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Challenge to Advancement of Debris Composition and Direct Isotope Measurement
by Microwave-enhanced LIBS
(Contract Research)

— FY2020 Nuclear Energy Science & Technology and Human Resource Development Project —

Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research Institute, Sector of Fukushima Research and Development
Japan Atomic Energy Agency

Tomioka-machi, Futaba-gun, Fukushima-ken
i-Lab., Inc.
(Received September 7, 2021)

The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2020.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2020, this report summarizes the research results of the “Challenge to
advancement of debris composition and direct isotope measurement by microwave-enhanced LIBS”
conducted in FY2020.

Although LIBS (laser-induced breakdown spectroscopy) is commercially available for application to
remote composition measurement, it is not suitable for high radiation environment due to loss in optical fibers
derived from the influence of radiation, reduction in laser transmission output, and nuclear fuel debris
properties. There are general concerns of the signal strength decrease. In addition, since LIBS is generally
considered to be unsuitable for isotope measurement, there are problems to be improved. In this research, we
aimed to realize a lightweight and compact system by superimposing microwaves on the measurement points
of LIBS using an antenna to significantly increase the signal strength and improve the SN ratio. Furthermore,
the feasibility of in-situ measurement of uranium isotopes, which was difficult to achieve until now, was also
examined by improving the emission intensity of LIBS.

Keywords: LIBS (Laser-Induced Breakdown Spectroscopy), Microwave-enhanced, Nuclear Fuel Debris,
Isotope Measurement

This work was performed by i-Lab., Inc. under contract with Japan Atomic Energy Agency.
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NeTA 7524 DFHNEIT 9, L= —DOHNE TN, v~ 7 miio&EE L~ Lz b
FCL AR HERSE O 24T 5, o TAFR, I TV OREDOIGIRE DS %
AT 2% ERGEZRFHAIRER & o T FERBOND ZENEE LW, T FiRbTY 7
N =7 OREEGRIRHCED . EFED IF CHEMEZRRE L7z, AT A R e LTHRE
LTV DIFHIETIE <, —ROEFRBICEREIND b DEEEL TV D, LIBS D4y

2.2-2
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L ESNET = DONR— g Ty e~ A 7 a R EE

WT—Z DR T, UEIZEH LT
&Rk A EHANTIT Y,

QRAVIN NICIE- S5 ik IR e Ficd

><x~

2.2.5 LIBSY m—7 S350 X AFHMFsE GELEESE © JAEA)
u%%$%ﬁﬂmﬁ%kﬁﬁ?7umiéiﬁﬁ%
LIBS7 m—7~y ROKMPRICIREIZEHL T, 74 FRLEREILAE L, ~A 7 ik
BEEIMIABREAD Y 7 4 N —LIBSY u—7 2545,
RS LUZLIBS 7 n— 7 % & WESMREEL/50, 000 D4y tisz it b, B EHT
LA FEMTH LT, v~ 7 v aEE LRWERIEDO AL HRT 5,

2.2.6 HFFEHEGE
WFFEARERFE O T CTHUFZEIA H 72 & N BN B BR [EIBR L [RMF9E & > % — (LR, TCLADS |

LUET,) FLOEBEALFICL T, MMRZED S, £, WHEFEMEIHEZHEE S 2720 04T
BEHF M 5,

2.2-3
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AFN 2 A E D SEHE N K ORI
3.1 PER~ A 7 R IREED/ N - ) A xR

BN E L ThO~A 7 ajiEE LIBS MHEICBWTHREH T O~ 1 7 o i R iRk
EIIRETHLTD/NUEREE L, TOFE B E LT~ A 7 v ssiiEE (LI, BUE
M1 Lm5d,) B L. ToMEERR L (K3.1-1),

<NER>

<51 8> | 1
| 1ALy

1’5*&/ L _ '_| 1#E A
= — .

?4

TAUORREREE B

EERDTAOOERIREE

BJ3.1-1 ~A 7 miREE GUEK 1) kD~ A 7 v RIRERE & O Hg

AIEHELTIE, B3 1I-UTRT XD ICH BRI S Z — U 3RE & PCIC K D AT TEAER DS AT RE
R0 =712 kW, 2OV RE 4,234 ms Max/NFEHTE - (B YK LA %100 ms (10
Hz)) o WD /RT A —HE=H = AT NIINTFPCIC L D ELSEMEL TWAH Z &, iR
BENESO ST MERE SRR, Fa—F— b EEEESMR T =,

LU ISR R R oM 2 i3 5,

O ~A 7 vERiREE GUEKL) FFMF R

HERERER, WIEERIZIB VN TPCE Dtelnet#fiakliR, PCL OftpftalRIZ 2 TEE TH -
7o I~ FEMWEHERIZRB W TGO o< K (use, set, trig, ctrl, zm, ptnlst, ptn,
freq, power, bias, status, eepw, eepr, tc, version) DIEFEMEZ MR LT-,

© HAERE
HABIRE DM A K 3. 1-2 12, FERRIXE X 3. 1-3 1R T,
HERFEILX, KOEY ThH D,
FvuaRra—7 TV T 7 a USSR DS0-X4034
50 Q&TT : Pasternack Enterprises # PE6039

3.1-1
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FFraERE A : Connecticut Microwave Corp. f 4413-11
AH T F 2 —F— : Maury Microwave H! 1878
IR s K E - MG Y PAG40-38B
PC : Dell Technology & Latitude E7440
#3171 ~A 7 nEHEREE GUER 1) oftfk
EERIE A RN
REES 20X15X4.4 (1320 cni)
wKMHIE 1.2 kW@t,=4 msMax*
(t,=100 ms)
HhE=20r7 | AY (PC &Y HERTHE

32— AR

WEH Y U —TEE,

INH— T ¢ B THEANINRY —NERT D

ty1 te tdn
_J e i !
th  twe
WENT Ik ey

RF Hi 770 ON/OFF

ON—OFF D PC X V) A sk

*: NEREEIR 2 SR> D LG E
0k EARIE L U S BRSSP RIE S/W A AR

Fiaxa—7

MW FE 4% 4
GA/EH D

2 S Bl
RS

(60000 uF)

JLH R

3. 1-2 W HESME

3.1-2
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AiruAa—7

Ji s & 2

BT T a—F—

32V = N
60000 uF

LAN

3.1-3  JIERERRIX

MAE=FFERIT, M3 1-4 TR T @0 R0 T,

(a)Pd=55 dBm, tw=4 ms (b)Pd=60 dBm, tw=4 ms
_-| '

3.1-4 HIle=FHER

3.1-3
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@ RFEHHIE

RE . )HE % 7~/L A08 20 us, 10 ms JAHANES B U HE— R, EFRSZED Y OFIFIZT, 7
VU BRASHENST — A — X ML2488A M L TiTo 70, £ DORFOEIRSAIFIL Vee=32 V,
C=66000 uF, %7K+ T ¥ BB PAG40-38, MEH HRFERER (0.60 A) Th-o7-,
FERAZR 3. 1-2 KO 3. 1-5 (RT3, DB NXE BN CROEM X 0 A RS2,
Bk RIZFFAHEHACThH - 72,

#63.1-2 RF ERIE RS R

SN RIEES v—7 % NSSEEWA) EIRE T
61 dBm 60.3 dBm 36.5 dBm 1.02 A
60 dBm 59.8 dBm 35.5 dBm 1.00 A
20800112
55 dBm 56.0 dBm 33.2 dBm 0.93 A
50 dBm 51.2 dBm 29.6 dBm 0.89 A
v — 7 & /) (dBm)
62.0 60,3
59.8
60.0
2
£ 58.0
E 56.0
fm 56.0
Q
| 54.0
)
52. O 51. 2
50.0
50.0 52.0 54.0 56. 0 58.0 60. 0 62.0
X E#E ) (dBm)
X 3.1-5 RF & /& H5 5%

@ BB AT NT L
AW AR T (VDL ANE 20 us, 10 ms EHANE bV £ — K, power=55 dBm). W
7 LFE S SNH 20B00112 DR ERE R A K 3. 1-6 17T, 1 FITHREEE Y CRIE - T,

3.1-4
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A) £=2. 40 GHz B) £=2. 425 GHz
+60db 2400M 2410M 2420M 2430M 2440M 2450M(HZ)+60db 2400M 2410M 2420M 2430M 2440M 2450M (Hz)
+50db +50db
+40db +40db
+30db +30db
+20db +20db
+10db +10db J |

0db -“—i -M-—-'--*lj---#-h—---u--u—-m B 0db _.ml_i._..u_ l.ll.. J..hl.jm_L.L.J... L T Y
-10dB -10dB
C) £=2.50 GHz
2400M 2410M 2420M 2430M 2440M 2450M (Hz)

+60db |

+50db

+40db

+30db

+20db

+10db

0db ez kol o st Lkl

~1ods S

X 3.1-6 JEEE AT b T LR

® v%&n&%%“ (BAERE 1) PNEBRERCAREAT

EBAFEZAT 2 7212, NEBIENT 2 2hE L 7=,

u?\%7my7%ﬁ%ﬁéo

< A A HIERE (FERRIE 4 80

F 313 A A VHEHE DK T v v 7 OMREER R T, A > ¥ —7 = — XX Ethernet, CAN

Zfii 2 TN, ADC I /1E S (NS, ) == # H, FPGA 131270 Z il (=0 A,
HiAfE. /D ON/OFF %5) #4095, U 7 o FERITAR K 100 W FRE £ CHIMR - A HAEIC 72
S TW5D,

3.1-5
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3,18 AL VHIBHOS T 1y 7 OfE

x5 Ty i

(D | ETHERNET PHY A —H x> NMyEiE

@) LS/HS PHY CAN A > & —7 = — 2 WiJE (LS/HS)

@ | KEaFIET FPGA 7 & v 7 F8 4R 1-

@ | LD LCD F

® SDRAM FGPA (MCU) F RAM A-E Y

® UART ayY—VHI Y T IViEE

@ | ADC Ta s e 7Y Vg, HIMEORIH,
® | ETHERNET A —H% v MNEfF

©) 12¢ JEORIEH A > H— T = — R

CAN CAN 3815

@@ 16kB EEPROM T—HRERAEY

@ | CLOCK = 5 4

@ | SPI FPGA IS U T NA B —T = — R

@ | SPI LCD S U 7 v B —T = — R

® 1 MB FLASH Tur I L HATY ROT =X IREHAEY
® EXT MEM HNHAEVHA V H—T =2 — A

@ | TEMP & ¥ 7V 7 7 )R R

@ | FPGA MCU PNJis FPGA  PNEB L — 47 o A R OV EE A S A 1l
PLL IR R 2.4 GHz~2.5 GHz

AGC wWET 7 0~10 dB

@ GATE S/W BIRDT—T 4

@ | AMP1 W T 7 Po=5 W

@ | AMP2 2BEAT 7 Po=100 W G=13 dB

@ | Volt REGs PN 22 AL BRI

@ BIAS T T HANA T AP

L RL—H AR

@ NEA TR Sy DA

@ |TTIH Hi ) 2GR I L 0 DC R L, #HEI9 5,

1.2 kKWARXU—=T T 2 — )L

#3.14121.2 KNRU—T U FED 2 —VEHOK{ T 1 v 7 Ok

R, B E R O

HEgs, HABRIEIRTBROEMEICZ VRE D, b —F a2 L—2 (2L 0 EYE ) OB % (A
wEL, HraMERE®RIc LY. AR/ IMES 2 =290 Z ENiEL 0D, BER VI

X0 Tr OIREERZ AL Z ENAREE 12D,

#3. 14 1.2 kKN RNU—F U TEDa— DK T 1y 7 OEEE

& Tuav 4

AMP3 BBy T 7 Po=1.2 kW. G=11 dB
P—F 2L —¥ VAN L T

@D | HrtkEE AR Hg & EHE B oIU4E

@ TEMP & >4 W s T VA ERIBEMRE A Y
G | EEPROM BENTA—LFHATEY

Gd | DRAIN CURRENT HAORNT P2 ZD R LA B

3.1-6
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< BEIRED
7% 3. 15 \CEFRHOK 7 v v 7 OiEE R~ T, — A7l ER DC-DC 2 o N—H |2 KW N

HEE 2 6 L T2,
I OHR 7 1 v 7 O

e
10~32 V/32 V DC-DC =2 /X —H

#3.1-5
&5 A=

@D DC/DC =t N — &

©® A7 aPFERIEE GUEK 1) ORI
S A Sy iR L C NFBRAT 92 L7,
- FEARAE AKX
~A 7 P IREEE GUERE 1) ORI Z X 3. 1-T 12§, PWERARIT L 72 R 2 i
Y%, 6 ISR THRSNTERY . UFICHEERUHEROT A XEWE £ LD D,

DISPLAY

DISPLAY
MODULE E
Ether ¥ TR[EDI‘”

; i | Dsp met
-t

] 54 DRIVER T—— ]

MAIN CTRL

L ]
L
: PA o ¥
— —
m = — POWER |
N !
_COMM. o

FAN CONK

317 ~A 7w e E IR 1) ORI

3.1-7
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* Main CTRL J:#R

AR — RIZ LY ZEOFIE D TIoIL 5D, FPGA IZ K 0 ATINT A — 4212 X 25 ER N HIE
ZATV, BIROHIE~ % — A > FE ARM Core O MCU 234T- T %, Ethernet f > % 7 =
—ARTANRNZNCUBHIET LD EICLD, MR EDAS v F—T 2 =R %> TW5,

< T a TRIRE

2.4 GHz OFRIRAZ LR T v ZWES 5855, SMBHIEE I L0 | EEORIRIEE
BFLID,

FEER S ORERRITE 3. 1-6 DBV THhHoT-,

#3.1-6 7)1 IR O

2R dn

U5 AD9912ABCPZ | AD ﬁ?;yv;sz&*mi‘ﬁﬁﬁyyﬁ

1 MHz to 6 GHz Wideband

u2s8 LTC5510 AD High Linearity Active Mixer

U27 ADF4360-1 AD Integrated Synthesizer and VCO

U30, _ 12> h/14 B> b, 3 Msps

U33, _ 400-3000 MHz Direct Quadrature

a4 SKY73009-11 | SKYWORKS Demodulator
2300 to 2700 MHz Wide Instantaneous

U40 SKY66397-12 | SKYWORKS Bandwidth High-Efficiency Power
Amplifier

* Power

S DC IR L 0 IR 32 VEBIEAAT B, I Tr GBI NRE WD LT
YL FEA LTS, HAFE= T o4 2200 uF/35 VX5 WHIEEE, 7272 L. Bfif=
FUYO by T I YT TUARRE IR PR BENR OB D D,

FEE T OMERRITE 3. 1-7T D@D TH-o7-,

% 3.1-7 Power R OFERL

TR
Al NQ40WA0QTC35NNS | NiQor | 9-40 Vin, 0-40 Vout@35 A DCDC Converter
R1 2670 Q F v FEEEST for RVSET

DCDC Convert H /IFEERRE=232.52 V

« Driver FEHK

T u REHOE S+ B NETIERT 27V T I ThbH, A7V T ADORED
7oy — NV Ry —R%EMH L TW5, PAORIEICEE I TERY, 7V 7 7ofE & b
o,

TS ORERRITE 3. 1-8 DBV ThHoT-,

3.1-8
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% 3.1-8 Driver FEM ORERK

BEE SHITE

Ul BLM2425M7S60P NXP LDMOS 2-stage power MMIC

Al, A2 X3C26P1-03S Anaren RF Directional Coupler

- PA JLhR

L kWHEDZHT 200U —7 7 WhE LD Tr #8E Snen X5 I
W —F a2l —HE2ANTWE, AF VT ADORIEDT=d—V Rr—2AZ2EH L TW\W5,
FIZEAD T2 O RE BN T — AT T e Tnd,

FHEI O IZE 3. 1-9 DEY ThoT-,

#3.1-9 PA HHROHERS

B I
Q1 BLM2425M9LS700PV Ampleon | LDMOS
A2 RFCR2849D-01 RFCI RF Circulator Isolator
Ab X3C26P1-03S Anaren RF Directional Coupler

c T 4 AT LA MR
TR EER, & v F8FIUERESH V, 51T MCU LB S N5, FEERMLIE, & >
FRFVHE LCD TH D,

s~ A 7 PR IRIEE AR 1) ORCKRIET) O

tw=~4 ms (tp=100 ms), P=1.2 kW THAIVUTIERTRE L DIBEMZZ T TVDN, tw Z KX
S LGB LI DO MER L=, tw=-5 ms (tp=100 ms) ., P=1.2 kW O E CTHIEIINH%.
HAVEENEFEN O Lz, M Tr REfELTZEB 2 61D,

Tr ONERIRIEZFER LTI ZAWNEAL R T 4 7O A Y OUIWN R bhiz, TD=oH
WIS ER L DEENME T L b0 B2 b5,

- T, tw=4 ms (tp=100 ms), P=1.2 kW ZHX 5K METIHEHTE VWt iEmans,
B BME LI~ A 7 m IR E GUEE 1) 3R L 72 Tr 25883 5 2 &80,
EFEETH LD T,

3.1-9
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3.2 ~A a7 T O EEILIZ BT DA%
3.2.1 RitEILO-DDOBE AL I 21— a3
TSR AT O @ OELZ TR T 2 R 2 BRI 2 L—ra v CERiLZ, TXS
T o T bR D &AL, 61T, ERICINR TR SN D X 512G
RT A —H Ol & Ehia L7,
TrTFDyIal—ia VEREE LT,
1)Y 7 b =7 : ANSYS Inc. fE#lElectronics Desktop 2020R2 (HFSS/)
2)PC:Dell Technology#Precision3440, Windows10Pro, Corei—9-10900, 128GBRAM
PRER L7,
T T FOREE LT, K3.2-1 IRT LI, TrTFEE BRI & SMA-SMA =2 % 7
FECRE LTc, Ty 7 I T o7 T R ONARI 72T 7 FIOW TR LTz,
SRR AE FR) B (AT T7 XA b £=6) ZFRERICHER L, FEA o e—
H A Zonb0 Q 75 X HITHERG Lo, e, T2 b —3 a2 TILSMA-SMA =2k 7 ¥
B ET. BREENGIC Zo=50 Q ORBIBRZHERH LB T Ialb—ra raE L,
B4 3. 2-2 (R K D ITESMEILT 7 Foeim R 2 e & LT 10 mm O R T O SAYE
Filal—iarli,

P : FR o AT

SMA-SMA = # 7 %

X 3.2-1 7T FTOREOA T AR

3.2-1
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FiE10mm

3.2722 T T T DY alb— 3 UHEIK

TUTF Y ab—a URERRER A S, 2- LR T, WEROER AR Na A VAT
T FITOWTERGME A E L, EERORKEICONWTITERN R /NS, A ABR
ROBREWZ EAVHA L (BRICHAFEEANL, 3. 0~4. 3R RERMEN K IV, BRIk
RaA VAT 11.6~68. 8fER KEMMENKE V)

3.2-2
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#3.2-1 TUTFvIalb—va iR

7T g SEHEE D 10 mn BEAE | ROKERME | ER
i 7T TR BT T OB (=1 kW) | L
. B %/’ '_l P 19.8 kV/m 1
e ey
l =l I g
P 1 =4 E Ly 84.1 kV/m 4.3
) \"“ﬁ'&&f—
| 5 >
S 2 @ , @/ 59.9 kV/m | 3.0
L) . ! 1 = ﬂl
S 3 @ g 64.7 kV/m 3.3
ot ' ™
349.5 kV 17.7
e 1 /m
T - » »
A LA ; V : 230.6 kV/ 11.6
LA | ‘ 349. 4 kV/m 17.6

3.2-3
— 44 —




JAEA-Review 2021-027

3.3 SNEbm k. MIERSE ST D058
3.3.1 HARVAT ATOFE « 7 7 A =52 R TOFHE

(1) ~A 27 vEHEELIBSOMBRORAE (Lo XHFR)

BERYH > T AT VTR EMo E W TR A7 A Th D L v A HF 3R O A CTLIBSHIE
VAT BDINT A—H BB ST, SNHIZ B 2 D BASKMEOF 2170, KT A= D
AR Z Mt Lz (3. 3-121)

AR ER TR D@ Y TH D,

« Nd-YAG/ L A L —H —EJE : DAWA-200 (Beamtech Optronicsftfl) . »LRNET7 ns. B Ek

10 Hz?532 nmb—H— VL2, L—HF—EES mmT, =F/LF —Hi[HI%0. 1~100 m]J,

c TR DAY SRR 50 nmD 3 ) A— ML U REEATNET 7 A N —
< SY6EF ¢ Czerny—-Turner4y YEEtMS327 (Newportftid) . 2400 /10 mmd 7 L —F ¢ 2, 1CCD

51 A Z (Andor iSTar. Oxford Instrumentsftil)

« AT RVEREMT Y 7 b : Oxford Instrumentsftid AndorSolis

X3, 3-112, ~A 7 a7 7 F & HO - LIBSRER R O X 2 ~d, L—¥— £ X
(Lo REEERES0 mm) | Y7 7 A N—Z kA —FINTRE Lo, el L—HF =% b
T, TAIFTRETT IFAEREL L —F—BEEZR LT,

~A AL =N~ A 7 a LT A Y L—F AXTFa—F— HEEA S
Zodmidm U=l — 7 VT LT T T I D,
T T T RRIIAERI Y VI TR T D T A OFFICERE L, ST AT A 7 aEN
WINSNDE T LT, A7 rlEDT T A ~OWIUTE & ~A 7 nEORFEOIRT (7
TFAZIZRINEND Z EICE D) 24 vnra—7THERLE,

Aynra-7 J 2ETFa— e

— o1
it
;;I_.._!_JT__.- ’_
I |7 i Lol |
INJLAFEIRSR | YAGL—+— (532nm, 7ns)

KL X (50 mm)

ST ILRILE—

KR X BT 7A13—

X3.3-1 ~A 7 ajEz2EE L-LIBSHIEEERR (L R FR)
MW~ A 7 ok

T T Xy v EESIRE & OBG
A VAR ERETAHT T FXy v (T Ty 7 L ol L LIBS(E

3.3-1
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B & OBIRMEE AT, BT T T A TR E AT, L= = X =313 m],
~A 7 nEFERYEZT ns& L72BRD395 nnf i DAL — 27 28l L7z, 77 Fx v
T7%1.5, 2.0, 2.5 mE (LI E T, BMBE~OFELFAE L (X3.3-2) , ZORER, ¥
Yy 720 mORHIAIFEE =7 BRI RERY . T T T X v v FIREESFET D 2
WG o T,

Laser 13 mJ/RF 1 ms, 60 dBm/A1203/Antennal.5 mm @ Break down HFod

00 247 hL (Gloss HRFE & BG 98 EF L)

1000

800

600

Counts (1sec)

400

200

(A) 0

375 380 385 390 395 400 405 410 415 420 425
Wavelength (nm)

Laser 13 mJ/RF 1 ms, 60 dBm/A1203/Antenna2 mm @ Break down BFodD
1900 A7~V (Gloss FREE & BG 7R AT L)

1000 ﬂ

— Gloss BG

800

600

Counts (1sec)

400

200

0
375 380 385 390 395 400 405 410 415 420 425
Wavelength (nm)

X3.3-2 TrT Xy v LEFHEELOBFR (1/2)
(A) 7757 Xvy v 71.5mm, (B) 77+ x%v72.0 mn

3.3-2
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Laser 13 mJ/RF 1 ms, 60 dBm/A1203/Antenna2.5 mm @ Break down F§odD
A7 RV (Gloss I & BG 50 LK)

1200
1000 4
S 800
[}
4
s
£ 600
=
(@]
&)
400
200
(©)

0
375 380 385 390 395 400 405 410 415 420 425
Wavelength (nm)

X3.3-2 T U7Xy v T LEFHRELORR (2/2)
C) 7>7F*¥+v72.5 mm

L —HP =R X —0.17nm], ¥~ 721X —1 kWC~A 7 ajzEE L7~LIBS% £l
L7z, Al (HE5RZIESHE) LMo (HEBRZNIETRE) DO AT FVHEM AR L7z ([X3.3-3) |

6 5 9
' 1 45 8 -0~ Al T(295.80)
5 F —— Al oxide target = 5
—Mo target 4 f-," -0-Mo 1(379.34)
4 35 = &
' g
3 £ 5
o
3 25 S 4
4 "é‘ 3
2 F 7]
15 2 2
1 £
1 " ‘g 1
v ; 1 os = 0
0 : . i 0 0 5 F .
360 380 400 420 440

Input energy (Eppe + Engw)s I
Wavelength, n.m.

=47
Eppsee = 0.17 mI/pulse; Py = 1 KW (CW); Eusser = 4.2 m/pulse (Al target

Xipg = 1.0 mm; 6= 10° E,yop = 0.17 mJ/pulse (Mo target)

X3.3-3 AltMoCTO~A 7 v EELIBSAY ML ()
L ORERHE ()

3.3-3
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R 7 ELTTAIFTREANT, b—HF—lEL~v A 7 aior X —2 B3+
AL, L—Y—gREL, 3, 5, 15, 30, 45 m], ¥ A 7 g
1, 2, 3, 4, 5, 8, 10 ms &b H7-, fREKX3.3-4ITRT,

T, LIBSA~Z |k
TAHRLF—T 0,

LD R

Laser condition MW condition Spectrometer condition
Laser input energy, mJ 3~45 MW frequency, GHz 245 Spectrometer MS257
Laser pulse width, ns 8 MW peak power, kW 1.7 Grating, lines/mm 1200
Repetition rate, Hz 10 MW oscillation pattern Ccw Exposure time, s 10
Focal length of lens, mm 200 MW oscillation duration, ms 0-~10 Accumulation, times 10
1000
800 | Al 'l 396.2nm
12000 = 800 f
P
10000 | E
200 |
S5 8000 i ol R B e
© 300 302 304 306 388 400
.{s 6000 | s
2 Al 1 394 4nm
£ 4000
2000
0 1 1 1 ]
0 10 20 30 40 50

Laser input energy, mJ
X3.3-4 FfEixDL—HP—i@FE L~ A 7 o R —DAIDOLIBSA T kL ~D %

3.3-4
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Wiz, L—YP—ifEZ 1 nJIcEE L~ A 7 oo xLX¥—%0, 1, 2. 3. 4. 5, 8, 10msé&
P EET- (M3.3-5) . ~A 7 a2/ —233 msPh ETALOLIBS A~ kLG AEA330~48
fEizHEs ST,

Laser condition MW condition Spectrometer condition
Laser input energy, mJ 1 MW frequency, GHz 245 Spectrometer MS257
Laser pulse width, ns 8 MW peak power, kW 1.7 Grating, lines/mm 1200
Repetition rate, Hz 10 MW oscillation pattern Cw Exposure time, s 1.0
Focal length of lens, mm 200 MW oscillation duration, ms 0~10 Accumulation, times 10
35000 r 60 r
—-394 4 nm = —2-394.4 nm
30000 } —€-396.2nm + « 50 L —-396.2 nm
=
- . - = —_
. 25000 % 2 i
3 g Y o —
[+ - B S
~ 20000 = il
£ —$ 5
5 15000 _‘é_'___——-—"§ B
£ 2 ki
10000 o
5000 E
o
-
0 1 1 ] 1 1 1 1 I
6 8 10 0 2 4 6 8 10
MW oscillation duration, ms MW oscillation duration, ms

}3.3-5 L—WP—EAZETEL (11 m]) ~A 7 2T x¥—%224k (0, 1. 2, 3. 4. 5.
8. 10 ms) SH7-L ZFDAIDLIBS ALY kL~

(2) ~A 7 aEEELIBSOMBREORE (77 A1 —HFR)

WIZ, R 7 e UCRERICAL EMoZ HWT, 7 7 A N— PR TOFMER 21T > 72
(X3.3-6) , L—%— LRV X K77 A= EHE2ET INEEE L, BT 7 A
N—HIEE (L REAEERES0 mm) | AERYY > L& —SINCELE T D, FC-LIBSZEBR TIEED
ENAZ/NESL LTERAFXT—BELEBL 7 7 A4 XN—IE~DZ A — % Bk 57201
200 mmD L REMH LTz, el —YF—MN%E BT, K77 A= TITT 7 X~
TN LRVIRRET, O T7 A I TR ETIE T T A~ENBL L —Y—RELE L, L——
DHDOIEEEN L R (L XESEERES0 mm) IZX > OUMBER 7 7 A N—ICAKT D, 77
AN—OMERIZ L AR E =T L, T 7 A =2l LR A R L, B rEITER
BLIEA =Ty N CHLT NI T T NURERE T T A~ Ak S, Hma iR L,
V=P —=2ZRy b AR ZRAF—HBEZESE, BEDLIREE, SNHICE X 537 A —
ZatgEt Uiz, LanL, BERHIARE L, LU ARFRTHLONIZ L ) R AT MLV ORSF
IZES TR, TRHIZOWTIE, SREEICH S Matd 5,

3.3-5
— 49 -



JAEA-Review 2021-027

#inxa—-7 [:' 28T F2—f—
— — < fa — 0
) J -) J
245 l 555 || MW SR —1
7 \")pzﬁg}ﬁ&é _E]L Cu antenna

|| YAGL—H— (532nm,

7ns) By TIL

L2 X (f: 50 mm) I
L2 X (f 25 mm)

YT ILHRIILE—

KR ABAT7 A1 —

3.3-6 ~A /& ESE LZLIBSHEEBEER OLt7 74 X—HFR)
MW : ~ A 7 ik

LIBS DAY R EFR O =D Ok L 72 BRI F1E, ~A 7 a o b OBER OB L 5 i dhL
FOMETH D, K3.3-TIZ, v~ 7 nfEomREEENZEMRT 22 LTk HmERD LIBS
DAY MIIEBA~OERE L RT, T 7 A N —fie L —F—I12L 5 Al @ LIBS A7 kL
BWT, 72w A7 vl (NU—1.9 kW ROFEIRFHeRH 8 ms) A LT 1000 5D A~
7 MVEEEABLI S (BETo 7 —#) [2], AEIO L AHFERTORBRICESE, K77
AN—ITED =PRI &~ A 7 R FARIEO T > 7 T OB LOREHT LY 2L b
78 1000 5% BIEICUGEA KD,

X3.3-7 ~A7unEogRehtENxEHT LItk
BB DOLIBSD 2 X7 kL iR~ D 5 5

3.3-6
— 50 —



JAEA-Review 2021-027

3.4 R AT AMERICET DI

3.4.1 N— K= THEE

3. 4-1ZRT L HICT—T N by FLIBSHE R OBEE LTV, P REORKE R Lol
DDYVAT LDONN—2a T vy T aRET L, BE LZLIBSIC X APb, AT K 2 R n 217
WV, BRI ERR E BRT AT AOFHIIEIT O . LW I FHEIICKR L, N b~ A 7 a R
PRIEEE £ 600 umDYE7 7 A N—FHWT/INUL AT L ERIELT, ZOVATATH T 74
N—{FE A TOAL L OB (Mo, Pb, Fe, Cu) ORIEZITR -7, 3. 4-21774F XK 9
IR AT MR ELNT-, 72720, FEFMAXT MAGHANC LY, BEAERTH7-01I2F, &
ICT =X BT 2 0ERDH DL, ZhBICONTH, SMEEICS &kt Ratd 5.

Nd:YAG (532 nm, 7 ns, 10
Hz, DAWA-200, Beamtech)

\ focusing lens
— s
o (f: 50 mm)

— L p
- . ?- Target

' sample

collector
ICCD camera tens bl
assembly Adjustable
camp]
Optical ;ZTSei
fibre
Spectrometer

[X3.4-1 T —7 /L kv ZFLIBSHE % DORESE

3.4-1
— 51 —



a. u.

ensity,

Int

JAEA-Review 2021-027

. ' " Pb

360 370 380 390 400 410 420 430 440
Wavelength (nm)

[X]3.4-2 Al0s, Mo, Pb, Fe, Cud A7 ~ZJ A

3.4-2
_52_



JAEA-Review 2021-027

3.5 LIBST B — 7324 \C X 2 5FMAF2E GHEHESLE © JAEA)

3.5.1 LIBS FEARRFMEFHMER & BT 7 U2 X 2 FEiEaR

LIBS 7 u—7~y ROJMPFIREICEH L C, 74 IR EFEREILA L, ~/ 7 o EE
FHEERBR D 7 7 A /S—LIBS 71— 7 &R LT,

REGL 7= LIBS ' m—7 R & . WEDMEE 1/50,000 O /AS by, Sk X 5%
DR EERL, v A 7 nlEEERE LW SOEARMEREE R LT,

(1) LIBS 7'u—7 O

@O LIBS 'u— 7 DR

JABA TIX 2 FIHON. 7 7 A /N—LIBS 7 u—7 %[AF L T\ 5, —DlF, ik SFA LT
TWADHT7 7 A R—LIBS F'u—7 T, L—HF—HFENEDL—HF—E N7 7 A "—TIriES
B, HER LTI AR EER L, ARINTZENER —ONT 7 A _—%Win & sk
SHTHHEICATD L, T 5, o —2i%, BixEmHL, BV —F— (v 7T
v T L—W—) TNEHENLT 7 A N—ORICEET D HFIETH D, ZOHFETIE, IMB»
HU—P—HERLF 2T 7 A N—EN LT 7 uF v T L—F—ZiEAL, L—F
—HEAR L TENRAT L L TTIASHEAEHED, O ZOOFEOHMEE 3.5-1
2R,

1O (ERHIRRERA)

< 50m
Sechn TIATRR

Il L4 A TR RN -
. 8
: UBSTO-TFroF T
B
Bl
ﬂ SiRE{t
N120Fv7 ~100m ﬂ
ks AR~ ¥~ W8 T4 T @q
L-¥-#E
LIBSHER U \ ?1';3‘!_-;
ImPACT
-2 ) DHWEBA
Quasi-CW LD : L
NEYAG oy acAmRRRE)
EMNOASUF

BEIAIFNX—OFR wmp B RE
TA2aFvIL—HF—ORKERE
X 3.5-1 kDT 7 A /X—LIBS &~A 7 aF v 7 L —HP—LIBS DA

FATHAN TH D7 7 A4 /N—LIBS TIX, bL—H—NHFEIINBICH D Z b, L—PF—HT)
DFFESRZRNK L ThHHZ L, Tr—T78RIN T 7 A R—L L XADHBTHRIND Z &
D, HEOHEL, BEANFTETHS, LWV SEFRHDH, —F, MUV UL AT RLF
—DVU—P—=HENT 7 A R—THET D Z LD, WETRER L —— R IZHIR A B D
ZEL T FANRNITHTDARMBRENT L, ZORDHHIRNT 7 A N—Z 55
MDY 77 AN—DOFIRIEIZKRIT D Z &, RIEBHEEICHT 5 L —F— O RICEE T 5 %
ERHDHZE (PEREANNT 50 m), Yo7 7 A =D HE SN D b—W— a3 SR
FIVUTFHNR LIZKWZ &, Lol REbH D,

3.5-1
— 53 —



JAEA-Review 2021-027

ikt L, FiEgich s~ A 7 nF v L —HF—LIBS Tixk, FOUL YA XD L —H—5
RE T O EFNITFEAT 57 0 — 7 eimlcil@E L, BIET 5V A L—W — Y& EEA AT
%o FERAR DRI LB 7 = )L X — [ TG 72 L — = x VX —E R T L2 LD,
TERBAM D L ST T A~ B AT DEREANNVA L —F =2 HT 7 A N—THET 205
Mg, T, FIHT 7 7 A =% TH5Z ENAERET, HIFABMEL R 2D,
T2, BEHEHE%E G0 m25 100 m) ThoTh, TRAXF—REENTEITL VO T, HiE
T 5 L= —JDOEDOHIRR, EHIT, HhIndL—F =L K7 74— bHiK
MhSnd L —H =8y D TEAMERELS, REAEHETHL Y7 X AN FEET
H5b,

NG 2 OOFEE, AT T TIC Kb~ A 7 nEEEEEOMAS DY ZEE L TR
L7z, fERER 3. 5-11TRT,

#3.5-1 LIBS 711 —7 Db
L JUN ~AraFy T | v A7 nlEE

St fERIE L—#—LIBS TEDER
7'n— 7k HA M —
Tr—T7RKEX /I /N /N
L——H ATk oy i REE
W7 7 A = ~DETT PN 7 —
W7 7 ANRN—DRS W R R —
IR EE PEERH R FEBR A TR /NCR]
R T T A~ Ffn R iR = PSR —
e HL R 6D C B R fR
e R YA R R IERE AT Re Eun
~A 7 aEEET L OB A © —

CITERLBERBLEVOR, RESHHTLY I AERNARETHIENCTHD, ~17
REEEETIE, 77T 2N LT A 7 B3V X —2 G T 5, 74 RO,
WEHRIZRT TR0 a A RO T T FRAERITH L Z ERTRISNTND Z &b LIBS
ZFu—7 LB ORI —EDORIRNLETH D,

PLEDOREING, LIBS 7 —7#E LT, v~/ 7 aF v L —H%—LIBS 7'rn—T7 %®ET S
NP Y e

® ~A4r7uaFv T L—F—LIBS 7 u—7 DL

~ArsuaFv XL —F—O&IEL, K3.5-1 TR TEBY THIHIN, kDL —F—FIRE
EDOARBERIIENL, ZEFEFICELD QAL v TFRIETH D, RO L —F—RIRMWTIL, &
Y TNV A L DEEEIN Q A4 v FRIRT, MENLDOBEBXUEETHRIEX A I VI PRIES
N5, 2L T, ~Af 27 aF v L—F—0 Q AA v FRIEIL. Cr*:YAG O A AFIU LA
ICL DB Q AL vy FEMEIC L D2BIETH D, AlffIRIUAIT, AHEENS —ERELL FOY
AR W R MR L, 2o, L—F—UE Th 5 Nd?:YAC NICFIF T RV F—
NERBEIND, L, AREER-EEZBA5 EEHEL, L—V—EIcERIN-=
FNX—=NEEEM TR SN L —F—RIEICED, 20X A I 71, gL —0EH

3.5-2
— 54 —



JAEA-Review 2021-027

R F T 2 2 Enn, —EHANICHEICE L2 DD, TDOX A I 2 72D B il
HZEIIRNEETH D, LIBS Tk, L——HREZO®IERT 7 A~ ERN O~ A 7 n iEIE%
DFEFNEFRITIS T 2 003K O BN DR R UE L 10D, ZD7d, L—F—FIR~Z
AIVTEBT D720, BRLELV—VF—HO—HE2KT 74 \—ThHkarE TrEL, R
N7 MBI LERFEBESZSL5Z L & L,

—F. BRI XV AR SN T T A= RO TIE, TEkFERR. R0 L X3
— DN REILET LI OO, L—F—BUENEE LR D7D, A - IRV IR D I
Bz A4 70,y 7 I 7 =280 L, BEHFHONT 7 A4 "—ToHla £ TR %
Tl L, ZORE, w47 uFyFL—HF—LIBS Fr—TI2iE, FhiEL—F—R%T 7 A
Nl FIRS A I TN T 7 A 3— DHEFBIERINT 7 A4 3—=D 3 KOHT 74
—EHWBHZ L LTz,

~AraF v T L—HF—LIBS 7 u—T7HOMEEK 3.5-2 |2, BYEEEREK 3.5-3 127”7,
Fm, EBRICEWELE e — 7O BEAYX 3. 5-4 TR,

EY TRV EEY T | SR T ‘ 5
REOSEVEIE ]’“E*ﬂ W | #5RAT 1064 m
: A s mcmrm 1A} L—H—3%
S it Hemgmpe ey
2 }B i S\( ‘ * O
}E}]El/—"f—ﬁﬁ : |_j—-~ ___..H«—/~——+— g47D4‘y755_
Tranaros TS 4"
——  AX=AT ' T Isxem
774&:*05\ JIFIT4ILE 7
KAERHIEH/ N —
A4 oaFvIL—H—&}
P ~120 mm &K 50 mm =25 mm

3.52 ~wA7uF v L —W—LIBS 7'u—7 O E

c L—Y—RE & 7T X< B A [FIRFIZAT O

“FOC Ct7 7 A T —T ) Oz x4

« 3 :>1 mJ/pulse (3 mJ/pulse FLEE)

WD : 10 mm, 50 mm Gl > XU K x)

<SP BE 60 X E 25 mmXE & 120 mm
HE K280 g

FOCI : E8KL—¥—J (B 808 -mm : v—ﬂ‘—%%% PHRL AL

FOC2 : /3y atlRIEE (B2 1064 nm) ' BIS5Z7
FOC3 : 75 <336 (W E 350~900 nm)

X 3.5-3 ~A 27 nuF v 7L —HP—LIBS 7 1u— 7R EEE

3.5-3
- 55—



JAEA-Review 2021-027

-

A= R N <A 7 uF v T L—PF
X 3.5-4 SUELI=~A 27 aF v 7 LIBS Fu—T7H

(2)  HfEREHC & 2 AR

BUELTe~v A/ nTF v T L—F—LIBS Y m—7 L EREHERE 1/50,000 Dy ERa MG
ot BHEEREHC L 2 0 ERBR & FEhi L, ~ A 7 m il & A L2 WA ORAMRE 2 MR L7,
RBROE v b7 TIRILZIK 3. 5-5 12T,

A /50000 &% fRAE
I x)LRISIEER

20mBEHRIFA N —T ILER

IBSTO—TJAyRELERERRIR
X 3.5-5 Bty N7 v ORI

iRy el B A R o TE, ~A 7 aF v T L—P—D et =4F ) 7T 5
T AN—INLD L —P— Nk, WA TAIEEZE 75 ML A= R TREL, Zhzkk
AR H—E LUTREAZED, BIE SV ARIRRIC LD DI OBREIRTHLA A—T A T
YT 7 AT —FFE CCD AT EBREN LT,

LIBS 7m—7¥i%, Z A7 —IZEE L, by 728 8mlE CEE Lz, 3UBHI XY 27 —Y |k
(CHLE L, R IEZFE L, L— Y — B AERL, RESADO50 mThHo,

7OV AREAY 1 ns Kiifi (800 ps) THRIET H~A7uF v 7L —HP—TERINDL T T A<D
FaL, T/ OOV A L= —TERESNTZ DTS & E N, Z0izd, B
FERFRIE, L—W—F&Ri&, 500 ns & L7z, 2B, 7 7 A N—HOHOEEEE L, —i%H
RAFEOEITFEEL 1.2 L LIELEAE H2X10°n/s THDH, ARER L7 7 A4 3—DE S,

3.5-4
— 56 —



JAEA-Review 2021-027

20 m THDHZ LMD, HOBHEIC L DBIERFH 72T T 100 ns IZR T BIE LA FE AN D
PNERELERGE. 85 ns Z A5 &, #1200 ns OFIERFREINIEA L TWD Z & ZaEICE < WL
ERD D,

AR CHWIBHEERHE, Ce 20 7 DL E LT, Ce LM HIC Zr BR{LH. Gd FE{LH
RN S TR L3R 2RI Lz, Zr OIRASIZH 256 %CREE L. Gd BF/E L7k
BhE 5 BIRASET-RBH A M L, 6d D A7 FVBREEIZIER LTl 2 L7z, UFRAA
A7 MVEGHZ K 3. 56 (1T,

1.2x10° - - : * :
. 0% Gd
1x10°{ © el
Ce, Zr
= 8x10°] | ce ce & -
= Ce, Z1
g Ce
i 6x10° Ce ce Ce, Zr ce |
'g CeCB . ce Gd|| cezr || Ce Ce e
= 4x10° 14 Lo | g
rrf i l |
Lt i W
=l WV Y KA
0 1 1 1 ] 1
509 509.5 510 510.5 211 511.5 512
Wavelength (nm)
Ce/Zr/GdiEEERILDY FHER: K&+ BUAIEY
CeySUBHiTH L—H—/S LA A #R2IE - 500ns
Zr :$925% 3mdJ/pulse FRAIME 2us
Gd: 0%, #35% HME® 1000 3vbk

3.5-6 FEH AT FVHIER] (0 %6d & 5 %Gd DLLig)

HEFNS, Ce, Zr DMRIE LTI WTH, Gd B2 S/N BBl ETnD Z &b
%o G6d (5%) DAY MVBE ((FHES 0 S) &, Gd (0%) DAY RV (/) A X5y
N) & OHMLENG, S/N & LT, £ 10 355610, YiZlEICB W TIE, Gd OfFEE L L
THI0.5 W FHN TV D,

(3) E& DL AFEDF

LIBS 7'u =7~y ROKMFERRFICEHL T, 74 IR LfFRe AL, v 7 njiEE
FHBRBREH O 7 7 A /S—LIBS m— 7 &#MEHE L7z, ZOfE, &K 3 n] oAl E2 5
7oo Fo. ESIEEE S0 mOENBETH, 7T AR ENERTEDLZ L 2R LT,

3.5-5
- 57 -



JAEA-Review 2021-027

RESL LU 72 LIBS 7 —7 % &, WEAERE 1/50,000 D4y taaz b, Ce &7 7 A5l
TTHRE LTz Ce/Zr/Gd IRAFRLWRABHI L 2382 i L 7=, Z OfER, ITRICFHE LIz A~y
MBI E AU, 5 %D Gd 25 S/N~10 FREE CTHER C& (AZMEEE : 0.5 %HY) ., v A1 7 njks
FE LA WA OIEARMREZ fed LT,

UL RAEZREZ SMAEEL. T A TRANSIRMEEZ T~ 7 0t 2T 2232888
FRERRHZ L 0 . FOLTRE, W REOMREICKIE T2, SN LSBT 25l 2 FhE 4 5.

3.5-6
— 58 —



JAEA-Review 2021-027

3.6 WFITHELE
COVID-19 J&HLFS IE D 7= DI HIE TOF LA LI FEM TE 9, MR LT Fitad L7,
« CLADS & i : 2 — LLEEE TS HE M LT,
< HEEESEO JAEA L OFTL DY - SE AV, AT A Uaik, B CHEMm L (85 R
/A,
c HERNRANEE L DITEERRHE AR T A R, B THA L) —ICE LT,

3.6-1
— 59 —



JAEA-Review 2021-027

4. fEF

PEFD LIBS v AT MIHIRIEEN O D~ A 7l z2T7 T T2 HWTEE L, 77 A~ DHEKR
b, FrfeEEOIER, (E5 L~ v EAFEBLL, BIRET 7V ZE TE 2EELHET H 2
EaBIEID, v A 7 v IREE O/, ~ A 7 a7 T Ok G b, SN e B /RERS
FECkE, BT AT AMESE, LIBS 7'u— 7 I X D FHBAFED 5 DIZB W CTRET 2D FHE
WXL 70 %FREEE DRSNS D iLTe &3 5,

RO D 2EB T AT AOERIER D720, B 2 FEORERFHES Z O/ LIz R
ThEHW e~ A 7 alEE LIBS 7'r—7 OFi% 4 JAEA & ILETIM L T <, £z, M
BEIZOWTIE, A v AT AZBRET LY., Rl CRBIEICEL S 0% RET 2 5HH T
3H 20, BARBROMHE BRI DWW T, AW | HURBREREE RIS ME DBLE D & BT H D
LR L TRV, JAEA DI TIhEET D, £72. U T CREAARORE HFH O " Re MR 12
DWT Y, YEEHIN - R A AT 2 JAEA O )21 <,

WFZERE TIRFIZIE, LIBS IZEEEAIES AT A & L CHBUGRHAIMSFIREE 22D, a XA M B X, Eif
WFFEE DA ICHED Z & DRWEREEHL AT 0 LT, BELToY =7 h~BITT 5,

4-1
— 60 —



JAEA-Review 2021-027

235 3CHk

(1] R&GOLAI, EHBER, VFEFR, @EERE T COER L ——otr i, AR IYS
S5 ATOMO Y, vol.62, No.5, 2020, pp.263-267

[2] 1Ikeda Y., Ofosu J. A., Wakaida I., Development of Microwave—enhanced Fibre—Coupled
Laser—induced Breakdown Spectroscopy for Nuclear Fuel Debris Screening at Fukushima,
Spectrochimica Acta Part B: Atomic Spectroscopy, vol.171, 2020, 105933

[3] 1Ikeda Y., Tsuruoka R., Characteristics of Microwave Plasma Induced by Lasers and
Sparks, Applied Optics, vol.51, no.7, 2012, B183-B19l.

[4] 1Ikeda Y., Moon A., Kaneko M., Development of Microwave—enhanced Spark-induced
Breakdown Spectroscopy, Applied Optics, 2010, vol.49, no.13, 2010, pp.C95-C100.

[6] Ofosu J. A. and Ikeda Y., A 2.45 GHz Microwave—Enhanced Fiber—-Coupled Laser—-Induced
Breakdown Spectroscopic System for Debris Detection and Radiation Measurement,
International Topical Workshop on Fukushima Decommissioning Research, Fukushima,
Japan Conference Proceedings, 2019, FDR2019-1095

[6] Ofosu J. A. and Ikeda Y., Elemental Analysis and Mixture Ratio Determination in
Fine Powder Metals Using Microwave—-sustained Plasma Ball Spectroscopy,
Spectrochimica Acta Part B, vol. 160, 2019, 105693

[7] Oba M., Miyabe M., Akaoka K. and Wakaida I., Development of Microwave—assisted,
Laser—induced Breakdown Spectroscopy without a Microwave Cavity or Waveguide,
Japanese Journal of Applied Physics, vol.59, no.6, 2020, 062001. DOI:
10. 35848/1347-4065/ab8b3f.

[8] Miyabe M., Oba M., Akaoka K., Kato M., Hasegawa S., Wakaida I., Development of
Laser Ablation Absorption Spectroscopy for Nuclear Fuel Materials: Plume Expansion
Behavior for Refractory Metals Observed by Laser—induced Fluorescence Imaging
Spectroscopy, Applied Physics A: Materials Science & Processing, vol. 126, no. 213,
2020. DOT: 10.1007/s00339-020-3368-0.

(9] EHEFER, KGRI EEES, R, K$GIER, BAANGE], A, BReky o
INBIORER R FOREFTREF~OEM 2 &HE Lo L —Y—FET L —r o
oy & BREIOEEAN, e, vol. 48, no. 1, 2019, pp. 13-20.

[10] Matsumoto A., Ohba H., Toshimitsu M., Akaoka K., Ruas A., Wakaida I., Sakka T.
Yae S., Enhancement of Molecular Formation in Fiber-optic Laser Ablation with a
Long Nanosecond Pulsed Laser, Spectrochim Acta B, vol. 155, 2019, pp.56-60.

[11] Matsumoto A., Ohba H., Toshimitsu M., Akaoka K., Ruas A., Sakka T., Wakaida I.,
Fiber—optic Laser—induced Breakdown Spectroscopy of Zirconium Metal in Air: Special
Features of the Plasma Produced by a Long—pulse Laser, Spectrochimica Acta Part B:
Atomic Spectroscopy, vol. 142, 2018, pp.37-49.

5-1
_61_



JAEA-Review 2021-027

[12] Miyabe M.,Oba M., Jung K., Iimura H., Akaoka K., Kato M., Otobe H.,

Khumaeni A.,
Wakaida 1.,

Laser Ablation Absorption Spectroscopy for Isotopic Analysis of
Plutonium: Spectroscopic Properties and Analytical Performance,

Acta Part B: Atomic Spectroscopy, vol. 134, 2017, pp.42-51.

Spectrochimica

[13] Oba M., Miyabe M., Akaoka K. and Wakaida I., Effect of Defocusing on Laser Ablation
Plume Observed by Laser—induced Fluorescence Imaging Spectroscopy, Jpn. J. Appl.
Phys., vol.55, 2016, pp.022401_1-022401_4.

[14] ZREZCHE, HEHEX, FirE, HHHER, L—VF—FE7 L—2 ¥ U 0t OREY
BT ~DwH, v—%—F%, vol.42, no.12, 2014, pp.918-922.

5-2
_62_











