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Establishment of the laser induced breakdown
spectroscopy in a vacuum atmosphere
for a accuracy improvement
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Summary

This report describes the fundamentals of the Laser Induced Breakdown
Spectroscopy (LIBS), and it describes a quantitative analysis method in the
vacuum condition to obtain a high measurement accuracy.

The LIBS system employs the following major components: a pulsed
laser, a gas chamber, an emission spectrometer, a detector, and a computer.
When the output from a pulsed laser is focused onto a small spot on a
sample, an optically induced plasma, called a laser-induced plasma (LIP) is
formed at the surface. The LIBS is a laser—-based sensitive optical technique
used to detect certain atomic and molecular species by monitoring the
emission signals from a LIP. This report was simply described a
fundamentals of the LIBS and current states of research. And, It describes a
optimization of measurement condition and characteristic analysis of a LIP by
measurement of the fundamental metals. The LIBS system shows about a
0.63 ~ 5.82% measurement errors and calibration curve for the 'Cu, Cr and
Ni'. It also shows about a 5% less of a measurement errors and calibration
curve for a Nd and Sm. As a result, the LIBS accuracy for a part was little

improved than preexistence by the optimized condition.
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3 2. Advantages of LIBS over other Technologies[8]

parameter LIBS SEM/EDS XRF LA-ICP-MS EPMA
Sample depth: ~50-100um ~5um ~100um ~80um <1um
Sensitivity 10~ 50 ppm 1000 ppm 100 ppm <1ppm 100 ppm
Precision: Fair- good Poor Fair- good Excellent Fair
Accuracy: Semi- Qualitative Semi- Qualitative Semi-
quantitative quantitative quantitative
Analysis time: Fast Slow Very Slow Slow Slow
Sample consump: | Almost Non- Non- Almost Non-
Non-destructive | destructive destructive Non-destructive | destructive
Complexity: Easytouse Easytouse Easytouse Complicated Complicated
LIBSel A Ab&ete= dolAw= &g e] dolA Me A or Aol st
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F.=p Q(a/t)"” (1)
F : power density (W/cm?)
p : sample density (kg/m®)
Q : specific thermal amount (Ws/kg)
a : thermal diffusivity (a=K/pC,)
K : thermal conductivity (m”/s)
Cp : heat capacity

t. © time duration for laser pulse (s)

golA el g ¥ Ao SA AZ AV S o Az ATls
s

2(2)3 o] wlolA el wpAoll=

M = 110 (F."*)10"An*? (2)
M : mass ablation rate (kg/scm?)
F. : absorbed flux (W/cm®

L : laser wavelength

HLol= 7 N #HolAE AREste, 7+ dolA W Abolel 4 ns®] delay time
S Fo TS A A A A= Double pulse LIBS7F A& ¥ 3 gt} o]
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Time after laser firing

19 3. Typical temporal history of a laser-induced plasma generated by 50
mJ of 1064 nm Nd:YAG (10" 10" W/em?), illustrating the temporal regimes
where various spectra usually occur. The laser pulse is labeled L1. A
second pulse (L2), with wvariable delay from the first, is also used

sometimes[4].
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19 5. Measurement Error Ranges of LIBS for Typical Elements[3].
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A}-8-%-3Y o} o 2L HF
A Aold F4 A FAHCR W Ago] AT WaEe] girh oA
& WA e Yel= Adel 2w MAHAEH AFe] FH|7F §oldhA] ekt
= A% o] Ad dxE 9 He|de] wjg HRste] JE L@ - A
HERE Y F40] BUbseAy] witelh H, Fer)Ee F&5e LA
et FAZEY nEYE B3V AEHA S ~0.001 nm ©919 HEE HF
& AFE FozA oEyel= AFe Yihte e A At s 113
Ha vk #F 32 #AZAA L] Elvel= i i Ay ARE HoE

) 2}e] Roke] LIBSH & Ik CEAdA AEZQ AT Ayrt wuya gl
o1 Pietsch 5 XeCl #H9]A #o] A S AF&3lo] pellet FEje] U iolA
U-235¢F U-238 F9ldael o3 ~#ER Holxs A nh vy =,

Fichet 52 2nd harmonic Nd/YAG #lo]|AE AF&3te] pellet HEje] UO.¢+
PuOyoll 23 ExEE59 FFS WA 2742 glove boxol Al SAsA T =
d FZKe AAY ®#Alg o] ol1i= AF9H7|E AHEATF 2FolAE LIBS 7]

= A=) =
= ol&ste] FE Aot xdE GEyol=e] AF SAA Hd A+E A

—_

S 2
2ot R A FHATALE, glove box Woll 91 metal 2 oxide
o 1 2m Czerny-Turner Type &% 7]< Nd/YAG #lo|AE °¢]&3sto Pu-239¢
Pu-240°] &$¥94 Hol(isotope shift)E ol 19 82 o]o st LIBS
~HEH Aijolty, H= HolAo] Pu-2399] 59452202 nmeol i, = Zlo]Alo]
Pu-240°] 59453457 nmel™, ©}7]A Pu-2399] 594.52202 nm o] -0.355

cm-1 A% AIZE FHo] ZAHFQY. 1 ¥rol% 9d=2] Whitehouse 5& i

A B A A& 7Hsg FOLIBS 7|9 e §83te] 7|&9 7[He=
Aol Brlse dxgud s =)@y EHoHe Cu stEHS 94 A

H
BAE o 9
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F 3 oEYel= el iy A A [9]

Scientist Sample Laser Spec. Spectrometer Spec. Chamber Type
Czemy-Tumer 2m
. Pu-239 Nd:YAG (1064nm)
C.A Smith . 2400 gr/mm
(594.52202 nm) |Pulse width: ~ 14ns metal
(LANL) 0.095 nm/mm 13.3 kPa He i
Pu-240 energy: ~15 mJ Oxide
2002 . , |delay: 1 us
(594.53457 nm) |density: ~1.5 GW/cm
gate: 5 ps
Czemy—-Tumer 1m
) Nd:YAG(532 nm)
P.Fichet o ) 2400 gr/mm
Impurities in Pulse width: ~ 14ns
(CEA) 0.095 nm/mm glove box pellet
U0z, PuO, energy: ~15 mJ
1999 ) , |delay: 3 us
density: ~1.5 GW/cm
gate: 5 us
o35 XeCl(308 nm) Czemy-Tumer 1m
W.Pietsch Pulse width: ~28ns 2400 gr/mm
(424.412 nm) 2.67 Pa
(CEA) gies energy: ~ 400 mJ 0.095 nm/mm (air) pellet
= air
1998 density: ~0.46 delay: 0.500 ns
(424.437 nm) 5
GW/cm gate: 75 ns
148a+8
1 derd
1.2e+8
2 1.08+8 4
] |
c
2
= Bl -
EDeeS
4 Qe < 1'!
WMMM
2 Dee5 T T T T T
584.35 58440 504 45 S5 50 50455 5460 56465 504.70
wavelangth (nm)

a9 & LIBS spectrum of Pu oxide sample with isotope ratio 49 /51 [10].
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ATElL safeguards applications

g0 Bo]FE 7urte] NRC - CNRC Sabsabi HFAFE]

=

=2 A LIBS A4S A3t Yellow cake

=
of dd ArEMS FAAh Th, Puol Wg FALA datas &5 0w
(29 9. Fx), $ehEel W R=099%2 =4 434S 7M1 24 FHA(aY
10¢ 953
12mo . . r
Elank + HHO . B5%
1100 25 ngonm? Autonium N
250 n g/om? Pudo nium
1i0mo E E -
% =
PO = 5 .
iy %
=mo | .
2 3
E Fmo | % -
5 amo | E ]
e@O | E‘
4mo | .
EmEEE E_ﬂ!-.ﬂ Eé.-‘# Eé.ﬂ EE.E == =zr.2 E"‘.-‘# EE:'.E EE::'.E Ef:141
Marsleng ol
L 1o’
2.6 Elanh + HHO . B6%h E 7
1ug/m? Tho dum =
=L 2 yg/om3 Tho dum = ]
|
_ E
bl
=
2
=
5
&
=
Bz - w00 a T Tz T il

29 9. Pu(#h) ¢} Th(shH 9l spectra,

e palsngoh fnmli

F.R. Doucet, M. Sabsabi(NRC - CNRC), 2008
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riot

b Al Eokl A e FFAsrede] &4 Tty gl A ol A
Aerosol-LIBSE E3}4 4 mirometerol A 4= micrometer AF¢]2] Al Ca, Cd,
Cr, Cu, K, Mg, Na, Ni, Zn metals o] =& tjst AT S 33t} Cd
I Ni¢| = g AFAAE st o, 72 60 nm =712 AAtel
M= FAHo] Jhssithe AME S S THILL

B4 AR B4 dokolMe Fduiae] o] §d wagde] 19989 Y AT
E A1Zsd, Sr, Mg, Al, Cu, Cr, K, Mn, Rb, Cd, Phse F= 4 555 o
7171 s A5 AP Ak Sk

dom ZAe) AUE 2 ARED Faba

Sr, Mg, Al 9] 44 &
4 ZAE BAET[12].

G dAE AT sk w3k of dzte] LIBSO] ik A5 HEE H
712 de A5 Foke] dn 255 " eR 3 Ae HAE whA A, 532
nm, 355 nm<e| double pulse type?] Nd:YAG lasere} LLAAFS] ESA 3000

Echelle spectrometerg ©]-8sto] 2] astAUe] slEZdodA Sr 2 U 94 =

gol U@ A7E AAstel 242 4 ppm, #F ppm RS 4 AUEE
FATHI3. Hools $obwel U@ AATHE dsaen, 19 129 19
13 oo HF Avz, A7t Sy JEud e xfede) Wil IS

FeEbEe AT HoE
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3 4. Emission lines used in analysis and the results of the calibration
measurements by spatially resolved LIBS: detection limits(3oy, n=b),
precision, and correlated coefficient (r), [12]

Detection
Detection limit of
Wavelength/ Precision Hmit/ other worker/
Element nm (%RSD) ugg! pgg !
Sr 421.552 4-10 0.3 0.99813 42,7 90*
Mg 279.553 57 0.4 0.99970 0.5, 4¢
Al 396.153 4-8 2 0.99269 97° 2007
Cu 324.754 5-8 1 0.99436 407 10, 90
Cr 425.435 4-7 1 0.99075 6.5 50,° 357
K 766.490 2-8 3 0.99236 0.13*
Mn 257.610 26 0.7 0.99561 10
Rb 780.023 26 1 0.99609
Cd 226.502 510 g 0.99742
Pb 405.782 3—7 18 0.99879 547 107

“ Yamamoto et al?® (soil). * Fichet et al** (PuQ, pellet). < Sabsabi
and Cielo ?® (aluminium). ¢ Geertsen er al?’ (aluminium). © St—('}n%c
et al®® (zinc alloys). / Fichet et al.®*® (UO, peliet). *Aragon et al*®
(steel). ® Lee and Sneddon 7 (glass). * Yoon et al.® (rock). / Pakhomov
et al®® {concrete).

1 A ) (&) ¥ =6_50+24.T80.X
2000 9 - ) - ¥Y=-8_848+14.4T1.X
1800 (a) 1 S
1600 vd (r.-pr"’:/
1 e -
1400 = (b) ) L T
1200 - e -
1000 ! -
BOO - ' ey ——
I & =
E GO0 - _._d_'__d--f’"‘_;
= 400 fﬂ?‘-"—‘?’ (o) :¥=-3 STB+10 254X
| R = - (d) :¥=21.550+8.728.X
= (e) ¥ =24.254+4.483X
o o T T T T . : — .
= o 20 40 B0 B0 100 120 140 1680 180
e
[
= qa00 4 B (1) ¥ =42.680+4.914X
= () Q) ¥ =-5_663+6.8T2X -
o 12001 h) ¥ =-9.988+2.561.X fi}/
& 1000 - —~ ]
2 - 4y =
800 "
m A /
400 (1):¥=45.522+1.29TX
200 (1):¥=-9.158+0.920X
o

.l T

o 200 400 600 800 1000
Concentration/ug g—*

19 11. Calibration curve for (a) Sr; (b) Mg; (¢) Al; (d) Cu; (e) Cr; (f) K;
(g) Mn; (h) Rb; (i) Cd; and (j) Ph, in starch powder sample constructed
from spatially resolved LIBS analysis[12].
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19 12. Series of U spectra with different concentrations,
E. C. Jung (KAERI), 2009
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219 13. Calibration curve for U (358.488 nm), E. C. Jung (KAERI), 2009
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Specirometer
Gollectionlens
.J\i\Limm st
[
Laser powrer Smpply Rsertgas Ehaustgas

facuum gauge

LIP (Laser induced plasma)
% 14. LIBSY 4% 2 AA BEE

AA, delAs 1EH] oA WE Huh kA oR WY £ e
Nd:YAG @l A7} 7 o] A5 =dH, ¥ A= Q-switched Nd:YAG
laser(Bigsky Inc., US.A)E AF&3tdom, #olAqe F oA+ 50.0 mJelaL
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1064 nm 39 oA W& wHst, golAe] BAEL 6 ~ 8 nsolH, oY
A b T (energy stability) = 2%°]t}. ¥HE-E (Repetition rate)< 20 Hzol™, 2.8
mm&] beam diameterZ zti=th ¥ 5% #@lo] A Apeke] thak zhEFE &S A

@ Aol
o},

ol Ao tet A M HALS} 7heEFst AL S-S HE Ao A Xl

¥ 5. Nd:YAG #@l o)A AM

Laser

Wavelength (nm) 1064
Repetition Frequency (Hz) to 20
Pulse Energy (mlJ) 50.0 mJ
Pulse Duration (ns) 6 ~ 8
Beam Divergence (mrad) <7

Energy stability (%) 2 (0.75 mJ)

Beam Diameter (mm) 2.8

Pointing Stability (microrad) 50
Jitter (+/—ns WRT Q—switch) < 2

A= SUS AMA ASHA e 60 mm * 60 * 60 mm & AHE A
Zbstel AAstA Tt deolA Wel IMUR FE3+= E=Y9H(window-1), EeF2
4 9= F3d(window-2) 181 Zg=u} wAS 73t

S
AE FoF #EH(window-3)S & 3te] 3Wol quartz windowE =<8t

90° "ako]| ‘window-2'E A& o1 chamber?d S =
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'window-3'S A&t Window-1 w&Ho= 3|Ho] 7153 A& Z

(sample holder)E A X3l =d], Alg o &8 oA 3 Alg &4

filo
B
o
b
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oxl
ki
1o
2
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td
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re,
iy
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>
il
iy
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Motor

Vacuurn gauge

Vacuum line

e 2ASE At NBE HAAA oY g 2Ast o 34 guw
ZwolA fesith 29 15= A% Al ug dolekseln, Auel W A

W
B Bebzvt N5E AgHon RAstel Zgsts A, o)A
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2ol Adsta AvdHoe] wE 4% CCD
= FAlolth oyl ATl A= 7122 Q1 LIBSS HE 4
S & Ocean OpticsAHE|=)e] HR 2000+ #3715 AF&3tsith. CCD typed
AE717F WA ok 3 e B3] 2048 pixelsZ o] Fo1A glew 0.1
nm (FWHM)9] £35S 7FA il 23l integration time< 2.1 ms °|t}. dd =

WEg dAdete SAsHAE AzEY A= AF

—
o
g

@)

ME
o
N
N
)
N
>,
o

L)

of 47§ &@7Ivk= ARESFe] 300 ~ 600 nme] H

[}
=
ES
= #5sEs YA & 62 £37] Abde diE e s A A

= = =1
oty AAl AL vl A Alvlt} background noiseE FAT T, ©
background noiseE THA] A EE ground® A Fsta 03 ZALS AA3 e,
Alzel tidk A4S AAlste] SAH e A4S Eol=E: Hojdth
I 6. 237 AMY
Spectrometer
Spectrometer range 300 ~ 600 nm
Resolution 0.1 nm (FWHM)
Detection CCDs with a combined 2048 * 4 pixels
Frame rate 10 Hz capability, computer—controlled
Integration time 2.1 ms; variable in free—run mode
Trigger delay =121 ps to +135 us in 500 ns steps
Trigger jitter +/— 250 ns
Software OOILIBS and OOICOR
2 meter, multimode sampling probe with
Input optical fiber
SMA connector and collimating lens
Size 130 mm * 483 mm * 350 mm

© Aol AR LIBS Al&"2 HAFHS AZ5o Absoz Aot
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Hu, Ao 2 =A A 5L Ocean Optics®® OOILIBS =13 o3|
A o]lFojRtE dlolge] ik A2 OriginPro7& o]l &3ste] Fd st
OOILIBS Z=1fe] tfgk zpAgk AFE Adw 3} calibration W HF Coll A
SV i

FEY Bopzvhe 22 oled FH9 A4 TAH qdbd, e T
How wARG FH /At 45 482 B £ us el Ak,
Eepz Aol ARGl vha e ol
thool3 ofE MW Fil AWM we 4 2AL FE Agol MY o)
oF gtk NE AA ) AAYEG Eolv] ML AP Fepzvhe] Yol A
Psojok sul, o) dolAe] W AuUA =F I FW 7)A

A= AaAg 57b ek
@ dolA W A 24

gol A W olyuA et Als A7l Bl st dolA W |y A 7 AW As
3 = S7beAl HH, AlE FdelA whAbE = dAbE #leolA Rl E2
Zzup Ao 7 fFtE = shock waves®E FAlo S7hste] Ale AA S AAA
Itk 28j A AEG S S8 dolA &8 HeE AP o=

2= wgo] Al AR Aol g ofof Fr)
AFESE ol Ao F EHUAE 50 mJoly, < power meters ©] 83}

of & =gduUAE S4¢ 4% 375 mj= SZEHAG. Sdb=vt o= o)

ol glerz, A dH Il AbgsrlE sk delA W o dluA= F 20
dAZ 2do] 7hestH, Hx 1dACdMRE AR AMste] dAA o oY
AE Eo7ME ASAZIE SAHT v, o2l W Rk SAste] Ao QA=
A SR AlEE 300 ~ 600 nm SlA 3 ~ 57H drel ool wEH =

Cule= 99.9%) A EE AHEdler, EHlE A&7 U5 gAY 54 d400A
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Aol AFE3E 7 Al B4 V1A FTolA HeTJr Ars AHESFSL Et] U
A AEel e EAS FdATh dolA 9 9 AL Sl 5 sdg
z70 A, FA8 712 4ES 760 torr ~ 0.5 torr WA Hxp wrSoizby Al
HslE SASAY. Aoz AME M7= Ar 250 torroll A 7HE
A =Ho] FJow, Ar > He > vacuum 22 235 A7|7F 24 =HHA
3k AFALLS He; 760 torrol Al 7hg A £4]e] H3len,

He > Ar = vacuum T2 2 Aol =& Aoz FAHJY 19 19 ~ 21L&
ZF FH 1A 9) el mE AE A7 WEE BRolFu a9 2= F9 7|
Zdo] mE A5 AIAAE Hlug Aot ob=d, Hedt Arél 4-5olAe
Fetzoke] 232 w29 A% dEE TS, vacuumdl| M= b o] o}
AW grold 5 Sohz=virt et Aol wASATH

—u—510.5nm
600 — ---@---515.3nm
- A--521.8nm

500 { A
400 Ry
300 e

200

counts (means)

100

T T T T T T ]
0 100 200 300 400

19 19. Vacuum =0 W& AE Al7]e H3}
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counts (means)

counts (means)
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1500 — T — - A--521.8nm
| °
1200 A

T
0 200 400

Ar Gas (torr)
% 20. Ar gas®] ¢ ®WEle] WE AE A7 W3}
1500 —
—m—510.5nm
A --—-@---515.3nm
~ A 521.8nm
1200
(N
900+
A
600 °
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T
0 200 400

He gas (torr)
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collecting lens7}A1 9] AglE =43} 3 Zolw, 52 Alg x| do]
3] zAbske] A & Holl thE diameteret 503 9] #lolA FAF F AAHE =
el Aol 3 diameterE =23} 3 Aot}

o,
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o] &4 Z7E& Fotod Unt 55 AUE AT Ay, H 3.75%03
EFAD A5 WE AdYS IS5k
E7 A5 Fe ABYL AT 54 249 HA3
do]A /W oA 18.75 mJ
glo] A AL Sl 503]
golx ZHEX~ A7 Alole Ag 30.00 mm
Laser
ablation Zdf=vt FA ~ collecting lens Atole A 36.70 mm
w Jol A W] QAb % Fepznk wel Fyol vE 7 90°
Ablation point diameter 0.5 mm
Ablation region diameter 3.07 mm
W 7] A2 7NA He
JZ—Xé 714 = 760 torr
A& A AP A= 10 rpm
laser o
/’/ H‘\\
f,/
f— l,"'lf;
Plasma sphere { \
|
\ a7 /
2.26mm| ff 710 /
' 0009 ¢
. 0.50 mm
sample Collecting lens
2% 23, 24 240 U@ Al
o AHEA S 99 41 A4
ok HolA Fot A 2o Hir 375%R.S.D)S AdAHS F53FA o
A o] ¥4 AT HY} 2 white noised] HA O R AT dfa T A Mol WA
Stk ol 24 oAF =3y A5 A=) A BA AL (e 35%0] 4]
S Ao AtEE = FATE AT olo olF Hestr] e, rE Feh=vt



White noise™= % Emission wavelengths, surfaces and matrices of
sample, formation conditions of plasmaso] 2J3jA] WATITHIE] HE Y4 B
o] Azt 2 Al7]e] A2 =A% o] white noise?] Al 2% (fluctuation)
o2k Ao AEAd L A U3 ESEv AA F7Fgth BEE delay
time generators Alg&3sto], #olAx ==Hi EF7] F3F Alolo] 1 usF =9
delay times T+ WHO=E dZ2AE 3, white noise7} oFalld &3] Abet
AAE gt 9714 delay timeS Aimitl HZ ko]l A48, 1 usE L9
g Hago=, Y Algd g FAHS AU 58 AR HF delay
times €A £ A5 il 1 usE 7+ #2

tf7]ol A LIBS=74 Al white noise= FAE & §l& A==z 2 A7IZ2 A
1, spectrum AAES dFAIZIT 19 24= FLI Cu As el 77 o
71 FEieF 2F E9 7oA sde A 22 S spectrum A=, F
=9 7] el Ao A white noised] 23+ spectrum A

om ¥ 500 mtorrol A= white noiseZ} A9 WA sLR] okt

§\1

1M
tlo
Jeb

o

o
B
N

},/

[ M \ ‘,&_‘J ;un[ J I \

- ] ! A i - i "

300 400 500 600 200 400 - 500 800
Wavelangth (nm) Winvplength (nm)

19 24. White noise®l| 2]3F spectrum 9=F, Cu A= s ti7]e|A 43+

Ak et Aol AT AFN3(5)
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o 5 =43} polishingd W polishingdl#] &8 Hel| tjs LIBS &
HEHolH, F 83 19 262 ol tigk AA}E AHgd otk FH4 581
mmol Al & polishing S § Wolu}, 8% &2 W EF A3 A7) 2 425 A7)
o) 3k o) 53 2F(Relative Standard Deviation, R.S.D)7} A2 HdsA =4
Aot Alm FHA A= polishing dFA] 22 el Y3l polishing gk Wo] A

Aol As A7IE BT

Counts
Pb;560.2 nm
Pb;405.7 nm
120
100
Pb:4244 nm
80 Pb;438.5 nm
60
Pb;504.2 nm Pb;537.2 nm
40
20
O T ey L . T ||‘""|’IF"| °F ¥ :I'I;'|
30 400 | | 500 600
-20 Wavelength (nm)
-40
-G0
Counts Pb;405.7 nm

Pb;560.2 nm
120

100
80
60
40

; IR

R ‘”TT”\T s “" T 0

-20 Wavelength (nm)
40

-60

a9 25 Pb Al #EWolA white noiseo] 3] FIE Az e (L
polishing, [; non-polishing)
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3 8 White noise® ©]3t Az o= A3 Az v

MNon polishing polishing
0.50 mm means 89.25 48.71
R.S.D (%) 1.02 0.99
5.81 mm means 129.70 126.99
R.S.D (%) 0.42 272

Intensity (means)

0.s0mm SB1mm
O stance= sample- collecting len s)

[ ron polishing [T polishing

19 26. Pb A E(3) 2 white noisedl &3+ Az A 7] = A I(S)

A or Algm FHo|A white noised] 2|3k A5 dfaS AT 71
ow AT A= IS FTA = AN AR AVIE BFAATE AE

2 = %
golsteeh. Aol ARALe Asstelr] AelA vy AHncs A3 de)
A " AL An EHoRNE felq W QA

F =
m A Aoz Aesle] A5 Ao AAs),
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LIBSE o] &3 Alme AP =2 Adde Sg=vt =9 dEo]
Eohznte] SAAAE - Aol v Tt LIBSOA #&Rd Eoh=
nhe g7 FelAE mAaA ARIHE HAstd, FH 719 ShEo] vropds

S7hstAl dvh A3 A3z A, 15 torrol A A

FEe] Fehz=uprh QA Aol o sty A& o™, 900 mtorro] st
AEAH = Zep=n B2 247} inner sphere$} outer sphere® 2] 5
A1 23, 600 mtorrol A &< sHA %E] 7} 7Fs8kitl. o714 inner spheres=
outer sphere®th 1 A 9] ¥l7|7F ¢ ¥tow F2 FAHAYARTE o]
Ao R o] 2AXHTE T4

1o o
Ho
f
it}

rlr
i
_V,‘i
[N
_FL
1o
H
ﬁ
rlr
ON

N

2}z A ¥ ol 9lal, outer sphere?) 73%
AA7E §-ASHA T EIA glvH2-4, 171

Outer sphere ¥—

* Measurement location

.

Inner sphere ¢ S0 m

) 27 Zk=zule] AT =AHA HA

AR S YoM s oz ebg el T UR7E 43 outer spheres =

" 1l
o= Aol 1’4’3 o AA Ade A A3} 600 mtorr A ArEjol A =g}
zute] A7|E AR wEeE Hd 20 mm7HA A Al ¢ AW, inner
sphere®} outer Sphere-@] AAE e 50 mm 2o A FAFHJY 19 278

Fepzole] Ygat 298 HHS HelFv, 1Y 288 AR EwlA Fehzvl

A WEdo R collecting lensE ©l A 7|WHA Als A7|E S Aol



Inner sphere®] G4¢l A ~ BFAAE 235 A717F A9 AAsIE ) inner
sphere®} outer sphere®] 7AW BAANA 71 & 2% M717F 55 A0. s
A9k, outer sphere T-7FQl B~F F7tolX = A& M7|7F 553804 st
olol %4 A% outer sphere Aol AT A7= oz A SAHH
= CH6.0 mm)e FAHAFoR AAstE Aol 4o fFstth 19 29% Cust
Nd Azl gt Agd Ao Al7]e] WstE yehdls Aoz A4 s

Fol 7o BAF o wuwth

0.75 4
The Boundary of inner sphere/ Outer sphere
0.70 \ ! Meg;urement location
! e B g%
0.65 A : \
o - : i ||
= . D
o 0.60 |
0 i
2 055
@
o :  E
) -]
S 0.50
ZG 4
O 0.45
x
0.40 - S F
: | ]
0.35 I T I T I :l i T I T I 1
0 2 4 6 8 10
Distance (mm)
a9 28 ZAA A wE A% A7le A
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0. AT AAEHE 918 =49

d

=EES]

Laser power 18.5mJ
Laser # Laser ablation number 50 times
Ablation
Condition Ablation point diameter 0.5mm
Ablation region diameter 3.07 mm
Measurement Sample surface ~ Collecting lens 6.00 mm
s, - Rotated sample 10 rpm
condlition P P
Control of Gas species Vacuum (= Air)
Ambient gas  Gag pressure 490 £ 10 mtorr
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N; = No gi /go exp (-AE/KT) (3)
Ny : number of atom in the lower state
N; @ number of atom in the excited or upper left
gi . go : statistical weights of the ‘'th upper state and ‘o’
AE : energy difference in Joules between these two states

K : Boltzmann constant (1.38066 * 10 J/K)

T : absolute temperature
o] 714, wkeF self-absorption®] A EHTHA, do] Aol A7+
Iem = AjihViij (4)
Iem ¢ Intensity of emission
Aj . transition probabilities
h: Planck’s constant (6.624%10* Js)

v: frequency of the transition (AAE = hv)

(No = N),
N; = N gi /go exp (-AE/KT)

18] 22 spontaneous emission®] #o]A Al7]=
Iem - Ajithj N gi /go exp (‘AE/KT) (5)
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(2) #7d=rA(Calibration Curve)?] %5

polt WHOE LIBSOISE B AZ FuldA JFRNS 913 Agse 3
% o]

A9k Feo] A9+ A5 &dHZ Feeol +A4H @27} LIBSO o 4R
o A HA A 5o Ay A2 SUS 316Le] 45, &4 Feo +
AUl = 64 ~ 71% =2 U= 6% =2 HAZR FoJA o), 3 A2 AL&3}17]

ol st etk olol tal Feol tl3t £F ARE Fud 5 FAUPL 5
FX

date] A Zolvh ® 113 1Y 30, 312 EAA F& AR g8 IS5
A4 =243, 1 2HoAs BAE A% Yt

3 11. The Calibration curve of a fundamental sample

2

Element Sample Signals line Calibration curve R Error (%)

Cu Cu alloy sheet 510.6 nm Y=-—88.4457+2.5988X 0.9988 3.41
Cu Cu alloy sheet 515.3 nm  Y=-22.4262+1.7314X 0.9883 10.86
Cu Cu alloy sheet 521.8 nm  Y=-59.4223+3.1347X 0.9840 12.76
Ni Cu alloy sheet 498.2 nm Y=2.1468+0.1956X  0.9980 4.44
Ni Cu alloy sheet  503.5 nm Y=4.4303+0.3034X  0.9941 7.72
Ni Cu alloy sheet  508.1 nm Y=7.6606+0.3165X  0.9805 14.12

Cr SUS 300 series 520.8 nm Y=-16.8591+2.8710X 0.9981 4.40
0.B

Fe SUS 300 series  495.8 nm 0.B 0.B
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3. HeE 9

-

o 24 9 NE A%

(1) 24 Azel 4%

47 ZHow AN AAZoz A MY BAMOA LIBSE %

s ol o] A7l ZHol gk sAu, SebEel Y dold = 4P

Thire Aol Mt Fhestnw, Wi EAQl U, Puol tia =4 Aol o]
AR FreRxde 22 U 3 Puel vt= 9o 33st= Nd, Smoll i3l LIBS

)
ZAea, 1 Z40AE BAsel U Puol U@ 34 /bsde 2437

FAE AnE B Ao dqAEHY, ez 92~

F= FHota Aok =3 AHEFAARY dAEA A =(fission product

5 A Ao dn dAR 4T

a7t ol 548 AR5E AAsHA A v7HA R, Sm A F71E R4 Pu
o] vtz 9o X AR, AEFIAAT vFow FHrE LI E

of tigk A4~ daAo] ArlHE Aot &

12 PWR spent fuel®] 2 FAWE YebliH, o]F Nd& 20 kg HM/batch

basisell 1.041E+02 g 3&F¥Ho dom, Sm2 20 kg HM/batch basis®l

2.190E+01 go] F=o] Ut

@) %4 A5 A%

b Aol M v, dut AR i HA 54 f50lA Feol tiah &4
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of A& o] FoA A G2 olfret o], FE AR FuE= AR 3o
- Fa7 ZAlolth AR AR AA] te oAV F5E AFEAd da
d AARAE 55 X = 9tk ol Nd ¥ Sm AAFAAE A7) 94,
Gepg TANE 2 Nd, Sm EFARS AZE Ay, AR 1w% A
A A Nd, Sm % Cu powderg Ab&sto] 2 Al Welld ] gsts=

s ARE

Arc melting furnace® 23 7 &9

FAFTE AZ7] Y& AFE3 Arc melting furnace®t Nd EFA 59 AZE

HolFH, I9 333 Nd g/ 89 53

HojFE

HA e 41 A RE

o g %23 Sm TIAE T 2

3 12. Material Composition of Reference PWR Spent Fuel
(20 kg HM/batch basis).

Elements  Weight (g) Fraction Elements Weight (g) Fraction

U 1.887E+04 9.436E-01 Pu 2.136E+02  1.068E-02

actinides Np 1.245E+01  6.226E-04 Am 1.789E+01 8.946E-04
Cm 1.177E+00  5.886E-05

| 5.867E+00  2.934E-04 Br 5.071E-01  2.536E-05

W Xe 1.389E+02  6.946E-03 Kr 8.879E+00  4.440E-04

Se 1.379E+00 6.896E-05 Sb 2.365E-01  1.183E-05

Rb 8.639E+00  4.320E-04 Te 1.215E+01 6.076E-04

Sr 1.915E+01 9.576E-04 Cs 6.347E+01  3.174E-03

Y 1.150E+01  5.751E-04 Ba 4.635E+01 2.318E-03

Zr 8.696E+01  4.348E-03 La 3.121E+01  1.561E-03

mo 8.582E+01  4.291E-03 Ce 6.282E+01  3.141E-03

Tc 1.981E+01  9.906E-04 Pr 2.874E+01 1.437E-03

FP Ru 5.864E+01  2.932E-03 Nd  1.041E+02 5.206E-03

Rh 1.182E+01  5.911E-04 Pm 2.840E-01  1.420E-05

Pd 3.954E+01  1.977E-03 Sm 2.190E+01  1.095E-03

Ag 2.340E+00 1.170E-04 Eu 3.646E+00 1.823E-04

Cd 2.867E+00  1.434E-04 Gd 3.769E+00 1.885E-04

In 3.133E-02  1.567E-06 Tb 6.812E-02  3.406E-06

Sn 1.396E+00  6.981E-05 Dy 3.456E-02  1.728E-06
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19 32. Arc melting furnace?} Nd &3HA| 59 A%

%9 33. Sm =34 5(Sm-02, Sm-04)

Arc melting furnace:= ¢F 3000 T2l A7]4 ol=mZ o] &3dle] =27k Al
2 o] jngotl @ WS U= FXZ Az ugt e #AEE ngd F
v A2 GdHA vk & 137 Zo] powder FEIS] Nd(£% 99.9%)S ZHF A
202 ¢g 23, 9714 Ve AR AEE dAF Culs
150 ym)E Zhzke] Algell H7tste] npsd JHe SAHANRE Al
RN e SR MS 01 ~ 4WoR Wy, oF =4

o
FAE 461 mm=z sdstA darglon S polishingste] A5 dlgh =1

al



E vt Sm EFA R AFXE Nd7F 5L
Aol Nd &A 5 Az AFE3F Cu powderE base® 3Fi, Sm powder?
A7F vl &S AR 27 st s FHY Al e Az o, FUHH S
Z Sm H&E 9E AR IS AZREFYUT Sme W7 e =42 Sm 01
~ oMo =® WHstal, Nd A5 m7tA 2 5943 F7 & polishingdh o
Az e A FHE viag 132 o AFE 9e) AZE Nd 2 Sm
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F 14. Nd €A 80l et 43 AzA7] 23}

Cu Nd Cu Nd Cu Nd Cu Nd
MS MS MS MS
-01 510.6 | 430.4 | -02 | 510.6 | 430.4 | -03 | 510.6 | 430.4 | -04 | 510.6 | 430.4
nm nm nm nm nm nm nm nm
1 122.40 | 22.52 1 83.66 26.52 1 63.14 | 26.10 1 51.18 | 28.62

2 124.94 | 19.34 2 83.26 | 26.42 2 65.30 | 27.72 2 51.18 [ 29.28

3 125.04 | 18.78 3 82.96 25.70 3 63.92 27.70 3 50.60 28.84

4 120.84 | 20.14 4 82.46 25.74 4 63.36 26.54 4 50.12 28.50

5 119.30 | 20.44 5 81.78 24.24 5 64.14 27.56 5 48.40 28.88

6 122.86 | 20.36 6 82.48 25.22 6 64.08 27.44 6 50.78 29.16

7 126.16 | 18.98 7 80.22 21.74 7 64.22 26.98 7 48.88 27.84

8 125.92 | 18.18 8 79.56 23.20 8 63.36 27.10 8 49.88 28.82

9 124.74 | 18.92 9 80.42 25.24 S 64.14 25.84 9 50.14 28.72

10 123.20 | 18.90 10 80.86 22.38 10 63.68 25.52 10 49.46 27.32

Means| 123.54 19.66 |Means| 81.77 24.64 |Means| 63.93 26.85 |Means| 50.06 28.60

SD 2.24 1.25 SD 1.42 1.68 SD 0.62 0.81 SD 0.94 0.60
RSD RSD RSD RSD

1.82 6.38 1.74 6.83 0.96 3.00 1.87 2.09
(%) (%) (%) (%)
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