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For applying Laser-induced breakdown Spectroscopy (LIBS) to the analysis of nuclear fuel
materials, it is very important to investigate the analytical method to identify the emission
spectrum and its intensity on impurities intermingled within complex emission spectra of
matrix elements such as uranium (U) and plutonium (Pu). Experiments using gadolinium
(Gd) as simulated sample, in which several 100ppm of copper (Cu) was contained, were
performed and the analytical performance was estimated. The spectrum was decomposed
into each peak of some spectra component on Gd and Cu. And the result, intensity of Cu
component intermingled in Gd was determined quantitatively. In order to evaluate the
linearity in the impurity analysis, the experiments with various concentration of Cu were
carried out. The detection limit was determined to be about 70ppm from the equivalent noise
level which was estimated from the standard deviation in wavelength. The results curried

out under the other laser conditions (intensity and wavelength) ware also evaluated.

Keywords : Laser Induced Breakdown Spectroscopy, Quantitative Analysis, Nuclear Fuel,

Copper, Gadolinium, Analytical Curve, Detection Limit

Present study 1is the result of “Development of laser remote analysis for
low-decontaminated TRU fuel” entrusted to Japan Atomic Energy Agency by the Ministry
of Education, Culture, Sports, Science and Technology of Japan (MEXT).
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1. f5
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DR L MEZ ILFICh T > THET 2 Z L2k 0, Rl % & Tealkt o 0T 2 FEREE < £
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WE, O CTHEL SNAEFERIEEZRD Z L7ad | B, L bLEE T, OB %
AR DOIIRIZ T T D Z LR ATREIC 72 D, ITAE, ENTHEZEL K DI L ZDOARMY DI,
BHLWVIIWE O EERET D72DICHATH D Z L BRO LIV, OIS AN 2T
HEATND 91D, B2, 7T UART AU B EOEIEICEWT., BRI E ~ D FH OHfF
LB TON TN D 1019, Fx (X, L—V—T L —7 X0 U RBSIEOREZE LT
M5B % . AR O BEIFEERE A 7 LV CTHEH ST B IKBRYE TRU KD Rl 53471
HWHT 27005 Z Bith Lz 1215, K% TRU #BHZ, AR Y 7 Q)7L b=
LAPWT, x7V=0UAh (Np), 7AV UL (Am) ¥=2U UL (Cm) EWololY T ik
(TRU) =% EH, Fv 24 RRILEDMPE L TEENDI LOPBEIND, ZTHHOD
FLHFEIT, RSN B E 2 7L 2 = 7 AADRHI(Cu) 72 & DRV LT~ T, i T
MR I ALY M AMEE RS, 2D, ZOPIRIE LR ORNE AT ML & ER
BNZOT NI D Z XN FHEN D, o TAHEICBW L, 2D X ) i A~
RV ORI ALY SV BB T 2 TR N EE L 72 5,

ZTIT, SRS LT 7T v L RBRICHEEMER AT SR RO R =0 4
(G, FEFT A E S (Cu) 2R MM E LTI LIZREIO 7 L—2o X7 03 21T, ik
IRANRY NVITIRAE LT A ORI FIE 2 et 2 & i, B oncimER & it FIRIZOW
Tl 217> 7=,
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Fig 1 Experimental set up
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2. Ehk

FRALE O E 2 Fig 11277, EBRIIRKPORKUE)TER L., #kEHE LT Cu % 6 flifHD
WETHILT: Gd ZHwWie, fEH L7z b—%—I%, & 1064nm, #uk LE 10Hz, /L AE
8ns, E— A% 25mm. T FR/LX—8.5m J/pulse ® Q A1 v F Nd'YAG L —H%—3 (Brilliant
Ultra) ThH 5, L —W—J&2HE S 756mm O L o XCREFREICE B HEIE L,
WELET L—r X077 X3 %, REORSmEIC L OUIERD 45 EHAICEE L
TRV AN T L — ROLET 7 A4 X—THED, Echelle 534 (LTB ARYELLE) (23
&, ICCD # A 7 TR 5y Y65 AT o 7= B FE T IR LI [ GBI AE FRE[H]) & LRI R iR 1
fEH=a s hr—F—asBa—FIZXD, ZNFI, 9us & 1us ITRE LTz, EBRFERIL,
5000 SV AGEFERE L TCa v Ea—X IRV AL JIEZ O L —HF—Z R VX —HEEDE N
X, L— P —FME LN AR SN TZ 7 L — 2 — E BRI L — Y — AR CEI D
T L TEHM L7e, SEEBRSRME LB OFEM, BUBHREE A Table 110777, 7238, ABEHIMWR LT

Table 1 Experimental condition and apparatus

Laser Q-switched Nd-YAG laser
(Brilliant Ultra / Big Sky Laser)
Wavelength 1064nm
Pulse width 8ns
Repetition rate 10Hz
Energy 8.5md/pulse
Beam diameter 2.5 mm
Focal length of focusing lens 75 mm
Spectrometer Echelle Spectrograph (ARYELLE / LTB)
Resolution of wavelength 218000 (@3pixels)
Range of wavelength 250~750nm (@1shot)
Delay 9us
Gate duration lus
Number of integrate 5000
Optical fiber 200-1050nm transmission / 600 u m core
/ 2m length
Atmosphere Air (the pressure of the atmosphere)
Samples Gadolinium metal containing impurities
Samplel Oppm/Cu
Sample2 11ppm/Cu
Sample3 110ppm/Cu
Sample 4 230ppm/Cu
Sampleb 500ppm/Cu
Sample6 850ppm/Cu
Confocal laser scanning microscope Olympus OLS3000




JAEA-Research 2008-081

Data pame : GD-20-1000ppm_022.0ls5
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Do —H. 77— a Al X HAFMAMEIE image of the typical crater produced by 5000
6.2+ 1.3X103mm3 TH Y. Gd D% JE shots of laser at 1064nm
(7.9g/cm3) 7> & . &R L 7B &34 49
g(10ng/pulse) & FHH Z a7z,

250~1050nm GEREHIE R KT 250~
750nm) O B THE L 72 Gd HIK
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825nm IO ARY ML OBRESLEINE  we  w  we e
W ERRH D, TOT D, 325nm FHE Waveleneth ()
PR EIEE TS - L ic kY. Cus 9N g Fig 8 Emission spectra (250-1050 nm range) of

CHRITE DT L BTHEENS, pure Gd and pure Cu

Intensity (arb. unit)
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ZHHHUE LIZ AT MVERWT, S ART SV a EEICHHET 2 FIEZ ML T 572
DIT, LLUNIZlR R 5 AT & FHl 217 > 72,
(1) AT NIV DOEE

FT AP TH D Cu O EM LB TIRIEZRET 27200 Cu DAY MAEBRET D,
TR L 912 32nm FHED AT MV ERfEHTT 5 Z LI > TGd FIZE£i1d Cu % SIN
F<RHTEDAERERENZ END, ZOMED Gd K Cu DAY R VOFFNT - [REZAT
72, Fig 4 ITHE L7z 250~1050nm D AXT fLOHnG FH LTV 5 324.754nm @ Cul
DAY M)LK E2nm O EIRZ I L2 AT M Th5, EEER Gd HiK, FER
Cu BET, 777y MIFAFELE Gd 27 ML, ¥ v CRIFZRENRATRETH -7
Gd DAY ML ThDH, £12, KO L2 Gd O Cu DRE S iz A7 RV O E AL : nm)
LT RV —HENL (BN eV) 2R LTo, AN MVORIEICZIE, A7 RVfiElT Y 7 b PLASUS
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SpecLine & Center for Astrophysics(CfA)? Atomic and Molecular Physics(AMP) Science
Group WAV #—Fy hTARALTVWET —# X=X WEFH LI, ZNHDAXT MLnb
Cu DAY MLELHERDIIIC Gd Dy A7 PARR LI, TOKRRZE - WRIEIZIITK
0.05nm T 5 Z LoD, T, 5HKEROiFEE 0.04nm(=325nm/8000 @3pix) & [FIFRE C
LH D0, EHTIZ L > THBENARETH 5,

Cu 324.7540 Cu I 0.00 - 3.82

A 322.5460 Gd IT 1.13 - 4.97 F325.9250 Gd IT 1.34 - 5.14 -
B 322.6320 Gd II 1.06 - 4.90 G 326.6730 Gd I 0.07 - 3.86
C 323.2780 Gd I 0.07 - 3.90 H 326.7640 Gd I 0.03 - 3.82
D 323.8624 Gd IT 1.29 - 5.12 I 326.8340 Gd I 0.03 - 3.82

- E 325.0190 Gd IT 1.32 - 5.13 T

Intensity (arb. unit)

Pure Gd —JL

F_’ure Cu.

323 324 325 326 327
Wavelength(nm)

Fig 4 Emission spectra (322.5-327.0nm region) of pure Gd and pure Cu.
(The spectrum is assigned using the databases of Scientific Division Atomic and Molecular
Physics (AMP)on Center for Astrophysics(CfA) )
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AR MVICHEAT D L, RMHOREICKRERBAEEHE 2D L2 b, 20X 5 il
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X7 MNVETHBALT D 2 EICL > THVBRS ZERRETHDH, ZHICH L TL—V—ED
Bl —P—EH L X EREE TOHEE L W o 72 U—P—JDENEMIE, L— R
THRNFX—FEEICRERPELRITT, ZOEVDTZOIZT 7 A ORE, WD TITRLE AR
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X, =RV X —HERL j D T ~EBBT DR ANRT NVOWRE ;377 A<IRE TEUTFO LD
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I, c g A;exp(—E, /kT) (1)

T 2T, gk gWNF, Al TEBHR, I LX—, kIR~ ERTHD, ZoXND

HIDRRICFIEIRIE I1 37T A< iRE TICRE AKIET D, FHEL T 2R (G D AT FLIRE

Z [0d, RHi(Cu) DAY MIRER [Cu b3 5 L ZDARY MVIREL, [0 [6d)% (1)
X0, kokoizkzhs,

gy A" exp(—E" /kT)
g A" exp(—E[" [kT)
8" 4"
A

Cu Gd
I; /1" o

(2) .

exp(—(ES" = E™) [kT)

ZORD S AJE (= ECuy— Eed) 3 +-43 /M ST U, Bl I1XJE=0 Thix, A7 hVigELIX
TITRARE TOFELE &= Z TN Enbnd, 2k, BT X5 IC&MFERE D%
BIZIMZ T T AVIBEORELZ QPR TEHZEEZERL TS, Ll FHEE, AR~
7 MVOIRFRZ FEREDNE o Te KR L= RfAF =% FFO L O REM DAY MVINEET D
IT/NEV, ZOED, TRAXF—DITWN LIV EFEFORARY NUVERET A LI D, T DR
ERMEE LTX, 77 AvE TOELIZHAST, AT NREEL 100 [6d DAL /NS N T &R
METHD, TZ T, INEHETD72DIC7 T X< 1K %4720 O A7 hVIRE DO 2L
KowRDD, QRET T ABE TTHY L, AT MUVBELTES ERABZELND,
1 AUt/
CJq&M/Ighy  dr
(E,'Cu_EzGd)
e

(3)

ZOREY, AT MVRE OB S IXT=RNVF — JE (= ECuy— EC) 3 /NS WEE £ L
TTIATRETRNEWVZEENELS D ERbnsd, LZ2AT, L—F— VX —HEITSE
(CAEBRSLAE S L — PSS TR LRI IS 8.320.8J/cm2 TH V| 10%FLE DI H)
WD ZERNloTND, -5 T, FTAVIRES ZOREOERH D LHETE D, &4, 7
T AIBENMRNEEE(E SITREL DD T, Flz2IXT T X~<iRE T % 5000K &K< g
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Lo e, 01T 4.64X104JE KD E/ D, AL, ALY~ EH%E k=8.62X10%V/K & L7,
L —P—T 3 VX —FEEOENICL Y 7T X<IBED 10% (500K) FLE D E L E T 5 &3,
TALE S1X 023 JE L 705, 22T, FHEMOTZRALX—7E_JER 0.1eV FRED AT | L %5
ETAULX, AT MR OZEBNE 2.3% & 70 0 BA 1/4 L FICTE 5, £ZC, T Fig
4 DART b D, Cu & T FLF =0 Gd A7 hLEFEEIE, C (+0.08EeV), G (+
0.04eV), H(£0.00eV)PEMIZHN D, T Z TIEHMBEN R | =R/LF—ZD 0.04eV &/
SWVWGEHEEART NLELTRETHIEE L, 2K, T ABIEOEICL D%
BIX 1%L TICR D, 2B, CIEFZRAF—ENRENWI LIZMMZ, AT MUIRB KRN &5
SO AT MV EERSTWDAEEERH DO TR LIz, £72. Gd O— DA 4D AR
7 MTHDLTIEFA T AR T oY VEBET DHE 6eVEU EOZR VX —20151 | ZOHRE
NWEL> TN HOEBHLRKEL b PHENLTD, H LR LT,

B) A7 bR —r T 4T 4 T

ET®EELIEMMOIEEZT ML G (GAI: 326.673nm) ZHWTHBAL LIz AT bz
Fig 5129, A7 hUE BB Cu 2RI L7 Gd DAL bV T, B 0~850ppm D A
J MVEERTHONTHY, TEIXZCu MO AR MLTHDH, FAXT MVIZiE Fig 4 & 1A
BROEIEAF R L, FIZ, M OEERT ML ERHHIZONTHHRD TAY MLHFIZRL
Teo EBED Gd Dy AT MV OLEBEDIZIREN G R DITONTARY MVBENEL 725 Cu
AR MVEMRTHZENTE D, LnL, BMOZ OBMER AT SRR D A~
7 NAPNRIEL TV DT IO 27 kv & U TR 2 & BICEHET 2 2 &3V,
ZIZ T, R THD Cu DO AT M EINT 5720, AT MVERG ZEI20fR L,

T T T T T T T T T
Cu 1:324.754 nm G:Gd :326.673nm

—— Gd with  Oppm Cu l
"""" Gd with 11ppm Cu H
-~ Gd with 110ppm Cu *
------ Gd with 230ppm Cu l " l
== Gd with 500ppm Cu Y
rrrrrrrrrrrrrrr Gd with 850ppm Cu i

Intensity (normalized)

Pure Cu

1 N 1 N 1 N 1 N 1 N
324.5 325.0 325.5 326.0 326.5 327.0

Wavelength (nm)

Fig 5 Emission spectra (324.5-327.0nm region) of Gd with Cu (upper) and pure Cu (lower).
(The spectra are normalized by the spectrum of Gd I: 326.673nm)
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Fig 6 Emission spectra and fitted spectra of Gd with Cu, normalized by Gd 326.673nm

spectrum.



JAEA-Research 2008-081

FOMPEBERIC—BT DL AT MDY~V T 4 T 4 v T afTolme AT MDD
AT A NETar R 2a—v a7k GRAMS/AL # Wiz, &AXT MVERSIET Y
AL Uiz, A0 FAORE LIBO/RT A — 4 LRI L0 B 5 - L3 2T
CETH D ERE L, #iC, Cu 28R TD ALY MUVREE L, K FHREL YT X~ iRk
PSD ) A REDTDIZZEAT D & Lz, HIZ, MHEAHEI CCD FFTh V| -50CREIZH
HINTWDLZEnD, B A XK HEWEIHm/hEL, BIZHEREZBHE L T\ H70ITE
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VIMERTHLI LoD, BIZ, Oppm TR LN/ o>7z Cu AT huns, BENEL R
HITHONT, BN 72D Z B35,

(4) AT BOVBREE LN D O B O F

FROENCT 4 T 4 T LT AR FVIREL EEBIOREND Fig 7 IS0 T X 9 e &
MBTF LT, PO AL, Cu OREICHT L7497 4 7 THRLENTL AR LR
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Fig 7 Analytical curve of Concentration of Cu included in Gd.
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I ZCOR LB IR ERIC AT D AT MVIREOIEERZEL o £ LT, Z0OiREL +
20 TCEV Ty FLEWMBRTHY . MEREBTZOEBRMETHDL, 20D, /A AR EITHE
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Fig 9 Standard deviation of emission spectra
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Table 2 Experimental condition for verification

Laser Q-switched Nd-YAG laser
(Brilliant Ultra / Big Sky Laser)
Wavelength 532nm
Energy 5.0md/pulse
Spectrometer Echelle Spectrograph (ARYELLE / LTB)
Number of integrate 1000
Samples Gadolinium metal containing impurities
Sample3  (A) 110ppm/Cu
Sample4 (B) 230ppm/Cu
Sample5 (C) 500ppm/Cu
' ' I—A(H;)ppm) ' ' ,: G:Gd :326.673nm
_ T S i;\ I

Cu [:324.754 nm A ’ H

Intensity (normalized)

3245 325.0 6.0 326.5 327.0

3255 32
Wavelength(nm)

Fig 11 Emission spectra (324.5-327.0nm region) for verification.
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