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3.1 Recent advances on the J-KAREN-P laser development

Hiromitsu KIRIYAMAD, Masaki KANDO", Alexander S. PIROZHKOV", Maki KISHIMOTOV,
Akira KOND, Mamiko NISHIUCHIV, Hironao SAKAKI", Koichi OGURAD, Masato KANASAKI?,
Hirotaka TANAKA'?, Yuji FUKUDA'"¥, Michiaki MORI", Yuji MASHIBA!#, Makoto ASAKAWA®,
Akito SAGISAKADY, James KOGA", Timur Zh. ESIRKEPOV?Y, Yukio HAYASHIY, Hideyuki KOTAKIY,
Yasuhiro MIYASAKAD, Sergei V. BULANOV" and Kiminori KONDOY
D Quantum Beam Science Center, Japan Atomic Energy Agency
2 Graduate School of Maritime Sciences, Kobe University
3 Interdisciplinary Graduate School of Engineering, Kyushu University

4 Faculty of Science and Engineering, Kansai University

We describe recent advances on the J-KAREN laser upgrade to provide an intensity capacity
surpasing 1022 W/cm? at 0.1 Hz. High spatio-temporal quality pulses of 25.5 J with a broadbandwidth of
80.3 nm (FWHM) are amplified in the final amplifier. Currently, the maximum output energy of 55.7 J is
achieved from the final amplifier with the repetition rate of 0.1 Hz.

Keywords: Chirped-pulse amplification (CPA), Ti:sapphire lasers, Optical parametric chirped-pulse
amplification (OPCPA)

1. Introduction

The J-KAREN laser facility [1] at the Japan Atomic Energy Agency (JAEA) has delivered 10?! W/cm?
intensity on target at single-shot [2] with ~10'? temporal contrast [3]. From April 2014, the upgrade of the
laser facility started for realizing ~PW peak power pulses on target at a repetition rate of 0.1 Hz with an
intensity capability of over 10> W/cm?. The upgraded system is called the J-KAREN-P laser. Such
progress in high field science will give rise to the birth of new applications and breakthroughs, which
include relativistic particle acceleration, bright x-ray source generation, and nuclear activation. Many other
interesting features including relativistic transparency and radiation friction could be investigated with PW

and higher intensity laser pulses.

2. Optical layout

The schematic of J-KAREN-P is shown in Fig. 1. The output pulses with high temporal contrast and
uniform spatial profile from the power amplifier [3] are up-collimated and enter booster amplifier 1 (BA1),
which uses a 80 mm diameter Ti:sapphire crystal, pumped with ~50 J from two commercial Nd:glass green
lasers at a 0.1 Hz repetition rate. The pulses from BA1 are then amplified in booster amplifier 2 (BA2),
which uses a 120 mm diameter Ti:sapphire crystal, being pumped with ~100 J from four commercial
Nd:glass green lasers at 0.1 Hz. Two deformable mirrors are installed in the laser chain to correct the
wavefront distortion. The amplified pulses are up-collimated to ~250 mm diameter and finally compressed

in the compressor consisting of four 1480 grooves/mm gold coated gratings of 565 x 360 mm?.
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Cryogenically-cooled Ti:sapphire Fast Ti:sapphire preamplifier Extra-Saturable Ultra-fast OPCPA preamplifier AOPDF Grating stretcher
power amplifier ~2.5 J Pockels cell ~250 mJ absorber Pockels cell ~5mJ ~20 pJ ~19 ps/nm, ~ns

Ti:sapphire Material AOPDF Multi-pass Grating

Oscillator stretcher Ti:sapphire amplifier compressor
Saturable
absorber

NA:YAG pump laser Nd:YAG pump laser Nd:YAG pump laser
5.5, 10 Hz ~700m J, 10 Hz ~100 mJ, 10 Hz
Large-aperture Ti:sapphire Large-aperture Ti:sapphire Two deformable Grating compressor
booster amplifier-1 (BA1) ~25 J booster amplifier-2 (BA2) ~60 J mirrors -19 ps/nm, ~40 J/~30 fs
Nd:glass pump laser Nd:glass pump laser
~50 J, 0.1 Hz ~100J, 0.1 Hz Second CPA

Fig.1 Schematic of the J-KAREN-P laser.

Target chamber

3. Performance of the system

The maximum output energy of 25.5 J has been achieved with an incident pump energy of 49.8 J with a
good conversion efficiency of 51 % from BAl. The near-field beam profile has a homogeneous and
uniform spatial intensity distribution. The amplified spectrum from the Ti:sapphire amplifiers are
red-shifted due to saturation. As a mitigating measure, the amplifier input spectrum is, therefore,
blue-shifted by tuning the phase-match setting of the BBO crystals in the OPCPA amplifier. A spectral
bandwidth of 80.3 nm (FWHM) from BA1 has been obtained.

Figure 2 shows the measured dependence of output energy from BA2 on total pump energy at a 0.1 Hz
repetition rate. The maximum output energy of 55.7 J is achieved with an incident energy of currently 77.5
J. From Figure 2, it is clearly seen that the experimental data fits the simulation. Over 90 J pump energy
should be achievable with the current pump lasers. Over 65 J output energy could be obtained under

maximum pumping conditions.

70 T A

Repetition rate: 0.1Hz
— Theoretical curve
20 F @ Experimental data

10 | E

0 . . . .
0 20 40 60 80 100

Output broadband energy from BA2 [J]
N
o

Incident pump energy [J]

Fig.2 Experimental and calculated output energies from booster amplifier-2 as a function of incident

pump energy.
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The output pulses from BA2 are sent into the compressor, compensating the wavefront distortion with
two deformable mirrors. Assuming ~70 % for the compressor throughput and ~30 fs for the compressed
pulse duration, according to measurements with similar laser systems, the peak power is expected to be
over PW level at 0.1 Hz. A focused intensity of 1022 W/cm? is expected when a /1.4 off-axis parabolic

mirror is used.

4. Conclusions

The J-KAREN laser system at JAEA is one of the leading facilities in the provision and application of
ultra-high intensity lasers for the broad community. The J-KAREN laser has been used in a variety of
pioneering and cutting-edge research, which has resulted in high impact discoveries for high field science
[1, 2, 4-6]. A further upgrade is ongoing to maintain this world-leading status. As a first step, the
J-KAREN-P laser system will be used for >100 MeV proton generation and ~keV ultra-short x-ray

generation.

Acknowledgement
The authors sincerely thank the J-KAREN operation team for their support of this work.

References

[1] H. Kiriyama, et al., Invited Paper, IEEE Sel. Topics J. Quantum. Electron. 21, 1601118 (2015).
[2] K. Ogura, et al., Opt. Lett. 37, 2868 (2012).

[3] H. Kiriyama et al., Opt. Lett. 37, 3363 (2012).

[4] M. Kando, et al., Phys. Rev. Lett. 103, 235003 (2009).

[5] A.S. Pirozhkov, et al., Phys. Rev. Lett. 108, 135004 (2012).

[6] A.S.Pirozhkov, et al., New J. Phys. 16, 093003 (2014).



JAEA-Conf 2016-001

3.2 High Averaged Fiber Laser System by Coherent Beam Combine
Koji TSUBAKIMOTO, Hidetsugu YOSHIDA, and Noriaki Miyanaga
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A four beams combining fiber laser system is demonstrated with high beam quality and high
stability of a laser power. We developed a filed aperture coherent combining system and high speed
phase lock technique by a piezo actuator. The power of the four beams combining was obtained 380 W,

and the combining efficiency was 74 %. The power instability was under 0.5 %.

1. Introduction

High peak, high power, and high quality pulse laser is an important tool for a several laser
application such as a material processing, an environment measurement, a life science, and a higher
harmonic generation, etc. Coherent beam combining (CBC) of fiber lasers is one choice of some laser
system for those applications. The fiber laser has a high beam quality and a high stability of the laser
power. However, in the pulse fiber laser, a pulse energy is limited by a laser-induced damage on the
fiber surface and nonlinear effects in the fiber. The CBC technique is important to realize the high
power pulse fiber laser. The CBC is classified in two schemes by a way of the addition of the beam.
The one is a tiled aperture method (TA-CBC) in which beams are arranged on the cross section like a
tile [1]-[3]. The TA-CBC can combine a large amount of beams by one phase detector, but the higher
order diffraction component appears on the far field region. Another is a filled aperture method
(FA-CBC). The FA-CBC stacks all beams on same point and along same direction [4], [5]. The higher
order diffractions do not appear with the FA-CBC. The CBC requires a high-speed phase detection
and a phase compensation to keep the combined laser power.

We applied the FA-CBC to avoid degradation of the beam quality due to the higher order
diffraction. In this report, the four beams combining fiber laser is demonstrated. The combining laser

power was achieved at 380 W. the four beams combining efficiency was 74%.

2. Experiment

Figure 1 shows a four beams combined fiber laser system. An oscillator is an electrically modulated
diode laser which center wavelength is 1035 nm. A pulse width is variable from 0.25 ns to 70 ns. A
repetition rate is also from 0.1 to 10 MHz. The output laser power was 100 uW at 10ns pulse duration and
10 MHz repetition. The output laser pulse is amplified by a pre-amplifier which includes a Yb doped
single mode fiber (Yb:SMF) and a large mode area fiber (Yb:LMA). The core and clad diameters of the
Yb:SMF are 6 um and 125 pum, respectively. The core and clad of the Yb:LMA are 25 um and 250 pm. A
band pass filter whose transmittance band width is 0.7 nm and AOM (accost optics modulator) whose time
window is 20 ns are inserted in front of the Yb:LMA to reduce an amplified spontaneous emission. The
output power of the pre-amplifier was 10.2 W (13 ns, 1 MHz). The half mirror divides the laser beam.
Main amplifier includes two kinds of the Yb doped photonic crystal fiber (PCF). The core diameters of the
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PCFs are 55 um and 85 um. Two laser beams are amplified by first PCFs, and divided by the half mirrors.
The second PCFs amplify four laser beams. The output power per beam was obtained 150 W. Total output
power was 600 W. The half mirror combines the separated beams after controlling the phase difference.
The piezo actuator adjusts the phase difference with the time delay. The uncombined power through the
half mirror is measured by the pin photo diode. The phase difference is controlled to maintain the

measured power to the minimum.

Main Amplifier Beam Combine

1035nm

SinglejMode Fiber
(SMF)

AOM

Large Made Area ™ 1] |~ T T
(Lmay 4
!

Phase Qontrol

Band Pass Filter

30 T L L T T

25 k- .
3 Phase Lock .

20 | g ]

Power (W)
o

0 L L L ]
0 50 100 150 200 250 300

Time (s)

Fig. 2. Temporal dependence of combined power.
3. Result

Figure 2 shows the temporal dependence of the four beams combined power. The beam combining was

stable. The Peak-to-Valley (P-V) was about 2 % deviation of the averaged power. The relative standard

,11,



JAEA-Conf 2016-001

deviation (RSD) was about 0.5 %. We obtained 380 W of four beams combining power from total power
of 513 W. The combining efficiency was about 74 %. The ASE and the similarity among four beams

degrade the combining efficiency.

A part of this work was performed under the auspices of the New Energy and Industrial
Technology Development Organization, Japan (NEDO) under the contact subject “High-power Pulsed

Fiber Laser and Processing Technology Project”.
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Temporal characterization of laser-plasma XUV pulses by a pump-probe
laser spectroscopy
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Shinichi NAMBAD, Noboru HASEGAWA?, Maki KISHIMOTO?, Masahiko ISHINO?, Masaharu
NISHIKINO?
D Graduate School of Engineering, Hiroshima University

2 Quantum Beam Science Center, Japan Atomic Energy Agency

As a preliminary experiment for pump-probe spectroscopy, we measured the temporal profile
of the plasma x-ray laser (A=13.9 nm, Av=89.2 eV). The xenon gas was introduced into the
interaction area, where the 4d inner electron was photoionized yielding the photo and Auger
electrons. The intensity of the pump laser focused by a Mo/Si multilayer mirror was ~10° W/cm?,
whereas the quartz lens was used for focusing the probe pulse (<10'> W/cm?).The sideband
spectra associated with two ir photons absorption of 4d photoelectron were observed when the
probe beam was present in the focusing area. Variation of the sideband intensities with the time
delay between the pump x-ray and the ir probe pulses yields a duration of 5.7 ps, which is
reasonable compared with the value of ~8 ps measured by using an x-ray streak camera.

Keywords: Pump-probe laser spectroscopy, Plasma X-ray laser, Attosecond streak camera
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3.4 High energy and high average power diode-pumped lasers for
scientific and industrial applications
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High power laser as a tool of light has been spreading into a variety of fields including
scientific, medical, and industrial applications. In particular, high energy and high intensity solid-state
laser is important for high energy density and high field applications. Recently, diode-pumped
solid-state laser(DPSSL) has been widely recognized to be promising for the driver laser as well as the
pump source of the ultra-intense, very short pulse laser. We have developed and demonstrated a
diode-pumped solid-state laser featuring Nd:glass slabs, zigzag optical geometry amplifier, multi-pass
amplification scheme with wavefront correction, and frequency convertor. The laser system KURE-1
as shown in Fig.1 generates over 20 J pulse energy in 20 ns duration at 1053nm with 10 Hz operation.
A 527-nm output of 12 J in 10 ns from the KURE-1 is used for pumping the Ti:sapphire amplifier
inside an ultra-intensity laser MATSU-1 as shown in Fig.2[1]. The MATSU-1 is fully DPSSL pumped
ultra-short pulse laser. The system produces 1.2 J in 60 fs at 1Hz rep. rate after pulse compression. For
example, this 20 TW pulses focused and irradiated a jet of nano-particles made of deuterated
polystyrene, and subsequently DD nuclear fusion neutrons of maximum yield 10° per shot were
observed in a series of 100 pulses by time-of-flight method in Fig. 3 [2]. This result has opened up
new possibilities toward a compact, efficient and high brightness neutron source driven by high power
laser[3]. We discuss the future and the prospect of the next generation technologies for power laser
and its applications. Recently, high power laser diodes increase their output power more and more.
300-W continuous wave power from a single diode array in 1-cm length has been demonstrated[4], [5].
Also, the ceramics solid-state laser materials such as Nd:YAG and Yb:YAG have been put it to

practical use and installed in the actual operating system[6]. These technological advancements open
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Fig.1. KURE-1 DPSSL. Fig.2. MATSU-1 ultra-intense laser. Fig.3. DD neutron yields.
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up the next generation of the power lasers that are characterized by high pulse energy, high average power,
high efficiency, long life, and compactness of the system. The ImPACT (Impulsing Paradigm Change
Disruptive Technologies) program has been established by the support of the CSTI (the Council for
Science, Technology and Innovation) under the Cabinet Office of the Government since FY2014. One
program titled “Ubiquitous power laser for achieving a safe, secure and longevity society” is conducted by
the Program Manager, Dr. Yuji Sano[7]. Fig. 4 shows a new high power laser diode module for pumping
solid-state laser and a laser rod made of ceramics material. By using these technologies, a concept of the
compact power laser will be realized as shown in Fig.5. We are going to embark on the power laser
development for various fields of the applications from basic science to industrial use[8]. In the near future,
a novel DPSSL will be realized to utilize over 100-J pulse energy with high throughput and high
efficiency[9], [10].

(b)

Fig. 4. (a) Laser diode module, (b) Laser ceramics. Fig. 5. Concept of high power, compact power laser.
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Development of contact grating device and related technical issues
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Keisuke Nagashima, Yoshihiro Ochi, Momoko Maruyama, Masaaki Tsubouchi, and Fumiko Yoshida

Quantum Beam Science Center, Japan Atomic Energy Agency

We demonstrated THz wave generation using contact grating method for the first time. The contact
grating method using LiNbOs crystal has several attractive features, but has some technical issues for the
same time. The first issue is a low efficiency of THz output power. The second issue is group velocity
delay, which is generated from angular dispersion of the grating. The third issue is deviation of tilting
angle due to the spectral dispersion. The last problem is more severe compared with the prism method.

Keywords: THz wave generation, contact grating method
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Fig.1 (a) Contact grating and output coupler for decreasing Fresnel reflection of THz wave. The
output coupler consists of Si, SiO; (quartz) and Turupica (polymer). (b) Output efficiency of THz
wave using the output coupler. The THz angle is an incident angle to the surface between LN and Si.

The efficiency is 79 % at the THz angle 8.3°, which is the designed value of the contact grating.
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Fig.2 (a) Group velocity delay as a function of the wavelength for parameters of injection angle
45.0°, grating pitch 330 nm, LN thickness 1.0 mm, pulse length 100 fs (FWHM 10 nm). (b) Tilting

angle as a function of the wavelength for the same parameters.

FE2OFEIT ., FEH R IE I Lo TNV ARNEALT 22 Th D, ZO R R IE X BT 1D A
FEHICE S THRAETILOTHY, LN FEENEEIRT L LB VLRIEDR R 2 1ITEEL T &I
725, FET DT T~V PO BRI L — Y — O VAR IEAK T T 5720 | i) THEE /e
W B2 HZL\T7025, BIR U723 1030 nm @ Yb:YAG L —H — DA%, 7L AIEN 1.3 Bafbl b
R W=D, ZORGEERIED BT CTX5, L LD, 100 7= ANMPFEEE D Ti:sapphire
L—H—%& D56 13hmd TRERMESE 222, Fig.2 (@iX, F.03E R 800 nm, »ULANE 100 7= Ak
oL —4—(EEDO FWHM 10 nm) & A\ e356 OB RIS 77 A A REE R IE A R L
72D ThDH, LN WE 1| mm A L72721F TH SV ARAEIZH N CLEI ZEN 30D,
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FE3OFEIT, [ DO IS Z > THEHRHA DT TLEIZETH D, Rk LIZ LA 1.3 ©=f)
D Yb:YAG L —F—DGEIT, ZORELIETX5, LLZed 6, 100 7 =AM Ti:sapphire L —4
— & WD AL, B R AE L RIS TR X[ E 72D, Fig.2 (b, RIUSMH A %
HLIZHOTHD, ZOMEREAOTIIL, @ FH DT VA LA ST F IR TH Y RELRDIENS
o7,

3. ¥&9
BEMRTR [E] PrA& 75D TR EA A SN L, T~ 2 RACED 3 7= D H )
BT T—Z B T, T, 7= LMD RNEL —Y —&2 W AEA ORE S %2 E R LT,

SE R

[1] K. Nagashima, et al., Opt. Express 21, 18640 (2013).
[2] L. Palfalvi, et al., Appl. Phys. Lett. 92 171107 (2008).
[3] M. Tsubouchi, et al., Opt. Lett. 39, 5439 (2014).
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42 FFINFHEICL D Z NI B FORE~DERIC L 528

Classical Molecular Dynamics Study for the Purpose of Orientation of Large
Molecules using Static Electric Field
AR ZEE BRIL B2
VENZOTSERSETE N B RIS DA ZEBR e BEVIOERY TSR e Y = 7 MR
2ENZATTEBRFETE N BOKIEF- DA JEBRFERERE IR ORET SRR BT v — LS AegE R v 2 —
L= S EARIIET + B a
Takanori Kobayashi' and Keiichi Yokoyama?®
Project Promotion office, Kansai Photon Science Institute, Japan Atomic Energy Agency
Laser Application Technology Division, Quantum Beam Science Center, Sector of Nuclear Science Research,

Japan Atomic Energy Agency

The structural stability of the charge-modified IHHP protein against several strengths of static electric fields and
rectangular pulses was investigated using classical molecular dynamics simulation. Except the application of the
extremely high strength of the electric field (~100 MV/cm), the structural damage is very low. This result implies
that properly modified proteins can be considered as a rigid rotor under the present electric field. This behavior is

favorable for our purpose of the orientation of large molecules.

Keywords: 1HHP, RMSD, Classical molecular dynamics simulation, Electric field, Orientation

1. 5

2000 4=, BEEOEW X BrE W B2 O & 2 o8y G0y - OREERNTIE RN R Z S iz[1], = OEBRIZ
BWT, FANID FOBRLMAZRIZ 5 2 LN TEIE, XV EEEO SIS A TRETH D, £ T
FLZEX, BEROZ NI By EOBERS FORLANZEHICE > THIZ DFENTE L, EWVWIH R
IZDOWTHRET &7 > T&E72[2],

FLEEX, $ESL® D VIR SV AEL 2R 5 2 L2 XD IR T OB A O TR DU
THMS T FEHEZIT o2, 2OV Iab—arhd, IHOREEREAZIZ S 2N TEN
X, BESGER VIV AESRIZL > CTERSFORMSIEAFETH D Z BRI,

LinL., Z o237 BORBEIEOSRE . BT X > TEOBMER NG K E < b4 2 aTRerER
D, WG AT O ATE TlX, LOMEP DRI HEEE LN EREEND, RimSCTIHE,
IHHP &9 Z U X o126 e LT, ZHUCESZEH S B 1256 OEZ{b O EE W ORHGZ 3 5
2o, BN FY I 2 L— g VERITR -1,

2. FHEGE

51T Gromacs 4.6.3 22, V2 2 L—3 g U OSFMIT Table 1 (2% & 7-, 1HHP 72 A X< E
OHIFEE X, Protein Data Bank[4]75H & 7 > v — R L7ztfE % IG5t A Tt 35 2 & TR 7,
IHHP OHHEE X ETORTO0 & Lz, # 2 )V HOEZITTAUMMEIL, ¥ X7 HDKA
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B DN BT L CHEE & Lz, MEELOEEWVOIEIREIZIE, ) RIFEAERMSD) 2 Vi,

1 . .
RMSD(t) = lei\lzl my|ri () — 1 (0)[2++(1) Table 1. Parameters for the simulation
Total time 1000 ps
- = <3 "/\\)1‘-}115 . NN . o A=N § A
ZIT, MITHWER., milTRF i OERE, r@)lERA Stepsize 0.1 fs
HZBT DRA 1 DONETH D, OIS VIEE, Force field (FF) AMBERO3

WS LD/ NS N EEZR LTV D, PBC No
F18535 A — %1% AMBER Z A=, LasL, E22

Cut-off distance for FF No
H1 D IHHP % AMBER D/37 XA —X %2 D E R L Temperature control No
TR ab—va 21w ) & COMEET SIOH Pressure control No
iz, ZORKAZ THHP OREHREN2 ThHD Constraint No

ThdLERT, 22T, BONDFEFZ B Y IR
T, B2l 0EME G L, Z 3  EOMRELR Table 2. The electric fields used in the simulation
A& +0 & L7, (FEfiE IPRO @ 2H, 3H, 13C, 15C Strength (MV/cm)
IZZNE$-0.3, -0.3, -0.1, -0.3 %, 99PHE @ 1544N, (i) Static 0,0.1, 1, 10, 100
15630, 15640 IZZNZ1-0.6.-0.2, -0.2 5L 7=, (i) 1 ps rectangular pulse 0.1, 1, 10, 100
JRF-DA T v 7 A3 513 Protein Data Bank 7°5 % (i) 10 ps rectangular pulse 0.1, 1, 10
vrmu—RKL7 CIF 77 AV TIROLA TS HE ST
H54). )

i U7= B ORI D IR & 58 E & Table 2 (27”7, (1) &EY. (Gi)t=0ps 75 t=1ps £ Th
W AR L= 1 ps FEIZ/SL A (i) t=0ps 225 t=10ps £ CTHEEL ZFIF L7210 ps R/ L AD =
DR D ES 2 v, Hx IR OB 2 HIW L7z,

jk 100.0 MV/em
3. EREEBE E 4l ]
(i) #ESH é oL ]
WS A EIR L2838 RMSD() % Figure 1 1274, = Z 10.0 MV/em
@ Fig. 112i%, EHEHIF L5 72355 O RMSD() b~ % 10 20 30 40 5o
LA, ZORTIE 0.1 MViem DR E Biir oo, % opo e
FIRI L7y o 72356 D RMSD(0)1Z 0.0l nm L F CH - 72, F 2 0.16-
OB &> CIHHP ORBREFS N D L DI o T, S 0.12 10.0 MV/em 1
0.1 MV/em HREE O E S & IR L7-4#4. RMSD 1312 S oos ]
& 0.04- 1.0 MV/em -
0.01 nm LA FCd> o 7=, 38E 1 MV/em OFEEL OS5 Tk,

0,0o:{\i 1 1 1 1
0 200 400 600 800 1000

RMSD(9)I% 0.02 nm (24X H L 7=,

SEEEAY 10 MV/em (2725 & . RMSD(£)iZ £ =10 ps T0.12 nm
2720 . AKBIICIX 0.14~0.16 nm & 72572, 1 MV/em LA F
DIBEDOLGE LT 2 &, TOME~DEENRENT
LRI I LTz,

SR 100 MV/em (2725 &, RMSD(0)I% t=20ps T4.0nm & 72 o7, ZDOBEOEEERLD AT v 7 3
v MR Fig. 2 THD, t=5ps THRIEZ L EDTWRNWT EXRINT,

Time / ps

Fig. 1 RMSD(¢) of the simulations using the
electric field (i). Green: 100 MV/cm, purple:
10 MV/em, red: 1 MV/cm, blue: 0.1 MV/cm.
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(i) 1 ps /L A

1 ps B SLVARICL DY 2 L— 3 v Ofk
H% Fig. 312”7, Fig. 3(a)2, RMSD()TH 5,
0.1 MV/ecm & 1.0 MV/em Ti, #1Z 0.02 nm LA F
D RMSD(H) ToH -7z, 1.0MV/iem DL XD AT
73y MR Fig. 3(b) T b, t=500ps THI 1/4
[z L 7=,

10 MV/em O34 1%, BHHIFTREX RMSD(#)23
—FE1X0.03nm LA LI LR T L 00, ok
THEL., SEEICIX0.020m &2 -T2, ZOfEIT
1.0 MV/em LA R OEGIRE D Z & [FEOKUE
Th b,

100 MV/ecm CD RMSD(0)i%, t=1ps 2 HI3E
LSHIF S CWnaniz b b b9, 0% b
EHL#ET, t=5ps T0.8nm IZ EH L7,

~
o
~

1.0 T T T T

0.8 e ;
100.0 MV/cm
0.6 .

T

T

0.4 .

T

RMSD / nm

0.2 1

ope= =t

0 10 20 30 40 50
Time / ps

0.04 T T T T

0.03

10.0 MV/cm |

0.025
1.0 MV/cm

0.01

RMSD / nm

0.1 MV/cm__ |
1

O.OOJ ! . l
0 200 400 600 800 1000

Time / ps

Fig. 2 Snapshot of the simulation using 100 MV/cm static

t=100 ps

Fig. 3 The results of the simulations using the electric field (ii). (a) RMSD(#); green: 100 MV/cm, purple:

10 MV/cm, red: 1 MV/em, blue: 0.1 MV/cm. (b) The snapshot at 1.0 MV/cm electric field.

(i) 10 ps FEF/ SNV

10 ps HiIE /UL 2 % & L 72354 0 RMSD(H) % Fig. 4 (2773, 1.0 MV/em OFELIEE DA, RMSD(r)
1% 0.0l nm TdH - 72, 10.0 MV/em DAL, RMSD(#)i% 0.10 ~0.12 nm & 72572, 1 ps FEE LA TOIFA]
BERE DL L T 5 L0 REREL 272,
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Table 3. RMSD (nm) at the end of the simulations (¢ = 1000 ps).

Strength / MV cm’! 0 0.1 1 10 100

(i) Static b. 0.01" b.0.017 0.02 0.16 3.76

(ii) 1 ps rectangular pulse — 0.02 0.02 0.02 0.82
(iii) 10 ps rectangular pulse — 0.02 0.02 0.12 —

*1 Below 0.01 nm.

4. HEEE
B AIET L= HHP [BH % TR L7z & X OfEZE 0.16———T—
B r 10.0 MV/cm

{LDOEEWEFHET 5 720 O & i hZFH R 21T - 72, - 0.12
£ Ialb—arORED RO RMSD( = 1000 ps)% £ .08 |
L0 b0 Table 3 T B, 1 MViem D sﬁrf a

“ S 004" 1.0 MV/em
X, HEASAVATHLEREL CThH-ThH, BHICLD - ———
&2k ijté“<f£b\f&>59$7ﬁ>rﬂﬂéhto 100 o.ooo 200 400 600 800 100(
MV/em 1272% &, ZOMREEERN 1 ps & QBRI T Time / ps

HoTh, TOEELITRKENZ LR RENTZ, 10
MV/em Tlt. FOELE L ADOIEIN /NS T T, s
{23 1 MV/iem OE ERIEETH D Z L BRI,

Fig. 4 RMSD(?) of the simulations using the
electric field (iii); purple: 10 MV/cm, red: 1
MV/cm, blue: 0.1 MV/cm.

BEER

[1] R. Neutze, R. Wouts, D.v.d. Spoel, E. Weckert, J. Hajdu, Nature 406 (2000) 752-757.
[2] T. Kobayashi et al., JAEA-Conf 2014-001, 71-75.

[3] For example, C. Qin, Y. Tang, Y. Wang, B. Zhang, Phys. Rev. A 85 (2012) 053415.
[4] Protein Data Bank, URL: http://www.rcsb.org/pdb/home/home.do
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4.3 A v 7 TREIZAT To/NEEFEH T Nd:YAG V—F —3%E
DB
Development of a high-average-power small-scale Nd: YAG laser system for
infrastructure inspection

=bF R BAINOR, B K, T ERL N ek
ESZATIEBHSEIE N B ARIE T W FEB s v & — DS e o & —
Katsuhiro MIKAMI, Noboru HASEGAWA, Hajime OKADA, Shuji Kondo, and Tetsuya KAWACHI
Quantum Beam Science Center, Japan Atomic Energy Agency
An outdoor-use laser system to improve the performances of existing tunnel inspection techniques is
studied. One of the typical concepts is that the blow by hammer in routine hammering test is replaced by
the laser pulse irradiation. This new laser system is required to provide high average output power (5 J, 50
Hz, 15 ns) with acompact geometry enough to mount on the inspection vehicle (4.2 m x 0.8 m). Dramatic
speed-up of the inspection is expected by the combination of this new laser system and a laser scanning

frequency measurement system.
Keywords: MOPA system, High-average-power laser, Nd:YAG, Infrastructure inspection

1. ICHIZ

HARDA L 713 E O 2722 - 0 7= @ R R N S R S - b RV 888 1T
G 40~50 FEAFRIEBL TUWVD, BRI o /LTI KO A G 2R 25000 km 224 FIC
BEL, B bickbas 7V —MEEOFBEE S LIEUIRR E C)D, EFLIZE &S E RIRICHEICIE
EHRRENBEARR K THY, BHEOTF CHLHFT FIEICLOMENEAEIC | BB ciThbh
TWD, FIBFEIEFEITON CEXIERETIE THIOER-ENT /U NEATE5— 7, A
FIENEITL QOVRWKBE O A THHZ L T O A 20 B I L) — B DR EEE RO LN
LWL, RGEEMELTOEIEX THLIE, ZL T, —Bd -0 A— ML SR FE MK T
HHZENIREEL THETHND,

AR BRI E R A DY A e L — W — R IR B AT B AR b 25 & U TR S,
BIRBHED LTS, [1,2] b —F —FRIEENEIL, @1 SVAL — W —Far /) — IR
THZETIREA ML (IMRAL —¥—), SR IRL — —2 AW TG 2L 52 L TiRE%
BT 5 (REHL—Y—), o T, L—F—FRIEEITfTEEICB T~ —I2 LD iEE L
—PF—ICEE X F (A7 —bOER) ORtEENDL — P —ICEES M- FTIETHY, 55
& T bINI  O T EIENE D FIETHD,

L — W — R IRENE O R AR L O EndE i, MR AL — 3 — O MR UE B, IR 3 X O H
L —W—DFf 5 || 1 12 Th D THF OB LI /A XL D SN LER R ML Ry 7 L7125 TS,
Fx L, L——FREMCILBN Coa L 7Y —MEED RIE DO FEFEDT-D . HEEZ KK
THX—5 ] MR LA S 50 Hz SED ., R OFEHEZEL720 ONEHL — — A7 2O E
BB EAT ST,

2. MEAV—YF — 2T AOE LR
Fig. 1 IZINEHL — W —2 A7 LDV AT U N7~ d, Master Oscillator Power Amplifier (MOPA) /A
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TLEERAL, ERIESIIIHRD Q-Switch Nd:YAG L —¥— (Litron Laser: LPY742-100) % iy 7=,
FRIERED H 17OV AT 1064 nm., 23V A 14 ns., #9K UJE R $ 50 Hz, oK H /12 /0F—400
m] ThH5, FRRaNOLHIZNHL —F — X E 1064 nm (2% LT RMS 0.051 A, Peak-to-Peak 0.277
A TH-T- (Fig.2), /1B —2%—FEZE H 47XV 5.5 mm CHEE S AIZEVZ9D (Fig.3(a)). K
RN T VRN Rt VW TUREEM (H 5.8XV 5.7 mm, Fig.3(b)) &L, E—2A=T
XA H =N TE—28% (H11.9XV 12.1 mm, Fig.3(c)) I[ZFH%EELT-,

SR 1.1 at%—7 D Nd:YAG 7y R (14 mm ¢ . iR 70 mm) % 2 A, BRI k=
AMED DT Ty 2T TR L, 7Ty a7y Aidgay R E RIS AT OR 2 RE % E LT
ZiTol, 1 RKEORYR (LU, 18 ByR) X232 2 KHOBRYR (LLF,2M ayR) X132, &F
3NATHETL—F—HAEEIRSE D, K55 R (Fig.l 1O VSF) 1X Fig2 TRUZE A, £
ZOry RHLIBEIO 1t By R 1 S ZHEIEZOPTVIRL S N8 ETHRAR SIOICRE L,

BRI L — = AT LEFE T OB L — O ®m b E I DD R ERBERITF A5
RCThHD, FEBIEZIMEIT D20, BRLIZL == A7 AT, T ERIESICRKH 178 5
ALY — W =R B L7 D e e/ NRE LTz, $£72, Nd:YAG vy RO M JE 5 1m & %
BOHTRRBEL L, W AT A S 72 D7 EH =y Py b L=, Nd:YAG 1y RIZKiG D=

Half  Beam expander
Mirror ~ Faraday Wave (Cylindrical lens)

Master Oscillator isolator  Plate Beam expander Mirror
Q-switch Nd:YAG Laser 4 \
1064 nm, 50 Hz, 14 ns i
. Mirror Polarizer
Lens Lens Lens Lens i
Polarizer
°E° Mirror
S} Faraday rotator Vacuum tube Vacuum tube Mirror
Lens Vacuum tube Lens Rod Amplifier Lens Vacuum tube Lens  Mirror
Nd:YAG crystal x2
42m
Fig. 1 Laser system layout
RMS 0.051 &
Peak-to-Peak 0.277 A
0.3
__ 02
£
3 01
2
-
u 0
S 4.7 mm x 5.5 mm
2 .01 i )
E
-0.2
-0.3
5.8 mm x 5.7 mm 11.9 mm x 12.1 mm
Fig. 2 Wave-front at Oscillator output. Fig. 3 Near-field pattern at (a) Oscillator output,

(b) Cylindrical lens, and (c) Beam expander, respectively.
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ORIFEWE 1064 nm ZWULT 5 Sm R—7 B 7 ARO /K ENITERE L, Yol [ & EATICm HIKE
LA JE S b mEI LT, [3]

3. MIERBAERE 5 HA~DFEE

3FEIHDRINDT T 2T T ~OEINEE TRl E T o 7o/l Rz, 1| SASEIRIBZAT o TofE o
Figd \R" 7§, ERIEROL—F —H%& 13 oyl 1 7SAHEEIZED, 77 aF07 700 V EINREC i
R 1.3 T CEBIH T 65 W) 235017, FERIEZ L (1) T/RT Frantz-Nodvik ®3 [4] Z T
T4 T AT T HIET/MEFHRRE B LOER =X —2ROT,

E, , =E, ln{l + |:exp( l;:in ] — 1} exp(gol)} €))

T Ein Ead FARBI O OL—F—T 1 2 E A7 LT A gy 13/IME BRISREL 1
I R CTho, fafn7 /v A, FHEAHWRfEE 2.8 X107 cm? SRGEL , E,=0.6227 J/em? &L
TH =, Table 1 (2% 7Ty a7 THINEEIZBIT /MG BRI EREB L OER = 3L —%2 /R
To IME BFIFHIHK 0.345 THY, EORFOEFETR/LF —112.31 J LR HET, HMiEShizL —3
— DU EFE 3 L ONE R B4 % Fig.5(a)B L8 Fig.5(b) (2T HURT, I B4 3 L ONE R B4

1400 T T T T T
1200 -
655V

1000 -
2 610V
> 800 | i
<
(]
&
5 600 - .
S

400 |- -

200 |- -

0 Il Il Il Il Il
0 50 100 150 200 250 300
Input energy (mJ)
Fig. 4 Output pulse energy of the 1-pass amplifier as a Fig. 5 Spatial profile of the amplified laser
function of the flash lamp voltage. beam; (a) near field pattern, (b) far field pattern

Table. 1 Estimated properties of the laser medium from the experimental result as shown Fig. 4
Lamp voltage 610V 655V 700 V
Lamp energy (J) 39.5 49.8 61.8

Small signal gain
coefficient (cm™) 0.262 0.307 0.345

Stored energy (J) 1.75 2.06 2.31
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B — N F— R 5000 T T T T T T T
HEHNTWBIEN 0T,

£ 1 ITRTRRO/MER
RS2 5 L ASE — 4000
AEALE 12 mm D 3 7S ASEIE

AT TR L D H @ 3000

TRAF—EHMLE,

Fig.6 [ZfEREZRT, 1 7y 2

KL NASHDHIETEMT E

}‘7'2 N é ) CE EEI*E g 2000 H -

FILE—D 90% LA &
L.3 %28 @™ myR 1 /8
) DR T4 LD 1000 |- -
NELNDZEN Tz,
Fio AFT=LF—K) 200

N ZEL . r v 0
m:] Uiz ?]\%IZ} 0 50 100 150 200 250 300 350 400
X — DI 5y 3 BN &
725 TR O Rk L 72 D 2 Input energy (m))
EMG DT, Fig. 6 Calculation result of the output energy at each amplifier stage.

HIEECHOL——H 115 T D= Nd:YAG 0y ROAEZ (2 1 A, B0 28 TREMATRETH
HERBEOND, 5% AR TEMLZ 1M 2y R 1 SZRIEL —— 0 2 S2ZEEE LT 2" vy
R%& W2 3 SZABIRIZ K0 Bk 72 iR L —F —3 U E O 1 = F— B L L — P —b— 20
BRI O W CRH A 32035, F7o. WATL TINE AL — WV —RAEREBH 3 CEDL- RIS
&, AEE O B2 Z O F I IMIARL, N EZAT 7 FEREBE T 2 T2 L T <,

4. ¥

R R THOWONDFTHIECH DL TELL T SN — — R IRENE O E CTHHH
HEAHIRT S 1 SDOEK THLNMRHAL —F —Ou LA IS T 5720 AR TITH =11
F—5 J, Mo UJE 50 Hz 2 B EE Lo s B8 iy — 3 — 3 27 ADBAF IV A7Z, MOPA
AT LA 1] at%®D Nd:YAG =R 1 pass HIEICEV R 1.3 T (BRI LUJE %L 50 Hz, 47
65 W) BMFHNT-, £, FEBRFE R L AL bR KO/ME SFISREIT 0.345 cm™ | ERi— 3L
F—1EL2.31 T THY, Nd:YAG 2 R 2 K& HWEGFH 3 SADOHEIET 4T 22 5 InfGonsZezr
L7z, 5t BEMETHD 5T UL EOHFIEERICIANT Nd:YAG 1R 3 K%z FWCTHEET T, /MY,
B SR A SN L 72 SERERES B 6 A HE D TS,

EIfaE

AHFTENL, R AR 2T A /= ar 2D SIP (KA ) N—Ta Al as76) Ie—3
— &G LTz mVERe - JEE S A 7 TR Wi ORF7EBR g6 ) (FBRIE A IST) ISk TS E
L7z,
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Influence of surface roughness on optics in stretcher and compressor
on temporal contrast of an ultra-high intensity laser

il

B MER] VR ORI DR, W B, TER AME!
VENZAFZEBRTEIEN AR T R ZEER T BV SRR SR T
PEAVE RS R B
Y.Mashibal’z, H. Kiriyamal, M. R. Asakawaz, and K. Kondo'
'Kansai photon Science Institute, Japan Atomic Energy Agency

*Faculty of Science and Engineering, Kansai University

Detailed analysis of temporal contrast using measured surface quality of stretcher and compressor
optics shows the background light around 107 level of the main pulse. The stretcher and compressor
optics having the surface roughness cause unwanted optical path difference, which reduces the temporal
coherence of the main pulse. The precise investigation of this spectral random phase noise is important for

laser-matter interaction experiments with an ultra-high intensity laser.

Keywords: High intensity lasers, Chirped-pulse amplification, Temporal contrast

1. ICHIZ
T —7 7L AHEME (Chirped-pulse amplification: CPA) E[1]D HHBLIZEY | _ZT MO & HREEL —
P[] FEBIL, BIE, L—F—DEEIRET 107W/em® ITEL TWB[3], 2O X578 m gL —F —
WL — P — LB O EAE AR D3 BBV TE, @A AN —F —NEREND[2],
LL72735, CPA JEIZHE S NA S FEFE ATt nm DT/ N2 MM H 5, ZOMUNeMihiX
R E L — P — L ZAD R T AN S LS EDH[4], CPA IETIE, 7SV AMERE, OV L AL
RRIZEBWTC, L=V — 13 R A ZE R RS IS, Fig.l ITRSNDEINT, 7L AHELRS/ VLA
JERMGRR A DN DE N F R R I M Y0305 & SO TR R AR 72 i 222 52 1T D 2812
2%, T 7SIV AERE, B OV SV ATERMERF IR R 52T 5T 4 LiAH /A X (Spectral Random
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— VAT AR1EFINCEY  EEEOE MO M) E&ICEEL., JEfigoOL —F— L 20
K= NI AR L T2, Z DRGSR, T8 DA A XD E & 2R S D R =2 b AR kS
WHZEEHBNIIL,
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Reflected laser light with

Incident spectrally resolved laser light spectral random phase noise

Stretcher or compressor optics

Fig. 1 Origin of spectral random phase noise (SRPN) by surface roughness of stretcher and compressor

optics.

2. B NFRANIRBITBT U F IMLFE /AR DR
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Fig. 2 Calculated SRPN of stretcher (a) and compressor (b) optics.
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Fig. 3 The effect of SRPN on the temporal contrast. (a) SRPN due to the surface roughness of the optics

and a typical experimental spectrum, (b) calculated temporal contrast with and without SRPN.
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Development of low-jitter pump pulses for stable optical parametric
chirped-pulse amplification

Y ARaLA, ML EOE. B M A& GEMEL #RM BRI AR
ESZAFFEBAFEIE N B AR DB EBE ks &7 B — 2t v & —
Yasuhiro MIYASAKA, Hiromitsu KIRIYAMA, Maki KISHIMOTO, Michiaki MORI, Masaki KANDO
and Kiminori KONDO

Quantum Beam Science Center, Japan Atomic Energy Agency

Optical parametric chirped-pulse amplification (OPCPA) is an useful technique for realizing high
contrast laser pulses in the front-end of an ultra-high intensity laser system. OPCPA requires a precise
temporal overlap of the signal and the pump pulses coming from two independent lasers to achieve stable
performance. The timing jitter causes instability of the output spectrum and energy. For an accurate

synchronization, we are developing optically synchronized pump pulses with the signal pulses.

Keywords: Optical parametric chirped-pulse amplification (OPCPA), Ultra-high intensity laser,

Temporal contrast
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Fig.1 Diagram of optically synchronized pump laser system.
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PIC simulation of ion acceleration with a 0.8pum aluminum foil
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Toshimasa MORITA, Koichi OGURA, Alexander PIROZHKOV, Mamiko NISHIUCHI,
Masaki KANDO and Kiminori KONDO

Quantum Beam Science Center, Japan Atomic Energy Agency

Ion acceleration using a laser pulse irradiating an aluminum foil target that has iron and hydrogen
layers on its surface is examined using 2D PIC simulations. A laser pulse with a power of 196 TW, energy
of 7.5 J and peak intensity of 2x10*'W/cm?, irradiated a 0.8yum aluminum foil target. A p—polarized laser
pulse is incident at an angle of 45° with respect to the target. It is shown that 73 MeV protons and 24
MeV/u iron ions are produced, and high-energy protons are distributed at a position which is shifted 12°

from the laser propagation direction.

Keywords: Ion acceleration, Laser plasma interaction, Particle-in-cell simulation
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Fig.1. (a) Initial state of the laser pulse and the target (t=0). (b) Distribution of ions and protons

(color scale corresponding to energy) at t=100T,.
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Fig.2. Particle distribution and electric field magnitude. Shown are the initial shape of the target
and the laser pulse (t=0), the interaction of the target and laser pulse (t=25), and the target shape and
the accelerated protons (color scale) (t=50,75,100).

Fig.3. (a) Density of the aluminum ions in time. The red color parts show regions where the
initial density remains. (b) The velocity vector of the electrons in time. The red arrow shows the

high speed electrons.
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[Introduction]

Silicon carbide with its unique properties has many uses in different applications. Laser ablations of silicon carbide were
reported recently at wavelength range from 193 nm to 1064 nm and pulse widths from ns to fs. Laser ablation of tungsten
and molybdenum were also reported under wide range of parameters. In this paper, we investigated the interaction of
capillary discharge Ne-like argon laser pulses at wavelength of 46.9 nm with structural bulk materials (silicon carbide,

tungsten and molybdenum). Various optical methods were tried to diagnose the surface changes of these useful materials.

[ Experiments]

The sample in a vacuum chamber was moved along the surface during the measurement so that a fresh spot could be
exposed at every overlapped laser shots. Our experimental apparatus CAPEX (CAPillary Experiment, Fig.1) consists of a
Marx generator, a coupling section, a pulse forming line (fast cylindrical capacitor), a main spark gap and a ceramic
capillary. In early experiments with surface modification of materials, typical capillary current was about 30 kA with
pre-ionization current of 10 A (5 ms prior to the spark gap breakdown). At this time, the capillary lifetime was limited to be
about only 100 shots. At present, due to the optimization of ground electrode geometry/ the increase of amplitude and
duration of pre-ionization current (100 A and 20 ms)/ and decrease of the main capillary current (typically 15-20 kA), the
lifetime of the capillary became significantly longer (up to 1200 shots). Our driver is capable to be operated in a repetitive

regime with frequency up to a few Hz. The more details of the capillary discharge driver CAPEX is described in our

early-published papers
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Fig. 1. Experimental apparatus CAPEX with extension for ablation experiments.
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in [1-17]. The laser light was guided along a long vacuum tube to an interaction chamber with a spherical multilayer Sc/Si
mirror, the irradiation samples and a camera. The surface roughness of the samples were measured both before and after the
irradiation. Almost all of the laser irradiations and the surface analyses were performed by the authors of the 3™Institute and

4t University described in the paper title section.

[Results]

Our results of Ra values with Zygo were 1.2-1.0 nm for SiC, 2.6-2.3 nm for Mo and 3.5-1.9 nm for W. Bulk silicon
carbide was irradiated by 1, 5, 10, and 20 pulses with average laser energy of 0.17 mJ. The produced craters on the sample
surfaces were recorded with the camera. Some footprints from this series are shown in the Fig. 2(a). The same silicon
carbide sample was ablated by 1, 10 and 20 laser pulses with energy of 0.73 mJ. Laser induced periodic surface structures is
clearly visible in Fig. 2(b) on footprints after 10 and 20 pulses. The same type of ablation experiment was performed with
tungsten bulk sample in two series with energy of 0.19 mJ (Fig. 3(a)) and 0.76 mJ (Fig. 3(b)). The EUV laser beam was
focused also on the bulk molybdenum sample in series with the laser energy of 0.33 mJ (Fig. 4(a)) and 0.76 mJ (Fig. 4(b)).

Laser induced periodic surface structures are visible in series with higher energy as in experiments of silicon carbide.

Fig. 2. Ablation footprints in SiC with average energy of (a) 0.17 mJ and (b) 0.73 mJ
(from left to right, number of laser pulses: 1, 10 and 20).

(b)

(@

Fig. 3. Ablation footprints in W with average energy of (a) 0.19 mJ and (b) 0.76 mJ
(from left to right, number of laser pulses: 1, 10 and 20).

(a) (b)
Fig. 4. Ablation footprints in Mo with average energy of (a) 0.33 mJ and (b) 0.76mJ
(from left to right, number of laser pulses: 1, 10 and 20).

Detailed surface changes of these samples were analyzed most recently by a scanning electron microscope (SEM) and
an atomic force microscope (AFM). These results are shown in Fig. 5 and thereafter. Fig.5 is the AFM images in 2D (left)
and 3D (right) of tungsten sample under low laser energy irradiations of 20 superimposed shots. The maximum depth of the
crater was about 400 nm. With the same kinds of AFM images of different superposition, the maximum crater depths were
plotted as a function of superposition. The results is shown in Fig. 6, where the laser intensity was low for W and SiC and

medium for Mo. After the 50 superposition, the depth became deeper than 400 and 600 nm.
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Fig. 5. Tungsten with low laser energy and 20 superimposed shots, AFM images, Left: 2D, Right: 3D,
The maximum depth of the crater is ~400 nm.
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Fig. 6. Footprint depth in W, Mo and SiC as a function of superimposed shot number
in the case of lower laser energy irradiations.

Different analyses of the craters were tried with graphical computer software. One of the results is shown in Fig. 7 in the
case of SiC with low intensity laser irradiations. The 3D inverse crater image is shown for the 50 superimposed shot case.
For the moment, it is difficult to select the correct “zero level” with our computer software, because even after computer
“average level” evaluation at four corners was tried, the background level was not ideally flat. The attempts to adjust the

“zero level” according to “crater edge” positions also failed, because it was often surrounded by ramparts.

i

simm il |

b !1]

Fig. 7. Inverse 3D image of a SiC crater for low intensity laser irradiation case under 50 superimposed shots.

[ Summary]

Experiments with laser ablation of bulk targets (silicon carbide, tungsten and molybdenum) with focused 46.9 nm EUV
laser beams of nanosecond duration were performed. It was found that the higher energy laser beam irradiations (with more
than 10 pulses per spot and average energy of about 0.75 mJ per pulse) created laser induced periodic surface structures.
Detailed surface changes of these samples were analyzed by a SEM and an AFM to explain the energy deposition processes

on W, Mo and SiC. Additional experiments and analyses [18-23] are necessary to get the final conclusion in the near future.
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4.8 Radial dose for low energy heavy ion beam

Kengo Moribayashi
Japan Atomic Energy Agency

Abstract. This paper presents the effect of incident heavy ion charge on radial dose. The mean
charge of a heavy ion moving in a medium decreases with decreasing energies of this ion. As a result,
this ion impact ionization cross sections, which affect radial dose, also decrease. For 1 MeV/u and 2
MeV/u, the relationship between radial dose and the mean charge of an incident ion is shown.

key words: low energy heavy beam, ion’s charge, radial dose, cross sections

1. Introduction

The radial dose is employed to estimate the cell survival rate in the treatment planning system for
heavy particle cancer therapy [1]. Here, the radial dose is the dose due to the irradiation of an ion as a
function of distances (7;) from this ion path [2]. The radial dose employed in this system [3,4] should
achieve as high accuracy as possible because it is related to the life and death of a human being. To
achieve this, we propose a radial dose simulation model [5] that overcomes weak points of the
paradigms (or widely accepted models) for the calculation of the radial dose in this system at present.
The so-called ‘paradigm-shift’ sometimes has eliminated the stagnation of the development and
brought the dramatic development for science. Our model may allow us to treat the physical
phenomena due to the irradiation of ions closer to reality than those produced from the paradigms[6,7].

In this paper, we treat lower energy ion beam toward the Bragg’s peak.

2. Simulation model [6,7]

We treat water with the density of liquid water as a target. (i) We set up positions of water molecules.
(i) An ion moves through the target. (iii) We examine the change of the states of molecules due to
incident ion impact. (iv) When we judge that impact ionization occurs, we produce a molecular ion
and a secondary electron. (v) We also determine an initial energy and an emission angle of this electron.
(vi) When ionized electrons exist, we examine the change of states of water molecules due to electron
impact. (vii) Procedures (iv) and (v) are executed when we judge that the electron impact ionization
occurs. (viii) We reduce the energy of the free electrons according to electron impact processes. This
energy loss is employed for the radial dose calculation. (ix) The electric field due to the polarization
induced in the target is calculated. The changes of the free electron velocities due to this electric field

are simulated using Newton’s equations. (x) We add At to ¢ and move the incident ion and the free
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electrons. (xi) Procedures (iii) — (x) are executed. (xii) When ¢ becomes larger than ¢,,,, another ion
irradiates onto a different position, where we take #,,, to be 100 fs. Procedures (i) — (xi) are repeatedly

executed for one hundred times.

3. Results and discussions

Radial dose has a correlation with incident ion impact ionization cross sections which increase
according to ¢* [8], where q is the charge of a heavy ion. Figure 1 shows the mean charge number
(gmean) Obtained from the fitting equations given in Ref. [9] as a function of £;,,, where E;,, is the ion
energy. Figure 2 shows carbon ion impact ionization cross sections with ¢ = Z, and g,e., as a function
of ion energies, where Z, is the nuclear charge of the incident ion and Z, of carbon atoms is six. Since
we select water as a target, we take the bound electron number of the target to be ten. As the incident
heavy ion comes nearer Bragg peak, E;,, decreases and it becomes more difficult to ignore the change

of the charge number. In this paper, we treat £;,, = 1 MeV/u and 2 MeV/u using ¢,cqn-

6 _s!—!—.—.—.—.—. 50
e
40 ¢
. @
:;5 .O 30 [ O
B-E ¢ 20 T a
4 g o
N 10 r m
3 1 1 1 1 0 1 L i L T
0 2 4 6 8 10 0O 2 4 6 8 10

E..,(MeV/u) E..,(MeV/u)

Fig.1. gean calculated by equations in Ref. [9] vs. Fig.2. Gion (¢ = @mean) () and 6, (¢ =
Eion; @: solid, <: gas targets. Z,) (®)vs. Ejgy.

Fig. 3 (a) and (b) show radial dose (D,) as a function of r for £;,, of 1 and 2 MeV/u, respectively. We

have found that D, at » = 0 ~ 0.3 nm is much smaller than that at » = 0.3 ~ 1 nm. This comes from the
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fact that a lot of molecules located at » = 0 ~ 0.3 nm are ionized due to incident ion impact ionization.
As aresult, the number of molecules ionized or excited by ionized electron impact, which produces D,
as Due to the effect of the change from Z, to gyeqn, D, shows about 0.6 and 0.4 decreases near the

trajectory of an incident ion for 1 MeV/u and 2 MeV/u, respectively.

>4 x 107 2 x 107

= (a) = (b)

Q QU

8 S

- 2x107 } 5 107

o ¢ ©

o) -

© 0 o © ]

e 0l D s e d 0 P
0 1 2 0 1 2

r (nm) r(nm)

Fig. 3 D, vs. r for carbon ion beam with E;,, of (a) 1, (b) 2 MeV/u; L1: ¢ = Guean, ®: q = Z,.

4. Summary

We have been studying radial dose using our simulation model for the calculation of the movement of
ionized electrons due to the irradiation of carbon ions as close to reality as possible. We employ the
mean charge (gean) in the medium and the nuclear charge (Z,) of the incident ion for the incident ion
energy (Ej,,) of 1 and 2 MeV. We have found that for the change of the charge from Z, to g,scan, radial
dose becomes about 0.6 and 0.4 decreases at » = 0 — 1 nm for 1 MeV/u and 2 MeV/u, respectively,
where 7 is the distances from the trajectory of the incident ion. We believe that the results obtained
from our simulations become useful for the treatment planning system for heavy particle cancer

therapy.
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4.9 Development of a high current 250 kV photocathode dc gun
Nobuyuki NISHIMORI, Ryoji NAGAI, Masaru SAWAMURA, Ryoichi HAJIMA

Quantum Beam Science Center, Japan Atomic Energy Agency

E-mail: nishimori.nobuyuki@jaea.go.jp

We have developed a high current photocathode dc gun at JAEA for the next generation light
sources such as an energy recovery linac and high-repetition rate X-ray free electron laser. The gun is
equipped with a multialkali photocathode preparation system. Quantum efficiency of 0.37% at 532 nm
was obtained for a Cs;Sb photocathode. The gun was high voltage conditioned up to 230 kV with a
cathode electrode. Beam generation test from the multialkali photocathode will be performed by the
end of FY2015.

1. Introduction

A high-brightness and high-current electron gun has been developed worldwide for the next
generation light sources such as an energy recovery linac (ERL) and a high-repetition rate X-ray free
electron laser. Long lifetime photocathode is important for such future light sources. Recently Cornell
photoinjector demonstrated generation of record high current electron beam up to 75 mA with l/e
lifetime of 15,000 C from a multialkali photocathode dc gun [1]. The multialkali photocathode is a
promising candidate for future light sources.

We have developed a 500-kV dc photocathode gun for ERL light sources and demonstrated
generation of a 500-keV electron beam [2]. The gun has been operated at the compact ERL (cERL) at
KEK for more than two years and delivered CW beam up to 80 pA for laser Compton scattering
experiment [3]. We plan to increase the beam current up to 1 mA by the end of FY2015 and to further
increase the current up to 10 mA in a few years. However, the photocathode at the cERL gun is GaAs
and its lifetime is limited to a few kC [4], while that of a multialkali photocathode is greater than 15
kC [1]. Thus we have started to develop a multialkali photocathode preparation system to demonstrate
high current beam generation at JAEA.

In this paper, our multialkali photocathode preparation system is described. The system was
connected to a photocathode gun equipped with a 250kV-50mA Cockcroft Walton high voltage
power supply (HVPS). The gun was high voltage conditioned up to 230 kV with a cathode electrode in
place and beam generation test is anticipated by the end of FY2015.

2. Multialkali photocathode preparation system

We have developed a multialkali photocathode preparation system following Refs. [5,6]. A silicon
wafer of 0.5 mm thickness is used as a substrate. The wafer is attached on a molybdenum puck with
indium seal. The puck is housed in a puck holder on a rotating table and transported with a transfer rod to
gun high voltage chamber for beam generation. A tungsten heater on a linear motion is used for heat
cleaning the wafer and heating the wafer during evaporation of antimony and alkali metals. The
temperature is monitored with a thermocouple connected to the puck holder.

We decided to fabricate Cs;Sb photocathode at first, because it is the simplest alkali antimony
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photocathode. A 99.9999% antimony bead (SB-020100: NILACO) was placed on a Mo boat. The boat was
heated for evaporation. A caesium source (AS-6-Cs-415-V: ALVATEC) was placed 3 cm apart from the
substrate surface. A thickness monitor (CRTS-4U: ULVAC) is used to calibrate thicknesses of both
antimony and caesium. The photocathode preparation system was baked for 20 hours at 170 degree C with
a 0.3 m’/s turbo molecular pump. A 1.3 m’/s NEG pump (SAES getters: CapaciTorr-B 1300-2) was
activated after the baking. A 0.05 m®/s ion pump (ULVAC: PST-050AU) is installed to pump noble gases
and methane. The vacuum pressure of the multialkali photocathode preparation chamber is 5 X 10 Pa after
NEG activation.

The wafer is heat cleaned at 550 degree C for 2 hours and then cooled to 170 degree C. The antimony
was evaporated with thickness of 40 nm and the caesium was evaporated until maximum photo current is
obtained. The measured quantum efficiency (QE) of Cs;Sb photocathode is 0.37 % [7], which is one order
of magnitude smaller than textbook [6] and recent results [5,8]. Further improvement is required for our

alkali antimony preparation system.

250kV-50mA photocathode gun £ -'6

multialkali photocathode preparation system

Fig. 1. A gun test stand form high current beam generation.

3. Gun test stand for high current beam generation

We have a dc gun with a 250kV-50mA HVPS. The gun was originally developed as a GaAs
photocathode dc gun. The details are described in Refs. [9,10]. The gun system consists of a 250kV-50 mA
gun, a GaAs preparation system, a multialkali photocathode preparation system and a diagnostic beam line
(see Fig. 1). The multialkali photocathode preparation system was connected to the GaAs preparation
chamber. The gun was used to study magnetic emittance with 1 pA beam [10]. The operational voltage was
limited to less than 180 kV at that time because of field emission generated from cathode electrode. We
redesigned the cathode electrode to reduce the surface electric field. The maximum cathode electric field
decreases from 14 MV/m to 12 MV/m. The maximum anode electric field decreases from 8§ MV/m to 6
MV/m.
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Before replacing the cathode electrode, we performed high voltage conditioning without central stem
electrode. We had vacuum discharge at 240 kV and did not try to push the HV processing further. This is
because the vacuum pressure started to increase with applied HV after the discharge event. We held the HV
at 230 kV for four hours and the vacuum pressure recovered from 8 X 10” Pa to 4X 10” Pa. Then we
installed the new cathode electrode and successfully HV conditioned the gun up to 230 kV without any
field emission problem. This means redesign of cathode electrode was important for HV application. We

will perform the HV holding test at 200 kV or higher in the near future.

4. Summary

We have developed a multialkali photocathode preparation system and obtained QE of 0.37% at
532 nm for a Cs;Sb photocathode. The QE is one order of magnitude smaller than the textbook [6].
The system thus needs to be further improved. The system was connected to the existing dc gun
equipped with a 250kV-50mA HVPS for beam generation. The gun was high voltage conditioned up
to 230 kV with a new cathode electrode in place. Beam generation test from the multialkali

photocathode is planned to be performed by the end of FY2015.
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