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3. Iuy—F 4R (RERERY)

3.1 BEEBEFA A=V TICAT TRV —F —BFEINE

Repeatable Electron Beam Generation Driven by Staged LWFA;;
Towards High-Quality Electron Source for Ultra-Fast Imaging

AKH AfFgE, AIE IR 23 fﬁEﬂ fla—2% i (B2 TLrkA T RaT I
R BAE L SER BRA Y A EERY, BP0 R S, R THD S
PN NN e S = - R R [ e S e 8
PRBRT: R 2 —

PRI IR BB A% (JST) CREST
PRIRRFRF G L e~ 7 U 7 VA RER /I
S AR R EEH B H T
SRR L — P — R X — 2 e o & —
AR RIS R gE R

Yoshio MIZUTA', Tomonao HOSOKAI*?, Shin-ichi MASUDA??, Nobuhiko NAKANII>® *,
Alexei ZHIDKOV??, Hiroki NAKAHARA', Tomohiro KOHARA',
Kenta INASA, Tomokazu SANO*, Kazuto ARAKAWA® and Ryosuke KODAMA '*°

' Division of Electrical, Electronic and Information Engineering, Graduate School of Engineering,
Osaka University,
? Photon Pioneers Center, Osaka University,
3Japan Science and Technology Agency, CREST,
* Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University,
> Interdisciplinary Faculty of Science and Engineering, Shimane University,
% Institute of Laser Engineering, Osaka University

"Japan Society for the Promotion of Sciences (JSPS) Research Fellow (PD)

The research activity on the electron source development based on staged Laser Wake Field
Acceleration (LWFA) aiming at ultra-short electron source for dynamic electron imaging is introduced.
The key issues related to the staging LWFA including the injector and a new method for ultra-short

electron bunch transport named as CeBT (chirped- electron Bunch transport) are discussed.

Keywords: Staged Laser Wake-field Acceleration, Stable Injector, Ultra-fast Imaging
1. iIC®IZ

W T O aE B G a SE TR 2 BN IE O R SRR L. FHIICER S h o By
FIIRII E 2N 7 2 A M, EHITIET M~ EBITLOoOH 5, JHUTfE, B
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IREEH FEOB A A—V v 7 (BHREPTCE TBMED) OB IE D ST
Do BAA A=V TIEN, ERDFA R —IL D ZERI 55 FRREITIN Z 8 505E O B 45 i BE %+
DI Lo THET DR+ OfiEE TR Z 1IbDT) XAy T vay MRETHZ L0
BEIZ/2 D, DI, AT v v ay b A—VhGRET 5 = &#T%éio i, WE
HORF O E AT I 7 Al s U CEEBERTHZE LRI D /I N D,

Iz, R R A A — Y v VB OMREITE TR (Ta—7 LR BN TFDONRT A—H)

WCRELIEKFEL WD, ZNETI ﬁ%@%ﬂ/%w EFRELT, 7o MNPL—F—%
TeERIRFEMR[1], =B O R 78 2]. v~#~77xvﬁp]£®ﬁn#ﬁbn1wé
AA=V TR hary N7 A NEHELIZBGEZTSET 5 7201I2E— ﬁ@%t@%ﬁiilfv
1000pC (FEZEHA A =T DH) BREL I, BLkDOZ n%m IR CIE— DA A—
/Wﬁmtmcim“/a/kwihﬁb%ﬁézgﬁké Loy L7 b, EEBIG 72 EOR
AWBGIIT v ay FTIRETAHZENROLNTEY, ZOEDIZITE /N TORE
MEM#HEKTK&&éOmKT\ﬁ@#é%iﬁ%_;ofmmﬂmﬁuT®%%“%ﬁ
ROLNTEY, 7= MNPA—F—OBESVAVEL T ) 7 —8a v L L O KM 2 O R
DB FIROBRNIR RO LTV D,

Fox i, WAL SV A L REMMEOER A [FRFZHE T 5 6O & L TEE L — 0 — g i
HER—AZ LB FREREL, k2 1451 07 XY CREST HEDVKR— k2145 CTHFZER %
ZBMALT-. THETICEREREL —F— L 2DOKIBHIE E BT AD = v b ~DOI S
FIMZ X » CT T A~ OEENHZLET L, WE VAP HEAME, Ko v x Ak, KE
A PR O H~100MeV DEA ' — L %D TZ ’%ééﬁé:kﬂﬁ%bfwémoK
FECIEEEME A A=Y U 70T 122 B L — Y — eI Ic X 2 B RICOW TGRS,

2. ZBRLV—F — BB IEIZ LSBT IR
Fig. 1 ICRBRRFHRFE > &2 —ICBIEMET O LB L — P — G ind 2 V72 A A —
Dy T ERBOEEYE (a) L FE (b) ZRT,

L))

( a) Electron Injector

based on LWFA
Staging Wakefields

Phase Rotation ( -
Injection eontrn /

Injection control IP

Bunch stretcher '

" Efeciron transport
. (Chirped electron Bunch Transport)

Energy Selection&
. Bunch comprassion

Imaging Target

Fig.1 Experimental Setup for ultra-fast imaging using staged LWFA. Conceptual design (a), and a picture (b).

B E— LA (1) (AHEERHR(2) B — 2@kl (3), ENNbD, BB —L%
(L) CIATEICIR 7@ Y . b ——HiGindic L v, Wk, KER, K=l vy X220
BFERAESEL BBE#L—F =2, 4 0TW-25fs FHZ LY T 7 AT L—Y—=d@EE2HN5
HAY = MERHFO L—F — i T S AR SN D E A Fid, B —27 2R L¥— <
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10MeV (R F—2L7 MLDJER Y AE/ET1T10%FEEE) . MEMRE<InC, =3I v & 1 2< 0.01
ammm rad ZFFO, FHEWT, BNV FIIEFE—LBET (L) D TFIIZHEITEL 9 —D2D L —
PR (2) Z BT 5 2 12X > T, MFHEERZ S = 3L F— AT ML D & 572 55k
WAL NEE O NS, BB — L (3) 1Tk ARBA L BREA N DR 5B E— LA RTH D,
7T X< (MAEHEEH(2)) DO SN TOE AV TFRITT 7 A RERE G ~%+
T M) THD, BA/NUTILCeBT EAFMIT BN HE (B AAVTFHERICE - Tzx
X—DZEMTF ¥ — T KR E I, FW\ T, BN FIEMREE O TEPENIZIS W TE /3
FENREL 2D E12) THXEND (5], MA T, BEFAAVFHES B FIEMmEDON
BRI Y AL B IE = R =B DIZDD A v FRFRIT LT RNLF =AY LD X572
LHEMAIPNEBEREND, BT OREAEE, KREMIE N — T 7OBMRICH DD, E1FE—
LA (1) SLAHEERER (2) BB — AHEH (3) 1281 A K MOFIH ST A — & & falb L
TEIPREMICB O CRAE, B, K
B OB N T EGHENEE

Table 1 Required parameters of the electron bunch for the imaging.

.ol e Energy 1~10 MeV
ST Tal?le A \% v Bunch duration @ Target <100 fs
IVTg Y — ]\O)Eigj%kj*é%%/\\/% Emittance <0.01 7 mm mrad
IRTA—=BETRT, Energy Spread ( 4 E/E) 10°
Cahrge 100 pC~ 1nC

3. B N\UFDRE

Fig.2 IZETFE—LRAEMNOELNTE
NoFDZEM7Ta 7740 (B 8 > a v b,
FRST = 2L ¥ —300m], 600m]) Zod, L—H
— 2V AT ORIE & AT ANERIES 5y~ DR %
FIIMNE & = CHisd TEEICHRIATE D BV e — 2 : e e
(B mEMFEHT I v ¥ A 0.0l £ mm

mrad) BRAET D, BETLHETE—LORE
fif B IE InC/pulse FEFEIZE L TV 5,

rgy 600m)
Fulse duration 25fs Pulse duration 25fs

Beam Size: ~ 3.3 mm FWHM® 30cm from Focus Paint

4. FL¥ Fig.2 Electron beam profiles from the injector part.

HEHE A A=V 7OEBEZ B LT, RIRKFHR ' ¥ —I22 B L —F — i
HWERWEETAA -V VT EEAEEL, BT —2BEOERERG LT, B —2%4%
& 0RO TR UVMIE L ENE TS CTEWRIAMEDE 7 B — A OREEMR Lz, L—V —Bi)
DT T A2NEDELE— LMD TEWERENRF>Z L C, EknEm ol In2ETE—
AT T4 7 ABERT L2 ENAERICR T, 2D, (AHEEEE, B B — Lk, 15
METOE—LTA UELRAE, TXHETRMICZE L —F —HEfEniE % Wi E 11 2
— VU T ERERMGT D,

BE IR

[1] W.E.King, et al., J. App. Phys., 97,111101(2005)
[2] H.S. Park, et al., Nano Letters, 7,2545(2007), Y.Muro’oka, et.,al, App. Phys. Lett., 98,251903(2011)

[3] S.Tokita, et.,al, Phys. Rev. Lett., 105, 215004 (2010)
[4] T. Hosokali, et.,al, Phys. Rev. Lett. 97, 075004 (2006), T. Hosokai, et.,al, Appl. Phys. Lett. 96, 121501 (2010)
[SIHHEE. MEE, ffl  FphE 2011-247257

_12_



JAEA-Conf 2013-001

3.2 Development and Applications of a New Soft X-ray Emission Spectrometer
for Electron Probe Microanalysis and/or Nanoanalysis

Hideyuki TAKAHASHI', Nobuo. HANDA', Takanori MURANO', Masato KOIKE?, Tetuya KAWACHL?,
Takashi IMAZONO?, Noboru HASEGAWA?, Masami TERAUCHI®, Masaru KOEDA" ,
Tetuya NAGANO”, Hiroyuki SASAI*, Yuki OUE*, Zeno YONEZAWA* and Satoshi KURAMOTO"
1 JEOL Ltd., 1-2 Musashino, 3-chome, Akishima, Tokyo 196-8558, Japan.
2 Quantum Beam Science Directorate, Japan Atomic Energy Agency, 1-7 Umemidai, 8-chome, Kizugawa,
Kyoto, 619-0215, Japan.
3 Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, 1-1 Katahira, 2-

chome, Aoba-ku, Sendai 980-8577, Japan.
4 Device Department, Shimadzu Corp., 1, Nishinokyo-Kuwabaracho, Nakagyo-ku, Kyoto 604-8511, Japan.

A new wavelength dispersive soft X-ray emission spectrometer (WD-SXES) consists of newly
developed four diffraction gratings. i.e., JSS0XL, JS300, JS2000, and JS4000, X-ray sagittally focusing
mirrors, and a charge-coupled-device detector have been installed to electron microscopes to cover wide
energy range from 50 to 4000 eV. For various actual samples such as battery materials, steel and alloys, and
electronic semiconductor devices, this spectrometer have been applied to chemical state analysis and trace

element analysis with very high energy resolution and high sensitivity.

Keywords: Soft X-ray Emission Spectrometer, Electron Microscope, Electron Probe Microanalyzer,

Diffraction Grating

A very unique high performance soft X-ray emission spectrometer (SXES) has successfully been
developed which can be attached not only to transmission electron microscopes (TEMs), but also to

)" To extend

scanning electron microscopes (SEMs) as well as electron probe microanalyzers (EPMAs).
the analyzed energy ranges, a newly designed laminar-type varied-line-spacing (VLS) grating JS50XL, for
a lower energy range, 50-200 ¢V, and a multilayered VLS grating JS4000 > for a higher energy range,
2000-4000 eV, have been recently developed and installed to this spectrometer. In order to cover the wide
energy range from 50 to 4000 eV, including two gratings described above, a total of four kinds of VLS
gratings have been designed and developed to adapt to the various electron microscopes until now. The
name and energy range of these gratings are as follows: JS50XL 50-200eV; JS300 155-300 eV; JS2000
300-2000 eV; JS4000 2000-4000 eV.

Figure 1 shows the schematics of the designed flat-field spectrographs by use of these four kinds of
gratings attached to electron microscopes. Figure 2 shows outline of the soft X-ray emission spectrometer
attached to an EPMA: (a) the appearance; (b) lithium ion batteries (anodes) under three charging conditions,
0% charged, 30% charged and fully charged; (c) Li-K and C-K emission bands from three lithium ion

batteries shown in Fig. 2(b) measured by JSS0XL, which provide the important information for electron

charging process; (d) emission spectra from CdSe, ZnTe, and InP in the 1-4 keV range obtained by use of
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JS4000. By using JS4000 grating, recent advanced materials such as CdSe, ZnTe, and InP could be

analyzed with high energy resolution.
Application software has also been developed for a commercial use of SXES in several fields such as

battery materials, steel and alloys, and electronic devices. More applications for practical materials are

strongly expected.
! Grating normal (x)\(\)@ ! )
‘ JSBOXL & T ‘3)6:’“@ Image plane: X_ | g
i (50-200 eV) © Sy
107 Source point: S OR - 3960 Au-coating
I = !
T —S0=23727 s Grating: G (o = 1/1200 mm) ‘
\@ |
| o %, | o =
i J8300 QQ fj"@f\% Image plane: S i p= [T
(155-350 eV) & %4 T
Source point: S R=5606 Ni-coati #
— 2] i-coating
S 10 rﬁf‘bﬁi [ — i X\, s
- L — \\—;4 6o - ] \
> 100.02: Grating: G (o = 1/1200 mm) ‘ & JS2000 / JS4000
S o
2] T Fod o1 /-Js300
- JS2000 A Y9, Image plane: 3 S, Q/:\'b@ g
g —— " (300-2200eV) & g, is Q ISEOL,__
s & , a > — e r
Source point: S f R=13800 Au-coating P 1o i T
3 I 5
o . ~ = || i |
k10003 Grating: G (0 = 1/2400 mm) PO = 2366 0Q(=D) - 23350
T
37
.. JS4000 W,
(2000-4000 eV) bg," - ’%@’% Image plane: =
- Qs»» » .
1 Source poR S Se-11200 | Multilayered @
— g [ e |
———100.03 Grating: G (0 = 1/2400 mm)
PO = 236 0Q (=D) = 23350,

Fig. 1 Schematic diagrams of the designed flat-field spectrographs of these four kinds of
gratings: JS50XL, JS300, JS2000, and JS4000.
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Fig. 2 Outline of the soft X-ray emission spectrometer attached to an EPMA (a), Li ion
batteries analyzed under three charging conditions, 0% charged, 30% charged, and fully
charged (b), Li-K and C-K (n=5) spectra among three kinds of charging (c), and three spectra
of CdSe, ZnTe, and InP obtained by use of JS4000 (d).
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Measurement of Femtosecond Laser Ablation by Soft X-ray Laser
Interferometory and Reflective Imaging
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F O, TEIOBER. BUF SR, B S Rt
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Masaharu NISHIKINO, Noboru HASEGAWA, Masahiko ISHINO, Mitsuru YAMAGIWA,
Tetsuya KAWACHI
Quantum Beam Science Directorate, Japan Atomic Energy Agency
Yasuo MINAMI, Kouta TERAKAWA, Ryota TAKEI, Motoyoshi BABA, Tohru SUEMOTO
The Institute for Solid State Physics, University of Tokyo
Minoru YAMAMOTO, Ryo OHNISHI, Takuro TOMITA
Faculty of Engineering, The University of Tokushima

We have demonstrated a pump and probe imaging of the metal surface morphology during the
femtosecond laser ablation by using the laser-driven plasma induced soft x-ray laser (SXRL) as a probe
beam. The SXRL is suitable for probing the surface morphological changes, because it has the suitable
wavelength of 13.9 nm, corresponding to the penetration depth less than 5Snm and the short pulse duration
of 7 ps. The pumping laser used for ablation was a Ti:Sapphire laser system. The dependence for the pump
laser fluence of the ablation surface expansion and the surface condition (roughness and density gradient)

were observed from the soft x-ray interferogram and reflective image, respectively.
Keywords: X-ray Laser, Femto Second Laser Ablation, Pump and Probe Experiment
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Fig.1 (a) The interference patterns at t = 10, 20, 60, and 140 ps. (b) The surface plot at t =20 ps.
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Fig.2 Soft x-ray reflective images at each delay time.
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3.4 BELF-EBEE—REFTORABEDO-DOBREL AT LD

Development of the Probing System for Inspection of
the Damaged Fukushima Daiichi BWRs

PEAY BEZ L2 R E L B KRR R SAI T EHE FR?
g BB 210 B SEE MR R R
1 87 v — A e R
2 BOEAH L — Y — L [FF 2T
3 JR A e T 2R
4 RUEWFZERHFE & o & — « RUehis B BR & KRl - — A
MSIATBIEN BRI A I0F 52 B TR
Akihiko NISHIMURA ", Fuyumi ITO", Kentaro TOMIYOSHI', Hironori OHBA', Ikuo WAKAIDA®,
Chikara ITO", Akira SUGIYAMA', Takaya TERADA?” and Kiyoshi OKA'?,
1 Quantum Beam Science Directorate
2 Tsuruga Head Office Applied Laser Technology Institute
3 Nuclear Science and Engineering Directorate
4 Oarai Research and Development Center

Japan Atomic Energy Agency

In the middle of these 5 years-middle term plan of JAEA, one of the most important contribution is
the development for a probing system to inspect the Fukushima Daiichi BWRs. The newly organized 4
groups have just started to develope technologies for the probing system to inspect the meltdown reactor
core by optical fiber endoscope and Laser Induced Breakdown Spectroscopy for the analysis of the molten

nuclear fuel debris.

Keywords: Fukushima Daiichi, BWR, Severe Accident, Fuel Debris, Fiber Endoscope, Laser

Induced Breakdown Spectroscopy
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Figure | Damaged Fukushima BWRs
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Figure 2 Sensing Head Mount of the New Probing System
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BT AR AT
Dose Evaluation for Particle Therapy by Monte Carlo Simulation and Gel
Dosimetry
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Kenichi L. Ishikawa'*?, Takuya FURUTA®, Takuya MAEYAMA®, Nobuhisa FUKUNISHI’,
Shigeho NODA'*, Shu TAKAGI"®, Kazuaki FUKASAKU"", Ryutaro HIMENO'*
' Computational Science Research Program, RIKEN
? Photon Science Center, School of Engineering, The University of Tokyo
? Department of Nuclear Engineering and Management, School of Engineering, The University of Tokyo
* Advanced Center for Computing and Communication, RIKEN
3 Nishina Center for Accelerator-Based Science, RIKEN
% Department of Mechanical Engineering, School of Engineering, The University of Tokyo
" Department of Neurosurgery, Himon'ya Hospital

Precise prediction of dose distribution on human voxel data is an essential issue in the particle
therapy (proton and carbon therapy) treatment planning. The goal of our project is to conduct dose
simulation on a whole-body voxel phantom to evaluate secondary cancer risk, and to verify calculated dose

distribution by gel dosimetry.

Keywords: Particle Therapy, Carbon-ion Therapy, Proton Therapy, K Supercomputer, Monte-Carlo
Method, Gel Dosimetry
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Fig.5 Comparison of (a) measured R, distribution and (b) calculated dose distribution.
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The Movement of Secondary Electrons and Plasma Oscillation
Production Due to the Irradiation of a Heavy Particle

Fe S 3
B AR I e A e AE
Kengo Moribayashi
Japan Atomic Energy Agency

Abstract. This paper presents a theoretical study of the DNA damage due to the effect of the
composite electric fields of H,O™ ions produced from the irradiation of a heavy ion onto a cell. A
model for atomic and molecular processes in strong electric fields is developed. It is found that the
composite electric fields increase the number of the events of electron impact ionization processes.

key words: Heavy Ion Irradiation, the Movement of Secondary Electrons, Composite Electric
Field, Plasma Oscillation
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(a) (b)

Fig.1 Images of DNA damage using (a) convetional model and (b)our new model.

The movement of electrons are straight and zigzag using (a)convetional model and (b)our model, respectively and
the yield of DNA damage due to electron impact using our model are much larger than that using the convetional
model.

2.2l —varETIV

AR THND VI 2 b—r 3 BT VOFEMITE 2 OLRTOMSL [8, 9] IR L THDHD
T. 22T v 2ab—ya VOFEEZRTZEIZEDTEL OFE T ENITKE LT,
TR KOy T H R B L 72 D KD ITHAT 2, (i) — DDA A v ZAEHNIZ AL TED
T, (i) A A LRSS T & OFEIEEHEEFE (A + H0 »> A7 + H,0' + ) [12, 131 & HL Y #70,
TWRETFROKGFA L BERESED, 22T AT, TR, AFA AV, BT
ERT, (v) IO OEFOYH RN X =R OMHAEEZRD D, (VVINODETEA A
VROMOETO 7 —um CHAEERHEZERE L T=a— F o HREXEZ RO TETOEB Z2 >
Ralb—varTb, Vi)ZROOETDOKDF~OEEEHHER (6 +H0 — e +Hy0' +e)
[14] . F720E, EEREEFL (e + HoO — ¢ + H0%) [15] (12 L W Ky OB IREEZ AL &
5, 2T, HOXIKRS FORMEREAERT, FRRHZZORZ 5IBFICHE > THEZEICH
B LIEBFOTFRAX =% ST, ViREDELD A A AMbDEE, Hil B2 AR S
. PIAE (Gv) -(vi) ZEITSED,

,29,



JAEA-Conf 2013-001

3. MR LB
Fig. 2 (3K T A AV AT DOLEEERE &Koy 1A AU M i 2870 %Erd, 3
MeV/u O /L —D R I O 200 keV DB FRROEA . BUEAHEOIFIET X TOKY T
NEERE L T, OWuE F Ik LEIZEIL, 0.3 nm, 0.8 nm D EFE TRy A 42 BEL L,
[FIRFICAE U2 B Fd, 8N 45 %, 25% DFESRTA A > OESIT L0 #uEH S EE 2nm
VINO B SN D Z L3 hoiz (BB 5 10 nm e & Zh2i 15, 3 f#
DEFVHESND), 77 A% —DNABEITHEME TE LD EZEXHNDLD T, #IEN
PTWHEES LC DNA S TOEZTH D 2 nm N TOFELZFHHE Lz, BT o%E4,
200 keV fHIECA AU DMELILDFERND R K LR D DT, T DFRERITIKS A A4 D
R0 REBOF DG TIRE Y bEEL < OB 2R FROBUEMTICHEL 9 52
EEMATHD TRWELELDOTHD, SHIC, BTOMELBET DL L, KEMRTIX
WIE 2> & EAE 2 nm AN & 2 /K93 T D EBEDOBDERE 2 5T DOR) 4 512725 &
WO RERE T, ZAUE, BT OMBENKS A2 EBH S M IHCT 2 EBARK EE
2%m\mm¢@[mA’ﬂLfiFgum_rfi9&4% V. Thbb, B0
W7 T A WE AR L, T2k b, EFH DNA M AEM L. DNA #1152 /ATicE
HEVHIL, 77 2% —DNA#EOAEFB AT Z L 2R d 5,

" RFBEATY &
AHAAL O 3 MeViu 15 MeViu 200 keV 1 MeV
IHAE— :

3 : i
r
10 nm 1 X A
[ b
J ‘ f
- L 3 L
| KAV HFHESBHRTOBFOEBETE |
1%
i)
%gm S NN E——
E
3% o . T .
#® |

Fig.2 (Upper figure)The positions where the water ions are produced and (Lower figure) the
numbers of electrons trapped near the track

(Upper figure)Positions of water ions produced from an carbon ion with an energy of 36 MeV and a
proton with 200 keV when the particle moves the distance of 10 nm in the water. (Lower figure ) The
numbers of electrons trapped within the diameter of 2 nm from the track of the particle due to electric
fields of water ions.
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Nuclear Astrophysics with Laser Compton-backscattered y-rays

KR st v % —
Tatsushi SHIMA

Research Center for Nuclear Physics, Osaka University

Laser Compton-backscattered (LCS) y-ray beams provide a unique opportunity for studies of
photonuclear reactions relevant to nucleosynthesis and evolutions of stars and the universe. In this

contribution some topics from the photonuclear reaction studies with LCS y-rays are presented.
Keywords: Nucleosynthesis, Photonuclear Reactions, Laser Compton-backscattered y-rays.

1. Introduction

The origin of the chemical elements is one of the fundamental questions in natural science. The
aim of the nuclear astrophysics is to understand the origin of chemical elements by comparing the
observational data for elemental or isotopic abundances with the calculated ones using theoretical
models for nucleosynthesis and the data of the relevant nuclear reactions. It is considered that the
light elements up to lithium were mainly produced in the big-bang nucleosynthesis [1], and the
heavier elements were made by nuclear reactions occurring in stars [2]. The nuclear radiative capture
reactions and their inverse photonuclear reactions play crucial roles in various processes of
nucleosynthesis, and precise data of those reactions are highly demanded. High-quality real photon
beams generated by the laser Compton-backscattering (LCS) method provide a promising tool for

high-precision measurements of the photonuclear reaction cross sections as presented below.

2. Photodisintegration of deuteron and big-bang nucleosynthesis

The standard model of the big-bang nucleosynthesis (SBBN) is based on the standard theory of
the electro-weak interaction, the general relativity, and the assumption that the matter distribution
was homogeneous and isotropic. It would produce the nuclei up to the mass number of A=7 via the
nuclear reaction network between lighter nuclei. For precise calculation of the nucleosynthetic yields
of SBBN, reliable data of the nuclear reaction rates are indispensable. From the reaction network
calculations of SBBN, the neutron capture reaction on proton at the center-of-mass energy of 0.1~1
MeV was found to be one of the most influential ones to the nucleosynthetic yields [3,4], and its

reaction rate should be known with the best accuracy. For that purpose we made a direct
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measurement of the p(n,y)d reaction cross section in the energy region up to 300 keV using a fast
neutron beam [5]. The direct measurement, however, is difficult above 300 keV due to the severe
background caused by the scattered neutrons. Therefore we determined the cross section in the
energy region above 300 keV by measuring the inverse d(y,p)n reaction cross section and assuming

the principle of the detailed balance. A schematic view of the experimental setup is shown in Fig. 1.

Electron Storage Ring "TERAS"

( Emax= 800MeV, Imax=300mA ) Gamma-collimator
e
\\—/ BGO
> o]
Colliding region P ‘
//7 Time Projection

f Mirror Chamber

Nd - YLF laser
(351nm, 1kHz)

Figure 1. Experimental setup for photonuclear reaction experiment with LCS y-ray beam.

We used the pulsed LCS y-ray beam at the National Institute of Advanced Industrial Science
and Technology (AIST) [6]. So far the photonuclear reactions have been measured mainly using
bremsstrahlung photons. The bremsstrahlung photons are however not useful for the measurements
at the energy as low as a few MeV, because they contain intense low-energy y-rays which make
serious backgrounds. On the other hand, since the LCS y-rays are quasi-monoenergetic, they are free
from low-energy background photons. For detection of the protons from the d(y,p)n reaction, we

used a time projection chamber (TPC) containing the CD, gas as an active target [7].

><104_

N, 6 V., [cm*/mole/s]

0 R T R
1 10 100 1000

Neutron Energy (c.m.) [keV]

Figure 2. Nuclear reaction rate for p(n,y)d. Blue dots; data from our (n,y) measurement [5], red dots;
present result [8], green dots; data with LCS y-rays by Hara et al. [9]. Boxes [10], triangles [11] and
crosses [12] are the d(y,p)n data with y-rays from RI sources. Solid line; ENDF/B-VII library [13].

The present result is shown together with the other data in Fig. 2. The old data taken by means

of discrete y-rays from radioactive isotopes are significantly larger than the latest evaluated data
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from the ENDF/B-VII library [13]. On the other hand, our data are found to be in good agreement
with the data from another measurement with LCS y-rays and a high-efficiency neutron detector [9].
Also the present result agrees with the evaluated one within the standard deviation of 4%, suggesting

the great advantage of LCS y-rays to high-precision measurements of photonuclear reactions.

3. 12C(y,2oc)4He reaction and stellar nucleosynthesis

The 4He(20a,7)12C reaction, or the triple-a reaction, is one of the key reactions to the
stellar evolution and the nucleosynthesis in the helium-burning phase [14]. Due to
unavailability of an unstable 8Be target, a direct measurement of the triple-a reaction
cross section is very difficult in a laboratory. On the other hand, the inverse
12C(y,20)*He reaction can occur in a laboratory, and will be useful to obtain information
on the reaction. For that purpose we made a measurement of the 12C(y,20)*He reaction
cross section using the same method as for the d(y,p)n measurement. Fig. 3 shows an

example of the observed image of the a-ray tracks emitted by the 12C(y,20)*He reaction.

B
£% R ]
y-ray beam O #‘-3 ”””””””” ]
-30g 50 100 150 200 250
z[mm]

Figure 3. Example of the *C(y,2a)*He event. The rectangular box indicates the side view of the
effective region of the TPC. The y-ray beam comes from left (blue arrow). Red dots denote the

envelopes of the clouds of the ionized electrons produced along the a-ray tracks.

As shown in Fig. 4, there has been a large discrepancy in the existing data of the '>C(y,20))'He
cross section. The present result was found to support the older data [15] rather than the newer ones
[16,17,18]. Also we did not find an evidence of the possible 2" resonance at 9.11 MeV which is
taken into account by the NACRE compilation for nuclear astrophysics [19]. On the other hand, our
result is found to be consistent with the evaluation by the JENDL-3.3 nuclear data library [20].

4. Summary

LCS y-rays have nice features of narrow energy widths, small angular spreads, good
polarizations, and so on, and will provide ideal tools for high-precision measurements on the
photonuclear reactions relevant to nucleosynthesis. Next-generation LCS y-ray sources are aiming at
producing y-rays with total intensity of up to ~10" y/s, and will enable one to make more precise
experiments such as the cross section measurements for stable nuclei at very low energies and direct

measurement of the photonuclear reactions of unstable nuclei.
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Figure 4. >C(y,2)*He cross section data. Red dots and blue dots are our data measured at AIST and
the NewSUBARU synchrotron radiation facility of the University of Hyogo, respectively [21].
Triangles; Ref. [15], boxes; Ref. [16]. crosses; Ref. [17], and circles; Ref. [18]. A brown curve and a
green curve are the evaluated data by NACRE [19] and JENDL-3.3 [20], respectively.
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Significantly Improving Nuclear Resonance Fluorescence Non-Destructive
Assay by Using the Integral Resonance Transmission Method and
Photofission
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239

Non-destructive assay (NDA) of “"Pu in spent nuclear fuel or melted fuel using a y-ray beam is

possible using self absorption and the integral resonance transmission method. The method uses nuclear
resonance absorption where resonances in >’Pu remove photons from the beam, and the selective
absorption is detected by measuring the decrease in scattering in a witness target placed in the beam after

the fuel, consisting of the isotope of interest, namely **°

239

Pu. The method is isotope specific, and can use
photofission or scattered y-rays to assay the " Pu. It overcomes several problems related to NDA of melted
fuel, including the radioactivity of the fuel, and the unknown composition and geometry. This talk will
explain the general method, and how photofission can be used to assay specific isotopes, and present

example calculations.
Keywords: Safeguards, Non-Destructive Assay, Nuclear Resonance Fluorescence

1. Introduction

Nuclear resonance fluorescence (NRF) is a powerful tool for assaying %Py in nuclear fuel [1],
including melted fuel from Fukushima. It is an active interrogation technique using a y-ray beam in the
1-10 MeV energy region. It is a process where the nucleus is excited resonantly by absorbing a y ray, and
then de-excites by emitting a characteristic y ray, or by particle emission, or fissioning. NRF provides a
unique fingerprint of each nucleus, but suffers from several limitations arising from low concentration of
the isotope of interest and radioactivity of the fuel. The limitations can be overcome by making a
self-absorption measurement [2]. A self-absorption measurement can be improved by integrating the
signal over multiple resonances in the energy region of a quasi-monoenergetic y—ray beam, termed the
Integral Resonance Transmission (IRT) method. The IRT method also enables using photofission for
isotope specific assay. The IRT method is similar to that used for neutron self-interrogation [3], and is
being extended here to y—rays beams.
2. Method

The self-absorption method uses the resonant absorption of photons by nuclear states as a signature of
the total mass of a specific isotope. The states have widths on order of an eV, and their energy is

239

characteristic of the isotope, such as **’Pu (see Fig. 1). A state in **’Pu will resonantly absorb photons,
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Figure 1: The absorption of a single resonance is shown in (a), as first the cross section for the
resonance (o, solid line), and the effective cross section of measurement in the scattering target after the
beam has been attenuated by the resonance (dashed line). The absorption amount is directly
proportional to the amount of material the beam traversed, providing a signal which can be used to
assay %py. In (b), the energy specificity of individual resonances is retained when utilizing multiple
resonances. G, is the cross section for scattering showing three states. @,(c,) is the flux attenuated by
isotope A, and @,(op) is the flux attenuated by isotope B.  Using isotope A (for example, **’Pu) in the

scattering target (as shown by G,) makes the self-absorption measurement sensitive to only isotope A.

%Py in the beam path, and measuring the decrease in the

which can be observed by placing a target of
scattering rate. The self-absorption method is insensitive to the target geometry, and chemical
composition, making it well suited for assaying the melted fuel at Fukushima as it will have a complex
composition, and the size and shape is likely to be ill-defined.

In a self-absorption measurement, the beam first traverses the melted fuel where states in %

u
selectively absorb y rays (Fig. 2). The beam continues to a shielded measurement location, and intersects a
mono-isotopic *’Pu scattering target. The scattered radiation is measured by an appropriate detector
array. The beam flux is monitored to normalize for attenuation from atomic scattering. The normalized

scattering intensity decreases proportionally to increasing amounts of >**Pu in the fuel.
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Self-absorption measurements using a y-ray beam can be split into three scenarios based on the
measured signature: self-absorption of a discrete state, IRT using NRF, and IRT using photofission. A
self-absorption measurement of a discrete state requires HPGe detectors so that the scattered radiation
from the individual state is resolved.

The integral signal of IRT using NRF method uses all resonances within the energy window of the
beam, including weaker states that are not resolvable with current HPGe detectors. To ensure the integral
signal is the scattered radiation from nuclear resonances, and not background, the IRT method requires a
quasi-monoenergetic y-ray beam. The integral signal enables the use of cheaper scintillator detectors
which are more efficient, improving the measurement time.

IRT with photofission using a quasi-monoenergetic y-ray beam uses all photofission resonances in the
energy width of the beam to assay “’Pu. It effectively eliminates all y-ray background if a detector
sensitive only to the photofission signature is used. Photofission has the additional advantage that it can
be used with low duty-cycle, high-flux quasi-monoenergetic y-ray beams, such as wakefield accelerator
sources [4]. The photofission neutrons are measured using a 4m composite array of neutron detectors,
and/or the **°Pu target may be itself in a fission chamber. Assaying *’Pu by directly measuring neutrons
from photofission induced in the melted fuel is not possible.

3. Calculations

Calculations for assaying **’Pu using self-absorption assumed a large fragment of melted fuel the
thickness of a typical BWR assembly. The melted fuel was assumed to be UO, with 1% **’Pu by mass.
The incident flux and beam profile are from the estimated performance of a next generation
quasi-monoenergetic photon source, the compact energy recory linac (cERL) [5]. Nuclear physics
parameters were estimated from complied libraries, and recent experimental results [6,7]. A
measurement time of 8 hours was chosen, as was a scattering target of 1 cm thick metallic **°Pu.

Calculations were done for the three scenarios (Fig. 3) [8]. Measuring discrete resonances assumed a
HPGe detector array and a beam energy of 2.4 MeV, IRT using NRF assumed scintillator detectors and 2.4
MeV, IRT using photofission assumed moderated *He detectors and 5.6 MeV. Using a discrete

239
1

resonance or photofission produced a similar uncertainty in final “”Pu mass of between 2-3% in 8 hours.

3.5% -

489py Mass Uncertainty
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Figure 3: Uncertainty of ’Pu mass in melted fuel after 8 hours of measurement, compared for three

techniques. The IRT using scintillator detectors achieves the lowest uncertainty in 8 hours of about

239

0.1%. This corresponds to assaying the “°"Pu to 1% in under 10 mins.
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2Py to about 0.1% in 8 hours, or 1% in less than 10 mins.

IRT using NRF can assay the
4. Conclusions

The IRT method improves assay times of ***Pu in melted fuel, and overcomes problems associated
with directly measuring scattered radiation from the fuel. With the IRT method using NRF it may be
possible to assay %Py in large fragments of melted fuel to 1% in under 10 min using the cERL next
generation y-ray source [5] according to calculations [8]. Photofission can be used to assay **’Pu using

the IRT method, and enables using future light sources which may have a high flux but low duty cycle.
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3.9 Latent Tracks in Polymeric Etched Track Detectors

Tomoya YAMAUCHI

Graduate School of Maritime Sciences, Kobe University

Track regisitration properties in polymeric track detectors, including Poly(allyl diglycol carbonate),
Bispenol A polycarbonate, Poly(ethylen terephtarate), and Polyimide, have been investigated by means of
Fourie transform Infararede FT-IR spectrometory. Chemical criterion on the track formation threshold has

been proposes, in stead of the conventional physical track regisitration models.
Keywords: Latent Track, Etched Track Detector

1. Introduction

The Etched Track Detector is a sort of passive radiation detectors, which record the trails of energetic
proton and heavy ions, depending on each track registration property [1-3]. Any dielectric materials can be
an etched track detector in principal. Among them, poly(allyl diglycol carbonate) (PADC) based polymers,
usually called under the trade name of CR-39, are well recognized as the most sensitive etched track
detector [4], which can record proton tracks at energies around 20 MeV under the suited conditions. The
CR-39 has been utilized in the laser-driven ion acceleration experiments [5-8]. By stacking the CR-39
sheets and following up the etch pit evolution during chemical etching, one can evaluate the particle
energy even if it has enough energy to pass through the single sheet and achieve higher energy resolution
within 100 keV [7]. The etched track detectors have many fields of application. On the other hand, our
knowledge on the latent track structure in polymeric material, including CR-39, is still limited [9]. In the
following, a brief review is given about recent studies by my colleagues and me on the latent track
structure in PADC, Bispenol A polycarbonate (PC), Poly(ethylen terephtarate) (PET), and Polyimide
Kapton [10-13].

2. Etched track detector and physical stopping parameters
(A) (B)
Charged particle path

B 1
Original Surface — —* ————— e e rer it

v
Etched Surface S AL
? le l\-"l

Radiation damage

\

Chemical etching

Fig.1 Etch pit formation process (A&B) and photo of etch pit (4.0 GeV Fe ions).
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Figure 1 expresses etch pit formation process and typical opening mouths of etch pits of 4.0 GeV Fe
ions under an optical microscope. The smaller pit in up-right side should be for a fragmented lighter ion
and that in low-left side with brighter base should be for a scattered ion with lower energy. When the ion
has passed through the detector, radiation damage will be remained along the trail, called latent track (A).
Generally speaking, the original structure is disordered and the local density is reduced along the latent
track. The structure and spatial distribution of radiation damage depend on the charge Z and speed [ of
the ion. When the disordered region was removed by chemical etching faster than the original region, the
etch pit will be formed (B). The etch rate along the latent track is called track etch rate V/, and that at the
original surface is called bulk etch rate V,. The etch rate ratio V' =V, /V, and the reduced etch rate ratio
V' —1 are used to express the sensitivity of the track detector. The etch rate ration must be a function of
the charge and speed of ions:

V= f(Z.p). (0
This relation is not so amusing from the viewpoint of radiation measurements, because one cannot identify

the charge and speed of ion which had produced the etch pit.

< 0.95

Relative absorbance A/A

0.9
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085 I"'| —8—2021 keV/pm . hEN
— B -2451 keV/pm ‘ss#lz
----2988 keV/um S
~
0.8 1 1 1 1 h
0 2x10" 4x10" 6x10" 8x10" 1x10"

Fluence (ions/cm?)

Fig.2 Reduction of the relative absorbance of C=0 bond with the fluence of Si ions.

Several universal stopping parameters have been proposed and disappeared to express the response of
each track detector. The stopping power is not such a universal parameter. Different ions with the identical
stopping power have the different etch rate ratio from each other. The Restricted Energy Loss (REL) has
been developed and utilized as the best universal parameter for polymeric etched track detectors, in which
higher energy components of secondary electrons are regarded as less contributable for track formation
than a certain cut-off energy @, [14]. In the case of CR-39, the appropriate cut-off energy was
determined as @,=200 eV, based on the experiments under various irradiation conditions from proton to
Xe ion [15]. As an experimental parameter, REL is useful and really helps CR-39 to be an excellent track
detector in application fields. The ion explosion spike mechanism was proposed for the track formation in
dielectric detectors, including polymeric materials, using the value of primary specific ionization (PI),

which is considered as the number of ions formed per unit distance along the particle path [16]. However,
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any possible values of the ionization energy of outer electron of CR-39 polymer have not been found,
which will work as a single parameter to fit the value of PI on the experimentally obtained thresholds in
this model. In our recent study, we found the both conventional track formation models of REL and PI

failed to predict the track registration behavior in Kapton.

10 ‘ ‘
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4
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Stopping power (keV/um)
Fig.3 G values for the loss of carbonyl C=0 in PET, PC and PADC as a function of the stopping power.

Indicating symbols show the threshold for the etchable track formation for each polymer.

3. Chemical damage parameters and chemical criterion
My colleagues and I have been conducting the fundamental studies on the latent tracks in polymeric
detectors by means of Fourie transform Infararede FT-IR spectrometry. The applicability of FT-IR was
demonstrated firstly for cellulose nitrate CN, indicating significantly large radiation chemical yield, G
value, for loss of glycosidic bonds at low stopping powers where CN could not record any etchable tracks
[17]. This implies that we need to find the key phenomena in the latent tracks what makes it etchable.
Figure 2 shows the decreasing trend of the relative absorbance A/A,, which is the ratio of the net
absorbance of carbonyl after the irradiation A to the original absorbance A, as a function of fluence of
Si ions, for three films different in depths and the averaged stopping power. The upper data set corresponds
to the top surface, and the middle set corresponds to the 7th film in the stacks. The lowest data set
corresponds to the 12th film, presenting the result at the Bragg peak. As shown clearly here, the slope is
sensitive to the stopping power. We found that the observed trends are expressed well by the following

experimental formula against the ion fluence F':

A/4, =10, F, @
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where o, is an experimental constant in units of cm’. This constant means the removal cross section or
the effective track core cross section in which carbonyl bonds were lost. In the region of fluence where the
overlapping of tracks was negligible, the relative absorbance is equivalent to the survival fraction of
carbonyl bonds N /N, that is the ratio of density on the bond after the irradiation N, to that of original
density N,. Similar discussions are valid for other chemical functional groups, such as the ethylene group
and phenyl ring. The following evaluations are based on the value of o, for each combination of ion
species, ion energy, considering functional group, and type of polymeric film. Based on the removal cross
sections, we can attain some chemical damage parameters, like track core radius and G value.

The G value for the loss of carbonyl bonds, C=0 bonds, in PET increases step-likely at the stopping
power of the threshold for etch pit formation, as shown in Fig. 2(a). The corresponding track core radius
was almost equivalent to the distance between two adjacent ester bonds in PET, indicating the breaking at
the two adjacent C-O bonds can be resulted in the rapid increment of the G value and the etchable latent
tracks. The G value in PC is independent of the stopping power, including gamma ray from Co-60 with
averaged LET of 0.4 keV/um [12]. But we have found the step-like raise of G value for loss of methyl
groups and phenyl rings that are sandwiched by two adjacent carbonate ester bonds at the stopping power
corresponding to the threshold for pit formation indicating by the arrow in Fig. 3(b). The similar relation
has been also confirmed between the track core size and the distance between the adjacent most
radiosensitive bonds also in PADC [11]. Our resent study on Kapton also supports this view.

We are proposing a novel criterion for etchable track formation in chemical form, which insists
etchable tracks will be formed when two adjacent C-O bonds were broken in tack radial direction in ether,
ester, and carbonate ester in PET, PC, PADC, and PI.
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Study on Peak Intensity Dependence of
Proton Beam Bio-medical Irradiation
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Based on the report about the capability of DNA double strand break by Yogo et al., we are now
planning a study of peak intensity dependence on proton beam bio-medical Irradiation. Electron cooled 7
MeV proton beam from S-LSR is expected to provide ~ 5x10° pps with the pulse width of ~4 ns (20) and
energy spread of less than 1 %. A vertical beam irradiation port of the fast extracted beam is now under

construction at S-LSR to realize an irradiation on bio-medical cells kept in a breeding liquid.
Keywords: Electron Cooling, Bio-medical Irradiation, Fast Extraction, Very Short Pulse Duration
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Fig. 1. Measred beam quality.
(a) Time structure of the two bunches fast exstracted at the same cycle after phase rotation applied following an electron cooling ,
(b) and (c) are horizontal and vertical beam sizes before (red coloured) and after (blue coloured) electron cooling, respectively.
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Effect of the Plasma Channel on Frequency Up-Shift of Intense Laser Pulses
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Quantum Beam Science Directorate, Japan Atomic Energy Agency

When an intense laser pulse is focused in tenuous gas, the pulse blue-shifts by optical-field ionization
and relativistically self-focuses forming a plasma channel. Since the blue-shift changes the critical power
of the self-focusing, the plasma channel length can be limited. This mechanism results in the fixed amount
of blueshift.

Keywords: Laser-plasma Interaction, Frequency Blueshift, Relativistic Self-focusing

1. Introduction

Laser-plasma interaction includes a lot of physics, which are quantum beam generation, laser
self-focusing, frequency shift, etc. The frequency blueshift has two mechanisms, which are ionization
blueshift [1-3] and photon acceleration [4,5]. The ionization blueshift occurs due to a frequency shift at the
boundary between neutral gas and plasma. It occurs in an ionization front. The ionization blueshift is
independent of the interaction length and the laser intensity. Photon acceleration is a frequency blueshift in
a plasma wake wave. The shift depends on the interaction length, the plasma density, and the laser intensity.
From experimental results, a fixed blueshift has been observed [1]. When the target gas is changed, the
parameters of ionization should change. Nevertheless, the spectrum of the transmitted laser light was the
same, even though, the target gases were different.

In addition, relativistic self-focusing is one of the important physics for laser-plasma interaction [6].
When the laser power is high enough, the laser pulse self-focuses. The critical power, P, is P, = 16.2
(o /a),,)2 [GW], where @, = (47 n, ¢’/m,) is the plasma frequency, @, is the laser frequency, and n, is the
plasma density. The self-focusing is related to n, and @y. The plasma channel is produced in a balance
between focusing and de-focusing.

In plasma, the laser pulse is self-focused with frequency blueshift. The plasma channel ends when the
laser power becomes smaller than the critical power for the self-focusing. In this paper, the effect of the
frequency blueshift of the laser pulse in the plasma channel is studied in order to elucidate the fixed

blueshift and the plasma channel length limitation.

2. Experimental setup and condition

The experiments have been performed with a Ti:sapphire laser system at the Japan Atomic Energy
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Agency (JAEA) - Advanced Photon
Research Center (APRC) named JLITE-X
[7]. The laser pulses with 200 and 133 mlJ
energy are focused onto a 3-mm-diameter
helium gas-jet by an off-axis parabolic
mirror (OAP) with the focal length of 646
mm (f/22). The 1/e* diameter of the focal
spot is 32 um. The energy concentration
within this region is 60%. The pulse width of
the laser pulse, 7, is 40 fs. The estimated
peak irradiances from the measurement data,
Iy, are 7.5 x 10" and 5.0 x 10" W/em® in
vacuum corresponding to a dimensionless
amplitude of the driver laser fields ay = 0.6
and 0.5. Figure 1 shows the spectrum of the
transmitted laser light. The spectrum shifts

with the interaction length, L.

3. Experimental results and discussion
The frequency blueshift has two
mechanisms, ionization blueshift and photon
acceleration. The ionization blueshift is
independent of the interaction length and the
laser intensity. The photon acceleration
depends on the interaction length, the
plasma density, and the laser intensity.
Figure 2 shows the peak value of the
spectrum of the transmitted laser light. The
first shift of 50 nm at L = 0 is the ionization
blueshift. It is independent of the interaction
length and the laser intensity. The spectrum
shift is increasing with L. The shifts are
proportional to L and depend on the laser
intensity. These should be caused by the
photon acceleration. The shifts are saturated
when L >1.9 mm. The shifts may finish due

to the ending of the plasma channel.

In the interaction, the laser power decreases due to the plasma generation by the laser pulse. The laser
spectrum blueshifts due to (i) ionization blueshift and (ii) photon acceleration. These effects change P,, and

the transmitted laser power, P. The plasma channel ends when P < P, due to the end of the relativistic
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Fig.2 The peak value of the transmitted laser spectrum.
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first shift of 50 nm at L = 0 is the ionization

blueshift. The spectrum shift, which is increasing

with L, is the photon acceleration.

_47_



JAEA-Conf 2013-001

self-focusing. Figure 3 shows the relationship

between the transmitted laser power, P, and the
critical power, P.. P. is calculated from the

plasma density and the measured transmitted

laser spectrum. When 7, is less than 1.5 x 10"
cm”, the laser pulse has no self-focusing due to Expected critical power
low plasma density. When #, is between 2.0 x
10" ¢cm™ and 4.0 x 10" cm'3, the difference of P

and P, is caused by the scattering of the laser

Laser Power [TW]

pulse by gas after the plasma channel ends. When i
the plasma density is high enough, the plasma | | Transmitted power ]
channel continues to the end of the gas-jet. When 0 11072107 310" 410" 5107 610"

n, is higher than 4.0 x 10" cm™, P is in good Plasma Density [cm ]
Fig.3 Relationship between the transmitted laser

agreement with P, because the plasma channel

continues to the end of the gas-jet. These results power, P, and the critical power, P, at 133 mJ of

show that the laser pulse in plasma is blueshifted the laser pulse energy. P, is calculated from the

and the plasma channel length is limited due to plasma density and the measured transmitted

the spectrum shift. In addition, the blueshift stops laser spectrum.
when P < P,,. The blueshift is also limited due to

the stop of self-focusing, and the spectrum of the transmitted laser light is fixed.

4. Conclusions

We observe two types of the blueshift, (a) ionization blueshift and (b) photon acceleration. The intense
laser pulse produces a plasma channel due to the self-focusing. The plasma channel corresponds to a
balance between the self-focusing and defocusing. In the channel, the laser power decreases and the
frequency is blueshifting. When P < P,,, the balance is broken and the plasma channel disappears. The end
of self-focusing limits the length of the plasma channel and fixes the spectrum of the transmitted laser
light.
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4.3 7790y b—V—RiEICLXVERBHBF—7 v FOEFIZ

B Sz R EE THz B
High-power Terahertz Radiation from the Back of Metal Foil Target

FlG S
KRBTSR R T gest
Shigeki NASHIMA
Department of Applied Physics, Graduate School, Osaka City University

We observed intense terahertz (THz) waves from the back of Ti foil target excited by tabletop
terawatt laser system. Experimental results demonstrated that radiation efficiency was drastically increased
with laser power ant its polarization characteristics of THz waves from the back of Ti foil target was

parallel to the incident plane.

Keywords: Terawatt Laser, Terahertz (THz) Radiation, Laser Plasma
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Fig. 1. Schematic diagram of experimental set-up
used for THz generation and detection.
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Fig. 2. (a) Radiation power characteristics vs laser
pulse energy. Dashed lines show curve fittings as
a function of power of a number for laser pulse
energy. (b) The open circles represent detected
THz signals obtained by rotating the wire grid in
front of the detector clockwise in the radial
direction. The solid line represent the sinusoidal
curve fittings.
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Splash Plasma Channels for Wave Guided Laser Wakefield Acceleration

A GfiE!, AHE FDE 2%, 48 fi—2°  Alexei Zhidkov 2%, HF EME L, i (20
PREF PR, VEH OB, MR OEBRY A A, MR BT A Bkl
S.V.Bulanov *, RE T#h ">
NP N AR
PRBRR TR o 2 —,
UMSEATEOE AR A E IR B (JST, CREST),
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Yoshio Mizutal, Tomonao Hosokai*? ,Shinichi Masuda®’ , Alexei Zhidkov*’ , Keigo Makitol,
Nobuhiko Nakanii**, Shohei Kajino', Akinori Nishida', Masaki Kando®, Michiaki Mori*,
Hideyuki Kotaki®, Yukio Hayashi’, S. V. Bulanov* and Ryosuke Kodama'*?

'Graduate School of Engineering, Osaka University, “Photon Pioneers Center, Osaka University,
*Japan Science and Technology Agency (JST), CREST, *Kansai Photon Science Institute, Japan Atomic
Energy Agency, Institute of Laser Engineering, Osaka University

The use of plasma channels in the laser wakefield acceleration(LWFA) provide a controllable
self-injection that results in production of higher quality electron bunches. We have demonstrated
generation of quasi-monoenergetic, hundreds MeV electron beams with excellent emittance and stability
by channel guided laser wake field acceleration. However, the parameters of the channels could not been
characterized. In this study, short-lived, ~10 ps, deep plasma channels(splash plasma channels), with their
lengths of several hundred micrometers and diameters of ~20 um, are observed and characterized in argon
gas jets irradiated by moderate intensity, ~10">'® W/cm?, laser pulses with duration from sub-picosecond
to several picoseconds.

Keywords: Laser Wakefield Acceleration, Plasma Channel, Wave Guide
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Fig.1 Experimental setup:

Imaging Lens

(a)An outline of the experimental setup, (b) Third-order autocorrelation trace of the driving laser

3. EBERERIFA=F ¥ RNVER)
Fig.2 \ICFEBR TELNTZ T ITATF ¥ VIO T 2R T,

Gas jet boundar *13"{ =
[ 77 | Delay ti a
i - |- Froual 1
[ -l ; ] 0.1
E L == RIS "
—_— [ ] 5 1 :\[\/Y\/\lj
w 3 T 2
= ' £ E 01
g b © 0.01 1 L :
_ i § 10 ——
X 180 ‘ |” =t 5 (© ]
: &
0 F'“ \:'-' F L !- ]
+aso MM A 3 A—BC0
1 a —— %100 -s;o u s;o 100
Z-AXis [um] 01 2 3 4 5 6x10%cm? Radial position [m]

Fig. 2 Plasma channel for the laser power P=0.3 TW
(the pulse energy 90 mJ and pulse duration 0.3 ps)



JAEA-Conf 2013-001

L —F—XK DL NG AD > THEITT 5, L —H—D L RMEIL 300 5 THD, LB T TA~D
FUWFHIR CTHIZTHFHRE T LT RGO N7 T A~ DB E S ThD, TNEhl —3—n
BRI SN 7T X~ DA RS IEED TO5 1ps, 3 ps, b ps, Ips DO THD, 2. MHF O S
IIHTALEZEDE R ThD, RIVR— RO T TX<RNTET(1 ps) oL —F —N@0imE5E T
L—W—fil G T TR F ¥ R EEB IR L TOSERF A2 RDHZENTED, Fr /L4 13
pum THY | L—HPF—DHERI/NIN, Flo, Fr /b DESIE 600 um ThDH, ik, KEBRTOL
— P —DL—J—£(186 um)D 3.2 {5 TH D, Fig.2 DT T713F ¥ FNOEIF O T 07 74 )V a5
LTHY, (a)~ () IFFEN 9 ps TOEESMICEITDH A, B, CIZXIELTWD, Fig.2 D7 FX<F ¥ %
JUA9 pINTIUN TR RE 1T 4.9x10" W/em? THY AR FE1E 1.0x10" W/em? ThD, 2Lk, LS
NIZ T TR T ¢ RNV DEEFE TR K TR 50 fFIZHEET HENIZEN T 0D,

AT TGV aT TR F Y RNFERA =X LDE LR
ERIVEONTZ T TATF v RIVNEDIANTEREN T E E LT 5,

60 T T T = 60 . 1 1 I
s0 | @ {€ 50 * (b)
= @©
i 40 | -é 40 | .
& 30 [ 4% 30} J
4] [0]
E 207F 40 20 | -
& j B
2 10 4< 10F i
0 / 1 1 L (.-Cc: 0 £ 1 L 1
o / 2 4 6 0 2 4 6

Pulse Duration [ps]
5 =93x10"4 11, [eV]

Ponderomotive potential [eV]

3 4 5 6 7
Pulse Duration[ps]

Fig.3 Plasma channel parameters

(a) Channel diameter (b)Channel depth(max/min plasma density) (c¢) ponderomotive potential
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Steering of Electron Beams from Laser Wakefield Acceleration
via Transient Plasma Micro-Optics
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H. Nakaharal, T. Hosokai2’3, S. Masuda2’3, N. Nakanii*? LY. Mizutal, S. Kajinol, K. Makitol,
A. Zhidkov*? , M. Kando4, S. V. Bulanov® and R. Kodama'*?
! Graduate School of Engineering, Osaka University, “Photon Pioneers Center, Osaka University,
? Japan Science and Technology Agency (JST), CREST,
* Kansai Photon Science Institute, Japan Atomic Energy Agency (JAEA),

*Institute of Laser Engineering, Osaka University

Laser Wakefield Acceleration(LWFA) has a potential for generating high charge, low emittance,
ultra-short electron bunch. Until recently well-collimated electron beams are successfully generated with
excellent stability due to the control of the drive laser pulses by Transient Plasma Micro-Optics(TPMO).
However, the electron beam has thermal energy spread because electrons are generated by wave breaking
process. We plan to improve the energy spread of the beams with phase rotation in further Laser
wakefield. In this staged acceleration scheme, the electrons must be injected into the correct phase-space
of further stage. We steer the electron beam direction for controlling of injection position by the TPMO

produced in external static magnetic field.
Keywords: Laser Wakefield Acceleration (LWFA), Transient Plasma Micro-Optics (TPMQO)
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Fig.1 Change of the pre-plasma by the existence of external magnetic field

50mm

Fig.2 Electron beam profile and repeatability[1]
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4.6 Quantitative Ka Line Spectroscopy for Energy Transport in
Ultra-intense Laser Plasma Interaction

Z.Zhang !, H. Nishimura !, T. Namimoto !, S. Fujioka !, Y. Arikawa 1, M. Nakai 1, T.
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Nishikino 4, T. Kawachi 4, A. Sagisaka 4, H. Hosoda !, S. Orimo 4, K. Ogura 4, A. Pirozhkov 4,
A. Yogo 4, Y. Okano 5, H. Kiriyama 4, K. Kondo 4, S. Ohshima 1.6 and H. Azechi !

1. Institute of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
2. National Institute for Fusion Science, LHD, High Temperature Plasma G. 322-6 Oroshi Toki, Gifu
509-5292, Japan
3. Lawrence Livermore National Laboratory, Livermore, California 94550, USA
4. Quantum Beam Science Directorate, Kansai Photon Science Institute, JAEA, Kyoto 619-0215, Japan
5. Laser Research Center for Molecular Science, Institute for Molecular Science, National Institute of
Natural Science 38  Nishigo-Naka, Myodaiji, Okazaki 444-8585, Japan
6. Pioneering Research Unit for Next Generation, Kyoto University, Uji 611-0011, Japan

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Absolute Ka line spectroscopy is proposed to study laser-plasma interactions taking place in the Au
cone-guided fast ignition targets. A transmission-type Laue spectrometer was developed for this purpose.
X-ray spectra ranging from 20 to 100 keV were quantitatively measured with a Laue spectrometer
composed of a cylindrically curved crystal and a filter-absorption method for Bremsstrahlung continuum
emission. Applying the hot electron spectrum information from electron spectrometer or scaling laws,

energy transfer efficiency of incident LFEX, a kJ-class PW laser, to hot electrons was derived.
Keywords: X-ray Spectroscopy, Laser Plasma Interaction, Hard x-ray, Fast Ignition

1. Introduction

Fast ignition is recognized as a promising pathway to efficient thermonuclear fusion in laser-driven
inertial confinement fusion. A cone-guided CD-shell has been used as a base-line target for the fast
ignition experiment [1]. It has long been expected to provide more quantitative information about the hot
electron generation and transport in the cone than those derived only with x-ray imaging and neutron
detection. In this research, we propose an absolute Ka line spectroscopy dedicated for quantitative
measurement of hot electron generation and transport in the high-Z target. This diagnostic pro- vides local
information about the hot electrons propagating through specific materials composing the cone-guided
target.

In this study, Au and Ta were chosen as tracer since they are representative highest-Z materials which
are available for the guide cone, thus better matching with MeV-hot electrons than lower-Z tracers such as

Cu.
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2. The Laue spectrometer

A Laue spectrometer was developed to cover high energy range from Mo (Ka1: 17.48 keV, Kap: 17.37
keV) to Au (Ka: 68.80 keV, Kap: 66.99 keV) Ka lines. As shown in Fig. 1, the spectrometer consists of a
cylindrically curved Quartz (10-11) and detectors. The detector can either be an imaging plate (IP) from
Fuji film or a charge coupled device (CCD) with a fiber-optic plate coated with a Csl phosphor of 100 um
in thickness. The Quartz plate is bent with a radius of 170 mm in such that the diffracted x-rays are
focused once at the intermediate slit. X-ray components propagating in a straightforward manner are
prohibited irradiating the detector directly with a lead pinhole plate located in front of the crystal and a pair
of lead shields located at the intermediate x-ray focus. To avoid influence of hard x-rays from plasma on
output signal, whole body of the spectrometer and the detector are covered with lead shields. This
Cauchois geometry effectively discriminates 0™ order component, stray x-rays and fluorescence from
spectrometer components such as filters. By varying the distances from the crystal to the source and
detector, this spectrometer can cover the energy range of either 10-60 keV (Type-I set) or 30-100 keV
(Type-II set) (see Fig. 1 for details).

232 mm
3590 man 68 mm | Typel
Laue Crystal ‘ Ao
X-ray Source 4 S
K a
Pb Pinhole Pb sit (interme. focus ) !
00 645 i
[ Type |
A 240 i

Fig.1 The basic setup of Laue spectrometer

Absolute sensitivity for the Type-I set was measured [2] at J-KAREN laser system at Japan Atomic
Energy Agency, Kansai Photon Science In- stitute [3]. This system delivers a laser pulse of 800 nm in
wavelength, 1.8 J in energy and 58 fs in duration. The pulse contrast ratio was typically 10—11. An 1/2.67
gold-coated off-axis parabolic mirror was used to focus a p-polarized laser beam at an incident angle of
22.50 relative to the target nor- mal. 100-um-thick Mo and Ag planar targets were mounted on a motorized
translation stage. The laser focal spot size was varied with translating the target along the laser beam to
change laser irradiance intensity while keep the energy consistent. The absolute yield of Ka x-rays was
measured with a pre-calibrated back-illuminated x-ray CCD operated in a single-photon counting mode.
The calibration for the Type-II was taken out with radioisotopes. The line emission at 59 keV from **'Am
(370 kBq), and 77 keV from 226Ra (3.7 MBq) were used.

Diffraction efficiency for the Quartz crystal was derived with XOP code assuming the Takagi-Taupin
model. Figure 2 shows the com- parison result. The solid line represents the product of calculated

diffraction efficiency and spectral sensitivity of Csl. Absolute sensitivities calibrated with laser produced
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Ka lines and that for a radioisotope are respectively shown with triangles and a circle.

5 T T T T T T T T T T

CCD counts (x10¥(photon/sr))

0 20 40 60 80 100

Photon energy (keV)

Fig.2 Overall sensitivity of Laue spectrometer system with CsI/CCD detector. The solid
line represents a product of spectral sensitivities for the crystal and CsI/CCD. Experimental

data points are also plotted for comparison.

3. Ko line measurement and transfer efficiency estimation from fast ignition plasma

The absolute yield of Au Ka line was measured in the fast ignition experimental campaign by using
Gekko XII and LFEX lasers at Institute of Laser Engineering, Osaka University [4]. There were three
kinds of targets measured: Au planar plate, Au-cone with CD shell, and Au-cone with CD hemi-shell
attached with a Ta plate.

The transfer efficiency estimation was based on the model of Ka yield from hot electrons:

e = A0 [ " (E)x [ | () D7)
A mfp
where ox,, wk,, and ny are, respectively, the cross section for K-shell ionization, the Ko fluorescence yield,
and the atomic number density. The term exp(-x/(4,pc0s(6))) describes the re-absorption of Ko photons
during the propagation through the target material where 0 is the angle between the spectrometer and target
normal. f; is the hot electron energy distribution function which can be measured by electron spectrometer
(ESM) or inferred from scaling laws.

Figure 3 shows a typical Au Ko and KB spectra obtained by the Laue spectrometer. The 1% order
diffraction lines were observed symmetrically on both sides, and the bright spot on the center is the 0"
order pinhole image.

In the case of Au planar plate, the #7; was measured as a function of laser intensity, while for the
Au-cone guided targets, there was 1 data for each kind. The #7gs are summarized and plotted in Fig. 4. As
a general trend, the 77z is increased with laser intensity and a significant enhancement is achieved by

applying the guiding cone.
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Fig.3 The Au Ka and K lines from the Laue spectrometer.
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Fig.4 The ny as a function of the laser intensity for three kinds of targets.

4. Conclusion

Ko line spectroscopy, particularly for hard-x-ray region, has been proposed for quantitative
measurement of cone-guided fast ignition targets. The Au and Ta Ka line from the Au-cone guided target
was observed and energy transfer efficiency was provided as a preliminary study. Compared with the
planar geometry, the LFEX laser transfer efficiency is significantly enhanced with a Au-cone. In near
future, absolute measurement of hard x-ray continuum will be made together with that of the Ka line to
improve accuracy of energy transfer measurements in the cone-guided fast ignition targets. Furthermore,
detailed analysis with a hybrid modeling, namely combination of particle-in-cell (PIC) code and
hydrodynamic code, will be made for Ka yield to improve understanding of hot electron generation,
transport and deposition in the cone-guided target.
BE W
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[2] Z.Zhang, et al., Opt. Exp., 19 pp. 4560-4565 (2011)
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Efficient Proton Acceleration using Coulomb Explosion and RPDA of a Target

SFH FIE . Sergei V. BULANOV, James KOGA
MSIATEGEN B/ WFFEB s et &1 v — DS HARFEET
Toshimasa MORITA, Sergei V. BULANOYV, James KOGA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Ion acceleration by irradiating a hundred TW laser pulse on a foil target is examined using
three-dimensional particle-in-cell simulations. We show higher energy protons can be obtained by using a
“light” material for the target. Since a strong inhomogeneous expansion of the target occurs due to its
Coulomb explosion, and movement of the target occurs by RPDA. These lead to a time-varying electric

potential which efficiently accelerates protons.

Keywords: Ion Acceleration, Laser Plasma Interaction, Particle-in-cell Simulation
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Percolation Model of the Non-uniformity of Plasma and Discharge
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Akira SASAKI

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Non-uniformity of the plasma and discharge, which has an impact on the performance of light sources,
is investigated. The complex spatial temporal behavior of the dishcarge is shown to be reproduced using

the percolation model, from the initial pre-discharge activity to the growth of the stepped leader.

Keywords: Plasma, Ddischarge, Structure Formation, Simulation, Percolation
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Fig. 1 Calculated temporal and spatial evolution of discharge current (upper pictures) and electric field
(lower pictures) for a discharge between needle and plane electrode, showing initial partial discharge

activity near the needle electrode, and subsequent growth of the stepped leader.
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Fig.2 An example of temporal development of discharge current showing breakdown near 12ns (a),
and the breakdown time as a function of ionization rate shown by the equilibrium population of
ionized region in the discharge medium showing its threshold behavior (b).
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Observations of Surface Modifications Induced by Soft X-ray Laser Pulse
Irradiations
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To study the interactions between picosecond soft x-ray laser (SXRL) beams and material surfaces,
aluminum (Al), gold (Au), copper (Cu), and silicon (Si) surfaces were irradiated with SXRL pulses.
Following irradiation, the surfaces of the substrates were observed using a scanning electron microscope
and an atomic force microscope. The surface modifications caused by the SXRL beam were clearly seen.
With single pulse irradiation, the ablation holes and the conical structures were formed on the Al surface,
and the ripple-like structures were formed on the Au and Cu surfaces. On the Si surface, deep holes that
seemed to be melted structures induced by the accumulation of multiple pulses of irradiations were found.
Therefore, it was concluded that SXRL beam irradiation of various material surfaces causes different types
of surface modifications, and the changes in the surface behaviors are attributed to the differences in the

elemental properties, such as the attenuation length of x-ray photons.
Keywords: Soft X-ray Laser, Multiple Pulse Exposures, Nanomodification, Nanostructuring

1. Introduction

The development of new techniques for producing nanostructures is important in the fields of
nanoscience and nanotechnology. Optical lasers having picosecond and femtosecond durations have been
shown to be effective tools for producing nanostructures via deposition from the plume of ablated
materials. Additional advantages for surface modification are expected with an irradiation using a soft
x-ray laser (SXRL) beam, and we studied the ablation property of LiF crystal experimentally and
theoretically [1, 2]. Our experiments revealed that the value of ablation threshold obtained with the
focused SXRL beam pulse was much smaller than those obtained with other lasers having longer pulse
durations and/or longer wavelengths. In addition, we found that the conical structures were formed on Al

surface by an irradiation of a low fluence of the SXRL pulse [3]. Hence, we are interested in investigating
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the interactions between the SXRL beam and materials, particularly with respect to the surface
modifications induced by the relatively low fluence pulses. Herein, we report a systematic experimental
study of the surface modifications resulting from the interactions of both single and multiple SXRL pulses

in order to confirm the development of the modified structures.

2. Experiment

To study the interactions between the SXRL beam and material surfaces, we irradiated the focused
SXRL pulses to aluminum (Al), gold (Au), copper (Cu), and silicon (Si) surfaces [4]. The SXRL beam
irradiation experiment was carried out by use of the SXRL facility at Japan Atomic Energy Agency. The
SXRL beam pulse, which had a wavelength of 13.9 nm, a duration of 7 ps, and an average output energy of
about 200 nJ, was focused on the sample surface by using a Mo/Si multilayer coated spherical mirror. Zr
filter was placed in front of the spherical mirror in order to reduce the scattered optical radiation from the
plasma mediums. After the irradiation, the surfaces were observed by use of a visible microscope, a
scanning electron microscope (SEM), and an atomic force microscope (AFM). The details of experiment

process were described in the previous paper [3, 4].

3. Results and discussion

Figures 1(a)-1(c) show the SEM images of the irradiated Al, Au, and Cu surfaces after a single pulse of
irradiations using the SXRL beam. Figure 1(d) shows a SEM image of the modified structure on the Si
surface induced by the accumulation of 10 shots of the SXRL beam, because at the position where only a
single radiation pulse was used, no structures were detected.

In Fig. 1(a), it can be confirmed that the conical structures are formed around the ablated holes as
observed previous experiment. On the Au surface, as shown in Fig. 1(b), no ablated holes are present and
only ripple-like shallow structures can be seen. On the Cu surface shown in Fig. 1(c), ablated holes similar
to those seen on the Al surface are present. The modified area of the Au surface was essentially smaller
than those of the Al and Cu cases. It was estimated that the SXRL fluences in these areas were 20, 12 and
14 mJ/cm®, respectively. The ablated portions in the modified structures on the Al and Cu surfaces

correspond to SXRL fluences of 24 mJ/cm? and 30 mJ/cm?, respectively. These values are nearly the same

Figure 1 SEM images of the modified structures on (a) Al, (b) Au, (c¢) Cu, and (d) Si surfaces induced by
the SXRL beam irradiations.
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as those for the nanostructuring region on the Au surface. It is important to stress that these measurements
demonstrate that two different regimes for surface modification were observed. Nanometer-scale in depth
surface modification (not ablation) resulting from irradiation with the picosecond SXRL pulse appeared
under fluences of about 12, 20, and 14 mJ/cm® for the Al, Au, and Cu targets, respectively. More deep
modification of the surface has higher thresholds of ~24 mJ/cm® for Al and ~30 mJ/cm” for Cu.

On Si surface as shown in Fig. 1(d), the observed structures in the present study appear to be molten
structures. It can be seen that the structure observed on the Si surface is different from those for the Au, Cu,
and Al targets. Based on profile measurement by AFM, the depth of the holes was determined to be greater
than 600 nm, which is according to the attenuation length of the SXRL beam for Si is quite large (590 nm).
Unfortunately, the Zr filter was not inserted in the SXRL beam axis for the Si experiment, and thus, not
only the SXRL beam but also a portion of the rays from the plasma mediums, such as visible and infrared
light, were included in the beam pulses. The influence of the visible and infrared light from the plasmas on
the surface modification could not be determined. Therefore, this issue must be considered when
discussing the results for the Si target in this study.

It was concluded that the irradiation of SXRL beam to various materials causes different types of
surface modifications, and the variation of surface behaviors can be attributed to the differences in the

elemental properties, such as the melting points and/or the attenuation lengths for the SXRL beam.

4. Conclusion

We irradiated Al, Au, Cu, and Si targets with single and multiple pulses of an SXRL beam, and observed
the modified structures formed on the irradiated surfaces. The results obtained in this study will be
important not only for the pursuit of surface modification processes but also for the development of
applications of the SXRL beam. Furthermore, the obtained results may become a good benchmark for
experiments using x-ray FEL in the near future. Finally, many gaps in the understanding of ablation (or
damage) mechanisms induced by short pulse lasers remain. The present results may provide ideas for the

construction of theoretical models that might address these gaps.
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Spatial Resolution Measurement of ZnO Crystal as a Soft X-ray Scintillator
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We also demonstrate the potential of a hydrothermal method-grown ZnO as a high-spatial resolution
imaging device for in-situ soft X-ray laser diagnostics by characterizing the exciton emission patterns.
Spatial resolution of the magnifier was estimated to be 5 um and limietd by magnifier. This indicates that

ZnO might have sub-micron spatial resolution.
Keywords: XFEL, Fast Response Scintillator, Wide Bandgap Semiconductor
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Fig. 1 Schematic diagram of experimental setup.
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Fig. 2 Beam profile of the Soft X-ray laser obtained by analyzing the ZnO emission pattern.

_74_



JAEA-Conf 2013-001

Pattern size ( um)

FZP position (mm)

Fig. 3 Beam profile of the Soft X-ray laser obtained by analyzing the ZnO emission pattern.
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4. 11 JRHIRER X BRI H T AT L DFAZE

An Extension of Detectable Energy-range of SXES Spectrometer for Electron
Microscopes
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Soft X-ray emission spectroscopy (SXES) instrument for electron microscopes of EPMA/TEM with
an energy range of 50-3800 eV has designed and constructed. For extend the lowest and the highest
detection energy, an Au-coated new grating (50-200 e¢V) and a new multilayer-structure of W/B4C coated
one (1500-4000 eV) were designed and manufactured. Energy resolutions were 0.2 eV for Mg-L and 27 eV

for Te-La.. Software for elemental and/or electronic structure (chemical) mappings is also developed.

Keywords: Grazing-incidence flat-field optics, varied line-spacing grating, Li-K emission
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Fig.5 Emission spectra of Te, Pt, and Al;oPd;;Mn¢Si,
obtained in an energy range of 1.5-4 keV at the same

setting for the new multi-layer coated grating.
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4.12 Characterization of Cluster-gas Targets for Laser-driven lon
Acceleration
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An appratus for size evaluation of cluster-gas target in laser-driven ion acceleration was developed. The
angular distribution of light scattering from CO; clusters, which formed in the supersonic gas jet of CO,
and H, mixed-gas through the three-stage conical nozzle, were measured for irradiation with a second
harmonic (532 nm) of pulsed Nd:YAG laser. The data are analyzed based on the Mie scattering theory, and
the size of CO, clusters is distributed from 0.1 pm to 0.4 um.

Keywords: Cluster, Mie Scattering
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Fig. 2 (a) The angular distribution of light scattered
by the standard silica particles. The red, blue, and
green lines are fitting curves convolved with
(b) The size

distribution of standard silica particles estimated

lognormal size distribution.
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fitting values are together tabulated.
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Fig. 3 (a) The light scattering angular
distributions for the CO, clusters. They were
measured at 1, 3, and 6 mm from the nozzle exit
at the stagnation pressure of 6 MPa. The
polarization plane of the incident laser is
perpendicular to the scattering plane. (b) The
lognormal size distributions estimated from the

light scattering angular distributions.
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Dynamics of Femtosecond Laser Ablation of Fused Silica
Studied by Picoseconds Oscillation of Time-resolved Reflectivity

REH m2. AR I, A P, &8 B BRIl E
IRSTATEGE N B AR 7 WA &7 B — A0 HBFZEE
Takayuki KUMADA, Hiroshi AKAGI, Ryuji ITAKURA, Tomohito OTOBE and Atsushi YOKOYAMA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

We have observed an oscillation with ca. 60 ps-period in time-resolved reflectivity of fused silica
excited by a femtosecond laser pulse with fluence of 4.9-12.8 J/cm®. We consider that the oscillation is
caused by an interference between reflected probe pulses from front and rear surfaces of liquid-vapor (LV)
coexistence phase, which is not only expanded by thermodynamic homogeneous nucleation of gas bubbles,
but also separated into two dense layers by tensile stress wave. In spite of great difference in bandgap and
excitation energy, this feature of the ablation is very similar to that in metals, semiconductors, and organic

solid irradiated with a femtosecond laser pulse.

Keywords: Femtosecond Laser Ablation, Fused Silica

1. ELwic

L—P—IITIZ7 = AL —F—Z D& BVEMED B/ NRICENZ 7o @RS EE N AN FEBLT 5 [1],
FRIZ7 2 AN — =132 R TR 2 R LB SR T IELHY , ARD IR vy 7Y 10
eV IE<ICET DB MBI O TITIZRZEARER B U,

— T EBAMBIOT 7L — g NI E R ha— L R EE LW T A LY T A THH LA
LTS, SR ERD I E - (U 7) 8 I RA R R ICIERAT2DI125 LT, Zk1ih
REIZ LV AR A 5 | & 2T E M B CIE, b 5 B X7 T X~ IREh O BT 7 1 22 L 7o
BRI R (AT T AN T —IF ) LT T —rar a5 ST, TL—rF Ntk
STHERLEEEOX YT I3IEF IZE D= RNAX —E2 R O7DIC, FY VT PO RNAF—52H D0V
FTAE NI TAS— OB L1205 1 L7025 TR IR ETR S H D EE 2 DAL Tz [2-4],

INTEHROEEAEERTD LT, 72 b ML — =T T L= al OB ERS A7 2D Y%
BfEL, ZO5Ax LW T rtER%E ERICEVEL T IERMIAED, BT, B2 137 = AN —F — PR
LT A TED S FRIZINTHI 60 ps EHIDOIRENZ HL O3 52 LIk UT-, AR CIEZ DR R4E R4
LEBIT, FIMBENINDT T —ar AT IV AW ER TS,

2. EBR

AR 45 iR S5 SR B FEBR IRV T AR T T TF H 7 7 AT L —H— (JFEA = 795 nm, 7L
70 fs, #RVIEL 10 Hz) ez ASH4 50 JECRUEHET EIZHIE Foump = 4-12 Jem® £THEKL, 70
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Isotope-selective lonization Using Four-pulse Alignment

TRA . ARG R, REH Ez. MR MR ML 3
MSIATEAEN BARJEF DR FEE SRS BT & — LIS AT AR
BEH =R
FOXRZER TP A et sest
KB HEt
REILRIF RS TE N B RFL AR TerERs o+ Faiksep
Hiroshi AKAGI, Tatsuya KASAJIMA, Takayuki KUMADA, Ryuji ITAKURA, Atsushi YOKOYAMA,
Quantum Beam Science Directorate, Japan Atomic Energy Agency
Hirokazu HASEGAWA
Department of Integrated Sciences, Graduate School of Arts and Sciences, The University of Tokyo

and
Yasuhiro OHSHIMA

Institute for Molecular Science, National Institutes of Natural Sciences

We have proposed a laser isotope separation method utilizing molecular alignment and non-resonant
multiphoton ionization [Akagi et al., APB 2009], and demonstrated isotope-selective ionization of '*N, and
"N, isotopomers, using one-pulse alignment [Akagi ef al., APB 2012]. In the present work, we used a

train of four identical pulses, instead of one pulse, to obtain the higher selectivity.

Keywords: Molecular Laser Isotope Separation, Non-resonant Intense Laser Field, Molecular

Alignment, Non-resonant Multiphoton Ionization

1. Introduction

We have proposed a laser isotope separation (LIS) method utilizing isotope selective alignment and
non-resonant multiphoton ionization, and demonstrated isotope-selective ionization of 14N2 and 1SNZ
isotopomers [1]. A linearly-polarized short laser pulse created rotational wave packets in the two
isotopomers, which periodically revived as aligned and anti-aligned distributions. ~After a specific time
delay, one isotopomer was aligned and the other was anti-aligned because of their different revival times
[2]. Another linearly-polarized short laser pulse at the time delay ionized the aligned isotopomer
preferentially, due to angular dependence of the ionization probability [3]. In the present work, we use a
train of four identical pulses for the alignment [4], instead of one pulse alignment [1], to obtain the higher

selectivity.
2. Experimental method

In a vacuum chamber, molecular beam including '*N, and "N, was intersected by a train of four

identical laser pulses (A~795 nm, Az~60 fs, Iy~1x10" W/cm?) and another laser pulse for ionization (4~795
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nm, Az~60 fs, I=1~3x10"° W/cm?). Ions produced by the ionizing pulse were mass-selected with a
Wiley-McLaren type time-of-flight mass spectrometer, and detected with a micro-channel plate. To
obtain the isotope selectivity, ion yields of the isotopomers, I(**N,") and I(*°N,") were measured as a

function of the time delay ¢ between the pulse train and the ionizing pulse.

3. Results and Discussion

At first, we set the pulse interval of the four-pulse train to be 8.38 ps (= 714). Ion yield /(**N,") as a
function of ¢ showed higher peaks and deeper dips, but the peaks and dips in /('°N,") were weaker than
those in the one-pulse alignment case. These results indicate that the alignment and anti-alignment of

rot

"N, were enhanced, whereas those of '°N, were suppressed by the pulse train with the 7y, interval. As

t .
! interval

a result, the isotope selectivity was not improved significantly. For a pulse train with the T
(=8.98 ps), the selectivity was not improved again.

The next, we changed the pulse interval to 125.7 ps, which corresponds to the fifteenth full revival of
14N2 and the fourteenth full revival of 15N2. In this case, 1(14N2+) and ](15N2+) as a function of ¢ showed
higher peaks and deeper dips than those in the one-pulse alignment case, indicating that higher alignment
and anti-alignment were realized for both isotopomers [Fig. 1]. Consequently, we obtained ca. two-times

higher selectivity than that in the one-pulse alignment case.

(a) 4-pulse | | (b) 1-pulse

=
[\

=
o

f(15N2+)ff(14N2+)

o
oo

61 62 63 64 61 62 63 64
time delay ¢ (ps) time delay #(ps)

Fig. 1. (a) Ion yield ratio I("*N,")/I(**N,") for four-pulse alignment as a function of time

delay z. (b) Ion yield ratio for one-pulse alignment.
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4.15 Narrow-band Laser Amplifier System for Tunable UV Light Generation

Leo MATSUOKA, Masashi HASHIMOTO, Keiichi YOKOYAMA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

We developed a Ti:Sapphire narrow-band laser amplifier system for efficient third harmonic
generation. The amplifier system was composed of a wavelength tunable narrow-band regenerative
amplifier and a broadband multi-pass amplifier. With a pumping of ~17 mJ by the second harmonics of a
Nd:YLF laser, mode-locked seed pulses were amplified to ~1.0 mJ at 1-kHz repetition. We obtained the

third harmonic wave of ~208-uJ pulse energy after the wavelength conversion by two -BBO crystals.
Keywords: Ultraviolet Laser, Picosecond Laser, Alkali Halide, Molecule, Dissociation

1. Introduction

Isotope separation is indispensable to treat some long-lived fission products by nuclear transmutation.
We have recently proposed a new laser isotope selection scheme that can be applied for the gas-phase
diatomic molecules in a thermal distribution [1, 2]. We are planning a demonstration of the isotope
separation scheme using the alkali halide molecules, aiming for the isotope separation of CsI molecules in
the near future. For the demonstration, the method for probing rotational distribution is necessary. Now we
are developing the apparatus of the photo-dissociation spectroscopy of the alkali halide molecules.

The narrow-band UV laser is necessary for the photo-dissociation of the alkali halide molecules. The
forth harmonic wave of a Nd:YAG laser (266 nm) is often used for this purpose [3]. However, its
wavelength is generally difficult to be tuned. The tunable wavelength is useful in the energy calibration or
for the step-wise ionization via Rydberg states. Recently, we had constructed a wavelength tunable
Ti:Sapphire narrow-band regenerative amplifier for the photo-dissociation spectroscopy of the lithium
dimer [4]. The third harmonics of the output would be applicable for the photo-dissociation spectroscopy
of the alkali halide molecules; however, the output pulse energy of ~20 uJ was too small for the third
harmonic generation. In the previous system, the pulse energy amplification was limited by the damage
threshold of the Pockels cell. In this study, we have developed an additional multi-pass amplifier after the

regenerative amplifier, and obtained sufficient pulse energy for the third harmonic generation.

2. Experiment & Results

The amplifier system was composed of a wavelength tunable narrow-band regenerative amplifier and a
broadband multi-pass amplifier (Fig. 1a). Because we have already reported about the wavelength tunable
narrow-band regenerative amplifier in the previous report [4], here we briefly describe about it. The
mode-locked seed femtosecond pulses were introduced into the regenerative amplifier without pulse
stretching, and amplified to ~20 pJ with a pumping of 1.54 mJ by the second harmonics of a Nd:YLF laser.
The linewidth was narrowed to ~1.0 cm™ by three birefringent filters and a plate of etalon in the cavity.
The wavelength was tuned to 800 nm for the test measurement, and that was able to be tuned in the range

from 790 nm to 860 nm by rotating the birefringent filters and tilting the incident angle of the etalon.
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Fig. 1 (a) Schematic of the narrow-band laser amplification system and the wavelength conversion.
Inserted pulse energies are typical values at 800 nm. (b) Transition of the pulse energy and the gain
during multi-pass amplification at 800 nm.

Next, the amplified pulses were introduced into the multi-pass amplifier. The design of the multi-pass
amplifier is based on a previous report [5]. The Ti:Sapphire crystal was cooled by water, and pumped by
the Nd:YLF laser of 15.8 mJ. The output pulses from the narrow-band amplifier were introduced into the
crystal by the concave mirror with the focal length of 1.0 m, and amplified to ~1.0 mJ after the five times
passage of the crystal (Fig.1 b). The gains were gradually decreased due to the thermal lensing effect as the
number of the passage increased. Also, because we used the same pump laser for both the regenerative
amplifier and the multi-pass amplifier, the energy loss by the spontaneous emission of the Ti:Sapphire
crystal in the multi-pass amplifier was remarkable. The pulses arrived ~1 ps late from the pump pulse,
whereas the lifetime of the Ti:Sapphire excitation was 3.2 ps. After the amplification, the third harmonic
wave was generated by two 3-BBO crystals and a half wave plate inserted between the crystals (Fig.1 a).
We did not use any lenses for the wavelength conversion because the beam diameter was compressed
below 1-2 mm due to the thermal lensing effect. The pulse energy of the third harmonic wave was ~208 pJ

at 266 nm, which was sufficient for the photo-dissociation spectroscopy of the alkali halide molecules.

3. Concluding remarks

We developed the wavelength tunable UV light source by the Ti:Sapphire narrow-band laser amplifier
system and its third harmonic generation. The obtained pulse energies were sufficient for the
photo-dissociation spectroscopy of the alkali halide molecules. In the present system, we can tune not only
the wavelength but also the pulse duration by replacing the etalon in the cavity of the regenerative
amplifier. The duration of the pulse is important for the selection of the excitation process in the molecules.
We have already obtained preliminary results of the photo-dissociation spectroscopy of the KCI molecules

by using the present light source.
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4.16 Theoretical Study on Isotope-Selective Rotational Excitation of Diatomic
Molecules in an Optical Frequency Comb

Akira ICHIHARA, Leo MATSUOKA, Yuzuru KUROSAKI, Keiichi YOKOYAMA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Evolution of rotational population distribution was calculated for the "Li>>Cl and "Li*’CI molecules in
the optical frequency comb. The populations were evaluated by the close-coupling method. The isotope
selectivity decreases with the increase of the intensity of the comb electric field. The vibrational
excitation is not induced by the combs employed in this study. The rotational distribution can be

reproduced in the range 10<J<40 by an analytic formula derived from the delta-kicked rigid rotor model.

Keywords: Optical Frequency Comb, LiCl, Close-coupling, Rotational Distribution

1. Introduction

Optical frequency combs have been applied to various fields of atomic and molecular physics such as
atomic clocks, high resolution spectroscopy, and atomic coherent control. The combs may be defined in
the time domain as periodic trains of phase-locked laser pulses, and in the spectral domain they may be
defined as sets of regularly spaced spectral lines. In order to separate diatomic molecular isotopes in the
gas phase, we consider adopting the frequency comb to induce cascaded rotational excitations.[1] The
selected molecule will be excited to high rotational state by the comb, which includes spectral frequencies
consistent with the transition frequencies of the molecule. In this study, we tried to select the LiCl
molecular isotopes by the rotational excitations, and investigated how the intensity of the comb’s electric
field affects the transition probability. We also compared obtained rotational distribution with that from

analytic expressions formulated on the basis of the delta-kicked rigid rotor model.

2. Computational method

The optical frequency comb was assumed to be linearly polarized, and the electric field was defined
as a form of a periodic delta function by &(t)=y/u(1+2 X jcos w jt), where v is the scaling factor, p is
the molecular permanent dipole moment, and w jis the transition frequency. Interaction was defined by
the product of the electric field and the molecular transition dipole moment. The rotational distributions
of "Li”>Cl and "Li*’Cl were calculated using the close-coupling (CC) method with the fourth order
Runge-Kutta technique. The rovibrational states and transition dipole moments were evaluated on the
recently published accurate ab initio potential.[2] In CC, 2 vibrational and 200 rotational states were
considered. Also, the wave packet (WP) computations were carried out in several cases in order to

confirm the numerical accuracy of CC. In WP, the split operator technique was employed, and there 1024
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radial and 256 angular meshes were employed. The accuracy was checked by comparing obtained

rotational distributions by the CC and WP computations.

3. Formulation

To gain our understanding of the transient rotational dynamics of diatomic molecules in the optical
frequency comb, we formulated the probability amplitude on the basis of the delta-kicked rigid rotor model.
The angle integrals <J + 1‘ cos @‘ J> are approximated to be 1/2. The transition probability P, (¢) from
the initial r-th state to the final s-th state after time t is given by the square of the amplitude C,,(f) . The

amplitude can be written with the rotational constant B (in atomic units) as follows.

Py ()= Cps (1) 2
5 Yo Ay A FL ()"

Crs (t) l - ysk : yrk

m=0 k=1 m'

2cos k-z _ -2 sin Jkx J =N(N-1)/2
N+1 YT\ N+ N +1 (e = N(N=1)/2)

E 0= 1,0~ 1,0

A

t 1 & sin(4x-B-j-t)
frr(f)=5+ > :

2'7['B j:l 2]
f(f)_i‘i‘;{ex (2rx-i-B -t)}+lex {4z-i-B 1)} (r#s)
® 2 47Z'lBrS p rs 2 p rs r=s
.\ S -1 exp(27r~i'BrS -1) (Brs = B{S(S_l)_r(r_l)}J
j=0,j¢IWH (471-'31)2 - (27['an)2 Bj =B(j+1)

x{ 27-i-B, -cos(4z-B;-t)+4x- B, -sin(4x- B, 1) }

The factor N represents the number of rotational states considered.
It should be noted that if only the first term t/2 is taken into account in f,, , the amplitude
corresponds to the Bessel function of the first kind B‘FV‘ (y -t). Therefore, our analytic expressions are

constructed from the Bessel function of the first kind, and other oscillating functions.

4. Results and discussion

Figure 1 shows the rotational population distributions as a function of J, calculated with (a) vy =2B
and the irradiation time of T=40/B, (b) v =16B, T=5/B, and (¢) y=32B, T=2.5/B. The maximum of J
considered in the field ¢ (t) is 199.
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Fig.1. Rotational population distribution of LiCl:

(a) v =2B and the irradiation time of T=40/B,
(b) y=16B,T=5/B, (¢) y=32B, T=2.5/B.

The distributions were obtained with
B=3.238 X 10° au and u=2.946 au.
LiCl was assumed to be in the (v=0, J=0) state.

Initially,

Since most LiCl molecules are in the J < 70 states
at the boiling point of 1630 K, we tried to excite
"Li*°Cl isotope-selectively to high rotational states
with J > 80.

From Fig.1(a) and (b), we see that 'Li’*Cl is
excited isotope-selectively. In Fig.1(b), 'Li*°Cl is
excited to the state with J > 100. In Fig.1(c),
highly excited states with J > 100 were produced
also in 'Li’’Cl, so that isotope selectivity is not
expected for y >32B. The isotope selectivity
decreases with the increase of the factor y which
is the scaling of the interaction. Also, in these
calculations, we confirmed that the vibrational
excitation is not induced by the combs employed

here.

Figure 2 shows the population of rotational
states of 'Li*°Cl as a function of time. The initial
state is selected as (v=0 ,J=20, M=0). The unit of
time is given by 1/2B. Arrows indicate the time
when pulses are introduced. Dots show the CC
computations in which 400 rovibrational states
were taken into account. The solid lines give the
numerical results obtained from our analytic
expressions. We can observe that the population
changes discontinuously as the pulses are

irradiated.
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solid lines: analytic given. We see that our analytic expressions can
dots: close—coupling
B=3.238X10° au

W=2.946 au and 21 (18 and 22, 17 and 23) states have nearly
J=20 v=2B

: the same populations. We expect that our

In Fig.2 the populations for J=17-23 are

reproduce the CC computations. Both the J=19

0.5

analytic expressions are applicable in the range 10

J=19,21 <J<40. The limitation of J>10 comes from the

. J=17.23 fact that the angle integrals are approximated to
1/2.  The J-dependence of angle integrals can’t be

population (<)

neglected in low J states. The limitation J<40

0 1 2 3 4 5 comes from that our formulation is based on the
time (1/2B) rigid rotor model. In the rigid rotor, the transition

frequencies are assumed to be the multiples of 2B.

Fig.2 Population of rotational states as a function However, in the rovibrational states of the CC
of time method, the effect of centrifugal force is included.
As a result, the deviation from the multiple of 2B
is appreciable for J>50. Therefore, our analytic

expressions can’t be applicable to J>50.

5. Summary and concluding remarks

The isotope-selective rotational excitation was studied theoretically for LiCl in the optical frequency
comb. The rotational distributions were calculated using the close-coupling methods. The rotational
state of "Li>>Cl could be excited to the J>80 state isotope-selectively by the comb, and our calculation
shows that the isotope selectivity decreases with the increase of the field intensity. The vibrational
excitation was not induced by the combs employed here. Moreover, the rotational distribution may be
described by our analytic expressions if 10<J<40. We will attempt to dissociate rotationally highly excited

"Li**C1 by another pulse. By adjusting pulse parameters, the dissociation may be induced adiabatically.
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Development of Remote Laser-induced Breakdown Spectroscopy for
Samples Submerged in Water

AP GEEE N il BN K GLHIY. Blair Thornton®, {EfE #5%°
" AAE TR SEBH SR T B — LS AR SRR
PHEUR: RN SET
SRR RF R TR IeFR
Masaaki Toshimitsu', Morihisa Saeki!, Hironori Ohba', Blair Thornton? and Tetsuo Sakka®
'Quantum Beam Science Directorate, Japan Atomic Energy Agency
“Institute of Industrial Science, the University of Tokyo

*Graduate School of Engineering, Kyoto University

A laser-induced breakdown spectroscopy (LIBS) technique for element analysis of samples submerged
in water using a fiber optic light delivery set-up has been developed. The set-up delivers air to the sample
surface via a tube and uses the same fiber optic for laser light delivery, and for observation of the light
emitted by the micro-plasma generated for analysis. The emission spectra from metals, alloys and oxide
samples such as Fe, SUS304, zircaloy-2, ZrO, can be clearly observed at wavelengths ranging from 730
nm to 870 nm. The double pulse LIBS approach provides a significant enhancement in the intensity of

LIBS emission lines up to two orders of magnitude greater than a conventional single pulse LIBS.

Keywords: Laser-induced Breakdown Spectroscopy, Fiber Optic Cable, Underwater Detection,

Gas-purged Probe, Double Pulse Irradiation

1. EL®HIiT

YR 23 423 H 11 BICRAELTZHR A ARRERICEWT, RREIGASHOEE S — 17158
AT 1~4 SHENESIC RO, ZOFBITEWFETAF OB AR EL ., BEF T E 2 M 75 147
JE BN OTEZATOZENBUFIZ LA EIFHEIZIB W ORE SN, BEFHE CIXFTIcyy
RRE T UTRELT 7V BT 28N B 2L TEY, R RN OFAELL T, FrcmEIK RIS
TET 2B 7 VDAL E LR T EDORILE R R DR R REIRSTND, LD, JFF N
AR R, BRI, BRI EK O, MBS B RBRE 7R BB T I2HY | R E DR T
DT LITAMGITHELS 20,

L —Y—FH T — 274561 (Laser—induced breakdown spectroscopy, LIBS)IXHIE XI5 DI
WUER A VLB L LI G <3 0 - Z DG TS FTRETH Y, BRI SR B0 ke LT
A THDH[1], LIBS TIXME R REEHI L —F =02 L T I A2 AESE T, £DF
T IR E R L GREBIO AR MV ERIE T HIEICIV TR ERFET HIENTED, JRIFNIEHEAK
T VTR EIKITRSIVTEY  HIERTZRERILT 7 8 AR — MBI AVMA TSN H DD T, kTP o
BERORER BT 21T H T2 DIl I — = HZ BRI IC 7 7 AN —RiEL CT TR IR N ZATH
WD, —MRENZ IR ClEL —F— &3 BN IR L TR LT 7 T A~ D= 0L F— 3R IRIC
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>
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Fig.1 Schematic of remote underwater LIBS system

2. EBRFH®E
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FEHL PI-MAX3:10240)1 23 AL TH —Mb& ICCD 2RV 23 i 5 eI E 24T 72, ICCD 7 —hD X
AT VI — = UL R 150 ns~1150 ns &L, FHUIFERE A 1~10 8], ICCD Ff5% 1~100 &L7=,
Flo, HANR=DEX TNV AEDE A LTZ LIBS T, 2 5 Nd:YAG L —% —(Continuum #1:# SLII-10
FBLWSLI-10RS) DL —H —F 4R D IR % 4E 7 2 1] % (Stanford Research Systems #1:#4 DG535) Cifi]
LT, TOMDGEMEIT v TNV ADEE LRIERE LT, BEHT, BT 7 VICE Fh s e b
NoD, Dham hE s JE SR EREEM THHAT L AHZAHEE L T, #i8E(>99.99%), 2T L A4
(SUS304), (ko= b P BaA-2(A KRR+ DWFFERTEE JAERI-Z22, Sn 1.43%, Fe 0.144%, Cr
0.096%, Ni 0.050%)&1L7=,
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Optimal Quantum Control for Isomerization Including Nonadiabatic Processes

ASTATECEA AR F AR et - & — LI IR 2 5P
Yuzuru KUROSAKI

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Quantum optimal control calculations are carried out for an isomerization process on two potential curves
having an avoided crossing. We obtain an optimal field that gives high final yield and has much lower

intensity than that when only ground-state potential curve is considered.

Keywords: Quantum Optimal Control, Nonadiabatic Process, Isomerization
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Fig. 1. Diabatic potential curves along the IRC.  Fig. 2. Diabatic dipole moments along the IRC.
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Fig. 3. Optimal electric field. Fig. 4. The spectrum of the optimal field.
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[1]Y. Kurosaki, M. Artamonov, T-S. Ho, and H. Rabitz, J. Chem. Phys. 131, 044306 (2009).
[2]J. Broeckhove, B. Feyen, L. Lathouwers, F. Arickx, and P. Van Leuven, Chem. Phys. Lett. 174, 504 (1990).
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Selective Separation of Refractory and Platinum-group Mmetals from HLRW
by TiO, Nnanoparticles

Peda BEK. R IEE, K¥p 9LHI
IRSTATEGE N B AR 7 WA &7 B — A0 HBFZEE
Morihisa SAEKI, Masaaki TOSHIMITSU and Hironori OHBA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Titanium oxide (TiO;) nanoparticle recovers some metals by ion-exchange and photocatalyst
functions. In this work, we attempted to separate the refractory and platinum-group metals from
simulated solution of high-level radioactive waste (HLRW) by using TiO, nanoparticles, and investigate

dependence of recovery efficiency on the particle size.

Keywords: TiO; Nanoparticle, Ion Exchange, Photocatalyst, Refractory Metals, Platinum-group

Metals, Particle-size Dependence
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Fig.1 Recovery of metals by ion-exchange and photocatalyst functions of the TiO, particle
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Fig. 3 Recovery efficiency of metals Fig. 4 XRD pattern of the precipitation
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WRIZ, &8 BN D ERIT3 32 TiO, KL DRIEKAF M2~ 5720 | B EiREZ—E (0.2g/L) IZL
7= FFETUIT 5 TiO, BbL T- DRI FRD Ix %25 % 7= 5D ST R [BIN RO A T 7=, FDH5 SR, Table 1
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Table 1 Dependence of recovery efficiency on TiO,

(b) Ti component

particle size

Concentration Recovery efficiency (%)
of TiO, Tnm 20nm 200nm
0.2g/L
(c) Pd component (d) O component Mo 13 0 4
Pd 59 71 78
2.0g/L
Mo 59 45 14
Pd 92 96 95

Fig. 5 STEM-EDX analysis of recovered

materials in the photo irradiation
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Analysis of Elements in Aqueous Solution Using Laser-induced Breakdown
Spectroscopy with Two Types of Liquid Flows

K% GLHI R IEE N Al B H3E B OHEE RS EIFEH B!
VAR ST . 2 R RS R T
Hironori Ohba', Masaaki Toshimitsu', Rie Tanabe?, Yoshiro Ito? and Tkuo Wakaida'

'Japan Atomic Energy Agency, “Nagaoka University of Technology

We investigated the feasibility of laser-induced breakdown spectroscopy (LIBS) for the
determination of elements in a liquid solution in the form of a jet flow and using nanosecond laser
pulses. A comparison of LIBS sensitivity between two types of flows for liquid analysis was
performed. A pipette nozzle tip was used to create a columnar flow of 520-mm diameter, whereas a
trapezoidal-shaped groove nozzle tip produced an ultrathin sheet flow of 5~20-pum thickness. The limit
of detection of Na atoms was estimated to be about 14 ng/mL by use of the columnar flow, whereas

1.1 ng/mL in the case of the sheet flow.

Keywords: Laser-induced Breakdown Spectroscopy, Aqueous Solution, Liquid-flow Jet, Sodium
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WIRZ IR LI L= =T L —27 X7 T (LIBS)IZH W T, RIR & 5V T A
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AR OB 2 < AT TR, BB TRE HCME B ERRICEH TE 2%
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2. R —IA—DHRE

TR > — MEFERZ INEE A U CilfE 2 2272 SECREM OB EC L 0 EEE RS 5
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FTW5D, BERFREIT VA S =& ) DV OMICiERH 2 B0 A0 THIE Lz, Eix 21k
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- 107 -



JAEA-Conf 2013-001

ELTEREIND ZERNbhot, Ry 7 HEL
e RIEIE & b ICit I Hp] L T2k }
THNR, BE LRKIBOHIIHED |
Blelizkt L CFE—E L o7z, R
RO 31 7 v AR &
AW FEREIC X0 S A~
~VZ 5306 L CRIE L7z, Fig2 12/
ZOVH B 7 & O FEBE 63 2 FLh
FEOEEZ7R Lic, N HEEIX
& 131 mL/min RO RRDL T
b, ) ANVHRAET T 7D 0 KT
AbETWD, ZOROFHEIL, X
JVBH ORI AE 2 D 12 m/s & RAE D
N5, HIEE S 5~45 mm okt L<  Fig.l Photo of  Fig.2 Thickness distribution of
ST 37~5 um & 72 CREpIRg  liquid sheet liquid sheet

RIZHY | WEIIHKFEL RN &

Bon5b,

il CTitE a2 bS5 LIRERHEFEOR S &

Thickness d (um)

o 10 20 3|0 4'0 50

3. B A*

TVL—I X7 T AFBINE, T MY U LKERE W T T o 72, Fig3 ICEREEE
J K7 m—%FIH LTz LIBS EBRIEE ORI B 4 777, AL 7 v — AU IE AR 0.52 mm @
By N F oy TRV, NAdYAG 7SV A L—H— O FARN 2 U HE 100 mm O Lo X
TAKRBERRIERELFIZEN L TCT L= XU T I A A S, 77 A~FH%
FEOSIERE 100 mm DL 2 AT EHWTAY RV 7 7 A NICHEE L A EEE03m DY
=)= —F—F =R EERITE AL, ICCD MR 2 W Tt Lz, L—HY—z= L%
—, WRIRHEH, 7 —Yx y hOBRELE, ICCD JIYES — Mgk X OISERER R IZ DU
T, BHARXT MESHREL RNy 7 7T 0 RESREDOHROENT-SM%2, B 1 ppm
DIKVEHR TRRE LTk, B¢
FNANRT MV ORFERAFMEZ T ~T, %m““mmm”
B, L—¥—a v M, Rk
PRERFRTIE 100, HREERAFMETIE 500
L7,

E NI N e N N ,:;,' ,
KL e W e ol A ?126‘3;?,3)““
= v b OfE 2 B FENE IS A T
Nd:YAG 7L A L—H—Df 2 &k
P — AT X AN H TR L TR

Flow meter

Delay
generator

XYZ8- stage

Pressure gauge

Aqueous solution

Fig.3 Schematic drawing of LIBS set-up
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Fig.5 Time evolution of change of the flowing jet shape
after laser irradiation
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Development of Cryogenically-cooled Yb:YLF Chirped-pulse Regenerative
Amplification Laser

R 5. NI Rl B
MSIATEGEN AR/ WFFEB se it &1 & — A S HARFEET
Yutaka Akahane, Kanade Ogawa and Koichi Yamakawa

Quantum Beam Science Directorate, Japan Atomic Energy Agency

As a pump source for picosecond optical-parametric chirped-pulse amplification (OPCPA), we have
been developing cryogenically-cooled Yb:YLF chirped-pulse regenerative amplification laser. Currently
over 100 mJ output have been obtained from regen at 10 Hz operation, which is, to our knowledge, the
highest output from single-stage regenerative amplifier in the world. The output pulse is confirmed to be
compressed to 2 ps in duration without pedestals. Upgrading of this regen for 100 Hz operation is
underway, which will enable us to apply to a powerful pump laser for not only OPCPA but also many kinds

of nonlinear processes in near future.

Keywords: Chirped-pulse Amplification, Regenerative Amplification, Ytterbium-doped Laser
Material Self-focusing, Self-phase Modulation
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TRV F — R OHIEATS 107 13 EES | 5 THRONADHE L L TIERARRTH 5,

/E)xi’a YbiYLF

Fig.1 Layout of cryogenically-cooled Yb:YLF regenerative amplifier. D.M.: Dichroic mirror, F.R.: Faraday rotator, H.

W.: Half waveplate, LDs : Fiber-coupled laser diode, P.C.: Pockels cell, TFP: Thin-film polarizer.
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Fig.2 Output performance of Yb:YLF regen.
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Fig.3 Autocorrelation traces of compressed output pulses
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4.22 BERF IR EFTERD T DO NEREE T

Development of Internal Inspection Technology for the Seriously Damaged
Fukushima BWRs

B ORORES, TR B, PR B
MSTATBUEN B AKIR 7 0T SE B A &7 & — LSS HAFEEM St B FRaarse 7 v —7
K. TOMIYOSHI, A.NISHIMURA, F. ITO
Quantum Beam Science Directorate, Applied Laser Technology Development Group

Japan Atomic Energy Agency

TEPCO is now investigating the Fukushima BWRs. However the nuclear fuel molten debris in the RPV
has not been found yet. Our group has started to develop a new probing system to find it since April, 2012.
The probing system can be used underwater and in the high radiation dose area. It would have a visual

sensing function which consists of a waterproof scope, an image fiber, a CCD camera and so on.

Keywords: Endoscope, Image Fiber, Predictive Maintenance
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Fig. 4 The Images by fiber waterproof type.
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Development of Inspection Technology
for Inner Wall Pipe of Aging Nuclear Power Plant

FHHCEHE, TR EE
MNAATBUEN A ARIRF W FEBH s &7 B — 20 AT
Fuyumi ITO, Akihiko NISHIMURA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Careful inspection should be paid on aging nuclear power plants. Due to the Fukushima
BWR accident, more advanced inspection techniques are now requested in Japan. To find
SCC along welded sections by Ultrasonic Testing or Eddy Current Testing is difficult due to
the low S/N. Here we propose to apply Magnetic particle Testing (MT) on the inspection. MT
uses magnetic particles uniting fluorescent pigment. It is a weak point of MT that uniting
particles and pigment is breakable. To extend the lifetime, we developed unique capsule for
the magnetic particle to coexist with fluorescent pigment. In addition, Laser-Induced
Breakdown Spectroscopy (LIBS) used for the laser cleaning of materials, is reported in this
paper as a preliminary experiment. The intensity of 621nm peak gradually decreases over

time. This result will become a measure of the degree of oxide layer removal.

Keywords: Magnetic Particle Testing, Micro Capsule, Laser-Induced Breakdown

Spectroscopy, Laser
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Medical Application of the Multi-functional Fiberscope System

B st !, R BE, R RV
1, MNZATBIEN BA T ST FEPH R SOEAES L — B — LRI E AT
2, MSCATEHEN HAR AW FEPH 58S &1 & — DS FEEE
Takeshi SEKI', Tomohiro AKATSU' and Kiyoshi OKA'”?
1, Applied Laser Technology Institute at Tsuruga Head Office of JAEA

2, Quantum Beam Science Directorate, Japan Atomic Energy Agency

A composite-type optical fiberscope was developed for maintenance research and development of
nuclear facilities by JAEA. It can coaxially deliver both a high energy laser beam for micro processing and
an image from processing targets. Development of minimally invasive laser treatment devices were

introduced by use of the composite-type optical fiber scope.

Keywords: Composite-type Optical Fiberscope, Laser Treatment, Minimally Invasive Procedure
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Fig.1 Composition of the multi-function fiberscope system
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Development of Laser Cladding System to Repair Wall Thinning
of 1-inch Heat Exchanger Tube

T PRk
MSTATBAE N BT 0T e SRS SR L — W —JL[RIBFSERT
Takaya TERADA

Tsuruga Head Office, Applied Laser Technology Institute, Japan Atomic Energy Agency

We developed a laser cladding system to repair the inner wall wastage of heat exchanger tubes. Our
system, which is designed to repair thinning tube walls within 100 mm from the edge of a heat exchanger
tube, consists of a fiber laser, a composite-type optical fiberscope, a coupling device, a laser processing
head, and a wire-feeding device. All of these components were reconfigured from the technologies of FBR
maintenance. The laser processing head, which has a 15-mm outer diameter, was designed to be inserted
into a 1-inch heat exchanger tube. We mounted a heatproof broadband mirror for laser cladding and
fiberscope observation with visible light inside the laser processing head. The wire-feeding device
continuously supplied 0.4-mm wire to the laser irradiation spot with variable feeding speeds from 0.5 to 20

mm/s. We are planning to apply our proposed system to the maintenance of aging industrial plants.

Keywords: Laser Cladding, Wall Thinning, Composite-type Optical Fiber
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Implementation of Heat Resistant Fiber Bragg Grating Sensors for Seismic
Safety in Nuclear Power Plant Facilities

B SEPE D FEAS IRz DY
DIRSTATECE N BARIR T JIRF SR BR S OB L — Y — JE [ 2e T
DETE— NSRRI SRR T RGN — 7
Yukihiro SHIMADA " and Akihiko NISHIMURA "?
" Applied Laser Technology Institute, Tsuruga Head Office, JAEA

2 Quantum Beam Science Directorate, JAEA

A Fiber Bragg Grating (FBG) sensor with heat resistance was produced via a point microfabrication
technique using a femtosecond pulse laser. 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: Seismic Safety on Nuclear Facilities, Aging Management, Laser Micro Processing, Fiber

Bragg Grating Sensor
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Fig. 1 Schematic diagram of the processing system Fig. 2 Phase-contrast microscope image of
of the FBG sensor. processed optical fiber.
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Fig. 3 Reflected spectrum of FBG structure.

0.03

002 f

0.01 |

Wavelength Shift/nm
o

-0.01 |

-0.02 |

-0.03
-05 0 0.5 1 15 2
Time/sec

Y — [ THUEB) O FHAD ATRE 2R IRENEU S B RE & R0, Fig. 4 Vibration measurement of cantilever

steel material (STPA24) using heat tolerance
FBG sensor at 400 °C.

3. ERSREkE L DB AT L B FBG & Y — 1L

KEEREE T COMIBMEWNE, K7 7 A4 \—DF
X b LI b3 8479 5 7o O R o EHA kIS
IS DAR DRI N NIE L D, T T T
N OEREBGICB T 5 v — O EEEE AT
L7, MV 7 A N —FFE O TIEHET
H 5 Z LN DIEENMEDm Lo 2 H R AREM BN
B <, Bz TN THEIFOEEE2ET 5
fE RN ZE ((BR) KW E) & LRI 21T,
FERIE 2 9 5 At A /e & s E L

I?' Single mode optical fiber

String of woven silicon carbide fiber |

Fig. 5 The heat tolerance FBG sensor protected by

woven silicon carbide fiber.
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Recent Activities of Applied Laser Technology Institute
at Tsuruga Head Office of JAEA

+H H
MSIATEOE N B AR DU SEE R A BOEAR v —3 — L RIAFSE T
Noboru TSUCHIDA

Applied Laser Technology Institute at Tsuruga Head Office of JAEA

The Applied Laser Technology Institute(ALTI) was established in the Tsuruga headquarters of Japan
Atomic Energy Agency (JAEA) in Fukui prefecture in September, 2009. The objectives of the ALTI are the
contribution of the laser technology to the nuclear power technology as well as industrial applications. The
latest activity of the ALTTI is introduced here.

Keywords: Laser Technology, Industrial Applications, Fukui Prefecture
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Proposal of Measurement System for Isotope Analysis Using y-ray

Monochromators
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Shunya Matsuba, Christopher Angell, Nobuyuki Nishimori, Ryoji Nagai, Toshiyuki Shizuma,

Takehito Hayakawa, Masaru Sawamura, Ryoichi Hajima

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Nuclear resonance fluorescence (NRF) can be used for the isotope analysis in a transmission mode. We
propose a new method for isotope analysis by using crystal monochromators with laser Compton scattering

gamma-ray.

Keywords: Gamma-ray, Monochromator, Nuclear Resonance Fluorescence, Isotope Analysis.

1. Introduction

Nondestructive isotope detection methods by using nuclear resonance fluorescence (NRF) with laser
Compton scattering (LCS) gamma-rays have been proposed for nuclear security and safeguards [1, 2]. .
The NRF is a process of resonant excitation of a nucleus by photo absorption and immediate deexcitation
by photo emission. In a transmission mode [2] of the NRF-based detection methods, quantity of an isotope
of interest can be determined by measuring the degree of the resonant absorption of the incident
gamma-rays. Since the resonance energy is a range of mega electron volt (MeV) and the energy width of
the resonance is less than several tens electron volt (eV), an efficient measurement of transmitted
gamma-rays can be achieved using a system detecting several-MeV photons with energy resolution of the
eV ranges [3, 4]. Crystal monochromators can be used for such a detection system. Here, we propose a
new measurement system using crystal monochromators for NRF-based nondestructive assay of nuclear

materials.

2. Method

Figure.1 shows images of the proposed method. Transmitted photons are introduced to monochromators
and a detector. The right hand side of Figure 1 shows intensities of LCS gamma-rays before and after the
transmission. The degree of the absorption can be determined by measuring the ratio of gamma-ray

intensities at two different energies: on resonance and off resonance,
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Fig.1 Images of a proposed method. The left is an image of the detection system. The right is an image of

energy spectra of gamma-ray, showing before and after. The black areas are measurement energies.

3. Crystal monochromator.

In order to realize the measurement system mentioned above, a detector resolution less than several tens
eV is required. A crystal monochromator satisfies this requirement. The performance of a crystal
spectrometer such as energy resolution and crystal acceptance angle can be estimated by the dynamical
theory of diffraction [5-7]. The acceptance angle of a perfect silicon crystal is typically 107 rad.

The center of the diffraction angle is determined by the Bragg condition

2dsinf = nA, (1)
where d is the lattice spacing, 6 is the incident angle of gamma-rays, n is integer, and A is the
wave-length of gamma-rays. Figure.2 shows the crystal geometries for gamma-ray diffraction by two
successive crystals. Since photons can be diffracted by two successive crystals with wide energy band in a
nondispersive condition (where the crystals are set a parallel positions), this condition is useless for a
monochromator. However, the nondispersive condition can be used to determine a reference angle and an
instrument response. In contrast, the dispersive condition diffracts photons with narrow energy band and
can be used as a monochromator.
Incident gamma-ray

A A
A-AA A+AA A-AA A+AN

Bragg angle
1 IS !

QZG

dispersive nondispersive

Fig.2 Crystal geometries of a monochromator
An image of the proposed system using the monochromator is shown in Figure 3. Two tandem
monochromators are placed between a sample and detectors. This setup enables simultaneous
measurement of photons at two different energies. While the first two crystals separate photons at

resonance energy the second two crystals separate photons at nearby off-resonance energy.
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Fig.3 An image of the proposed system
4. Experimental plan

We will check the performance of a crystal monochromator at the NewSUBARU LCS gamma-ray facility
in the Laboratory of Advanced Science and Technology for Industry, University of Hyogo [8].

In order to estimate counting rates of gamma-rays diffracted by a silicon crystal, we calculate the
acceptance angle of the crystal. The lattice constant of silicon is 0.543 nm, and the Bragg angle is 3.8 mrad
at the lattice plane of Si (440) assuming the photon energy of 1.7 MeV. The intensity of diffraction I(t,y)
depends on crystal thickness t and diffraction angle 6, given by

(1A +y?]
I(t,y) « sin? (Tyz -(2)
A =7§_0t , to = % Yy~ (05 — 0)sin20p/xn , xn = Fr.A* [/ nV

where, V is the volume of crystal lattice, 8zis the Bragg angle, A1 is the wave length , r. is the
Thomson scattering length, F is the crystal structure factor [9] and 6 is the diffraction angle. The

integrated intensity of two successive Laue diffractions on crystals of equal thickness, t, is given by

f 1t,y)%dy (3).

The integrate intensity oscillates as a function crystal thickness as shown in Figure 4. A crystal thickness
of about 2 mm is appropriate for photons at the energy range of 1.5 MeV.
The rocking curve for 1.7 MeV gamma-ray, deduced by the equation (2) is shown in Figure 5. The

acceptance angle AO of the crystal is about 0.1 prad FWHM. The energy resolution A?E = % is 2.6 x 1075

(44 eV). The counting rate N of gamma-ray can be obtained by
N=I*A0/ A0 ,*AE/ AEy*R
where AB, and AE, are the divergence and energy spreading width of the incident LCS gamma-rays and R
is the reflectivity of the crystals. Assuming the reflectivity of 4 %, the counting rates of gamma-rays are
estimated to be 0.07 counts/sec in the dispersive condition and 105 counts/sec in the nondispersive
condition.
Now we are preparing the crystals and a rotation table. Figure 6 shows the design of the crystal and the

rotation table.
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Fig.6 A design of a silicon crystal and a rotation table

5. Summary

We have proposed a new measurement system for isotope analysis using gamma-ray monochromators.
We considered the system performance by the dynamical theory of diffraction.. Now, we are designing the
experimental components. In near future, we will test the performance of the monochromator by using the
LCS gamma-ray source at NewSUBARU.
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iR 217 FJI £ AL Christopher ANGELL !, P& B— 1,
wOKAR AL Bt s B

VIRSZATEOEN AR AR RS &1 & — LU AT ZEi
PIRSIATEOE N BRI/ FEBH Se a0 B T2 irge s i
SMRSIATEOEN AR J W FEBH S R Ii - e =2 U 7T a3kt v 4 —

Toshiyuki SHIZUMA', Takehito HAYAKAWA', Christopher ANGELL', Ryoichi HAJIMA',
Futoshi MINATO?, Kenya SUYAMA? and Michio SEYA®

'Quantum Beam Science Directorate, Japan Atomic Energy Agency
*Nuclear Science and Engineering Directorate, Japan Atomic Energy Agency
*Integrated Support Center for Nuclear Nonproliferation and Nuclear Security,

Japan Atomic Energy Agency

Nondestructive assay (NDA) of nuclear materials for spent fuel is a key technology in international
nuclear security and safeguards perspectives. A technique based on nuclear resonance fluorescence (NRF)
enables isotope-specific identification of nuclear materials. Statistical precision of the NRF-based NDA
system was evaluated by estimating radiation background counts from spent fuel as well as NRF peak

inteinsity.
Keywords: Nuclear Resonance Fluorescence, Laser Compton Scattering, Nondestructive Assay

1. Introduction

Nondestructive assay (NDA) of nuclear materials based on nuclear resonance fluorescence (NRF) has
been proposed [1]. Since each nucleus has a unique resonance state, it is possible to assay specific nuclear
materials by detecting NRF signals from nuclei of interest. An efficient NRF measurement is possible
using a mono-energetic y-ray beam from laser Compton scattering (LCS) [2,3]. One of the urgent issues
for NDA is to establish a reliable technique to assay Pu content in spent fuel. However, the system
performance such as statistical uncertainties of the NRF-based NDA measurement would be affected by
radiation backgrounds from spent fuel. In this paper, we present results of the analysis of NRF intensity

and background counts from spent fuel.
2. NRF and background counting rates

An NRF yield Yngr is obtained using an equation Ynrr=¢* I N; where ¢ is the intensity of the incident

LCS y-ray beam, I is the integrated cross section, and N, is the number of the target nucleus. When ¢p=10°
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photons/s/eV, [=30 eV b, and N; (239Pu)=0.057g/cm2 (effective thickness corresponding to Pu
concentration of 1%), we obtain Yngr=3300. Assuming an overall peak detection efficiency of 2.4 10™
for the detector system, the NRF count rate is calculated to be 0.8 counts per second (cps).

The detectors used for NDA of spent fuel may be subject to intense radiation backgrounds. Therefore, the
analysis of the system performance should include effects from radiation backgrounds, which can be
estimated using the ORIGEN2.2-UPJ computer code [4]. In case of a 10 years-old spent fuel assembly,
photon intensity of radiation backgrounds is obtained to be 1X10'® photons/s/MtU (Metric ton of
uranium), evaluated for a typical PWR 17X 17 fuel assembly with initial *°U enrichment of 4.1 wt%
under burn-up condition of 55 GWd/MtU. Figure 1 shows photon intensity from fission products and
actinides as well as the total photon intensity. Fission products (actinides) mainly contribute to the photon
intensity at energies below (above) 3 MeV. Assuming that each Ge detector points at a small part of a fuel
rod with a volume of 0.8 cm’ which is determined by the size of the incident LCS y-ray beam, radiation
background intensity at E=2.25, 3.5, and 5 MeV is estimated to be 1.9, 9.8 X107, and 1.9 10"
photons/s/eV, respectively. Assuming a detector energy resolution of 0.2 %, the radiation background rates
summed up for 24 Ge detectors at NRF peak positions are calculated to be 2.0, 1.6 X107, and 4.6 X 10™
cps at E=2.25, 3.5 and 5 MeV, respectively. The values at E=3.5 and 5 MeV are considerably small in

comparison with the NRF count rate mentioned above.

T T T T

10"° e 1
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Intensity (Photons/s/MtU)

;
;
]
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1
1
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;
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Photon Energy (MeV)

Fig.1 Photon intensities from a 10 years-old PWR 17X 17 spent fuel assembly with
the initial *°U enrichment of 4.1 wt% under the burn-up condition of 55

GWd/MtU, evaluated using the ORIGEN2.2-UPJ computer code.
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3. Statistical errors

In a simple case, a statistical error is defined as

[ 2 2
Os Oy t+0y

S T-B

where S, T, and B are the NRF count, the total count (T=S+B), and the radiation background count,
respectively. The associated statistical deviations are denoted as os, or, and op. Using the NRF and
radiation background count rates discussed in Sec. 2, a 1% Pu content in spent fuel can be assayed with
about 2% precision during 4000 seconds measurement time assuming NRF peaks located around 3.5 to 5

MeV with an integrated cross section larger than 30 eV b.

4. Conclusion

We evaluated NRF peak intensity assuming various integrated cross sections. In addition, radiation
background counts were calculated using the burn-up code ORIGEN2.2-UPJ for a typical PWR fuel
assembly. It is possible to assay 1% Pu content in spent fuel with about 2 % statistical error during 4000

second measurement time for NRF peaks at E=3.5~5 MeV with an integrated cross section of 30 eV b.
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Development of the High Spatiotemporal Quality Laser System
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We present two specific high power laser systems that are being developed at our laboratory for many
applications such as high field science and nonlinear optics. We report on an ultra-high intensity
petawatt-class OPCPA/Ti:sapphire hybrid laser system that can produce a pulse energy of ~18 J with ~30
fs pulse duration for studying extremely high intensity laser matter interaction processes, and a
small-scaled OPCPA/Yb:YAG hybrid laser system that can generate a pulse energy of ~100 m J with ~500

fs pulse duration at 10 Hz as a compact and high efficiency system.
Keywords: High intensity laser, Chirped-pulse amplification

1. Introduction

In our institute, we are studying 1) a new scheme for separating isotopes for reduction of radioactive
wastes in the nuclear fuel cycle, 2) a laser driven ion accelerator for cancer therapy. For these applications,
it is necessary to improve the spatiotemporal quality and to evaluate the compact set-up of high intensity

laser system.

2. Ultra-high intensity laser system

Chirped-pulse amplification (CPA) has ushered remarkable progress in the development of ultra-intense
laser systems with peak powers up to the petawatt level and with focused intensities up to 10*° W/em? or
more in small laboratories. In ultra-intense laser systems used for plasma physics research, contrast is one
of the most important properties of the laser pulse. A low-contrast pulse can form a preplasma on the target
before the main femtosecond pulse arrives, which significantly changes the nature of the interaction.
Moreover, large aperture Ti:sapphire amplifiers require a homogeneous, flat-topped distribution of the
pump laser to maintain good beam quality, maintain reliable, damage-free operation, and to increase
amplification efficiency.

Here, we report the generation of a temporally and spatially high-quality petawatt-class laser pulses
with J-KAREN laser system [1,2]. In order to obtain very high temporal contrast, the laser system utilizes
a low-gain OPCPA (optical parametric chirped-pulse amplification) preamplifier that is seeded with
‘cleaned’ higher energy pulses (“cleaned” refers to suppression of the amplified spontaneous emission
pedestal) in two successive CPA stages that are linked by a saturable absorber (SA). A second SA is also
introduced downstream of the OPCPA preamplifier to remove much of its parametric fluorescence. After

passing through the second SA pulses are then amplified in a Ti:sapphire preamplifier, a cryogenically
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cooled Ti:sapphire power amplifier, and large aperture Ti :sapphire final amplifier and finally
recompressed in a vacuum compressor. Antireflection-coated DOEs with a clear aperture of 80 mm were
used for pump beam homogenization of final amplifier producing a circular flat-top spatial profile with
sharp edges.We have achieved ~28 J of umcompressed broadband output energy with this system,
indicating the potential for reaching peak powers near 0.6 PW with a compressed pulse duration of about
30 fs.

Figure 1 illustrates that a spatially flat-topped spatial profile from final amplifier was obtained. We
measure the contrast at ~70 TW power level without pumping the final amplifier. Figure 2 shows a
temporal contrast trace spanning several hundred picoseconds prior to the main ultrashort pulse. The
measured background level is about 10™"? relative to the peak of the main pulse. Taking into account the
calculated gain in the final amplifier, we conclude that the contrast is less than 10" even though we use

the final amplifier with the maximum pumping level.

\5

Horizontal cross-section
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Fig.1 Beam profile of the final Ti:sapphire amplifier. Fig.2 Third-order cross correlation trace of

OPCPA/Ti:sapphire laser system.

3. Compact, high efficiency laser system

As mentioned above, the invention of CPA together with the Ti:sapphire gain material has opened a
route to experimental inquiries of laser-matter interactions in the relativistic regime. The Ti:sapphire CPA
lasers in widespread use are pumped by lamp pumped green lasers, which are limited in the system size.
However, one can overcome this limitation and also benefit from the improved stability and maintenance
effort, which are required for many applications. Among several laser gain materials for short pulse
amplification, the Yb:YAG is one of the most attractive materials for compact high intensity CPA lasers
because of Yb*" ion’s excellent spectroscopic and material properties for amplifying short pulses and for
being pumped with commercially available near-infrared high power laser-diode (LD) [3]. The LD
pumped laser systems can be significantly more compact than similar lamp pumped laser systems.
Features of the thin-disk geometry which are suitable for Yb:YAG laser material are very low thermal lens
effects owing to efficient cooling with a good volume to surface ratio and the temperature gradient that is
predominantly parallel to the beam direction, allowing for high spatial beam quality. Furthermore, it

exhibits simple power scalability. Power can be increased by simply increasing the pump and seed
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diameters on the amplifier disk [3].

As noted above, ASE can generate unwanted preformed plasma and influence laser-plasma interactions
driven by short pulses. OPCPA is becoming increasingly popular as a front end preamplifier system that
can significantly reduce the ASE background level, improving the temporal contrast. OPCPA also provides
broadband amplification, avoiding the strong gain narrowing in Yb:YAG. Thus, an OPCPA/Yb:YAG
thin-disk CPA laser system is the most promising candidate for realizing a compact
high-spatiotemporal-quality, high intensity laser system.

At a 40 MHz repetition-rate the oscillator delivered 20 nJ pulses of 5.5 nm bandwidth at a 1029 nm
central wavelength. The near transform-limited pulse duration of 220 fs were stretched to about 1 ns with a
pulse energy reduced to 12 nJ using an Offner stretcher of 60 % efficiency. Stretched pulses were
subsequently amplified and then compressed by a grating pair. Following the stretcher and prior to
amplification a commercial pulse selector extracted 10 Hz seed pulses that were synchronized to a
Nd:YAG 532 nm pump laser. The gain of a three-stage (BBO) OPCPA preamplifier increased the output
pulse energy to 3.5 mJ. Following preamplification the laser pulse energy was further increased by a
Yb:YAG (7 at %) ceramic thin disk amplifer. This thin disk is of 0.6 mm thickness and is mounted on a 1.0
mm thick YAG (undoped) disk of diameter of 14 mm. The Yb:YAG disk was pumped by the Q-CW fiber
coupled LD unit at an energy of 2 J with 2 ms pump pulse duration (kW peak power). After 20 passes
across the thin disk, we achieved the maximum output energy of 98.6 mJ with bandwidth of 2.2 nm
(FWHM) and at 10 Hz.

The Yb:YAG amplifier output is subsequently recompressed with a gold grating pair. The measured
pulse duration using FROG (GRENOUILLE UPM-10-100, Swamp Optics) is 470 fs (FWHM), which is
shorter than the pulse duration in the previous Yb:YAG CPA system using a regenerative amplifier.
Because compressor efficiency exceeds 70 % we anticipate the current compressed pulse energy to be near
60 mJ. The near-field beam profi le has a smooth distribution with no local hot spots as shown in Fig. 3.
Figure 4 illustrates the temporal contrast trace of the final amplified pulse. The contrast level 150 ps before

the main pulse is measured to be 107,
1
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Fig.3 Beam profile of the final Yb:YAG amplifier. Fig4 Third-order cross correlation trace of
OPCPA/Yb:YAG laser system.
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4. Conclusion

We have successfully combined multiple techniques to realize the high spatiotemporal quality laser
system. In Yb:YAG laser system, the efforts are dedicated to increase the repetition rate up to 1 kHz for
isotope separation study at this moment. In the J-KAREN laser system, the efforts are dedicated to

improve the focal spot and to enhance the contrast more for studying relativistic laser-matter interactions.

References

[1] H. Kiriyama et al., Opt. Lett., 35 1497 (2010).

[2] H. Kiriyama et al., Appl. Opt., 49 2105 (2010).

[3] H. Kiriyama et al., Rev. Laser. Eng, 40 143 (2011).

- 145 -



JAEA-Conf 2013-001

4.31 BmPFHAIEEDTZD D 298K 7>5 393K IZBITH Vb RETFI v T

FAR O 58 i B AR 0D I8 BE AR A MR Afh

Evaluation of Temperature Dependence of the Emission Cross-section of
Yb-doped Ceramic Materials from 298K to 393K for High Average Power
Operation
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The temperature dependence of the emission cross-sections of ceramic materials doped with Yb have
been investigated in the temperature range from 298K to 393K. The materials such as YAG, Y,0; and
Lu,0O5 have been adopted as host ceramic materials. The emission spectra have been found to decrease
with a rise in temperature. The cross sections at the wavelength giving the peaks in the emission spectra

have shown a gradual decrease against temperature.
Keywords: Yb:YAG, Yb:Y;0;, Yb:Lu,0;, LD Pumped Solid State Laser, Ceramic Materials

1. Introduction
Polycrystalline ceramic materials attract much attention as a new type of laser host material. Ceramic
laser materials have the advantages of a short production period, low fabrication cost and ease to
prepare large size material, compared to crystal laser materials [1]. Among the candidate ceramics,
Yb-doped materials are considered most promising for high average power operation. In the case of
high average power operation, because of heat generation in the materials due to thermal loading,
investigation of the temperature dependence at elevated temperature in emission cross section is

especially important for a reliable laser modeling.

2. Experimental setup
The emission cross sections of Yb-doped ceramics such as Yb:YAG, Yb:Y,0;, and Yb:Lu,O; are
measured over a temperature range appropriate for high average power operation. Figure 1 shows the
schematic diagram of spectrum and fluorescence lifetime experimental apparatus. The ceramics of

various doping levels (3-, 5-, 9.8-, and 20%-doped) are fabricated at Konoshima Chemical Co., Ltd.
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Ceramic materials are shaped to 10 mm diameter with 0.1 mm thickness in order to make the optical
thickness thin enough for eliminating radiation trapping [2]. The test materials are inserted in between
two pieces of 10 mm diameter 2.0 mm thickness undoped YAG plates and aligned so that the planes
are perpendicular to the laser axis (Fig.2). The temperature of the ceramics is varied over the range of
298-393 K by mounting them in a container, which is especially designed based on finite element

method (FEM) to establish a homogeneous temperature profile of a test material.

Radiation thermometer 1030nm Interference filter

eating container .
Oscillo scope
Sample
Fiber collimator * Silicon photo detector
Spectro meter

Yb**doped sample

Laser diode

Pump beam

PC
: Undoped sample
Heater controller Fluorescence
Chopper 100um
Fig.1. Schematic diagram of spectrum and Fig.2. Schematic diagram of Yb-doped ceramic
fluorescence lifetime experimental apparatus.(Chopper material sample.

is used only for fluorescence lifetime measurement.)

3. Results and discussion

w
o

The fluorescence intensities have decreased and the —8— Yb:YAG 5%
—A— YB:YAG 9.8%
—B— Yb:YAG 20%
- Yb:Y,0; 5%
—— Yb:Y,0, 10%
—*— Yb:Lu,0; 3%

fluorescence line widths have broadened at higher

N
o
T

temperature. The lifetimes are almost same against

the temperature as well as the doping level. Figure 3

shows the temperature dependence of the peak

=
o
T

emission cross-section obtained from the measured

fluorescence spectra and the lifetime values, using
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Fiichtbauer-Ladenburug formula for tested ceramics.
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A change in the emission cross-section due to the Temperature[K]

change of temperature is obtained. For example, it was . o . .
Fig.3. Peak emission cross section of various
found that the emission cross section for 5%-doped . .
Yb-doped ceramics as a function of temperature.
Yb:YAG decreases down to 64% of the original value S .
The markers like circles and triangles show
by increase of temperature from 298 K to 393 K. .
experimental data.
4. Conclusion
The emission cross section data obtained in this series of experiments can form a base to numerically
express cross-sections for laser materials as functions of temperature, which can be utilized for setting

up a numerical model to predict laser output at high average power operation.
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Sophistication of Imaging Technology of Cellular Organelles with Soft X-ray
Microscope
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The development of the transparent soft x-ray photoresist plate and its application to the multi-color
imaging of hydrated biological cell is presented. The developed transparent x-ray photoresist plate made it

possible to compare between soft x-ray micorscope image and fluorescent microscope images.

Keywords: Soft x-ray, Soft x-ray microscope, Fluorescent microscope, Biological cell
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LIZXVELE 22 PMMA JIRATZ AR LT, SO D LI~ ARSI & E R L, X SREAM S
B0 BTS2 e et U CR R B ZE A AR V& — 22y 35 (Fig 1l 2R), 2L Tt LA
WREE THOE S A TS L TOBER X it IR L Tk X S e 2 BUS ., S5 7-8066% L X REEmMEE g ot
iR aT 2172 (Fig.2 ).,

Soft x-ray pulse

I 1 1 1 A/-4— Silicon frame

Water gy @i Celb @ collagen film(thickness: <50nm)

™ PMMA matrix(thickness: 500nm)
N Glass plate(thickness: 0.5mm)

Si;N, membrane (thickness: 100nm)

Fig.1 Schematic view of contact x-ray microscope using transparent soft x-ray photoresist plate.

Gold (Au) film target

X-ray microscope image of bio-cell

High energy
Pulse laser

%

Plasma
Focusing lens

Soft x-ray pulse

Bio-cells cultured on
photoresist plate

X-ray image of cell on photoresist
plate is read out with an atomic
force microscope (AFM).

'é—— AFM probe

T

Developed photoresist plate

T Development

Photoresist plate X-ray transmission image of cells is
obtained as a 3D structure of the
developed photoresist plate.

Fig.2 Taking of soft x-ray transmission image of biological cell using the contact soft x-ray microscope.
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Fig.3 Fluorescent images and x-ray image of a Leydig cell. (a) chromatin, (b) cytoskeleton, (c) mitochondria

and (d) an x-ray transmission image of the Leydig cell.
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We discovered a new regime of high-order harmonic generation by a multi-TW femtosecond laser
focused to a gas jet. Comb-like spectra with hundreds of even & odd harmonic orders, reaching the 'water
window' spectral range, were generated by either linearly or circularly polarized pulses. Importantly, the
photon energy and number of photons increase with the laser power. We introduced a new mechanism of
harmonic generation by sharp, structurally stable, oscillating electron spikes at the joint of the wake wave
and bow wave boundaries. Our results open the way to a compact bright coherent x-ray source which can
be built using a university-lab-scale repetitive laser and accessible, replenishable, and debris-free gas jet
target. Our discovery will benefit many areas of fundamental research and applications requiring a bright

x-ray/XUV source for pumping, probing, imaging, and attosecond science.

Keywords: High-order Harmonics, Relativistic Laser-plasma, Compact Coherent X-ray Source

1. Introduction
Bright x-ray sources are indispensable for fundamental research enabling many applications in life

sciences, material sciences, nanotechnology, etc. An ultimate performance requires temporally and
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spatially coherent x-ray pulses, that are compressible to attosecond durations, focusable to nanometer spots,
and capable of producing fine interference and diffraction patterns. Two broad classes of bright x-ray
sources are available, based on large-scale accelerators (synchrotrons and x-ray free electron lasers) and
compact lasers (laser plasma x-ray emission, plasma-based x-ray lasers, atomic high-order harmonics,
betatron sources, etc.). A great advantage of the compact laser-based sources is their accessibility for a
university-scale laboratory. In addition, laser-based sources are intrinsically ultrafast, with pulse durations
down to the attosecond range. Our aim is to develop a new generation of compact bright coherent x-ray

sources scalable to keV photon energies to create new fields of fundamental research and applications.

2. Experimental results

We discovered a new regime of high-order harmonic generation by high-power (10-200 TW)
relativistic-irradiance (>10"® W/cm?) femtosecond lasers (~30-50 fs) focused to gas jet targets [1]. We used
the J-KAREN laser in KPSI, JAEA [2] and Astra Gemini laser in the CLF, RAL, UK [3]. A typical
experimental setup is shown in Fig. 1 (a). We have observed comb-like spectra with hundreds of even &
odd harmonic orders, Fig. 1 (b), either with linearly or with circularly polarized laser pulses. The number
of photons was scalable with the laser power, Fig. 2 (a). The spectra continued up to the photon energies of

several hundred eV, including the 'water window' spectral range, Fig. 2 (b).

(a) [Multi-TW aser beam  Coherent x-ray beam
laser — | ——— —

room scale) = Gas jet \wap o 250

-~
-

~70 80 90100 150 200A@ (eV)
Tomi6 14 12 10 8 6 4

Fig. 1. (a) Experimental setup schematic. (b) Typical single-shot raw data.

dE/dhe dQ (w/eV-sr) £ 155 160 HH order

100) M@;\gévvvww\/
10 . 813

, : : : }
80 100 120 140  160%w(eV)
dE/dhe-dQ (u)/eV sr)

0.1kb) 9 TW water windoy
oop . -
150 200 250 300 hico(eV

Fig. 2. (a) Harmonics spectra in absolute units and scalability with the laser power.

(b) 'Water window' radiation obtained with the 9 TW laser.
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3. New harmonic generation mechanism

Using particle-in-cell (PIC) simulations employing the REMP code [4] and mathematical catastrophe
theory [5], we introduced a new mechanism of harmonic generation by sharp, structurally stable,
oscillating electron spikes at the joint of the wake wave and bow wave boundaries. The results of 3D PIC
simulation demonstrating the electron density spike and location of the high-order harmonic source is
shown in Fig. 3 (a). The harmonics spectrum obtained from high-resolution 2D PIC simulation is shown in
Fig. 3 (b). Using classical electrodynamics [6] and relation between the laser amplitude and power under
the stationary self-focusing condition in plasma [7], we found that the achievable harmonic order is

proportional to the driving laser power.

. High harmonic

i n, 4 P source
< @ e dE/dho-dQ (uI/eV-sr) (b)
S 3k
] 10 %ﬂﬂu rﬁ.‘” M I
1M MJMM A w;=0.88w
10 : | w l"qw‘luhqnl"l'p“ I IlM Lo f 10
o] Wl W m‘q.mll,wﬁ‘wﬁmwwm

40 60 80 100 120 140 Aw(eV)

Fig. 3. (a) 3D PIC simulations demonstrating electron density spike at the joint of the boundaries of the wake and bow waves

and location of high harmonics source. (b) Harmonics spectrum from high-resolution 2D PIC simulation.

4. Conclusion

Our compact bright coherent x-ray source can be built on a university-lab-scale repetitive laser and
accessible, replenishable, and debris-free gas jet target. Importantly, the photon energy and number of
photons are scalable with the laser power. This will impact many areas of fundamental research and

applications requiring a bright x-ray/XUV source for pumping, probing, imaging, or attosecond science.
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