L—H—HEHWEmR
R 304

XENA-XRARARBES

o P b
(FRL30F4A-FRB143A)

ILE Annual Report of Collaborative Research

April 2018 - March 2019

ER314E3A

,0 KIRASEL —F —H TR
Institute of Laser Engineering
Osaka University



[ZC®HIZ

KIRKE L—F—RZHARFRE. ERAOEEAEREOERE KIC, L—H—Hfif
ERBRSE., LY HRCABRBOERZRERTSIET,. 1/ A=Y 3 VDR
REGDHIHEMOCEFHIRMORIEICEDOTVET, L—F—Hiliz~A—R & L&
REVIEAELT, L= —RZ - AEFHZCHTLIMR - BFZHET I LEDL
I, HEFA - ARPARNA E L TERSNORZERISHARHEFOARED LR FA
[CHLTLET,

FRE 30 FEICEK, KRIEBBELGEDEZELHY . URFE~DEELBESN
FLEN, EFOCERESHAIDLE, ChETEYNITI—L—HF—IZLEE5IF
IWXF—FEMZLEZRMLERETF. TIANNLY I MZIR, KNT—=TF+ b=V X,
KB ERDOE LI-AMETEZLORENEONE Lz, ChoDFEIORRZ., #
BMRERRREEL L TEEDHFEL-DOT, TREVEFNIEFENTT, SHIZFE
X 30 FEF., REOHKBARICMAEFEE. EBFEEICEVTLRELERLH
YELfz, EXREDEEICEALEL T, EBED 1 2EFA—To// R—=L 3>
TS5y b74+—LELTEBHELEZRARZHET ZRBEZEZ DL LDIT. EFHE
DBELTIFE 74 —S L RILY FOZHR T+ —FLIZRNT/INT—L—H—
TA—SLEIBEIFE L=, £HT-IZ2 DOEZEEBPANBBEINEHT I DD
RPN ERLEED T THRBAREZEDTVET, —AH. EFEEICEAL TIE, 5 HE
[CERE LT EEA 7« R FHA LERMAGNTHEEZEELE Lz, $FICAXKICEL
FLTE, L=V —I2& 5B I RILF—FERELHFNBRBFABRZEMHEDH
=i iis & LTRERMITONE LT,

THMRTEEICEETELTH, L—YF—REZHERSE. JYBLEVWIZI2ZTAD
HFICISADCENTESEFRMGRRFHZHEL TLCFETT . TDHIZF
NN DRERIEE L DEEZFDDI L L LT, EFEENMDO S 54554 EHAK -
BEROFRRZERY FT ., FTEFREHICEAL TIE, R tBELEERD/NT—L—
- BN T SERARAEREZYOCHEL. F-BXERZERZEZRXF—
SEBFECTT, HRAREOEHELICEFFA - ERATMSRE LT, L—H—
ZRRALEHLVEHERZREAALARICEMLTVELZVWEEZEATEY FET,

SREJUGURFDICHTIEROCEBIIBENEFEE. KAHLIBELELLET
F9.

THTE6 R
RKEXRZL—F—HZHARTR RE Tt



* &

EP/Y

CoIz

* ERB0FEEXFEFA - ERAHRE) R
*ERR0FEERRF A XRAAERERSE

1. KBL—F—%ENAER

1-1 Enhanced laser-driven ion acceleration in a strong applied magnetic field 2018A1-AREFIEV AREFIEV Alex

12 KHRLYOESEMEHAESSUHTMERRICET AR 2018A1-EINAGA Bk EF

13 Syster.natic u'nderstanding of magnetic field generation mechanism in laser-driven 2018A1-FUJIOKA E EA
capacitor-coil target

1-4 Blast waves interaction as a star progenitor 2018A1-KOENIG KOENIG Michel

1-5  TIILFEIMEOES RS EICLIEREDRBRERED 2018A1-KOJIMA NG TH

1-6  EEFESTHEROERGONHERMMKFEICET MR 2018A1-KONDO ingE B

17 U337z FERVEEIRILY—AA & 2018A1-KURAMITSU s RS

1-8 EEEEBEROTILFRT—ILEEDETAE 2018A1-MATSUKIYO Wi 15—

1-9 Intense Low-Energy Neutron Source Using High Power Lasers 2018A1-MIRFAYZI Mirfayzi, S. Reza

1-10  SMERENINREIZIC L DHER ) IRV a0 DIKELE 2018A1-MORITA #HE AE

1-11  L—Y—EREIMeVHEFICR DR EEEWMS D4V 57 REM L DEITRER 2018A1-NISHIMURA maft 1HeA

1-12 BURTAFRDORRAMRERILEDIRER 2018A1-NISHIYAMA il HIE

113 L—HY—EHEEMBICLHKXERNBOEBRDREENDEHTOKDOIKEREN 2018A1-OKUCHI Bt RAE

1-14  Zeeman spectroscopy with magnetized high-energy-density plasma 2018A1-POLLOCK Bradley Pollock

1-15  Fo/P 22—y RAVEEK) R av TR 2018A1-SAKAWA IRFN F—
=AY I 5 No U b - 8- = R g3

1-16 THﬁ#Hbfﬁ/’\"" 75 7FER VRIS IC IS RARAT R EDINH EHED 2018A1-SANO =S 27
EERIIRREE

117 TABREOXEREICH T IRMBEBORH 2018A1-SATO £ R¥

) L——EEERBTOREMEMEO N AR BRERICIIBREATE Y ) o

18 LD 2018A1-UMEDA HH 1&F

1-19 LTS XTGBT I BEHERER RO EREER 2018A1-YAMAZAKI g 7

1-20 RATYL—H—(ZLBHR )AL LIV ER DR EHFINEN DG 2018A1-YOGO RiE BEX

2. BHAL—T—EEEREN

2-1  LFEXL—HY—L X TLOE MR 2018A3-KANABE €& 8

22 YbYAGRAYBFVIL—H—HKiRBOFHR 2018A3-YAMAKAWA wnr E—

23 NdR—FL—H—EEFEELF-Car2i BB II VI M F O BIF 2018A3-YOSHIDA EFH E

3. L—H—#§ - St B Tl

31 Investlgatllon fJf the electronic and optical properties of fluoridelrystals for 201881-HARRISON HARRISON, John
laser applications Andrew

3-2 Laser System Development using Gain Medium of Glass doped Rare earth Element 2018B2-DJAMAL Mitra Djamal

33 REREHEEENTFANTNAADEHEEZDIEA 2018B2-FUJIMOTO =% N

3-4 BRMEYAGEIZVIRMHOREF 2018B2-FURUSE mH HmE

3-5 Percolation approach to laser-induced damage of optical materials 2018B2-GAMMAG Rayda Gammag



MR

BREES

REERS

3-6 Rapid growth of KDP crystal at constant temperature and supersaturation

3.7 LY —BERRERDYTZUHEAQEROKHRAN —I—HEICLE)T=2 D
it BRSO

3-8 Development of radiation tolerant optical glass materials

3-9 Fabrication of novel transparent ceramics for scintillation materials

3-10 Optical properties of Gd-containing scintillation material in the UV or VUV region

3-11 FROBREREAFHEOERE - KB

312 L—Y—ERKICEDIVUNASAEERR

3-13  #RL/SLABHICKDAEMEOL—H —BELEME

3-14 BERENESMBETEORAMHBLLTOEET =AU ILEYVDRHK

3.15 Research and development of ultraviolet laser and amplifierBystems using Ce:LiCAF
crystal

316 Spectroscopic study of Praseodymium and Cerium co-doped APLF glass as improved
neutron scintillator

3-17  REMB . AFFROBGHEBEO/A—aL -3 ETIL

3-18 Development of a photodetector based on hydrothermal-grown zinc oxide nanorods

3-19 HFRNL—F—ICKEBITRRLIAS TR

3-20 EMEICETHTIBERTEEAOZELYMMHEHDOERK

3-21  TIVEDLF—=TZBIANT7A N\ERW=FFNAE—FRHAL —F —DEH

3-22  XREMEAA—DUT AT RS BEEE AT A HRREUFL 2D

3-23 EREL—Y—ZAV SR ESAIREDRR

4. L—Y'—MF

41 ERRE—FREL—Y —DOMEICH T HHIRFBATIERET SR HUBOFEIC
B SEMmMARTIRAL — —8F T2

42 FEHRBHRBJEFERL—V—DOBEHHEL

b3 BEERRICEIEEBL—F—F (4 —FREEERT 2 Y T7 AT L—Y—
DEMEIL

44 NANT—L—F—D=ODEHFEEFER L BEIS—DOEREE

5. TINIVYTE

5-5

5-6

5-7

5-8

H— R F/Fa—TAZITFIVTILDTINIIGE

FINWYRFEEERWNL—F—HA4 RIZE T EME—F D EEEDIFE
HREHELTOE#EBEERICEITARERUTHZE DB B EIZET 55

A

5710 RWEREBERICE T2 BHFIETR
HT10 umBE  ITA V=KD EFE TV —T YRR FO/ER
NARAFLTIREA O F BRI

HEEMBERALLETINVYRET AL RORRE

B EREBERNATVIR - RTLIZEDTITAT - TINIY - AEZITFIT L
DE%

ERDFEBIR- RV T—IDTINVYSREBRIBEAN=X L

ERETHz/ NLREFI ALz XE U HlfE

L—H =TSNV LIy a  BEMEEIC LB TixV1-x02/Ti02:Nb(001)NTAES R
T O 5T

FEHIAIOEE SR RE SR T IS RHEREE S A EBEDREEL
PRFOFE

2018B2-GUZMAN

2018B2-JITSUNO

2018B2-KAEWKHAO

2018B2-KUROSAWA-1

2018B2-KUROSAWA-2

2018B2-MORI.YU

2018B2-MOTOKOSHI-1

2018B2-MOTOKOSHI-2

2018B2-OGINO

2018B2-PHAM

2018B1-RADUBAN

2018B2-SASAKI

2018B1-SOMINTAC

2018B2-YAMANAKA

2018B2-YAMAMOTO

2018B2-YOSHIDA

2018B2-YOSHIKAWA.A

2018B2-YOSHIKAWA.H

2018B2-KAWATO-1

2018B2-KAWATO-2

2018B2-KAWATO-3

2018B2-00KUBO

2018B2-FURUTA

2018B2-KUWASHIMA

2018B2-LEE

2018B1-LI

2018B2-NASHIMA

2018B1-NISHIKAWA

2018B1-MAKINO

2018B1-MATSUI

2018B1-MATSUMOTO

2018B1-MORITA

2018B2-MURAOKA

2018B2-OHTA

Luis A. Guzman

BE X
Jakrapong
Kaewkhao

BiE &4
BiE &4
#EN
i =
i =
¥ th

Pham Hong Ming

Marilou Cadatal-
Raduban

ERRK B

Armando Soriano
SOMINTAC

W F1E
A #Zx
HHE

-

Il FRE

NE %
NE *®
NE %
RAR KH#

®E K
W gz
mA 248

3t
H
w

LRI
XH R



5-13  TINIVYSREIZLBLAA N TT—L [Li+@C60](PF6) DMIEFRZE 2018B2-OTANI & 1T
5-14  GaSb/INASANT OREEMN S DT I LY BUETEE O FTHE 2018B1-SASA ER HE
5-15  ARTTFYTIEERLEHGETINIVYRFEERFORSK 2018B1-TANI & EE
5-16  ARILRYYRT LA DBRLFERMIEEEZTDOTINILYRFIEA~ DG A 2018B2-TOKUDA fEE &'
.17 Eﬁ/\)b“/;‘&h‘i’é%ﬁﬂu(:&éf@ﬁ#ﬁ%éﬁ%ﬂ:?@ﬁﬁ%ﬁ—*vh%ﬂﬁ@%ﬁ%ﬁ@ﬂ 018B2-YAMAHARA WE BhsE
6. L—¥—I5H

6-1 ETFE—LRORSE. #lIEESCICZORAICEYTSHE 2018B2-FUJITA HE Kz
6-2 L—Y—EEBRYBRLFAMEFRERI—TVNEBEBE DR 2018B2-INOUE F LB
6-3 #MRYRLL—Y—ILbERAAKRE DR EERGH 2018B2-KITAGAWA i *kE
64 L—Y—BERAICEITIEEREORFE 2018B2-MANABE S5 B
6s xz:z::lc (lzs;ﬁ:airodnzynthesis of ZnO-polymer nanocomposites (ZnO-PNCs) for 2018B2-SARMAGO Roland V. Sarmago
66 HAVEUEBRANOBIRLF—L—F—RBHICETIHR 2018B2-YAMADA WE 38
7. BIRLX—EEHE

7-1 LY —BEERICIIERTVOT AREEMAN=XLOHE 2018B2-KAWAI N& fHER
72 RRERAHEL—F—F BRI TS XY P O BERISE - RO 2018B2-MORLYO & EE

7-3 HAHEFRASADUFL—ADOHERBRICET SHEHE 2018B2-MURATA #E &L
74 BE/SILVAL—Y—EAVRFERBIE O REE A 2018B2-NAKAMURA R —
2.5 ;Eﬁfﬁl\°)bz/<'7—%E%El:;éﬁéaﬁi%ﬁﬁmT:&)d)ﬂ%?ﬂmtnuiz%’fo)F‘aﬁ 5018B2-TAMURA R s
s BERT 10KDREISHFHEKF{LKFHDTO—T DNVMRE VEAHDHERD 5018B2-UTSURO e

Em A&

8. Bi-Ial—YaviiR

8-1

8-2

8-3

8-4

8-5

8-6

8-7

8-8

8-9

9-1

EBEEBEIIAIPICHSITHEREDRICE TOBBIBEERDOET VT
Radiation MHD simulations of accretion disks
L—Y—TLAI8 I T5RXRITEHT 53 —Lava— %
BT E A EMHDESR A B THOAIGE R O HE
BB I D RATREE OISR 2%
FTIL—2avIkd TN —LDFELHRDLI2L— 3 MR
BEREL—Y—LTSXAYDHEEEA
FEAUT N RELOL—Y —RERICA T TOHE
L—H—ERTFIAINSDTINIVYIRFEE

wES
L—H—TSAIHED=-HDREIHIIaL—ava—FOEFERH-H£HICHE

TIHMES

2018B1-HABARA

2018B2-HIROSE

2018B2-KATO

2018B2-MASADA

2018B2-MATSUOKA

2018B2-SUNAHARA

2018B2-TAGUCHI

2018B2-TANAKA

2018B1-YUGAMI

2018C-JOZAKI

PR
E#

R

bl

A

EXH]

B

T
F8

BAX

MmE



FR3 0FE ARFA - HAHE HRRE-RK

=% | No. REES K4 [ HRRE
1|2018A1-AREFIEV Alex AREFIEV University of California - San Diego Enhanced laser-driven ion acceleration in a strong applied magnetic field
2|2018A1-EINAGA 85K RF KRKFE T ARSI BIBRE P2 — KFLMOBBEMEEAS L CHFMERRICET 2R
3|2018A1-FUJIOKA HRRE EA KIRKZE L—H —F 2R Systematic understanding of magnetic field generation mechanism in laser-driven capacitor-coil target
4|2018A1-KATARZYNA Jakubowska Katarzyna |University of Bordeaux ﬁ‘i::::;;r;tder:r;tr:rc:jal::ss:)r::!'swoefgr:satflgfless:jrpelzneto|Dgical
5|2018A1-KOENIG Koenig Michel LULI - France Blast waves interaction as a star progenitor
6|2018A1-KOJIMA NG TR REMRPILPHARR KHE— LT/ BELUE—  |RULFEIDHOBR RO EC & ZERAOEERED
7|2018A1-KONDO piid:: st RIRKERFRELHHRR BEFESEREBEEOMMEHKEEICET 2R
8|2018A1-KURAMITSU i s KRKFREBR AT I3 7z ERAVERIRILE—AF U mE
9[2018A1-MATSUKIYO W 15— AMKERZREEE IR \HREERDOTILF R 7 — LEDREE AT
% 10{2018A1-MIRFAYZI Mirfayzi, S. Reza Queen's University Belfast Intense Low-Energy Neutron Source Using High Power Lasers
*%" 11/2018A1-MORITA #HEKE NMKFREBRHEEETFRF SMERENINREIRIC & BHER Y 2R Y ¥ 3 U ORIE
% 12|2018A1-NISHIMURA T 1H8 BHAIERE/RKRKE L—F —HEHER L—H—EREMeVHMETFIT L ZREMWENMS OF T 5 7 1 thaEM L ORERR
2 13/2018A1-NISHIYAMA B EE RRIEKRFIOUT 4 THHHARR Z7 A HRORR bR ERILBDER
) 14|2018A1-OKUCHI Bt RE BILXFREYEB RN L—H— R EMRIC & 2KEERBORKOREENEME TOKDKERT
15(2018A1-POLLOCK Bradley Pollock Lawrence Livermore National Laboratory Zeeman spectroscopy with magnetized high-energy-density plasma
16|2018A1-SAKAWA A F— KIRKZE L—Y —HEHEM FonLBaAMNE—Fy FERVEEK ) 21T 23 VHFNE
17/2018A1-SANO 1% F47 KRR L—H —FEH R BARREEX R Y v R0 U 5 7k & AVRIIEIC & 2 RERAT R E QI 54O RERAIREE
18/2018A1-SATO £k RF RBRFRZRELHIR A BIBEDREREICE T ZRMBEDORHA
19|2018A1-SHIGEMORI ERXBEN KIRKZE L—Y —HEHEH BEREL—Y—ICEBFAN—LENDORE L ZORHEICET SHE
20(2018A1-UMEDA HE EF RIRKF KR TEBRR L—H—HEERTOREMHMHEOS AT : BETHRICLIREAIBEMRETLOEE
21(2018A1-YAMAZAKI i T FIFRRPET 2 WIE - HIEFR Wit 75 AP EGIET B RIEREE RO EMRKER
22|2018A1-YOGO RIEEX KIRKZE L—Y —HEHEH RETy fL—HF—I2LDHWRY 37V ¥ 3 VREOBIL & HFIEADEA
ﬁ; 23(2018A3-KANABE &8 B BHAPEMARR LRI EX - BFTFHBE|FEXL—F— 2 X T LOBMEREL
Ei 24(2018A3-YAMAKAWA Wi E— EF PRI MRS B RPN Yb:YAGR A ¥ O F v T L—H—RIRFORFK
i 9'E 25/2018A3-YOSHIDA HHRE EMAFETIFHESEFILEH Nd F—TL—Y -8B &M E LizCaR2BBAtE S I v Y AHH OB
26|201881-ANDREW ::j:eli’ON, John L;:t:z::’euo:i\l;lea:;;\a’l and Mathematical Sciences, Icnr;:tsatlisg::)i:)lr;:efrt::;::::ir::sic and optical properties of fluoride
27/2018B1-HABARA IR %8 RIRKFRERTEBRER BEERM IS ARPIIE T 2ENEARICE T 2RBIEEROET ) VY
28(2018B1-LI = KB L—H — BT A BRm T3 7z ERVEARERICE T 5 BRHETRR
29/2018B1-MAKINO WE A EERBWREHMRER 5/ LY boZ ) PR [HEREMHERA LT IANLYIERT /A RORE
. | 30porestmaTsUI 3 Bz SERPAFREISHERH zm CEEFEANATUY R VRTLAIRKDTIT AT - TIANY - AERTUTILOM
;:; 31/2018B1-MATSUMOTO  [#AZ st KIRAZRZREBLHRR EXAFEE - 2y FT—I DT IANYRREBRIGEA DXL
2| 32|201881-m0RITA HE R FRAZEARZRTEWRR BIRETH LR ZFIA L= X E Uil
E 33(2018B1-NISHIKAWA )1l EMAPEMETHHBERTEH N FRFTTIREA S OFBRHETE
% 34/201881-RADUBAN agzrjs:ncadam' 'Jnslt\'/:‘:ltzf Natural and Mathematical Sciences, Massey | 4 occooic study of Praseodymium and Cerium co-doped APLF glass as improved neutron scintillator
35(2018B1-SASA R WE ARIERZIFHEREF AT LIE GaSb/InAsA T OREIEMN 5 DT 5 ALY B34 EE O 3T
36/2018B1-SOMINTAC ;\(n')r:/lal:lizzoriano gia“t'i:::l Institute of Physics, University of the Philippines Development of a photodetector based on hydrothermal-grown zinc oxide nanorods
37(2018B1-TANI BIEE BHRPERNELERARAR 52— ABITYTIVEERLEFZETINVYRRERTOMRE
38(2018B1-YUGAMI HEE FHERERPRIAHAR L—H—ERTSAINLDTINILYREE
39(2018B2-DJAMAL Mitra Djamal Institut Teknologi Bandung tla:::nytﬁem Development Using Gain Medium Doped Rare Earth
40|2018B2-FUJIMOTO A UE FEIZFKPZPIPHEIEFIFH RERBREER T 7 1 /N T/ RAOBAK L TOIEA
41|2018B2-FUJITA BRE M (s SUE =R A EFE—LRORKE. HlHL5RIZOBAICET 5HE
42|2018B2-FURUSE HHRE FERITEXRPTEE BRMYAGE S I v I AMMDBIFE
43(201882-FURUTA HHE BAIIRKE - SR TLTEH H—RoF/ Fa—TAEITFUTLDTIANLYEE
4412018B2-GAMMAG Rayda Gammag Department of Physics, Mapua University Percolation approach to laser-induced damage of optical materials
45/2018B2-GUZMAN Luis A. Guzman KM T EEEFEMER Rapid growth of KDP crystal at constant temperature and supersaturation
46(2018B2-HIROSE EHERE BERTRREE WENE - RRRTHES S Radiation MHD simulations of accretion disks
47(2018B2-INOUE Ei 1y RERPILPBARAR L—H—ERE#E YR LPEFRERAS —5 Y FERBEBORRE
18]201882-01TsUNO FH 2R KIRKZE L — Y — BT ;é;f—ﬁkiﬁlﬂ%@ YTZURBADOBA KhR M) —v—MEIZLD) =Dttt - %R
49(2018B2-KAEWKHAO Jakrapong Kaewkhao [Nakhon Pathom Rajabhat University Development of radiation tolerant optical glass materials
50(2018B2-KATO 0 EEBIRAHER TR ITHREM L—HY—=T LA 9890 T5ARICET 53 aL—ara— RS
51(2018B2-KAWAI & e REARKF/ L RAD —REH R L—H—HREMRICLP2BEVT HFEELEM A D= XLOWE




BEES

K&

&

AR

BEREE— FRHL—Y—OHERICHT SRIFENBELE S SNEDOHECHT SERNM

EE-

el

B A

2018B2-KAWATO-1 NF & BHAZIZFHARRNES BFIE FIRAL—Y—5F =502

2018B2-KAWATO-2 NF & BHAZIPHARRES BFIF FIRBARIBERR L — S —OBEMEL

2018B2-KAWATO-3 NF & BHAZIZHARNES - EFILFEL BEEMEICLIEREL— Y414 — FREERKF S oY 7747 L—F—OBHEL
2018B2-KITAGAWA e kE REFRRKERRE LT RLE—HF BYRLL—H—IC &k dBmERKEME DORFE & ERISA

2018B2-KUROSAWA-1 REEN I}yl Fabrication of novel transparent ceramics for scintillation materials

2018B2-KUROSAWA-2 REEN RIERFRERERMARAR L 52— Optical properties of Gd-containing scintillation material in the UV or VUV region
2018B2-KUWASHIMA EI_Ed74 BAIXRFIZFHEREFIFH TINVYBEREERVEZL—Y—NF RIZHBTHE— FORBEDHE

2018B2-LEE = 18 BRKZIFE HREUHELTOEREBHEERICHE T DRERUTHZRO BB EICET 5%
2018B2-MANABE S8R B RIITERFEMPK - REETP L—¥—RBBICE T2 ERELORRE

2018B2-MASADA B BMBERFLEFRENLTHRE RS E R MHD BT 57 Tl B KIS R R O A

2018B2-MATSUOKA FARE 1§ AR ILREREB T EHARFR Hi5IC & 2 MATREMEDIIH BT 2%

201882-MORI.YO mFEE HERRIRKFRRF RRERRAFW L —Y — £ AV 38HE T 5 X PO BHISEHR - WD BRIE
2018B2-MORIL.YU HEN KIRKERERE T LR ROBRERMALHGOBRHE - KEL

201882-MOTOKOSHI-1 | f = L—H — BT R AR L—H—EREIC LD L) DA S REERR

2018B2-MOTOKOSHI-2 | At f = L—H—RiTB &R IR L/ UL RBBETIS &K DRFMMO L—F—B5 L EME

2018B2-MURAOKA F6E #ia FE LUK R TR BER PR L—H—FIALYIT I v 3 VMBI & HTiV1-x02/TiO2:Nb(001) A T O & R & O 3 fi
2018B2-MURATA #E &R RAKRPLELE FHFHRAS AL UF L—2 OBHERRICET 2RFKHR

2018B2-NAKAMURA R — B HRIEKRFETOUT « 7HEARHR BIE/ LA L—Y — &AW RTFERBIEOEFHEEA

2018B2-NASHIMA HIgEE RIRFILKE KRB TEHER Y T10umBE T A V=S L BEHETA ¥ —5 ) v FRAFOER

2018B2-0GINO frdag EEBITR AR BT ARMTHREM BERERAMEL B ORAMML LTOEET =4 ViLADOMSE

2018B2-OHTA PN FRAREIEY FHYA Y RS RRGTARECH T2 T S )RR AL L EB O & AR T OFE
2018B2-00KUBO RAR KA HERIMRETPMMEM TSR NARD—L—F—D=HDEHELEFER SRS 5 —OHAKKE

2018B2-OTANI K& 1T BLZFARAM A BT LHHARMEL TINLYBHEIZL BLA T Y RET 5 — L U[Li+@C60](PF6)-D PR

2018B2-PHAM

Pham Hong Ming

Institute of Physics, Vietnam Academy of Science and
Technology

Research and development of ultraviolet laser and amplifier
systems using Ce:LiCAF crystal

2018B2-SARMAGO

Roland V. Sarmago

National Institute of Physics, College of Science,
University of the Philippines - Diliman

Material design and synthesis of ZnO-polymer nanocomposites (ZnO-PNCs) for photonic applications

2018B2-SASAKI ERA B EFREPRITTIBASHE BT AR 2R HEHH, AFFROBERBO/S—aL—YavETIL
201882-SUNAHARA W% gf:;zlr ZirNrﬂilt:;aEI;;::;::}:iﬁ‘;i:‘gﬁ:xz; FIL—2avIsk b TN—LOKEEWRDL S 2 L— 3 VBT
2018B2-TAGUCHI HA #3h ERAFETIFHESEFIEH BEREL—Y—¢L TS XTOREER
2018B2-TAMURA B X RETXBEFMFH REGEE/ L RT —FERERIC & 2BEREHREBO - H ORIBEMEF LD
2018B2-TANAKA L2EPN FILFRRFET IR YE - HIEEH FHIVT P UMEOL—Y—KRICE T TOHE
2018B2-TOKUDA BE R Rl LR ST K22 F IR TP SR RE IS TR ABWNRY Y T LA DRUBERNEEE TOT I ALY RGIEHADEA
2018B2-UTSURO FRE HE KRKERMERE 5 — SRER 1-1 OKOREELZH 1+ 5 BAFRILKFHD T A — T ONMRE VEHAHDEIR D ERL T 3%
2018B2-YAMADA JIT]=: g%%ﬁ?fgff;;;j:a Eﬁﬁﬁiﬁ/\q FALXVEY FEBAOBTRLY—L—F—BEIET 2R
2018B2-YAMAHARA LR BAYE RERRFIZRAER TINVYEDHERIC &L BEREFEAFLEKA—F v MEROFES BT
201882.YAMAMOTO | Uiz % TS FRTRIFHIMEIAATLIZTYY e em s 5B AR AOEHHO B
2018B2-YAMANAKA Wish F1§ RIRKZEKFRELRH R RIS L—HF —(2 & 2 BETRRMAD TR
2018B2-YOSHIDA HH X ERRFETPHESEFIEH TIVEDLR—TBIANT 7 A RERVHRNE— FRHL—F—OB%
2018B2-YOSHIKAWA.A |11 & RAKRFEEBHHARART XERBIARA A — DU T ICAIT- B MEEEE T SRBARL O FL— S ORK
2018B2-YOSHIKAWA.H |1l 58 BEXRFRFRETFHER BREL—F AL EREEERERAREOME

F34 2018C-JOZAKI i = REXRFRFGR TP L—H—TSATHED-OOREHS T2 L— 30— FORRERE - #AICHT 5HRR




Enhanced laser-driven ion acceleration in a strong applied magnetic field

Alexey Arefiev,! Toma Toncian,? Joao J. Santos,? Hiroki Morita,* K. F. Farley Law,* Daniil
Golovin,* Satoru Shokita,* Takato Mori,* Morace Alessio,* Akifumi Yogo,4 and Shinsuke Fujioka4

' Department of Mechanical and Aerospace Engineering, University of California, San Diego
2nstitute for Radiation Physics, Helmholtz-Zentrum Dresden-Rossendorfe
3University of Bordeaux, Centre Lasers Intenses et Applications
4Institute of Laser Engineering, Osaka University

INTRODUCTION

Laser-driven proton sources can deliver several tens of
MeV particle energies from the compact, transient acceler-
ating structure generated by laser-matter interactions at rel-
ativistic intensities. The future development of novel appli-
cations such as fast proton ignition requires improvements in
the proton energy, beam divergence, and laser to proton en-
ergy conversion efficiency.

In target normal sheath acceleration (TNSA)[1], an intense
laser pulse irradiating a flat solid-density target heats electrons
and sets up a picosecond-duration and up to TV/m sheath field
that gradually accelerates protons off the target surface. The
proton beam quality is thus linked to the hot electron spectrum
and the density distribution and lifetime of the sheath.

We have carried out two-dimensional and three-
dimensional particle-in-cell simulations[2, 3] which indicate
that nanosecond-duration sub-kT magnetic fields, accessible
by capacitor-coil targets developed at ILE[4], suppress lateral
sheath electron transport, increase electron heating and could
deliver enhanced TNSA performance.

Experiments at the LFEX laser facility will be aimed at
measuring for the first time the impact of an applied kT-
level magnetic field on laser-driven proton acceleration in the
TNSA regime. The LFEX laser facility is the only facility ca-
pable of generating a nanosecond-duration kT-level magnetic
field, can simultaneously drive TNSA, and is also uniquely
suited for investigating factors which affect the sheath dynam-
ics such as electron heating and lateral transport. The capa-
bilities of the LFEX laser facility will allow us to conduct a
proof-of-principle experiment into the effects of strong mag-
netic fields in TNSA, including a magnetic field strength scan
to observe the onset of magnetic field effects.

EXPERIMENTAL SETUP

We used three GXII beams to generate a strong magnetic
field and a single LFEX to accelerate proton beam via TNSA
in this experiment. Experimental geometry is shown in Fig.1
Each GXII beam, which has 800 +/- 50 J of energy in 1054
nm of wavelength, is focused on capacitor-coil within xx of
spot size. The capacitor-coil target might generate ~ 2 kT at
coil center 1.2 ns after GXII peak with 500 um of coil diame-
ter and 50 um of wire diameter[5]. LFEX, which has 350 +/-
50 J of energy in 1054 nm of wavelength, is irradiated to CH

coil

~

——

TA 400x200x50 *

L
CH 200x200x50 . 5mm l 30 mm

Al 1000x1000x10 RCF

FIG. 1. Experimental setup for 3D design and 2D geometry. CH
foil as a proton source was put on tantalum, which protect CH foil
from some radiation. These targets are placed at the center of a coil.
CH foil and tantalum’s dimension are 200 x 200 x 50 um and 400 x
200 x 50 um. An aluminum foil was put 5 mm away from CH foil.
It also protects CH foil from radiation. RCFs put 30 mm away from
aluminum detect the proton beam. RCFs have a hole at center to pass
the proton to Thomson parabola spectrometer.

foil. CH foil was on a tantalum shield to be protected from
radiation and a plasma generated on capacitor-coil. Acceler-
ated proton beam was measure on a radiochromic film(RCFs)
at 35 mm far from the foil. RCFs have a hole at its center, the
spectra of a proton beam through the hole was measured by
Thomson parabola ion spectrometer. The spectra of the accel-
erated electron were also measured. The aluminum shield put
5 mm away from the foil protects the rear surface of the foil
from radiation.

RESULTS

Figure 2 shows the plots of maximum proton energy against
the delay. O ps of a delay represents that GXII and LFEX
reach the targets at the same time. A positive delay means that
LFEX comes after the peak of GXII. An inset figure in Fig.2
shows the measured proton image without a capacitor-coil tar-
get. The maximum energy of this proton was 21.6 MeV. The
lowest energy was 5.8 MeV with an application of B-field.

The acceleration energy of proton decreased with the de-
lay between GXII and LFEX. The delay corresponds to the
strength of magnetic field so that magnetic field rises when
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FIG. 2. Maximum proton energy against the delay between GXII
and LFEX. Maximum proton energy decrease with the delay. Circles
and solid line represent the proton energy using a coil. Crosses and
dashed line represent the proton energy using only plates. Positive
delay corresponds to that LFEX reaches the target after the peak of
GXII beams. An inset figure shows the proton image obtained with
only LFEX. The number in a figure shows the shot ID.

the delay increases. We expect that the maximum energy
of the proton beam would increase with the delay in theory.
However, the maximum energy of the proton beam decreased
against our expectation. This decrease might be caused by the
effect of radiation from a capacitor plate irradiated by GXII
beams. The energy of three GXII beams is high enough to
generate high energy x-ray. The high energy x-ray can heat
a rear surface of the proton source, causing a deformation of
the rear surface. A sheath electric field weakens due to the
deformation of a rear surface generates and leads to lower ac-
celeration.

The proton energy increased a bit at 230 ps. We hope this
increase was the effect of the applied magnetic field.

We also carried out the experiments using the capacitor
plates which do not have a coil to confirm the effect of ra-
diation. In this case, the maximum proton energy was higher
than proton energy in case of using a coil. These results in-
dicate the radiation from the coil itself can heat the proton
source apart from capacitor plates.

A large current flows in a coil after the laser irradiation.
Ohmic heating due to the large current leads a coil expansion.
The expanding coil may touch the tantalum shield and proton
source. The experiment in other geometry was also performed
to remove the possibility of a contact.

The clear change in proton images was observed changing
the coil position. Figure 3 shows each target geometry and the
obtained proton images. The proton source was put at the cen-
ter of a coil in an original arrange as shown in Fig.3(a). The
proton image measured having 9.9 MeV of maximum proton
energy.at -10 ps was clear pattern (Fig.3(b) ). In the other ar-
range, the proton source was put at 250 um away from the

FIG. 3. Target arranges and obtained proton images. A proton source
was put at a center of a coil in an original arrange(a). In this case,
clear proton pattern having 9.9 MeV of maximum energy was ob-
served at -10 ps(b). In the other arrange, a proton source was put
250 um away from a center of a coil(c). The apparent difference in a
proton image was observed at -30 ps. However, the maximum energy
of proton (7.5 MeV) was lower than (c). Numbers shown in proton
images represent a shot ID each other.

center of a coil as shown in Fig.3(c). The proton image mea-
sured at -30 ps on this arrange have a characteristic pattern
shown in Fig. 3(d). It seems that the protons are collimated
at the top right of a hole. However, the maximum energy of
proton in this geometry was 7.5 MeV, lower than the energy
in the original arrange. The radiation from a coil itself may
still have caused this decrease.

SUMMARY

In summary, the proton acceleration using a capacitor-coil
in this experiment is pretty sensitive to the influence of radia-
tion which is generated when GXII laser irradiates a capacitor-
coil target. The acceleration energy of proton decreased with
the delay between GXII and LFEX. This was caused by the
radiation from a capacitor plate. And a decrease of proton en-
ergy was suppressed using only the capacitor plates. Results
indicate the radiation from the coil itself can heat the proton
source.

The evident change in proton images was observed chang-
ing the coil position. However, the maximum energy of proton
was still small due to radiation.

We used the shield for generated radiation, but it did not
work in this experiment. For the future experiment, we need
to improve the counterplan of the generated radiation.

[1] S. C. Wilks, et.al, Phys. Plasmas, 8, 542 (2001),

[2] A. Arefiev, et.al, New J. Phys. 18, 105011 (2016),

[3] J. J. Santos, et.al, Phys. Plasmas, 25, 056705 (2018),

[4] S. Fujioka, et.al, Sci. Rep. 3 (2013), p. 1170,

[5] K. F. F. Law, et.al, Appl. Phys. Lett. 108, 091104 (2016),



KB OB ED RIS X OB ar ot ERR B 3 2058

SACRR |, FRIEAIS 2, WATIRR |, SR/ S, (EBFAT ¢,
BEEGS, MEEY? RETH Y, Rk

PR BROR S SEHE LA SR B R R A 2 o 2 —, 2 RIRCORZE RS2 Be LR ZE R,
3 ] LR AR EWETERT, ¢ KBRS L —F— R A e

X C®iz

KFIIFHTRLD Y SN TR TH DL, HIK
BLOZOLEMIIMMOWE & 134 < e D R0
TRAERCYIMEE T Z E RN LN T\, Bz T
TIELL A /KSR HoS 28FRB9 722 E T (BB L% 150
FERE) IZBWT, 203K W) ZnETORLeEE
K& L R D BESRBIEE 2R T & OWENR S
NTWB], F7z, YegrwrsefERE 20 & Lo
WITN—TIZLY, BREEEE RS - IBEHE
Wiz B mAEENERIICH LI TV D
[2], T HAE % KB BN T, BEE O
EMEEECa R, BB ORI — B
WCEoTHRENTWD, LLARRS, EHEMER
W CITBIEREE R EHERO L DL B D720, Hi-
PR A DI E L e TE TS,

AWFZE T, KB OEIREIE T OB
R, MHEMIEE S L OHEBR 2RI T 272D D FR
N0 EFDLHZEEHBELTC, @EEL—F—Z2HWn
T B EAE B 2 BRAA Uiz, MR Tl WIRE
JECHEKRTH D MgH, & FHWT, b —W —fE8
EERWTEEAR I =357 &, XA ¥
EY RT eV EA L TR L S 72 HaS 7k
AW TER LD TEE LI,

ERR

WOt 12 5 (GXID) L—HF—v 27 A ZHWT,
U— YRR AT o 7c, 7SV AMEI 2.5
ns, W 527nm F721% 351 nm, AR Y FERIT 1
mm F721EL 600 mm THo7-, HETHF VISAR
(Velocity Interferometer System for Any Reflector) & /i
FHEFEF SOP (Streaked Optical Pyrometer) % F V>, 8
BRI (Us) & IR (T2 R L7=, KifE 3 um
OBMERETVATDHZ LIZE > TER L7- MgH; ik
BrEHW=, Bt ZEoFRn T 2H 00 UHH
iE L, 10-15%DFFHANO b O % EFRIZH W2, {Ek
L7zslBHI TG IR L TARE CTHh 5 4. YAG
(532 nm) L —H¥—%7Fm—7 L L7 VISAR (2L~
TREINE AR 2R A EEEHT 5 2 &%
RARETH 7=, £ Z T, Fig. 1 O K 9 723k
BRI A RE L CHET D700 Z—5 v b
TEyTV AL, EHEREEEARET D 2
L Cad=F7r—Fx0i5F L1,

=5y MIBWC, CHIZT 7L —%— 7/

=Y LIT R =THOREH & L TORE Z RS,

V=P —WER D 0-7 + = (SiOx#sh. LA T2 &

— L) I, S v E—F Ry T T EEE
HALTREREEZRET HOOEEYETHDH, F
7o, BEAEREL O IS Y (i 72 7 4+ — > LEE
DORICHELE LAY A F L2 HNW T, EEBERN
MgH, # A& OfEE ) ORED R a2 HEET D &
HiZ, MgHo/Qz St BI=EREA & EfEIZRE LT,
ZOREHRD Y F—VIZEEE 532nm DR
LIRS a—T 0 v T ERLT-,

HIPER
Laser
Polystyrene
(190 pm)
Polypro N .
; VISAR
[lg,‘)i'!;':;;] (40 pm) | (50 pm) S
FERLER

ARIEBRIZ K> T, FATHZERI TIIEE R 2 ST
W2, BeK 350 HARUE (350 GPa) £ COME TS
TR EGEDH T ENTE, VISAR HEIZHBWT,
MgH, HIZHW\ T, A ZE MM — kR I L
TEY., FEREEHHEZRBE X SRERETHD
ZENbhotr, IR X9 IR E R E DAl
ExEToTHEONTEEBAODT =L, AT 4D
H70 250 e W T ARIEREIR O S TG D 7 — 2 %

———

—

—
-

—
—— e

Time [ns]

Fig. 2 VISAR [H{{& D3]



L7 D% Fig. 3 1ITR-T, TNEFhOaT=F
JERMGHIAROEWT, K<FmbnizAe v T 4 ETV
THHRRETH DL Z L Rbh ol

400
——— extrapolation
3501 ——  porosity model +
300 1 A R. F. Trunin(1987) >
-4 thisexp(cor) +
n:'-: 250 1 .‘
S F
o 200 1
=3
% 150 {
2
=9
100 4
50
[} et T T T T T
0.0 2.3 5.0 75 10.0 12.5 15.0
Particle Velocity [km/s]
Fig. 3 Rif# & 710 Bf%
fEam L SROBEE

AHFFEIZ K- T, FiREECEEO KB D=

T AREE S RRGH RO FIEEMNL T HZ LN TE
7= bz, BEfFOWMEITH T 2 8L E&y 300
GPa fHI DT — X RS TEX L B bhoT-, &
BOREELE LTI, Mg ICBIL T, SOP BfG7 —
B SO 5 Z & CHERIBIREZRE L, #
HEET — & & WBRETT 572 & JEJ1-REMK O
B2 D T PETH D, Fio, AhlEon-

REFERA T — 21T T, M RFHMFERS, L
—%—&ﬁ%@ﬂ 1K 2T WPl N Y |3 v s N
v — B ER AT,

FARE R CRIKRORALATE T3 U CEER NG 21T
1D H—y NBA% L THFERR L 1T 72, Fig.4
RT Lo TV aryFryiarZ—4Fy NEH
W, MRIREZETHEAI LI, [ED HS 2K
ST CTEEERAE L, JENENT TOLERICKE
TZETIHRE LTHAL, PHESHE LTIZ02
MPa fiE CLRE LI —F v NEEBTERL, 20

K —7y MR L TP ERZITV, 7 — X BUSN
ARETHDHZ ENbihoT,
A B EERER OB AT 2 sick Dy,

ZHETO HoS OFFIIMA L FZHRLCEGGFT I L D
AERL L e LT, MgH, &[RRI BE R

CH 50 um
support

quartz

diamond 200 pm 50 ym

HS —~—p—] o

e N

sapphire 5000 pm

|VISAR and

SOP

Fig 4(f5)7V av 7Ly v a vy —5y MEGK
LENTVarTryvard—4Sy NOBHR

OHiFZEEDDHTFETH D,

BT

ZETHIBREROITICTIRNEETE LA
WHoeE Ve B BB, ORI L —H —=
FNF—T X —DERRICEHE L E9, 2. A
WFgeix. JISPS BHFE: 16H02246 K& V= iR 22T
DXFEOH ET, EOLILE LT,

REFERENCES

[1] A. P. Drozdov et al., Nature 525,73-77(2015)

[2] M. Einaga et al., Nature Phys. 12, 835-858(2016)
[3]R. F. Trunin, M. V. Zhernokletov, N. F. Kuznetsov, Yu.
N. Sutulov, Fiz. Zemli. 11, 65-70 (1987)



Probing ultrafast motion of critical surface pushed by multi-pico-second
relativistic radiation pressure

Sadaoki Kojima!, Yogo Ochiai?, Shunsuke Inoue!, Yasunobu Arikawa?, Masayasu Hata?,

Natsumi Iwata?, Scott Wilks3, Gregory Elijah Kemp?, Yuan Ping®, Andreas Kemp?, Tony

Link3, Tammy Ma3, Shigeki Tokita?, Alessio Morace?, Hideo Nagatomo?, Tomoyuki Johzaki?,
Tetsuo Ozaki*, Shohei Sakata?, Seung Ho Lee?, King Fai Farley Law?, Kazuki Matsuo?, Hiroki
Morita?, Masaki Hashida!, Yasuhiko Sentoku?, Shinsuke Fujioka? and Shuji Sakabe!

nstitute for Chemical Research, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan
nstitute of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan
3Lawrence Livermore National Laboratory, Livermore, California 94550, USA
“National Institute for Fusion Science, 322-6 Oroshi, Toki, Gifu 509-5292, Japan

INTRODUCTION

Relativistic electron (RE) acceleration by a
high-intensity laser is an important to produce fusion
plasma heating and TNSA proton acceleration etc.
Dependence of RE kinetic energy distribution on laser
intensity has been studied'?. However, effects of pulse
duration did not be taken into account in the previous
works. A material and plasma are continuously irradiated
by relativistic laser pulse over multi-pico-second in the
recent kilojoule-class PW laser facilities such as LFEX
in Japan, LMJ-PETAL in France, OMEGA-EP and
NIF-ARC in US. We observed generation of
super-ponderomotive relativistic electrons (SP-REs) in
multi-ps laser-plasma interaction using ultra high
contrast LFEX laser pulse in our previous experiment.

We clarified that self-generated static electric and
magnetic fields are essential for the generation of
SP-REs with the help of particle-in-cell (PIC)
simulations. In the first stage, SP-RE are generated by a
combination of a laser field and a quasi-static
self-generated electric field® in the acceleration region. In
the second stage, the SP-RE energy is boosted
furthermore by the loop-injected-direct-acceleration
(LIDA) mechanism*, where SP-REs are kicked back
again to the acceleration region by a strong quasi-static
Mega-Gauss magnetic field generated spontancously at
the critical surface. Amplification of the spontaneous
magnetic field up to Mega-Gauss strength takes several
picoseconds. We found in the PIC simulation that
generation of spontaneous quasi-static magnetic fields
synchronizes with the expansion of the critical surface
heated by the continuous PW laser irradiation. This has
not been recognized in the previous studies®®. We have
developed a model to describe the ultra-fast
hydrodynamics of a PW laser-heated plasma’. In this
research, we experimentally verify the following two
numerical findings. (1) Sudden growth of spontaneous

magnetic field growth. (2) Synchronization between the
SP-RE generation timing and the plasma expansion
timing. The measurements will be compared with the
PIC and the model calculations.

LFEX laser pulses will be stacked temporally with
arbitrary delays between the beams. In this study, a
single beam (case A: 1.2 ps FWHM pulse duration and
peak intensity of 2.5x10'® W/cm?) and stacked beams
(case B: 3.0 ps FWHM pulse envelope and peak intensity
of 3.0x10'® W/cm?) will be used. The energy distribution
of REs emanated from the target to the vacuum was
measured with an electron energy analyzer located 20.9°
from the incident axis of the LFEX laser. Time evolution
and spatial profile of the magnetic field will be observed
by a time-gate camera with time-jitter-less 500 fs optical
probe laser. Ultra-fast motion of laser-plasma interaction
surface will be observed by Frequency-Resolved Optical
Gating (FROG) technique.

POLARIZATION GATING FROG (PG-FROG)

The FROG with high temporal resolution and high
wavelength resolution has been designed in the
collaboration with Dr. G E. Kemp of LLNL. In the
FROG, a pulse is divided into a signal pulse
(transmission) and a gate pulse (reflection) using a
70R/30T beam splitter. The signal pulse is incident into
the Glan-Taylor polarizer. The first polarizer transmits
only p-polarized component, and the transmitted pulse is
focused into the nonlinear medium (NLM) using a
cylindrical lens (f=70 mm). The gate pulse rotates the
polarization of the signal pulse by the optical Kerr effect
in the NLM. Birefringence is induced only when gate
pulses are present. After re-collimating the signal pulse
with a cylindrical lens (f=70 mm), the desired signal is
separated using an analyzer. In our configuration, the
extinction ratio is about 10 or more when Glan-Taylor
polarizers pair has crossed arrangement. A cylindrical
lens with 130 mm focal length relays an image on NLM



to a camera with keeping temporal profile, while the
autocorrelation signal is spectrally resolved by a
holographic diffraction grating (reflective grating) with
1200 Grooves/mm and a cylindrical lens with 150 mm
focal length.

LFEX EXPERIMENT

The first LFEX experiment was held last November.
One LFEX beam delivered 230 J of 1.053 um
wavelength laser light with a 3.3 ps duration (FWHM).
The spot diameter on a target was 30 wm of the full
width at half maximum (FWHM), and about 60% of the
laser energy was contained in this spot. The peak
intensity of one beam was 3.9x1018 W/cm2. The
contrast ratio of the LFEX laser pulse was 109 at 1.2 ns
before the main pulse. The main beam was focused on an
aluminum-coated optically polished BK7 glass by an
f/10 off-axis parabolic mirror. A typical FROG signal
was observed when a filter with an appropriate optical
density was installed in the CCD camera (Fig. 4). From
this signal, the pulse width was estimated to be 3.3 ps
(FWHM), which agreed with the result of single shot
autocorrelator. Moreover, the spectral width is estimated
to be 1.6 nm (FWHM). This value indicates that
spectrum narrowing occurs in the disk amplifier. (The
spectral width is approximately 2 nm before passing
through the disk amplifier.)

When we removed the neutral density filter of the
CCD camera, a weak red shift component produced by
plasma motion was observed. The most shifted
component shifted about 7 nm from the center
wavelength. This value strongly depends on the degree
of ionization and the degree of ionization estimates about
7 to 8 from spectrum shift. This corresponds to the
degree of ionization calculated by corresponding laser
intensity for over-the-barrier ionization of aluminum.
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Introduction

In this research we tried to measure
Zeeman splitting in the soft X-ray range
emitted from a magnetized silicon plasma
produced by laser. Silicon is one of the
abundant materials of the universe and
Zeeman splitting is a measure of the
magnetic field in astronomical observation.
We used a capacitor coil target to generate
a kilo-tesla level seed field and compress
the seed field by laser driven implosion.
According to hydrodynamic calculations, a
peak field of 10 kT can be achieved on
GEKKO-XII. This strength is close to what
is found on the surface of a white dwarf.
The X-ray spectrum measured in the
laboratory will be compared with
astronomical observations. This is also a
technique for measuring very strong
magnetic fields generated in the laboratory.

Experimental purpose

We focus on Zeeman spectroscopy of soft
X-rays emitted from a magnetized high
energy density plasma of 10 kT field in this
research. The goal of this experiment
design is to observe a nonlinear Zeeman
effect in the laboratory. This is an important
physics for determining the magnetic field
strength from the astronomical spectrum.
Silicon is one of the abundant materials of
the universe. We intended to observe the
change in the spectral shape emitted from
the laser-generated magnetized silicon
plasma in the soft X-ray region with
changing the magnetic field strength. It is

difficult to accurately calculate nonlinear
Zeeman effect other than hydrogen and
hydrogen like ion. The laboratory
experiments are essential for identifying
nonlinear effects in multi-electron atom
systems. Based on our laboratory
measurements, we try to find Zeeman
splitting lines in astronomical data. This
behavior may reveal how laboratory
astrophysics contributes to traditional
astronomical research.

Experimental design

According to the actual experimental
arrangement, during the FO-03 experiment
series target shots has been divided into 2
parts, which are magnetic-field
measurements and the Zeeman effect
measurements.

In the magnetic-field measurement
experiment, we used a capacitor coil target
as the main target, and an Al foil as the
source of proton shadowgraph. The
experiment schematic is shown in Fig. 1(a).
The magnification of the image on the RCF
1s 15x.

In the spectra measurement experiment,
two capacitor coil targets were used to
generate seed field to compress a ~10 kT
strength strong magnetic field. A Si02 foam
(5 mg/cc) filled polyimide cylinder was
placed at TCC as the main target. The
spectra were observed by a EUV
spectrometer. The experimental design is
shown in Fig. 1(b).
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Figure 1 (a). B-field measurement

Experiment and preliminary results

The primary experiments were performed
in two days 4 shots. The B-field
measurement experiments were performed
on 14th February and the spectra
measurement are performed on 15th
February.

In the experiments of B-field generation,
with a LFEX time delay of 290 ps (~325 ps
before the GXII
implosion  beams
peak) we got a comb
shape pattern on the
RCF (Fig. 2), which
indicate a existence

of B-field.
Simulations will be
performed to

estimate magnetic
field strength in the

Figure 2. RCF result

wio B-field

50
Distance ()

Figure 3. A probable splitting
future.

(b) Spectra measurement

We can find several probable Zeeman
splitting peaks in the spectra measurement
experiment. An example is shown in Fig. 3.
A Roughly estimation of the peak energy is
around ~80 nm. Next step we will try to
calculate the plasma parameter, confirm the
energy range of the potential Zeeman
splitting lines, identify the elements and
transitions. The comparisons between these
lines, calculational and astronomical ones
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Figure 4 EUV data

will also be done in the future.

In addition, the original spectral data there
is a background noise. It makes some
trouble to identify possible splitting lines.
The noise is due to the instrument problems
in the EUV spectrometer. However, it can
be removed with FFT method (Fig. 4). The
more detailed results will come out shortly.
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INTRODUCTION

Fluoride crystals have long been recognized as
excellent short-wavelength  solid-state  laser host
materials in the vacuum ultraviolet (VUV) and
ultraviolet (UV) regions especially when doped with
trivalent rare-earth ions such as cerium (Ce*) and
neodymium (Nd**) [1-4]. When used as laser materials,
knowing the optical and electronic properties of the laser
active crystal is important to determine energy transfer
mechanisms that either inhibit or enhance laser emission.
However, theoretical and experimental investigations of
these properties are limited. For example, previous
calculations have underestimated the band gap energy of
fluoride crystals while experiments have not
implemented different conditions such as varying
pressure or temperature [5]. Moreover, the optical
properties of fluoride crystals such as absorption
coefficient, refractive index, or transmission under high
pressure are not investigated both theoretically and
experimentally. In order to achieve efficient laser
systems and photonic applications, theoretical studies
with better approximation are important to understand
the material’s salient features and to aid the crystal’s
growth and development. This project studied the
electronic and optical properties of lithium yttrium
fluoride (LiYF,). Through numerical calculations, we
determined this crystal’s prospects as a VUV laser host
material.

METHODOLOGY

The numerical calculations used are based on
density functional theory (DFT) using
Perdew-Burke-Ernzerhof (PBE) hybrid functionals. The
calculations employ plane-wave basis sets and
projector-augmented wave (PAW) pseudopotentials as
implemented within the Vienna Ab initio Simulation
Package (VASP). The exchange-correlation interactions
are described by the generalized gradient approximation
(GGA) with (PBEO) hybrid functional [6-8]. The
plane-wave basis cutoff is 500 eV.

The crystal unit cell volume is initially optimized
using the Murnaghan equation of state to fit the curve of
the total energy as a function of volume [9]. The lattice
constants are then obtained from the optimized volumes

to compute for the electronic band structures and optical
properties of the fluoride crystal. For the band structure
and density of states (DOS) diagrams, the k-points are
chosen following the first Brillouin zone [10]. All
valence band maxima of the resulting diagrams are also
shifted to zero. For the optical properties, the complex
dielectric function was first obtained. The refractive
index, absorption coefficient, and optical transmittance
were derived from the complex dielectric function. In the
calculations, the excitonic effect is ignored, while the
local field effect is considered.

RESULTS AND DISCUSSIONS

Figure 1 shows the electronic structure of LiYF,.
Both the valence band maximum and the conduction
band minimum are situated at the I' point. It has a
direct band gap energy of 11.09 eV.
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Fig. 1. Simulated electronic band structure ot the LiYF,
crystal at equilibrium. LiYF, has a direct band gap of

11.09 eV atthe I' point.

The total and partial densities of states (DOS) of the
LiYF, crystal are shown in Fig. 2. Three bands can be
observed from the total DOS in the range of — 25 to 16
eV. The bands from — 22.62 to — 17.64 eV are due to the
F 2s and Y 4p orbitals. On the other hand, the valence
band from — 3.46 to 0 eV is mainly derived from the F 2p
orbital, while the conduction band from 10.70 to 16 eV is
mainly derived from the Y 4d orbital. The Li 2s orbital
has minor contributions to both valence and conduction
bands. The direct band gap of LiYF, originates from the
transition from F 2p of the valence band maximum to Y
4d of the conduction band minimum.
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Fig. 2 Total and partial DOS of the LiYF, crystal at
equilibrium. With a minor contribution from Li 2s, the
valence and conduction bands of LiYF, are mainly
derived from F 2p and Y 4d, respectively.
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Fig. 3 (a) Refractive index, (b) absorption
coefficient, and (c) transmission and reflectivity of the
LiYF, crystal. LiYF, has a maximum refractive index of
1.60, an absorption edge at 121 nm, and high
transparency up to the visible region.

The refractive index, absorption coefficient,
reflectivity, and transmittance of the LiYF, crystal are
shown in Fig. 3. Its refractive index has similar ordinary

(n,) and extra-ordinary (n.) components. The calculated
refractive indices confirm that YLiF, is a positive
birefringent crystal where the extra-ordinary refractive
index n, is greater than the ordinary refractive index n,.
The maximum refractive indices are 1.6 and 1.8 for
ordinary and extra-ordinary components, respectively.
These occur at 100 nm. The ordinary and extra-ordinary
refractive indices become constant at 1.22 and 1.30,
respectively, for wavelengths longer than 400 nm. Our
calculations differ by around 13 % compared with the
experimental refractive index for wavelengths ranging
from 225 to 2600 nm (048 to 5.51 eV) [11]. The
difference could be due to the temperature of the sample
during the experiment as the refractive index decreases
significantly with temperature [12]. Our calculations are
done at 0 K, while the experiments were done at liquid
nitrogen temperature (77 K) [11]. LiYF, has an
absorption band in the VUV region from 100 to 200 nm.
We will perform future experiments to confirm these
absorption bands. LiYF, is highly transparent down to
the VUV region with an absorption edge around 121 nm.

CONCLUSIONS

The electronic band structure and optical properties
of a perfect LiYF, crystal were calculated based on DFT
using PBEO hybrid functional. This crystal was found to
have a 289.31-A® crystal volume and 75.04-GPa bulk
modulus, which are all close to the reported experimental
values. LiYF, was also determined to have an 11.09-eV
direct band gap originating from the F 2p to Y 4d
transition. Experimental investigations based on the
present results are expected in the near future.
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INTRODUCTION

Optical damage limits the performance of
high-power laser systems. In the non-linear crystals used
for frequency conversion for example, the intensity of
the laser is critical because high efficiency is obtained at
high intensities, however the risk of causing damage also
increases.

The optical damage can be initiated by local
absorption due to inhomogeneities, defects, and
impurities in the material. Previous studies [1] identified
the effect of multiphoton excitation of short laser pulses
that can cause damage by increasing the electron density.
Kato et al. [2] investigated optical damage based on a
rate-equation model. From these studies, electrical
breakdown due to the laser’s strong electric field has
been considered to cause the development of the optical
damage. To date, the critical behavior optical damage,
including the experimentally observed transition to t? (t
pulse duration) dependence of damage fluence remains
unexplained.

METHODOLOGY

Based on the theory of coarse graining and the
model developed by Sasaki et al. [3] for electric
discharge, a macroscopic cell representation of a material
was adapted in the percolation model of optical damage.
Each of the cells can change randomly between two
possible states, i.e. insulator or conductor depending on
the laser intensity. This behavior was investigated in the
context of two-photon absorption by an optical material,
representing the transition from insulator to conductor
using a rate equation. The interaction between the laser
field and the free electrons were considered using a
circuit model. The current and power dissipation through
the cells were measured. The temperature change from
joule heating was obtained based on the heat capacity
and density of the material. The spatial and temporal
evolution of optical damage were investigated.

RESULTS AND DISCUSSION

The development of the damage from insulator to
conductor transitions for several time steps between 100

fs to 1.2 ps is shown. Color maps represent the voltage
distribution in the 2D lattice. Cell sites of equal voltage
are drawn by the contours. The electric potential
distribution is uniform at the start of a pulse as shown,
and the cell transition from insulator to conductor states
is localized at the region irradiated by the laser. As the
current in the cells percolates, the conductor cell sites
develop gradually outward of the laser spot. This is
coupled with some distortion in the voltage distribution
shown by the contour lines and consequently in the laser
field. The damaged cell sites generally originate from the
center as shown.

Fig. 1. Simulation of laser-induced damage in a thin film,
with white squares represent a conducting cell, black
squares represent a damaged cell due to joule heating.
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INTRODUCTION

Compounds which exhibit excitonic emission are
important for optical applications such as new type of
phophor materials and very fast scintillators. Artificial
superlattice was developed to achieve large oscillator
strength for higher quantum confinement effect to
enhance exciton binding energy and stable excitonic
luminescence at room temperature. Such
low-dimensional structures are usually fabricated using
thin-film technology, however, it is difficult to fabricate
structures of micrometer size or larger using these
techniques. On the other hand, another class of wide
band-gap semiconductor with such superlattice can be
achieved by the stacking of different kinds of layers. In
some layered compounds, excitonic luminescence is
observed because their layered structure works as a
quantum well, and increases the exciton binding energy
through the quantum confinement effect. Such
luminescence was reported in several chalcogenide oxide
such as LaCuSO[1]. Previously we have investigated
optical properties of other compounds, Sr3Sc,CuzS,0s[2]
and Sr;ScCuSOs[3]. These compounds composed by
semiconducting CuS layer and perovskite-related SrScO
layers. In both samples sharp emission lines are observed
near the band edge. The merit of these group of
compounds are their chemical and structural flexibilities.
In previous report, we have investigated luminescence
properties of BasRE;Ag,Se,Os(RE = Y, Lu)[4]. These
compounds also shows excitonic luminescence with
wavelength region from 400 ~ 600 nm. The emission
wavelength of the compounds are different from those of
CuS compounds because of narrower band gap of AgSe
compounds.

Last year we succeeded to synthesize their relative
compounds Sr3ScyCuySe;Os and SroScCuSeOs. These
oxyselenides have similar crystal structure with those of
oxysulfides, while the constituent element in the
semiconducting layer is different. The band gap of these
compounds are smaller than those of oxysulfides.

In this year, we investigated detailed luminescence
properties of these newly found oxyselenides.
Luminescence properties, decay kinetics of the excitonic

luminescence and their temperature dependence was
investigated.

EXPERIMENTAL

Sintered bulk samples with nominal compositions
of SrScCuSeOs3 and Sr3Sc,Cu,Se,Os were synthesized
by solid state reactions starting from stoichiometric
amounts of Cu, Se, Sc,03, Sr, and SrO. As the starting
reagents are moisture sensitive, the synthesis was carried
out in a glove box under argon atmosphere. Powder
mixtures were pelletized, sealed in evacuated quartz
ampoules, and heated at 650-900 °C for 24-100 hours,
followed by slow cooling to room temperature. Phase
identification was performed using powder X-ray
diffraction (XRD) with a Rigaku Ultima-IV. The XRD
intensity data were collected in the 2 h range of 5-80
degree in steps of 0.02 degree using Cu-Ka radiation.
Silicon powder was used as an internal standard. Diffuse
reflectivity measurements were performed using a
Shimadzu UV-2600 spectrophotometer equipped with an
ISR-2600Plus integration sphere. The luminescence were
measured with fiber spectrometer (StellerNet Inc.,
Blue-Wave). The luminescence spectra and decay times
for each sample were measured using a spectrograph
(groove density 600 gr/mm) with a focal length coupled
to a streak camera unit (Hamamatsu C1587) and a
charge-coupled device camera. The samples were excited
by the third-harmonic generation (THG) of a Ti:sapphire
laser operating at 290 nm. The luminescence spectra
were collected at temperatures between 6.5 and 300 K.

RESULTS AND DISCUSSIONS

Figure 1 shows the emission-decay time maps
measured by a streak camera. The sharp luminescence
with short decay time of several tens ps were observed at
3.07 eV (405 nm) in both materials at 6.5 K. The decay
time, 1, and 1, were evaluated by following equation.

(1) = A exp(- Ti) + A exp(- Ti)

where A; and A, are constant, t; and T, are decay
constant (t; <12). The decay constant of t; was ~20 ps
and 1> was over 100 ps. Because A; was over 10 times
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Fig. 1 The emission decay time maps at 370 nm—420 nm of (a) Sr.ScCuSeO; and (b) Sr3ScaCuzSe;Os.

larger than A, at all temperature, t; is the main
components of the luminescence. The decay constants, T,
were evaluated as 25-30 ps at 6.5 K. The decay constants
of both compounds were decreased with increasing the
temperature, however, due to the time resolution of
instrument the constants above 50 K were not possible to
obtain. These decay properties are similar to that of
Sr>ScCuSOs and Sr3Sc,CusS,0s. These very fast decay
have advantage to several applications such as fast
scintillators.

Figure 2 shows the temperature dependence of the
peak energy of Sr;ScCuSeOs and Sr3Sc,Cu,Se,Os. The
peak energy of luminescence were shifted to lower
energy with increasing the temperature as well as similar
materials[10][14]. The peak energy at room temperature
were 3.01 eV for SrScCuSeO; and 2.98 eV for
Sr3ScaCuzSexOs. These  emission  energy — were
corresponding to the absorption peak at 3.1 ¢V in figure
3. The peak energy of SroScCuSeOs; shows also smaller
temperature dependence than that of Sr3Sc,Cu,SeOs.

The optical properties of the compounds in this
study were almost similar to those of Sr,ScCuSOj; and
Sr3Sc,Cu,S;20s5 except for emission energy. According to
these results, the fast excitonic luminescence can be
controlled its emission energy by selecting composition
of the material. This makes us flexible to design an
application like scintillator.

CONCLUSIONS

New layered mixed-anion compounds,
Sr;ScCuSeO; and  Sr3Sc,Cu,SerOs, were successfully
synthesized and their luminescence properties were
investigated. The excitonic luminescence were observed
at even room temperature. The decay time of
luminescence were 30 ps at 4.5 K and decreased with
increasing temperature. The Sr,ScCuSeOs, which have
longer distance between semiconductor-layer than
Sr3Sc,Cu,SerOs, shows smaller temperature dependence.
These fast excitonic luminescence can be controlled its
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Figure 2 The temperature dependence of the
peak energy of the emission.

emission energy by selecting composition of the
material.
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INTRODUCTION

Efficient detection of scattered neutrons is crucial
for realizing the potential of inertial confinement fusion
as a sustainable energy source. The efficiency of the
nuclear fusion event is derived from the plasma areal
density that can be measured using several methods, the
most desirable of which is down-scattered neutron
diagnostics. Therefore, a scintillator having a response
time of less than 20 ns and high quantum efficiency for
the scattered neutrons is needed. Lanthanide ions, known
for their wide emission bands in the vacuum ultraviolet
and ultraviolet regions, have been used as activator
dopants in APLF [1]. The fluorescence band of
optically-activated lanthanides translates to shorter
lifetime in the order of A* [2], which could satisfy one of
the above-mentioned criteria for an efficient scintillator.
Lanthanide ions singly-doped with APLF yield faster
response times than either Ce-doped lithium silicate
glasses or the glass scintillator GS2 where decay
lifetimes range from 50 to 70ns [3]. The decay time
profiles of singly-doped APLF vary depending on the
concentration and species of the activator ions, which are
4-6.6 ns with Nd** [4], 5.8-31ns with Er** [4], 16-19.3ns
with Pr’* [5], and 23.3-40 ns with Ce** [6] with
radioactive, optical, or x-ray excitation. However, there
is a usual tradeoff between short decay time and
therefore fast response and emission intensity, which can

result to very fast detector but with poor light throughput.

Therefore, this project investigates the effects of
codoping APLF with Pr** and Ce™ ions. We evaluate the
optical characteristics based on photoluminescence
excitation (PLE), photoluminescence spectroscopy (PL),
and time-resolved photoluminescence (TRPL) analyses
for fixed Pr'* and Ce’* concentration ratio in the host
glass. We selected Ce™ as co-activator due to its high
fluorescence yield [7] and Pr** dopant for its short decay

time [5]. Singly-doped APLFs with either Ce®™ or Pr’*
have been recently shown to be capable of discriminating
down-scattered neutrons against background X-rays,
primary neutrons, and gamma signals in inertial
confinement fusion investigations [8]. Although
codoping of lanthanides with other host materials has
been reported for phosphor displays in the visible to near
infrared [7], this study focuses on the spectral and
temporal responses in the UV region. Some of the
expected 4f5d—4f transitions of Pr** fall below 200nm
so the optical characterizations of singly-doped Pr** or
Ce** APLF and codoped APLF were also examined
using the spectroscopy beamline (BL7B) of the Institute
of Molecular Science (IMS, Japan) Ultraviolet
Synchrotron Orbital Radiation (UVSOR) facility. It is
shown that in comparison to singly-doped APLF,
codoping can provide 4 times improvement in response
time due to Pr’* luminescence. The fast response time is
attributed to a fast energy transfer from the 4f5d level of
Pr’* and the 5d level of Ce™. With four times
improvement in response time, this material may enable
very fast detection of secondary neutrons in inertial
confinement fusion.

EXPERIMENT

Two singly-doped and one codoped
20A1(PO3)3-80LiF + xPrF3 + yCeF3 (x=0, 1; y =0, 0.5)
samples were prepared by the melt-quenching method
described in [2]. Namely, these were: APLF+1PrOCe,
APLF+0PriCe, and APLF+1Pr0.5Ce. The precursor
materials  consisted  of  high-purity  aluminum
metaphosphate (Al(PO3)3), lithium fluoride (LiF),
6Li-enriched LiF, praseodymium fluoride (PrF3) and
cerium fluoride (CeF3) powders. All the starting
materials were mixed in a glassy carbon crucible and
were melted for 0.5h at 1100°C in nitrogen atmosphere.
The glass melts were cooled to 400°C and were



subsequently annealed near the glass transition
temperature. The glasses were cooled down to room
temperature, and finally were cut into 22 mm diameter X
6 mm thickness disks and polished on both sides to an
optical finish.

The spectral properties of APLF+1PrOCe,
APLF+0Pr1Ce, and APLF+1Pr0.5Ce were characterized
using PLE and PL measurements under 200nm excitation
at the IMS-UVSOR facility. The PL spectra were also
measured under 217nm excitation using the fourth
harmonics of Ti-sapphire regenerative amplifier at room
temperature. The photoluminescence lifetime was
measured with the same excitation at 1kHz repetition
rate and 100fs laser pulse duration focused on the APLF
glass surface. The luminescence was collected and
focused onto an imaging spectrograph with streak
camera and digital CCD camera attachments.

RESULTS AND DISCUSSIONS

The spectral characteristics were evaluated for
singly-doped and codoped samples. Figure 1 shows the
PL spectra under 217nm excitation for singly-doped and
codoped APLF glasses. Two distinct luminescence peaks
are attributable to each dopant emissions. The
asymmetric luminescence band from 220 to 285nm
corresponds to the 4fSd—4f transition of Pr’*. The
luminescence intensity at 238nm is more intense than at
260nm for both APLF80+1PrOCe and
APLF80+1Pr0.5Ce samples. The luminescence peak at
337nm is ascribed to the 5d—4f Ce** transition. From PL
spectra, we can discriminate the respective luminescence
of each activated ion and measure the respective
response times.
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Fig. 1. PL spectra of APLF+1PrOCe APLF+0Pr1Ce, and
APLF+1Pr0.5Ce under 217 nm excitation.

Figure 2 shows the streak camera images of the
fluorescence for singly-doped and codoped APLF
samples under 217nm excitation. A single exponential
function was used for fitting each respective decay
profiles. The fluorescence decay time is 17.7ns for
APLF80+1Pr0Ce and 30.6ns for APLF80+0PriCe
luminescence. With codoping, the luminescence lifetime
of Pr’** around 270 nm is improved to 5.5ns. This

response time is four times (4x) shorter than the
APLF80+1PrOCe sample and the 19.6ns lifetime
previously obtained of APLF+Pr3+ [5] under similar
concentration, optical excitation, and temperature
condition. For the Ce* luminescence, the decay time has
somewhat broadened to 35ns but the emission intensity
was increased. From the luminescence observations, we
can infer that the 5d energy level of Ce™ is the more
efficient at light-emitting state than the 4f5d levels of
Pr’* in codoped APLF supporting the possibility of
energy transfer between the two excited levels.
Measurements are underway to investigate further the
transfer mechanism and co-activation process brought by
codoping.
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Fig. 2. Streak camera images of photoluminescence
around 270 and 330 nm of (a) APLF+1PrOCe, (b)
APLF+0Pr1Ce, and (¢) APLF+1Pr0.5Ce under 217nm
excitation. The fluorescence decay times of singly-doped
APLF are 17.7ns for Pr3+ and 30.6ns for Ce’*
luminescence. The luminescence lifetime of Pr** is 5.5ns
and of Ce*" is 35ns for codoped APLF.

CONCLUSIONS

In summary, we have investigated the spectral
properties of Pr’* and Ce* codoped APLF glass. We
were able to discriminate the luminescence band from
each ion and achieved 5.5ns decay time in Pr*
luminescence. This is four times improvement of
singly-doped APLF. Ce™ was found to be the more
efficient light-emitting state than Pr’* in codoped APLF.
Fast response time in Pr’* and increased emission
intensity of Ce’* is attributed to a fast energy exchange
from the 4f5d level of Pr’* and the 5d level of Ce**. The
energy transfer mechanism and co-activation needs
further investigation, but with four times improvement in
response time, codoped APLF may find application as a
fast scintillator for inertial confinement fusion.
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INTRODUCTION

Continuous development of optoelectronic devices
has translated to significant success in various fields of
science and technology such as gravitational wave
detection, advanced medical terahertz (THz) imaging,
modern solar cell technologies, and high-power laser
systems. As the widely used optoelectronic devices,
photodetectors are regarded as one of the most integral
because of their ability to precisely convert
electromagnetic radiation to usable electronic signals. To
contend with the decreasing scale of modern devices,
recent investigations have mainly focused on utilizing
nanomaterials for device fabrication [1]. Since the device
performance depends largely on the inherent
characteristics of the material components, material
selection and device design are important towards the
development of low-cost and efficient photodetectors.
On the other hand, zinc oxide (ZnO) is a readily
available II-VI semiconductor compound which is
similar to gallium nitride (GaN) in terms of properties
and applications. Its wide and direct band gap (3.37 eV)
and large exciton binding energy (60 meV) enable
intense and efficient ultraviolet (UV) emissions at room
or higher temperatures [2]. Different fabrication
procedures have then been implemented to produce a
wide variety of ZnO films and nanostructures. Among
these techniques, the hydrothermal growth method is a
simple and versatile way to synthesize ZnO
nanostructures. Unlike physical vapor deposition
methods such as magnetron sputtering, pulsed-laser
deposition (PLD), and metal-organic chemical vapor
deposition (MOCVD), hydrothermal growth involves
fabrication at low temperatures using tabletop equipment
without any vacuum requirements and precise gas
concentrations.

In this regard, we report the fabrication and
characterization of a potential photodetector device

based on ZnO nanorods hydrothermally grown on a
p-type silicon (Si) substrate. Vertically aligned ZnO
nanorods are synthesized directly on a seeded p-type Si
substrate using hydrothermal growth method. The direct
growth of highly-oriented nanostructures on a p-type
semiconductor wafer is beneficial for mass production
and integration. A heterojunction device with vertical
geometry also allows the possible injection of higher
currents [3] into the device and the improvement of the
emission efficiency [4] with the increase in the material
density or surface-to-volume ratio. Moreover, a very thin
aluminum (Al)-doped ZnO film is also deposited on top
of the nanorods to allow contact among the nanorod tips
by creating a continuous layer above the nanostructures.
Compared with previous investigations, this work
specifically aims to identify the structural, optical, and
electrical properties of the fabricated p-n heterojunction,
to assess its performance as a potential UV photodetector,
and to provide important insights on p-Si/n-ZnO
heterojunction device fabrication.

FABRICATION

A p-Si/n-ZnO heterojunction was fabricated based
on ZnO nanorods hydrothermally grown on a seeded
(100) Si substrate. The p-type Si substrate was initially
cleaned using trichloroethylene (C,HCl;), acetone
(C3HgO), and methanol (CH30H) solvents through
successive ultrasonication. A thin ZnO seed layer was
subsequently deposited on the substrate surface via spray
pyrolysis technique. The substrate was sprayed with 50
mL 50 mM zinc acetate dihydrate [Zn(CH;COO),2H,0,
ZnAc] solution every 15 s while being maintained at
350 °C for 60 min. ZnO nanorods were then synthesized
on the seeded Si substrate through hydrothermal growth
method. The substrate was submerged into a 200 mL
mixture of 25 mM ZnAc and 40 mM
hexamethylenetetramine [(CH,)sNy, HMTA] aqueous
solutions. After heating at 85 °C for 180 min, the



substrate was removed from the ZnAc-HMTA mixture,
was rinsed with deionized water, and was dried in air. A
2.0 mole percentage (mol %) Al-doped ZnO thin film
was soon deposited on top of the ZnO nanorods also via
spray pyrolysis technique. The nanorods were sprayed
with a 100 mL mixture of 50 mM ZnAc and 1 mM
aluminum chloride (AICl) aqueous solutions and were
annealed at 500 °C for 30 min. Silver (Ag) contacts were
deposited on the backside of the Si substrate, while
indium (In) contacts were patterned as a grid with 0.3
mm finger width and 1.0 mm finger spacing on top of the
Al-doped thin film.

CHARACTERIZATION

Figure 1 shows the plan-view and cross-sectional

SEM images of the fabricated p-Si/n-ZnO heterojunction.

The sample surface is occupied by hexagonal rod-like
structures which have average widths of 480 nm and
share common sides and boundaries. These
nanostructures appear to be the hydrothermal-grown
nanorods since there are no clear distinctions between
the nanorods and the Al-doped thin film due to their
relative thicknesses (i.e., the nanorod layer is much
thicker than the thin film layer). Standing perpendicular
to the substrate surface, the nanorods have average
lengths of 1.15 pm which is also the apparent thickness
of the ZnO nanorod-thin film layer. These observations
suggest that the heterojunction’s ZnO layer is

predominantly made up of vertically aligned, hexagonal
ZnO nanorods.

Fig. 1. SEM images of the fabricated p-Si/n-ZnO heterojunction.

The heterojunction’s ZnO layer is predominantly made up of

vertically aligned, hexagonal ZnO nanorods.

Figure 2 depicts the TIPL spectrum of the fabricated
p-Si/n-ZnO heterojunction. The heterojunction exhibits
only an intense UV emission which has a peak position
at 386 nm (3.21 eV) and a spectral linewidth of 30 nm.
This UV emission which corresponds to the
near-band-edge ZnO emission [2] is slightly red-shifted
compared with the wusual room-temperature ZnO
emission at ~ 380 nm (3.26 eV). Strong or broad visible
emissions, which are typically manifested by various
defects in ZnO nanostructures and thin films, are also not
observed. These results suggest that the heterojunction is
fabricated with ZnO nanorods exhibiting good optical

quality.
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Fig. 2. TIPL spectrum of the fabricated p-Si/n-ZnO
heterojunction. The heterojunction only exhibits an intense UV
emission with a peak position (A,) at 386 nm and a spectral
linewidth (42.) of 30 nm.

Figure 3 shows the UV emission intensity
distribution of the fabricated p-Si/n-ZnO heterojunction.
The heterojunction exhibits intense and fast
characteristic UV emission at room temperature. From
this intensity distribution, the UV emission profile which
is integrated from a 30 nm spectral region around the
peak position is shown in Fig. 4. A single exponential
function is fitted on the decaying part of the profile to
determine the UV emission lifetime. The observed
lifetime is faster than those reported for undoped bulk
ZnO crystals (1 to 3.5 ns) [5] and comparable to
intentionally doped bulk ZnO (3.1 to less than 100 ps) [6,
7] under UV excitation. These observations suggest that
the heterojunction is fabricated with ZnO nanorods
exhibiting a relatively fast decay (response) time.
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Fig. 3. UV emission intensity distribution of the fabricated
p-Si/n-ZnO  heterojunction. The heterojunction exhibits an
intense and fast characteristic UV emission at room
temperature.

Figure 5 compares the current-voltage (/-V) curves
in the reverse bias region of the fabricated p-Si/n-ZnO
heterojunction with and without UV illumination. In this
operation quadrant of photodetectors, the heterojunction
has higher currents with UV illumination resulting in an
average contrast (photo-to-dark current) ratio of 1.21.



From 0 to -1.0 V, the measured currents are also linearly
dependent on the applied voltage wherein the slope is
equal to the inverse of resistance (L/R). Aside from
higher currents, the heterojunction exhibits a lower 13
kQ resistance (i.e., higher conductivity) with UV
illumination compared to the 19 kQ resistance without
UV illumination. These results indicate that the
heterojunction responds to incident UV light and that
similar p-n heterojunction designs can be used as
potential UV photodetectors.
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Fig. 4. UV emission profile of the fabricated p-Si/n-ZnO
heterojunction. By fitting a single exponential function on the
decaying part of the profile (broken gray lines), the
heterojunction has been found to exhibit a UV emission lifetime
of 37 ps.
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Fig. 5. I-V curves in the reverse bias region of the fabricated
p-Si/n-ZnO heterojunction with and without UV illumination. In
this operation quadrant of photodetectors, the heterojunction
has higher currents with UV illumination resulting in an
average contrast (photo-to-dark current) ratio of 1.21.

SUMMARY

We  have reported the fabrication and
characterization of a potential photodetector device
based on ZnO nanorods hydrothermally grown on a
p-type Si substrate. The fabricated heterojunction is
predominantly made up of 1.15 pm long and 480 nm
wide vertically aligned, hexagonal ZnO nanorods above
the Si substrate. In addition, the nanostructures also
exhibit hexagonal wurtzite crystal structure and intense

37 ps, 386 nm emission without any defect-related
visible emissions. With good rectifying current-voltage
behavior, the hydrothermal-grown ZnO nanorods form a
p-n junction with the Si substrate. Furthermore, the
fabricated p-Si/n-ZnO heterojunction responds to the
incident UV light resulting in an average contrast ratio of
1.21 along with currents higher and resistance lower than
without illumination. Similar heterojunction designs are
therefore suggested to be used as potential fast-response
UV photodetectors since the present approach can easily
produce a high density of ZnO nanorods on larger Si
wafers and is compatible with the current Si-based
technologies. Additional investigations on the utilization
of hydrothermal-grown ZnO nanorods as viable
photodetector materials are nevertheless anticipated in
the future.
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INTRODUCTION

Polymer nanocomposites (PNCs) are hybrid
materials which consist of nanoparticles dispersed in a
polymer matrix. Compared to stand-alone bulk materials,
PNCs offer substantial property enhancement and
improved performance in terms of processability,
flexibility, mechanical strength, thermal stability, and
chemical resistance. Zinc oxide (ZnO), a potential
constituent material of PNCs, has attractive properties
such as  non-toxicity,  biocompatibility,  high
surface-to-volume ratio, UV  absorption, visible
transparency, and affordability. Hence, ZnO-PNCs are
promising luminescent materials for various photonic
applications such as phosphors, scintillators, sensors, and
LEDs.

In this study, the structural and optical properties of
ZnO-polyvinylpyrrolidone (ZnO-PVP) composite are
investigated. PVP is a water-soluble, nonionic polymer
and it is used in this study because it exhibits strong
interaction with the ZnO surface. The stability of the
ZnO-PVP composite in terms of morphology,
crystallinity, and photoluminescence is evaluated after it
has been subjected to a heated environment. Based on
the observed properties of the ZnO-PVP composite, a
potential application of this material is proposed.

EXPERIMENTAL

The fabrication of the ZnO-PVP composite involved
two steps: 1) hydrothermal growth of ZnO and 2)
dip-coating of the ZnO rods in PVP. For the
hydrothermal growth, zinc acetate dihydrate [99.5%,
Zn(CH3COO0O),-2H,0] and  hexamethylenetetramine
[99.0%, (CH2)sN4] were used as precursors and Si (100)
wafer as the substrate. Aqueous 8-mM solutions of the
precursors were mixed to produce the growth solution
wherein the Si substrates were submerged. The growth
solution was heated at 90 °C for 2 h, after which the
substrates were removed, washed with deionized water,
and were left to dry in ambient air. For the dip-coating in
PVP, the Si substrate with the deposited ZnO rods was
submerged in an aqueous PVP solution (10,000 MW) for

1 h while being heated at 50 °C. After dip-coating, the
composite was harvested from the solution, washed with
deionized water, and dried in air.

Different structural and optical characterization
techniques were implemented to investigate the
ZnO-PVP composite. The structural properties of the
composites were studied using scanning electron
microscopy (SEM) and x-ray diffraction (XRD)
measurement. The optical properties of the composites
were also  characterized using time-integrated
photoluminescence (TIPL) and time-resolved
photoluminescence (TRPL) spectroscopies. The surface
interactions between ZnO and PVP were investigated
using Fourier transform infrared (FTIR) spectroscopy.
The material characterizations were performed before
and after subjecting the ZnO-PVP composite to a heated
environment at 300 °C for 2 h in order to evaluate the
stability of the composite against heat.

RESULTS

Figure 1 shows the SEM image of the ZnO-PVP
composite. The ZnO rods of the composite are randomly
oriented and distributed on the Si substrate. The average
length and width of the rods are 7.4 £ 1.7 ym and 1.9 +
0.4 pm, respectively.

Figure 2 shows the XRD patterns of the ZnO-PVP
composite before and after heating at 300 °C for 2 h. The
diffraction peaks are indexed to the reflections of
hexagonal wurtzite ZnO and the lattice constants are
calculated to be a = 3.24 A and ¢ = 5.20 A. No peaks
associated to impurities or other phases can be observed.
Based on the similar XRD spectra, heating at 300 °C has
no apparent effect on the degree of crystallinity of the
composite.

Figure 3 shows the TIPL spectra of the ZnO-PVP
composite before and after heating. The composite
exhibits an intense UV emission centered at 392 nm and
a broad visible emission between 470-700 nm. After
heating, the visible emission is reduced and shifted in
center wavelength from 557 nm to 574 nm while the
intense UV emission is retained. Hence, it can be
inferred that the UV emission of the composite is stable
against heat at 300 °C.
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Fig. 2. XRD patterns of the ZnO-PVP composite before
and after heating at 300 °C for 2 h.
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Fig. 3. TIPL spectra of the ZnO-PVP composite before
and after heating at 300 °C for 2 h.

Figure 4 shows the UV emission profiles of the
ZnO-PVP composite before and after heating. The decay
profiles can each be fitted to a single exponential
function with a time constant representing the emission
lifetime. The UV emission lifetimes of the composite
before and after heating are determined to be 28 + 10 ps
and 30 = 10 ps, respectively. There is no significant
difference in the lifetimes, hence, the UV emission
lifetime is also stable.

Figure 5 shows the FTIR transmittance spectra of
PVP and of the ZnO-PVP composite before and after
heating. PVP exhibits an absorption band between 3100
and 3600 cm!, which corresponds to O—H stretching
due to adsorbed water molecules, and four bands due to
its functional group vibrations located around 2942, 1651,
1429, and 1276 cm' which are assigned to CH,
asymmetrical stretching, C=0 stretching, CH» bending,
and C—N stretching, respectively. Before being subjected
to heat, the ZnO-PVP composite exhibits the O—H
stretching band as well and an absorption band around
870 cm™! associated with the C—O vibration which can
be attributed to hydrothermal reaction intermediates.
After heating, the O—H stretching and C—O vibration
bands are no longer present which can be due to the

removal of adsorbed water and reaction intermediates,
respectively. The ZnO-PVP composite exhibits the C=0
stretching band associated with PVP which confirms the
successful adsorption of PVP to the ZnO surface. Even
after heating at 300 °C, the C=O stretching band is still
present indicating that there is no degradation of surface
interaction between ZnO and PVP at this temperature.
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Fig. 4. UV emission profiles of the ZnO-PVP composite
before and after heating at 300 °C for 2 h.
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Fig. 5. FTIR transmittance spectra of the ZnO-PVP
composite before and after heating at 300 °C for 2 h.

CONCLUSION

The structural and optical properties of ZnO-PVP
composite are investigated. The crystal structure, UV
emission, UV emission lifetime, and surface interactions
of the composite are stable regardless of heating at
300 °C. With intense UV emission and ultrafast UV
emission lifetime, the ZnO-PVP composite is a potential
UV phosphor. Further evaluation of the composite
properties under different conditions, such as at higher
temperatures and aqueous environments, is anticipated in
the future.

ACKNOWLEDGEMENTS

This work was supported by the Osaka University
Institute of Laser Engineering Collaborative Research
Program Grant No. 2018B1-SARMAGO and the Osaka
University International Joint Research Promotion
Program.

REFERENCE

[1] V. C. Agulto, M. J. F. Empizo, K. Kawano, K. A.
Salazar, Y. Minami, K. Yamanoi, T. Shimizu, A. C. C.
Yago, R. V. Sarmago, and N. Sarukura, Optical Materials,
86, 12 (2018).



L— P ERERIC & 5 B OF BT A = X b OB

NI&fwiA

REARE

i

i)

W D BRVE — PERR RS IS ) & T RRIR R 1L,
BAZE 72 OV B FE R AF M & 7R L, OV BRI EE DS 105 /s
PLEIZ T HEREM Fiols W Tid, Be skt
RBECHONDEOEMGE L REL D, EE. &R
MEFCIZEE MPa, HERERTELCld+5 GPa DR&IRR
EERTZELB LR, ZOEOT AHEL
EAZBIT DBARFRE DE L BRI, MNEARE2 X
B AEETOBENHE LV . o« OFTHREEZ D
EERP ORIFEREN RN ENFERTHDH L ENT
WA, DFED ., SR OMEBENX, SRS 15 E
(6T D RERIREFER G & U CRRRIREE 1T 2 % T
LCWBZ EIZd, ZOXD ISR L
TOMMUEIEA AT I 7 AZREET 5720121
km/s A — & — OE R HE TEFET 28+ 0F &
ORI (R BFET 2 LERH H, 2 E Tl
DFYENIEER E R WEBEY I 2 b —a Uil
X OBRHRIED SN TE, Ll T8, £
HiftoRRIZL O, EBRWLRT 7e—F LRI
1B TV B3],

U EDOEFNL, KR TIEH, B TOTHOE
(LR %2 EEBRAICHIET 2 2 sic kv, FRE K
IV AELDEIGS - BEOTHAEELTE FTO
TR TOASAE A R - AR A Z L2 HME LT
Do ARTIX, CaF2 Bifhdbloxt U CHM L7z, M
WSV AXBET =T by TRINA RT — L —F
—&%ﬁ&Abﬁt R« Fo—7R L —P—

i R E BTG T RO A3 iR X R BT S Bk Ok
IZOWTCTHET 5, m, BRSSO AFE, U7
7 LU AL IR D WSSV T RO E B ENET — 2 O
TFE[4]72 D, CaF2 ZAREBROREE L TERE
LTW5,

KBRIT ik

ARFERIZ I D RE 3 X AREIT IR, &
FILX N7 (KEK) Ol ehisk T 5
PF-AR O NW14A B — AT A V[5]TIT > 72, NWI14A
TIEXF VAR L 7 X =L XY v v X —I2 kD
BRI X #1702 (UL AR 100 ps) 2B 5
ZLEMMAREL 7o TN D, NWI4A [TRE SN D3

X, BT ARUCTFOERY v JEEE A RYE
HII S, By T 72 B LA L —HF— L X R
ka®f4V4%%ﬁummuT@Vy&~Tﬁ

BICREREL > TW5, X BOZ 2L —HE
iUIzw% MRHFIERTRETH D . AW TIL 16

PNV AN — B AT

keV |2 — 72 ZFRf O XL X —iiF dE/E=15%D H
X #pa AWz, X BRI Y 212 0.45 mm X 0.25 mm
Tho, HE7 vBErEE 2 ot CCD I LV H
B L, L—V—FEEREREROR Y 7T
L—Y—58E 1 J/pulse, /3L AR 10 ns, I 1064
nm @ Nd:YAG L—H—BIO, L—¥—F 16
J/pulse, 7/ AME 12 ns, P 1064 nm DO Nd: 77 A L
—HF—Z Mz, L—F—OENRIT X AR Ao
ALY RKEWVS00um & L7z, #lkHE LT (100)F &
VDA1IZZ - TYIY S 47z CaF, Bk s (B2
ZH CaF,y[100], CaFy[1111& #F50) & M7=, sk
A XL 5-mm 4, Eé 0.05 mm T& 5, 1 J/pulse D
L— P — WU RIS BEO HE HAANZ 6-um JE D
Al %, wmmm@v~%~%%ﬁ 1%, 25-um JE D
PET 74 NV EHEE L. T 7 L—2—L L THW-,
KT T ==l L—VP—EENRFETHZ LIk
DT T L—rarst, TOMREHAL L CHERE L
BB S e, REBRTIX, EAHTMEID
B o (VAR = AN AN T3 g e RN s Bl Rl
0. <7 aiZid 1 O AEMREE S 2Rk S D 5
& Uiz,

fER LB

Fig. 1 ICARFERIZL VG SN ZHT U [
gz 7, MHPD(a), (b)ixL—F —REaTOREE
THY ., (c), (d), (e), (DT L —H —RH# 4 ns DIRFE
THRfFINEIBTH L, £z, (o), (IZBITD
L—HF—FREIL 1 Jpulse TH Y. (e), (HTIE 16
J/pulse TH %, CaF,[100], CaFo[111]1W\\T L DFEHT
BWTH, L—F—5REN 1 J/pulse DRMAIZINT
X, 20 Hm (A1) s R (MDD (2T 2elE]
PFEBBENTND Z EBYND, K%%THOKE
B X I X DT v\ T, FamiEiEIc /E\:jiél’]fﬁ
O B U7 R [mIS N B84 5, @(m
D K IR TR EB—HRIZ & A ERNC
hbfwéﬁﬁﬁ\%%%ﬁﬁ#%ﬁmuﬁhfm

YT 2, 2O b, Z OB
TECIE, s I 7 mofREETH —HOd
HIRFEDER ENTEY , &S - OFTHFEMOEL
Tm@w%ﬁﬁﬁﬁﬁ@%%ﬁﬁ%ﬁMLtF%f
HHENZD, —H. (e), DITBVTIEL, £TDHE
%Hﬁxn7h&7tv—% VTR LTV D IREE
LIRS TWDBERT DD, AT, /7b®ﬁﬁ
DIEIHT AT i@%@ofwéﬁ%%ﬁ%féé -
O DOFEED B 16 Jpulse D RS SAFITI5 1T 5 EfEE
JEMEIRRETIX, ~ 7 Bl —#hO IR ETIEdH -

B, FEREE T LUV T 30— O T A A R



[100] [111]
(@) (b) |
() (d)
(&) ()

\ 4 : J

Fig. 1. Two-dimensional Laue diffraction patterns of
CaF, [100]-oriented crystal ((a), (c), (e)) and CaF,
[111]-oriented crystal ((b), (d), (f)). (a) and (b) are
patterns obtained before laser irradiation. (c), (d) and (e),
(f) are obtained at about 4 ns after irradiation of 1 J/pulse
and 16 J/pulse laser, respectively.
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INTRODUCTION

Electromagnetic wave propagation and absorption
in plasma is one of the fundamental issues on plasma
physics since its dawn in relation to wave dispersion
relation in discharged materials. For discharge plasma
with density less than solid density, plasma production or
its heating have been conducted in external magnetic
field using plasma dispersion relation such as cyclotron
resonance [1]. For plasma with density beyond the solid
density, most wave-plasma interactions were conducted
without the external magnetic field.

Experiments of generation of laser-driven kT class
magnetic field [2] have opened theoretical or simulation
investigation of laser-plasma interaction with external
magnetic field with density close to solid [34].
Extensions of these theoretical or numerical estimations
into experiment condition can lead to bulk solid plasma
heating by laser pulse in potential.

The 1 kT magnetic field provides cyclotron resonant
frequency that corresponding to the CO, laser;
wavelength of 10 um. Therefore, the laser-plasma
interaction with CO, laser under kT-class magnetic field
can expect experimental investigation of plasma heating
of bulk solid plasma. The purpose of this study is an
estimation of electromagnetic wave propagation and
absorption of CO, laser pulse (wavelength of 10 um) in
plasma with solid density (0.1 g/cc for hydrogen) region
under 10-kT class magnetic field. This estimation is
supposing a tuning polarization of CO, laser pulse.

THEORITICAL MODEL

To investigate wave propagation in plasma under
external magnetic field, a simple setup is proposed as
shown in Fig. 1. The uniform external magnetic field
normalized by cyclotron resonant magnetic field Bgy /B,
is induced in the slab plasma with thickness of laser
wavelength. The induced laser pulse contains linear
polarization combined with both right-hand and left-hand
circular polarized waves. The induced laser pulses (linear
polarization: right-hand circular polarization and
left-hand circular polarization) propagate through the

plasma in relation to the plasma dispersion relation
described in Egs. (1-3).

Slab plasma
with thickness A, density wpe

—>

o

Induced laser pulse: w
(Linear polarization)

TR: transmittance of
right-hand polarization

Transparent laser pulse
(Right-hand polarization)

External magnetic field: Bex

Fig. 1. Schematics of wave propagation

Tr=2/(Ng+1), Ty =2/(N +1) (1),

2 12
Np={1- (cope/u)) /(1- 0 e/m)} 2),

2 12
cupe/oo) /(1+ wge/m)} 3),

Np={1-(
where, TR | is transmittance of Right-hand or Left-hand
laser pulse, Ng j is refractive index of Right-hand or
Left-hand laser pulse, oope/co is electron density
normalized by laser frequency, g c/®m is cyclotron
frequency normalized by laser frequency, respectively.

RESULTS

The transmittance of right-hand part increases as a
function of external magnetic field in relation to the
plasma density. Figure 2 shows result of Eq. (1,2) as a
function of external magnetic field. Here we consider
right-hand part that provides cyclotron resonance. By
considering CO, laser w11§h wavelength of 10 um, the
cut-off density is 1.1x10 ~ n/cc, the cyclotron Egsonant
magnetic filed Bc is 1.07 kT, and (wpe/m) = 2364
corresponds to solid density 0.086 g/cc of hydrogen.
These values are within scope on experiments.
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Fig. 2. The transmittance of right-hand wave.

From Fig. 2, the TR depends on normalized electron
density: wpe/w. Therefore, when the bulk slab density is
confirmed, we can investigate external magnetic field
from this dispersion relation. This relation leads to
probe an external magnetic field in the plasma. By
considering collisions in the slab plasma, we can
evaluate more sophisticated dispersion relation that
relevant for the experiments.
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Fig. 1. Absorption spectrum of APLF80+Pr**, Ce’* glass.
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Fig. 2. Decay curve of Pr’* luminescence peak at 263 nm
from APLF80+Pr**, Ce*" glass under 217 nm excitation.
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Fig. 3. Relationship between the decay time and CeFs
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