of continuous shots, a variety of target configurations has been 

developed, such as a disk target,10 drum target,11 and tape target.12, 13 In the case of the disk and the drum 

target, the number of shots is still limited by the target size. In contrast to these targets, a single long tape 

makes it possible the large number of continuous shots without replacing the target. While the tape target 

has been used to continuously supply targets for the generation of incoherent x rays or high energy ions, no 
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significant results have been reported in tape target XRL development up to now. An XRL employing the 

quasi-steady state (QSS) collisional excitation scheme requires a gain medium length of about 25 mm to 

attain gain saturation intensity.14 It is difficult to maintain the flatness of the surface of such a wide tape 

target. Employing the TCE scheme, a higher gain coefficient of 30-80 per centimeter has been achieved, 

and a gain medium length of only 4-6 mm is sufficient for the generation of the XRL with saturated 

intensity.15 As a result, a TCE XRL can be generated with a shorter flat length of the tape target than a 

QSS XRL. Here, we describe the generation of a 13.9 nm XRL using a silver (Ag) tape target and the 

demonstration of a highly coherent XRL produced with an oscillator-amplifier configuration16, 17 using two 

tape target systems and TOPAZ laser system4. 

 

2. Tape target sysytem 

     For the generation of a Ni-like Ag XRL, the Ag target must have a flat surface like a commercial Ag 

foil or an Ag film deposit on the polished surface of a glass slide. The thickness of the Ag layer need only 

be the laser ablation depth of a few �m, but a thin Ag foil has the risk of breaking after ablation by the 

laser shot and during the rotation of tape. Therefore, we used 30-�m and 50-�m thick Ag tape targets for 

the XRL generation. Even when the thickness of the Ag tape target is 30-50 �m, since the tape at the 

irradiation position of the laser shot is broken by the ablation shock wave, the width of the tape needed to 

be larger than the length of the line focus of the pumping laser. In the case of line focus  length of 7 mm, 

it was necessary for the stable XRL generation that a 15-mm wide tape target with the thickness of 30 �m 

be used. A photograph of the tape target driver is shown in Fig. 1. The direction of the XRL was parallel to 

the surface of the tape target. The main components of the tape target driver were two DC motors coupled 

with planetary gear mechanisms and a tape head. These motors and gear mechanisms are specialized for 

vacuum use. One DC motor was mounted on the upper-mounted spool and rolled up the Ag tape between 

the laser irradiation periods. The other DC motor 

was mounted on the lower-mounted spool and 

pulled the tape in the direction opposite that in 

which it moves during the operation. When the 

torque of the upper-mounted motor was greater than 

that of the lower-mounted motor, the Ag tape target 

was tightly stretched, and sufficient flatness of the 

surface of the tape target was realized at the laser 

irradiation position. When the imprint of laser 

irradiation is made on the tape target every 10 mm, 

it is possible for the tape target driver to maintain 

the flatness of the tape target.  
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3. Experimental setup 

     The Ag tape target was irradiated with a pumping laser beam from the pumping laser system using a 

Ti:sapphire regenerated amplifier” operating at 1.053 �m. We have already constructed and demonstrated 

a nickel-like Ag laser at wavelength of 13.9 nm using an Ag deposited slab target and the TOPAZ laser 

system.4 The pumping laser was normally incident to the target, and focused to a line shape of 20 �m 

width and 7 mm length on the target by quasi-traveling-wave pumping using a 4-step mirror.15 The 

irradiation consisted of two laser pulses, the duration of each pulse being 4 ps with a pulse-to-pulse 

separation of 1.2 ns. The total pumping energy of the first and second target was set to 5 and 7 J, 

respectively. The energy ratio of a prepulse to the main pulse was 1:8 on the target. The contrast ratio of 

the ASE level to the peak intensity was about 5�10-4, and the pedestal level of the main pulse was about 

1�1011 W/cm2. The XRL beam was reflected on a molybdenum-silicon multilayered mirror with an 

incident angle of 45˚ and filtered with a zirconium foil. The far-field pattern (FFP) and time-integrated 

energy of XRL were obtained with an x-ray CCD camera. 

 

4. Experiment 

     We carried out an experiment comparing the XRLs generated by the slab and by the tape target 

using one beam of the TOPAZ lasers. Figure 2(a) shows an FFP of the XRL from the Ag deposited slab 

target. The beam divergences along vertical and horizontal axes were 7 and 5 mrad FWHM, respectively. 

The output energy was about 2 �J. Figure 2(b) shows an FFP of the XRL from an Ag tape target with 

30-�m thickness. The beam divergences along vertical and horizontal axes were 5 and 7 mrad FWHM, 

respectively. The output energy was about 1.5 �J and the FFP was a rounder pattern than the XRL from 

the slab target. The target surface is on the right-hand side in the figure, and the refraction angle was 6 

mrad from the target surface in both cases.  These XRL beams were considered in the gain-saturated 

region by comparison with the output energy of previous experimental results4.  Figure 2(c) shows an 

FFP of the XRL from an Ag tape target with 50-�m thickness. The FFP image when the thickness of the 

tape target was 50-�m was similar to when the thickness was 30-�m, but the output energy of XRL 

decreased to about 1/3 that of the 30-�m thickness target. The 50-�m thickness tape target was hard, and 

Fig. 2. FFPs of (a) the XRL using Ag deposited slab target, (b) the XRL using Ag tape target with 30-�m thickness,
and (c) the XRL using Ag tape target with 50-�m thickness.
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therefore the tape target drive system could not pull the target with sufficient tension. When the tape was 

pulled only by the upper mounted motor, there was no tension on the tape, and the XRL was not generated. 

Therefore, the flatness of the tape target needed for the XRL generation was found to be achieved with the 

tension induced by the lower mounted motor. 

 

5. Summary 

     We have constructed and demonstrated a XRL using an Ag tape target for continuous XRL 

generation. The output energy and divergence are comparable to the XRL from a slab target. The 

installation of new tape target systems for the oscillator-amplifier configuration was successful, and a 

highly coherent XRL was generated with a 0.1 Hz repetition rate using the TOPAZ laser system.  
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Incubation Effect of Femtosecond-laser Ablation 
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Yasuo MINAMI3, and Tohru SUEMOTO3 

The Univ. of Tokushima1, QuBS JAEA2, ISSP The Univ. of Tokyo3 
 

Laser ablation was performed on Pt thin film (thickness: 300nm) with the femtosecond Gaussian laser 
beam (wavelength: 800 nm, pulse duaration: 70 fs). In this experiment, the soft X-ray laser (wavelength: 
13.9nm, pulse duration: 7ps) interferometry based on the double-Lloyd’s mirror and atomic force 
microscopy (AFM) were used to evaluate the surface displacement caused by femtosecond-laser multiple 
irradiation. We observed the incubation effect of laser pulses for lower fluence (1.0 J/cm2). At this fluence 
range, the sample surface dilates for the intial several laser pulses. After several shots, boring process 
started and the sample surface was ablated monotonically. We revealed that femtosecond-laser ablation 
shows nonlinear behavior for the lower fluence. 

…………………………………………………………………………………………………………….. 
 
Keywords: Laser Ablation, Soft X-ray Laser Interferometer, Surface morphology, Incubation Effect 
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Figure 1. Experimental setup for in-situ observation of 
  femtosecond-laser pulse incubation effect. 
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Figure3. Development of surface displacement obtained by multi laser shots for 70 fs laser pulse. 
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Figure 2. Interferometric image of single shot laser 
irradiation region with the fluence of 1.0 J/cm2. 
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Figure4. SEM image of femtosecond-laser ablation region irradiated with three laser shots. 
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Development of Low Energy Soft X-Ray Flat-Field Grating 
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Soft X-ray emission spectroscopy (SXES) is a powerful tool to give information on the electronic 
structure of materials. Combining with transmission electron microscopy, SXES is expected to reveal 
physical properties and chemical bonding states of identified small specimen areas of various compounds. 
The existing SXES instruments for comventional transmission electron microscopes (TEM’s) detect from 
60 eV to 2000 eV. The extension of the energy range to a much wider range is necessary for applying to 
cutting edge material science. For this reason, a novel SXES development for TEM extends the energy 
range to be from 50 eV to 3800 eV by use of four gratings. A newly designed and fabricated grating is 
taking charge of the lowest energy range from 50 to 200 eV. The design and evaluation of diffraction 
efficiencies of the grating are described.  

Keywords: Diffraction grating, Soft X-ray, Spectrograph, Diffraction efficiency 
 

1.  ±²� 
ÔC��ÕuÕ:SXES°/«D��nE�F6d�F]FG�Û��H��+IJV��K

Ü@A�ÔC�°±��ÕSXE°nuÕíÄV�¸:;0�ØnL�V�?@ßí�@�M§

né\;��]©�NO�ê�ÚÛ:^F6P%;<�[1]ESXES^³´µo¶·¸¹TEMº:»¼
½U¾-���¹TEM-SXESº u¿À�Á��ÂÃ��ÄÅÆ>Ç�?@ßí�@�(Å?ÈÉ�u

ÊËÌÍÎ���Ï²KÐ��4�Ñ=Ò,�� 60eV$% 2 keVÓ,��cd�e�ÂÃ:Ôª�S�
TEM-SXES����Õ��pq�Ö×JK5�[2, 3]Ñ 
ØÙuQÚÛ�«Ü�µ{�ÝY'Ò�Þßµ{ÍÎàßáÝ����RÍÎ¹InuTe âº�¿À�Á

���Ä>Ç�ãäj½åæ�HS�çè Ï²Ké5ÑJ$Juêë�TEM-SXES Li-K$%Te-L
�ìí��ÂÃ¹50-3800 eVº:��S�=> îïT5ÑÇ=�uðñòâ$%�çè?Ï²Ké5\
óÂÃ�HIS� TEM-SXES����Õ����pq�ôõJ-Ñ 

50 eV$% 3800 eV: 1ö�Cmno�Ôª�S�� ÷Jøucd�e�ÂÃ: 4ö�ùúJuÇ
ÒûÒ�üýãJ-Cmno:�5�õ�:>�=>�J-Ñ�+þ� u��å��T� 2 +,�Q

Êg�RÉfôST�;0Li-KhUfÈ¼íÄn®ºã^V�¯��¼	#°±50-200 eVº
�iZjklCmno¹���JS50XLº�Ví0õ�0Cm���	�j��ö5K
��Ñ 
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Fig.1. Schematic diagram of spectrograph 

Table 1  Optimized radius of curvature of the grating and expansion factors, n2, n3, and n4, of the 
groove number, n, when the groove pattern is projected onto the y-z plane and the groove number at the 
point w on the y-axis is series expanded. 

R (mm) n2(mm�2) n3(mm�3) n4(mm�4) 
3960 �3.39645�10-3 1.35347�10-5 �5.10467�10-8 
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Fig.2. Calculated diffraction efficiencies of 
Au-coated laminar-type grating (��= 86�, a/D = 
0.3). Groove depth, h, vs. the +1-st order 
diffraction efficiency.  
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Fig.3. Calculated diffraction efficiencies of 
Au-coated blazed-type grating (��= 86�). Blaze 
angle (BLA), �B, vs. the +1-st order diffraction 
efficiency.  
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Research for Robust Femtosecond Chirped-Pulse Amplification 

Laser with an Identical Positive Dispersive Media as Pulse 
Stretcher and Compressor 

 
      

  

Yutaka AKAHANE, Kanade OGAWA, Koichi TSUJI, Makoto AOYAMA, Koichi 

YAMAKAWA 

Quantum Beam Science Directorate, Japan Atomic Energy Agency 

 
  We have proposed and demonstrated a simple and robust femtosecond optical-parametric chirped-pulse 

amplification scheme in which an even order dispersion of an idler pulse is compensated by passing through an 

identical positive dispersive material used for temporal stretching a signal pulse. By compressing the idler 

pulses having a negatively chirp in this manner, high power sub-100 fs pulses were successfully obtained with 

only a transparent glass block used for the stretcher and compressor.  

 

Keywords: Chirped-Pulse Amplification (CPA), Optical-Parametric Chirped-Pulse Amplification 

(OPCPA), Dispersion Compensation 
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Fig.2  OPA Spectra of Signal (Red Line) and Idler (Dashed Line) Pulses. The Center Wavelength of the 

Idler Pulse was Shifted to ~40 nm with Respect to the Signal Pulse. FWHM Bandwidth of the Signal and 

Idler Pulses are 22 nm and 26 nm, Respectively. 

Fig. 3  Autocorrelation Traces of Idler Pulses. Autocorrelation Widths with (Red Line and Circles) and 

without (Blue Line and Circles) SF11 Glass Block were Measured to be 104 fs and 416 fs, Respectively. 

Pulse Durations of the Idler Pulses were 73.9 and 295 fs, Respectively.
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Calculation Result of Tempporal Profile of Compressed Idler pulse with 75cm SF11 Glass Block 

for Pulse Stretcher and Compressor (Red Line). The Duration of the Compressed Pulse is 83.5 fs (FWHM). 

Blue Line is the Fourier Transform-Limited Pulse (57 fs (FWHM)).
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chirped pulse amplification”, J. Opt. Soc. Am. B19, 2945 (2002). 
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H. Nishioka and M. Fujita, “Ultra-broadband optical parametric chirped-pulse amplification using an 

Yb:LiYF4 chirped-pulse amplification laser”, Opt. Expres. 15, 5108 (2007). 
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Application of the Nuclear Fusion Micro Capsule Manufacturing Technology  
to Facility Maintenance 

 

 

  

Fuyumi ITO, Akihiko NISHIMURA 

Quantum Beam Science Directorate, Japan Atomic Energy Agency 

 

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

technique. To apply this technique for inspection on the heat exchanger tubes of aging nuclear power 

plants, hundreds micron sized capsules containing the fine magnetic particles were chemically synthesized. 

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

Keywords:  microcapsule, magnetic particle testing, magnetic crack detection. 
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Fig.2 Photo of the micro capsule containing the fine 
magnetic particles, when electric current flows 
through an electromagnet.. 
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Fig.3 Schematic view for line distribution 
magnetic flux when a ferromagnetic material 
was magnetized by Handy-Magna. The long 
axis direction of the crack is the same as the 
direction of the magnetizer. 

Fig.1 Micrograph of the micro 
capsule containing the magnetic 
particles (6.7wt%). 
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We present the current status of OPCPA/LD-pumped Yb:YAG hybrid laser system development at the 

Photo-Medical Research Center (PMRC) as a candidate for a laser-driven medical accelerator to be applied 

to cancer therapy. To improve the contrast ratio of the final recompressed laser pulse, an OPCPA 

preamplifier is used as an alternative to a regenerative one. An Yb:YAG thin disk amplifier pumped at 940 

nm by a high energy, high repetition rate LD has been developed as a second amplifier in the system. An 

output laser energy of 120 mJ with a specrual bandwidth of 3 nm (FWHM) was obtained. We have also 

measured for the first time the contrast ratio of this hybrid laser system after final pulse compression. The 

contrast ratio was measured to be 10-8 at -150 ps prior to the main peak of the pulse. This new result 

indicates that such a hybrid laser system can generate high contrast laser pulses.  

 

Keywords: Laser particle acceleration, Cancer therapy, High intensity and high contrast laser 

system, Yb:YAG, OPCPA, hybrid laser system 

 

1. Introduction 

High energy protons (and other ions), adequately accelerated by an intense laser irradiation that is 

focussed to peak intensities in excess of 1020 Wcm-2 can potentially be used for cancer therapy [1]. It is 

well-known that the particle energy in such laser-driven schemes depends critically on the laser intensity at 

the source. In some cases the number of relevant (available) high energy protons can be as much as 107-8 
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per laser pulse. At this single pulse proton yield level laser systems will still need to operate at ~ 100 Hz in 

order to deliver 109-10 protons per second for a hadron therapy [2]. The Ytterbium (Yb) doped crystal, 

especially Yb:YAG, is a promising material for compact, high power, high repetition rate laser systems 

because of the relatively broad fluorescence bandwidth and the LD pumping (at 940 or 976 nm)[3]. Yb 

based chirped pulse amplification (CPA) systems have been recently demonstrated worldwide [4-5] where 

typically a regenerative preamplifier has been used. It is well-known that the prepulse and amplified 

spontaneous emission (ASE) levels can be significant with a regenerative amplifier. In most experimental 

studies it is very important to suppress the prepulse and ASE levels, because a preplasma is generated 

before the peak of the laser pulse can alter the target condition and limit proton energy. Optical parametric 

chirped pulse amplification (OPCPA) is known to further reduce these levels [6]. Our OPCPA preamplifier 

has improved the temporal contrast (by at least two orders of magnitude) and the spectral bandwidth 

narrowing at high repetition-rates. The Yb:YAG thin ceramic disk amplifier downstream of the OPCPA 

unit allows for large aperture size and the highly efficient water cooling at the back surface of the disk. In 

this proceeding we report the current status of our new OPCPA/Yb:YAG hybrid laser system.  

 

2. Experimets and discussion 

As seen in Fig. 1 the laser system consists on an oscillator, an aberration free stretcher, a nonlinear 

preamplifier (OPCPA unit), a multi-pass Yb:YAG amplifier, and a pulse compressor. From the oscillator 

near transform-limited pulses of energy of 25 nJ are delivered at an 40 MHz repetition rate  (i.e. 1W 

average power). The Stretched oscillator pulses are amplified in two stages and subsequently recompressed 

with grating pair compressor. With a bandwidth of 5 nm (FWHM) centered at 1030 nm the pulse duration 

(FHWM) is 200 fs. The Öffner stretcher (consisting of a gold coated grating by Jobin Yvon Horiba, a 

spherical mirror and a concave mirror) extends the seed pulse duration to 1 ns with 13.8 nJ energy 

Fig. 1. Layout of the OPCPA/Yb:YAG hybrid laser system. The laser system is composed of an oscillator, an Offner 
type stretcher, a OPCPA preamplifier, a 20-pass Yb:YAG thin disk amplifier and a pulse compressor 

- 83 -

JAEA-Conf 2011-001



(stretcher energy efficiency of 55 %). Following the stretcher a commercial pulse selector extracts seed 

pulses at a 10 Hz repetition rate that is synchronized to the 10 Hz repetition rate of the Nd:YAG pump laser. 

Details of the OPCPA setup are described in Ref. 7. The single pass OPCPA gain (through a 56 mm length) 

exceeds 105 such that the output energy is amplified to 7.2 mJ with only a 13.8 nJ input. The spectral 

bandwidths (FWHM) before and after the OPCPA are about 5 nm and 10.8 nm, respectively. Spectral 

broadening and associated pulse shaping are optimized in the OPCPA unit by angle tuned phase matching 

in the BBO crystals. Consequently, unlike the peaked asymmetric spectral profile of the incident seed 

exiting the stretcher, the spectral profile of the preamplified laser pulse is that of an asymmetric flat top. 

Following preamplification by the OPCPA, the laser pulse was further amplified by the Yb:YAG (0.7 at %) 

ceramic thin disk. The thin disk of 0.6 mm thickness is monted on an un-doped YAG of 1.4 mm thickness 

and diameter of 10 mm. This disk was pumped by the Q-CW fiber coupled LD (Model LA1216, 

Hamamatsu Photonics) at an energy of 2 J with 2 ms duration (kW peak power) . The detailed pumping 

scheme using the LD unit for the Yb:YAG thin disk has been described in Ref. 8. Currently the maximum 

output energy from the thin disk amplifier after 20 passes is 120 mJ with bandwidth of 3 nm and at a 10 Hz 

repetition rate. The transform-limited pulse duration is estimated to be 300 fs from this experiment result. 

This spectral bandwidth narrowing to 3 nm is due to the strong gain at the 1030 nm wavelength. The 

output laser pulse from Yb:YAG amplifier is subsequently recompressed with a compressor comprised of a 

gold grating pair. The compressed pulse duration is measured to be 300 fs by using FROG 

(GRENOUILLE UPM-10-100, Swamp Optics). The compressor efficiency exceeds 70 % and the 

compressed pulse energy is 85 mJ, potentially. The incident spectral bandwidth (5 nm) could be 

maintained by combining media with gain peaked at slightly different wavelengths. For example this could 

be Yb doped material used in a second multi-pass thin disk amplifier immediately after the Yb:YAG disk 

amplifier.  

Figure 2 illustrates the temporal 

contrast of the amplified laser pulse. The 

contrast level 150 ps before the main pulse 

is measured to be 10-8 using a third-order 

femtosecond cross-correlator (Squoia, 

Amplitude Systems Inc). Also shown in Fig. 

2, several peaks were observed at -40 ps, -20 

ps, 20ps, and 40 ps. These signals before 

and after amplified main pulse are attributed 

to the front and back surface of Yb:YAG 

disk. These reflections can be removed with 

Brewster angle incidence of the seed laser 

pulse on the thin disk.  

 

 

Fig. 2. Temporal contrast of the amplified pulse. Inset, 
diagram of front and back surface reflection from thin 
disk amplifier 
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3. Conclusion 

We have demonstrated an OPCPA/Yb:YAG hybrid laser system as a candidate for an integrated laser 

driven ion accelerator system (ILDIAS) at PMRC, JAEA. Following twenty passes through the thin 

Yb:YAG disk output pulse energy of 120 mJ with spectral bandwidth of 3 nm was achieved. The temporal 

contrast ratio of the recompressed laser pulse is 10-8 at 150 ps before the main peak of amplified pulse. 

This demonstration shows that this type of hybrid laser system can generate intense pulses at a high 

repetition rate with high contrast. 

 

Acknowledgements 

This work was supported by the Special Coordination Fund (SCF) for Promoting Science and Technology 

commissioned by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan 

and partly by the “Consortium for Photon Science and Technology” program funded by the Special 

Coordination Fund for Promoting Science and Technology. 

 

References 

[1] S. Kawanishi, H. Daido, and T. Tajima, The Review of Laser Engineering 36, 440-446 (2008). (in 

Japanese) 

[2] M. Murakami, Y. Hishikawa, S. Miyajima, Y. Okazaki, K. L. Sutherland, M .Abe, S. V. Bulanov, H. 

Daido, T. Zh. Esirkepov, J. Koga, M. Yamagiwa, and T. Tajima, in Laser-drive Relativistic Plasmas 

Applied for Science, Industry, and Medicine: The 1st International Symposium, S. V. Bulanov, and H. 

Daido eds., Vol. 1024, AIP Conference Proceedings (American Institute of Physics, Melville, NY, 

2008), 275. 

[3] T. Y. Fan, IEEE J Quant. Electron. 28, 2692 (1992). 

[4] M. Siebold, M. Hornung, R. Boedefeld, S. Podleska, S. Klingebiel, Ch. Wandt, F. Krausz, S. Karsch, 

R. Uecker, A. Jochmann, J. Hein, and M. Ch. Kaluza, Opt. Lett. 33, 2770 (2008). 

[5] J. Tümmler, R. Jung, H. Stiel, P. V. Nickles, and W. Sandner, Opt. Lett. 34, 1378 (2009). 

[6] H. Kiriyama, M. Mori, Y. Nakai, T. Shimomura, H. Sasao, M. Tanoue, S. Kanazawa, D. Wakai, F. 

Sasao, H. Okada, I. Daito, M. Suzuki, S. Kondo, K. Kondo, A. Sugiyama, P. R. Bolton, A. Yokoyama, 

H. Daido, S. Kawanishi, T. Kimura, and T. Tajima, Opt. Lett. 35, 1497 (2010). 

[7] M. Suzuki, H. Kiriyama, I. Daito, H. Okada, Y. Nakai, S. Orimo, M. Sato, Y. Tamaoki, T. Yoshii, J. 

Maeda, S. Matsuoka, H. Kan, P. R. Bolton, H. Daido, and S. Kawanishi, Applied Physics B- Laser 

and Optics (Rapid Communications) 97, 379 (2009). 

[8] A. Giesen, and J. Speiser, IEEE JSTQE 13, 598 (2007).  

- 85 -

JAEA-Conf 2011-001



Analysis of High Energy Ion Measured by Real Time Measuring Instrument 
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CR-39 was used in order to measure the high energy ion. However, CR-39 needs prolonged time for 

analysis and can not measure in the real time. In this experiment, multi wire proportional counter (MWPC) 

was used in order to measure in the real time. We analyzed the MWPC results and converted MWPC 

results into 2D images. This image became approximately-same as image of fluorescent plate. 

 

Keywords: Real Time Measurement, High Energy Ion 
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Figure 1. Experimental Setup. 

 

Figure 2. Simple Overview of MWPC. 
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Fig.3 (a) (b) MWPC Y1 Y2 Y1 Y2

(c)

 

Fig.4(a) Y1+Y2 Fig.3(a) Y1 Fig.3(b) Y2

Fig.4(b) 2

2 Fig.1

MWPC Fig.4(b)  

 

Figure 3. (a) and (b) are Y1 and Y2 data , respectively. (c) becomes relation between amount of 

displacement and shot number from detector center. 

       

Figure 4. (a) This figure is added Y2 to Y1. This Y2 is converted in order to add to Y1. (b) is 2D image 

of Fig. 4(a). (c) becomes relation between FWHM (Full Width at Half Maximum) and shot number. 
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Figure 5. These figures show image of fluorescent plate when the current of electrical magnet was 

changed.  
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Measurement of Terahertz Radiation Pattern 
Emitted From Solid Targets by Exciting Terawatt Lasers
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We have investigated the radiation distribution characteristics of terahertz (THz) waves from Ti foil 

target that was horizontal to the incident plane by using JLITE-X system. We found that intense THz 

radiation had a wide distribution around the reflective direction and its polarization was linear parallel to 

the incident plane.  

 

Keywords : Terawatt laser, terahertz (THz) radiation, laser plasma, transition radiation 
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Figure 1: Schematic illustration of experimental setup for the detection of terahertz radiation. 

- 91 -

JAEA-Conf 2011-001



 

THz THz

Figure 2 Ti

THz THz

Ti THz 0.1 �m Ti

THz Ti

THz

THz

THz

Figure 2. Radiation distribution characteristics of THz waves from Ti foil target parallel to the incident plane. 
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Using the Coulomb Explosion Effect of a First Layer on Proton Acceleration 
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It is shown by PIC simulations that higher energy protons are obtained by using "light material" in the 

first layer of a double-layer target. It is shown that this is because a hard coulomb explosion occurs in the 
"light material". As a result, the protons keep accelerating for a longer time. 
 

Keywords: Ion acceleration, monoenergetic ion beams, laser plasma interaction, Particle-in-Cell 
simulation 
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ÃÄÅÆÇÈÉÊËÌÍÎÏÐÑÉÊÒÓÔÕÖ×ØÙÍÎÚÛ

Thrust Evaluation of Magneto Plasma Sail that Obtains an Electromagnetic 
Thrust from the Solar Wind 

 
ÜÝÞßàáâã�äåàáâæçèéêáâëìí ßîá 

1)ïðñòóôõö÷øâ2)ùúûËüËóôýâ3)þ�ûË���óô� 
Yoshihiro KAJIMURA1á, Ikkoh FUNAKI1á, Hideyuki USUI2á, Hiroshi YAMAKAWA3á 

1)Japan Aerospace Exploration Agency, 2)Kobe University, 3)Kyoto University 
 

Magneto Plasma Sail (MPS) is a propulsion system used in space, which generates its force by the 
interaction between the solar wind and an inflated magnetic field via a plasma injection. The quantitative 
evaluation of the thrust increment generated by injecting a plasma jet with a �in less than unity was 
conducted by three-dimensional hybrid particle-in-cell (PIC) simulations in an ion inertia scale. The 
injected plasma beta �in is 0.02 and the ratio of Larmor radius of injected ion to the representative length of 
the magnetic field is 0.5 at the injection point. In this situation, the obtained thrust of the MPS is 1.6 mN 
compared with the 0.2 mN of the thrust obtained by the pure magnetic sail since the induced current region 
on magnetosphere expanded by the magnetic inflation. 
 
Keywords: Magneto Plasma Sail, Solar Wind, Magnetic field, Hybrid PIC Simulation 
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Fig.3 Simulation model 
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Fig.6 Time history of thrust in Case 1 and Case 2 

- 100 -

JAEA-Conf 2011-001



#$wol!x!Ï¤+9yzö�½b¿×{Ù|�}~��í

X-ray Generation using Ultraintense Laser Pulses and Its Application to  

X-ray Imaging of a Pipe 
 

û���â����âÀ���â�ç�âAlexei Zhidkovâ�s��í

í ���í ÈÎÀ�óô�í

Yuji OISHI, Takuya NAYUKI, Chikahito NAKAJIMA, Alexei ZHIDKOV, Koshici NEMOTO 
Central Research Institute of Electric Power Industry (CRIEPI) 

 
The interaction of high-intensity ultrashort laser pulses with plasmas is currently an attractive issue, 

because there are many potential applications to various fields. Here, in order to show the feasibility of the 
laser-plasma x-ray for nondestructive diagnosis, we report the generation of hard x-ray from 
bremsstrahlung radiation with 230 mJ, 70 fs laser pulses focused on 10 μm thick Cu and Ta film targets 
with an intensity up to 1019 W/cm2. The results show that signal intensity of Ta target is approximately two 
times higher than that of Cu target, and that the x-ray photon number generated by single shot laser is 
roughly estimated to be 1/700 of the 192Ir with a dose of 10 Ci . We also present a demonstration of an 
x-ray image of a SUS 304 pipe using the laser plasma x-ray. 
 
Keywords: Laser, High intensity, Laser Plasma X-ray, Facility Diagnosis, Radiographic Testing 
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Fig.2 Layout in the vacuum chamber 
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Fig.3 X-ray imaging system 
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Fig.4 X-ray imaging of a pipe using laser-plasma x-ray 
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 Formation of a Transient Plasma Micro Optics for  
Two-Staged Laser Wake Field Acceleration 

1 1 1 2,3 4 4 4

4

1 2 3

4 5

Yoshio MIZUTA1, Akinori NISHIDA1, Syohei KAJINO1, Shinichi MASUDA2,3, Masaki KANDO4,

Michiaki MORI4, Hideyuki KOTAKI4, Yukio HAYASHI4, Sergei BULANOV4, Alexei ZHIDKOV5,
Tomonao HOSOKAI2,3, and Ryosuke KODAMA1,2,3

1Graduate School of Engineering, Osaka University ,2Photon Pioneers Center, Osaka University, 
3Japan Science and Technology Agency (JST), CREST,4 

Kansai Photon Science Institute, Japan Atomic Energy Agency,5Central Research Institute of Electric 
Power Industry (CRIEPI), 

A formation of a transient plasma micro optics (TPMO) is important in the two-staged laser wake- field 
acceleration scheme, because the electron self-injection and acceleration can be controlled independently. 
We have observed the TPMO created by laser pulses with the pulse duration of nanoseconds and 
picoseconds using interferometer. A density profile of the plasma cavity created by the nanosecond pulse 
was measured. In addition, temporal evolution of a plasma channel created by the picosecond pulse was 
also observed. The channel length was 750�m, which was four times the Rayleigh length. 

Keywords: Laser WakeField Acceleration, Transient Plasma Micro Optics (TPMO), Laser prepulse,
Preplasma 

[1,2]

CPA(Chirped Pulse Amplification)
ASE(Amplified Spontaneous Emission)
CPA

(Fig.1 )
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( )

(Fig.2) (transient 
plasma micro-optics : TPMO)

TPMO
[1,3]

TPMO

TPMO

Fig.1 Typical CPA laser pulse       Fig.2 Pre-pulse effect 

TPMO

4

Fig.3
1.2×4mm2

1.5×1019cm-3

178mm F 5.9
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1.5mm
6.9�m FWHM 0.3ps 1017W/cm2

1 10-5

CCD

TPMO

Fig.3 Experimental setup  

TPMO

Fig.4 Image of TMPO 

Ar gas jet target was used.  

Gas length was 1.2 mm. Gas density was 1.5 1019cm-3
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Fig.4(a)
270�m t=0 s Fig.4(b) Fig.4(a) 1ps

0.3ps
Fig.4(c)

750�m
190�m 4
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Asymmetric supersonic Gas Jet Target For Two-staged  
Laser Wake-field Acceleration 

 
LhM� 1 q�)F� 2q¯TNO 1q�TMD 1qPTQY 3,4q�R[� 2q  

Ë¼� �g � 2qµST´ 3,4qUVWX 1,3,4  
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2�¦���&'ð��   
3xYx@ Õ?@Ë¢i#  

4 ?@Z[/\� (JST) CREST 
Shohei KAJINO1, Masaki KANDO2, Yoshio MIZUTA1, Akinori NISHIDA1, Shinichi MASUDA3,4, 

Hideyuki KOTAKI2, Sergei Bulanov2, Tomonao HOSOKAI3,4, Ryosuke KODAMA1,3,4 
1Graduate School of Engineering, Osaka University, 

2Kansai Photon Science Institute, Japan Atomic Energy Agency 
3Photon Pioneers Center, Osaka University, 

4Japan Science and Technology Agency (JST), CREST, 

We have studied laser wake-field acceleration (LWFA) for aiming at repeatable and high 
quality, (quasi-monoenergy, low-emittance, ultra-short pulse, high-energy, high-charge) 
electron source / accelerator.� Two-staged LFWA schemes seem to be most promising way to 
make it practical. It is consisted of two distinct parts, a high-density plasma injector and a 
lower density plasma channel to provide higher energy with much lower energy spread of 
accelerated electrons. In order to get higher quality electron beams with this scheme, we 
develop an asymmetric supersonic slit-jet target. We evaluated the density distribution of the 
asymmetric gas jet target for two-staged LWFA by Computed Tomography(CT) technique. 
Keywords: Laser, Wake-field Acceleration, Gas jet, Computed Tomography, Density, Gladstone-Dale, 
Phase-unwrapping, Mach-Zehnder 
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Fig.1 Setup of gas target with CT 

- 110 -

JAEA-Conf 2011-001



� � �  

(a)Signal image      (b)Reference image   (c) Discontinuous distribution   (d) Continuous distribution 

Fig.2 Image of interferometer and distribution 
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(a) 3D plot of density distribution of section in 1mm 

from tip of nozzle 

(b) Density distribution on laser axis 
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Molecular Orientation Effect on Isotope-selective Vibrational Excitations: 
Quantum Optimal Control Study 
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Yuzuru KUROSAKI 

Quantum Engineering Group, Quantum Beam Science Directorate, Japan Atomic Energy Agency 
 

In this study we try to obtain theoretically a single electric field that can realize efficient 
isotope-selective vibrational excitations for a full ensemble of randomly oriented molecules. 
Computational results strongly suggest that there is such a single field that can efficiently drive all 
members in the ensemble into their target states. 
 
Keywords: Molecular orientation effect, Vibrational excitation, Isotope separation, Cesium iodide 
molecule (CsI), Optimal control theory (OCT) 
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Hironori OHBA, Yuji SASAKI*, Morihisa SAEKI 

Quantum Beam Science Directorate (*Nuclear Science and Engineering Directorate), JAEA 
 

The laser wavelength dependence on the reduction rate in a photoredox reaction process for 
extraction of platinum group metal has been examined. The photoredox reaction of Rh trivalent ions in 
an aqueous solution with a concentration of 0.5 mM of RhCl3 is performed by using a Nd:YAG laser 
light (355 nm, or 266 nm) or an ArF excimer laser light (193 nm). Since the legand-to-metal charge 
transfer (CT) in Rh(III) aqua chlorocomplexes have a strong absorption peak around 245 nm, the 
wavelength of laser light, 266 nm and 193 nm, can be excited the CT band effectively. The 193 nm 
laser light was better suited for the reduction of Rh trivalent ions compared to the 266 nm light. A 
more suitable reduction was observed for the Rh trivalent ions in a water/ethanol (1/1) mixture 
solution during the 193 nm light irradiation. 

Keywords: Laser photo-redox, Platinum group metal extraction, Rhodium chloride aqueous solution  
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Fig.1. UV-vis spectra of 0.5 mM Rh aqueous 

solution before and after ArF laser irradiation. The 

time evolution of absorption spectra was examined 

during the photoreduction. 
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Fig.3. Time evolution of absorption ratio of peak at 

550 nm to peak at 245 nm during ArF laser irradiation. 

The laser powers and solutions are �: 13.8 mJ, 

distilled water; �: 15.3 mJ, distilled water; �: 13.8 

mJ, distilled water/ethanol mixture.  
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Design and Implementation of Piping Monitor System Using FBG 
 

�T�� 1)0�´µ¶ 1)2) 
tó�u:v�¦���&'ð��  Uq¦(�#�#Ó(&'� 

!�"#�$%&'()� Õ!�úí&'¼#Ê 
Yukihiro SHIMADA 1) and Akihiko NISHIMURA 1)2) 

1) Applied Laser Technology Institute, Tsuruga Head Office, JAEA 
2) Quantum Beam Science Directorate, JAEA 

 
Fiber Bragg Grating (FBG) is the periodic refractive-index structure in an optical fiber core, where 

the light of a specific wavelength is reflected. It can be used as temperature or a distorted sensor by 
measuring change of the reflective wavelength of FBG. We processed FBG using a Chirped Pulse 
Amplification Erbium-doped Fiber laser. Heating test under operational temperature of Fast Breeder 
Reactors is now planed. The heat-resistant FBG sensor developed using ultra-short pulse laser processing 
will contribute to the surveillance of power plants for seismic safety. 

Keywords: Fiber Bragg Grating, Pulse Laser Processing, High Temperature Piping, Seismic Safety 
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Fig. 2 Phase contrast microscope image of 

processed optical fiber. 

Fig. 1 Schematic diagram of CPA laser 

for FBG structure processing. 

Fig. 3 Comparison before and after 

heating of FBG spectrum. 
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Fig. 5 Schematic diagram of Erbium 

fiber laser for FBG mesurement. 

Fig. 4 Reflected spectrum of FBG 

structure. 

Fig. 6  Wavelength characteristic of 

Erbium laser.
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Fig. 7  Pressurizing examination machine of 

piping 
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Innershell Ionization in Xenon Clusters Irradiated with an Intense X-ray Laser Pulse 
 

A)  
 

A)  
  

 
Shinichi NAMBAA), Noboru HASEGAWA, Maki KISHIMOTO,  

Masaharu NISHIKINO, Tetsuya KAWACHI 
 

A) Graduate school of Engineering, Hiroshima University 
Quantum Beam Science Directorate, Japan Atomic Energy Agency 

 
 

In order to clarify an interaction between xenon (Xe) clusters and a soft x-ray laser (wavelength: 13.9 
nm, pulse width: ~7 ps, intensity: 2�1010 W/cm2), we measured the energy distribution of photo- and 
Auger electrons as well as the ion mass spectrum. Since the photon energy of the soft x-ray laser (89.2 eV) 
is sufficiently high to photoionize Xe 4d inner electrons, inner-shell ionization rather than valence-shell 
ionization is the dominant ionization process, resulting in the Auger decay. It was found that prominent 
photo- and Auger electron peaks were not observed, while the continuum energy spectra dominated line 
peaks. Moreover, the energy distribution obtained implies the production of low temperature plasma. 

Keywords: X-ray laser, Cluster plasma, Inner-shell ionization, Auger decay
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Evaluation of ZnO Fast Scintillator Spatial Resolution  

Using the FZP-focused X-ray Laser 
 

T�9� 10�:|- 20;¯�¶ 20o O]� 20<O~� 20�=q¶ 20 
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Momoko TANAKA1, Tomoharu NAKAZATO2, Toshihiko SHIMIZU2, Kohei YAMANOI2,  

Kohei SAKAI2, Nobuhiko SARUKURA2, Masaharu NISHIKINO1, Toshiyuki OHBA1,  
Takeshi KAIHORI1, Yoshihiro OCHI1, Tetsuya KAWACHI1,  

Dirk EHRENTRAUT3, Tsuguo FUKUDA3,  
Japan Atomic Energy Agency1, Osaka univ. ILE2, Tohoku univ. 3 

 
The spatial resolution of hydrothermal method grown zinc oxide (ZnO) scintillator was evaluated using 
x-ray laser focused with Fresnel zone plate. The fluorescence image of the ZnO scintillator was measured 

to be less than 10 m using CCD camera coupled with a Schbartzchild expander mirror. The availability of 
large size ZnO crystal up to 3-inch is quite attractive for future lithography and imaging applications 
 
Keywords: EUV scintillator, ZnO, X-ray laser 
 
��ÂZbg�R��$%+³À@A��mÌ6(EUV)Õà�ñC��=[1, 2]0��¤ö°

±��Þ��×ãHÕ@'��ð��W�9��+»�p69�Ek�YÙ+ÕàÃ|�W$%

Ö×H EUV �¢á�#i#;<�E�A�;0Ñ��¼#Ê;/0�Õw>�¤ö0ßD�

�N�¿;EA]�¢á�#i#�ê�H=ü�F?GH(ZnO)[3]�¹ºF0P�H EUV �¢á

�#i#�ê;<��^nMIG�F0a�?�W�IV�Ht��nJ¶6�][4-7]E¦&'
;/0�� ZnO ßDnK�'�^F6$%V��^nºÈF0ÔC��#�#n%96��u[

×�ÚÛn�p]E  
ZnO�ßD/0�Bx@;çèx[n%9]¯êí�:��=��@A0�a�¤xyz{�

�= 10 mm × 10 mm × 0.5 mm��ÉÈF0001°};&L@A]W�nc%F]E��u[×Ú
Û/0���� ��É·¼ßMÔC��#�#[8]n%96�p]E���#�#/¤ö+

13.9nm;<=0a;�7�Seø	g#+��Ö×;<�]©���ÂZbg�R��$%+

³À@A�¤ö&'�N�A��^GI0EUV Õ@'��ÚÛn�ü���F]Õà;<�E

Fig.1 �êF]�ü�0ÔC��#�#n���¼7#¢Ê�#È(FZP);»ÕF6w���V�

F] ZnO ßD��F0k��Õ¡i#¢nûüOn�F60Ö¹Õ�-xÕ@���=¾ÄF

]EFZP/ Applied Nanotools{õ�´ã 500μm0ì¿�{ 10mm0Ë¢i#�ÊÉfÆ��W�

nc%F]E�]0�ÕníÄV�]©�Ö¹Õ�¾Ä�/0���¼P�¼È	g#^��g

- 126 -

JAEA-Conf 2011-001

4.22



%�¢�nz%í�³6 ÙF CCD ;QÁF]E¾Ä�/0¡�g ¢;�hÈ¡i#¢n%

96ÚÛF0éêþ; 2μm���u[×+\IA��^n6ìF]E 
Fig.2�0ì¿ÆÇn��� FZPnÉIF69p]ò��Õ�h«ÉÈãnÊÊÉÈF]W�

nêVE�Õ¡i#¢/V56�¢¼��ÉÈ;QÁF]EÌ�=0�Õ�h«ÉÈã^F6

10μmñò�;6ìV��^+;�]EFZP���0§ãH»Õã/ 1μmñò;<=0\IA]
�Õ¡i#¢/ ZnO ßD���u[×n;<F69�^�_IA�E���/0¥U`a@A6

 
Fig. 1.  Experimental set-up. 

 

Fig. 2. The fluorescence spot size of the ZnO crystal around focusing position of FZP. 
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。

（第8版，2006年改訂）
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