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Emission Characteristics of Copper Plasma in Laser-Induced Breakdown Spectroscopy

(Contract Research)

Yoichiro MARUYAMA and Ikuo WAKAIDA
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Nuclear Science and Engineering Directorate
Japan Atomic Energy Agency

Tokai-mura, Naka-gun, Ibaraki-ken
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Emission characteristics of copper plasma were studied by using Laser-Induced Breakdown
Spectroscopy (LIBS). The intensity of plasma emission depended on the species of atmospheric gases, and
the strongest plasma emission was obtained in the argon atmosphere. And it was observed that the intensity
reached its maximum at 1~2 ps after the ablation and decreased. The spectrum broadening due to Stark
effect was observed and the spectral width varied with the observation time and the atmospheric gases, and
the narrower spectral width was obtained in He atmosphere. The plasma temperature calculated from
spectral intensities reached around 10,000 K at 1~2 ps after the ablation and increased with increasing

ablation laser energy.

Keywords: LIBS, Plasma, Plasma Emission, Laser

Present study is 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. IXIC®HIZ

1962 412 Brech %1%, L —W—Z B L GBI A 2% - R LSBT I A~va b E, £
DT TR NHDRNEDHTTHZ LI TREHICE EN S eHZ 2Lz Y, L—Y—iF
L7 v—2 Zv5396iE (LIBS: Laser Induced Breakdown Spectroscopy) & L CHIBILD Z D ik
X, REORERRETHY | BET LT T AN E T D720, Il TRE O RHiY
DRETE S, ZOD, it EOEBEFEICZ T 'Y, g 5, T3 22, D%? 2829

=5 N m%%m&kfw“%m®m%éﬁhbtﬁn%%ﬂ HHNTE T, BL T,
BEONAHEA: LIBS M@ G HEL L, BREFHIAR SIS TS mobﬂb\lmmv~#~
LeiE OBt DS - 77\7%%??9 LIBS. e, > 7 AV AEE, EEOHERIIME TH
2b00, FORERRD ppm LAV ToH Y | GERD ST FIEIZ R TRESLRHE MV, Z o0
2D 2RO L—F—E—LEHNDLL TN UL RIEIZ L 5T, EOMHEECRERFE 42 m ES
EDHOOMRBITOR TG P,

JE - SRR FEBR RS T, LIBS 2D Z LIk - T Y 7 vk & & e sl o R
B POIEMEEIE W, & BIZIERED D OHTIZ L0 BE ORI FTRE & & %, 2005 4 )
%K%%ﬁ%%&%ﬂﬁﬁﬁvﬁxmﬁ SHTEIRO—>2 & LTHLEST, EORaE{bDizH D
FRIFEREMIEZ1T > T D, LIBS IZE 08T, b — =SOSR 08 BRI S 72 BT K
L EHEEND T2, ST i e \t*#%%M? X, 77 A OREAEIET S 2 AR
ARTHY ., BT T XA~ ONEIRIER & 75 R~ R AEITKIET DIMB/ 8T X — & ORR A Bt
THIENEETH D, 2006 FFLEITFRMFDOBIALZIT I DI, TV TNV RiELZANT
GRAREHZ AR GO Bl 230k & LT, 77 A~ HAMESCRKIE AT FVIE, A
N7 R TT MZOWT, LR EE [ROREE, £ 7R L SN T A — SR E
Lz, B2, 77 AXA~OREREREL LT, A7 MARERL XA T FVED G ki
ERT T X~ O HIES 2 BfR T 5 E CHUERBETHEELZROT-OTHRET 5,

2. EBREE

Fig.1 |[ZEBILE O A R T, 2EEIE, B ORE KR OFEL OFRFK T T 7 A~ p 281l
THEDONRMERBZT 7L —2a 35200 —%—4EE BIOT T X<HEH
TEE X O EN D, ERTIL, R E %A NdYAG L—Y—0% &l (& 5320m) T7
TL—a rSHLMETILNEYAG L—F—DQAA »F U H1F5H /1% ICCD (Intensified
Charge Coupled Device) 7 AT DHNB R Y AT L, ICCD WA T DA A=A T T 74
7 —% L—H—IZFH L TONOFF 752 L2k >TT T XA~FNEBIMN LT, Fig2 ([Z5UEoHT
*“@W%%L%rﬁ IINTR AL, BRHRT AEZEZ DT ENATRER AT L ARODFER T,
P IZRRE 2 5 2 7o O ORI FTRE /R 5B E & 6 HR T T\ 5, #Btaik, SV AE—H#T
E%éﬁé INTEEICIE, V=Y —EAHBROT T X RENBRAREZZR T -, oEs Lk
HOBNS L—H—H2WET 5L B HIXLV—F =i 77 X~ (LIP: Laser-Induced
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Plasma) W4T 5, 77 XA~ BNFEO RIS AMEIEMET, SPTRBNBOFRERT A L L
TRE, Ty, A~V TAOIFEIZOWTHIE Lz, FRRHEO RN AL IR,
BN DIES) % 1333107 MPa 206 KRJEE TEL S THE Lz, £z, 77 X~ RAHED
BLUNRERHEAF ML, ICCD # A T D7 — M Z L—H— L RZx L TRIE S5 Z 22k -
THIE LT,

v

Laser
. 532 nm
Ablation laser [ g | o

[ ) = 1 77 A7 ]

[ y ]
é Gate trigger signal
' Optical fiber

Lens
o1

ICCD Monchromator

camera (F=25 cm) Cu T j l cj_—5
[ S
e :
Fig.1. Schematic diagram of experimental setup. Fig.2.Schematic of ablation chamber.

77 L—3 3 UHINGYAG L—H—E, 2OV ZEEER 3 ns. B — A8 8 mm, B — LK Y
0.3 mrad ®> > 7 E— KL —H— (Coherent #:8 INFINITY) ThH 5, L—H—HiL, £
FRRE 25 cm D L AT BRBEREICE L L, ERTIE L= =D L ZA =R F—% K S m)
HKI 20 mI O] TEMSETZ, L—HF—DORIKEEHIL10Hz THhDH, 77 Lb—varb—H
—HOMEE T, HE R L — Y —BSEECHIE L2 A 0.1 mm THHZ LD, THRLF—
A 10 mI DFE . K42 GWem® & 725, DWEBNTEA LT 7 X~v5k1T, & 2m %4t
77 AN—="T,ICCD 1 A 7 Z & U 7= $E mUhHfE 25 em, Y = b =— 2 —F D534 (Oriel +15¢
MS257 B53 H28) (8 W, 7 L—T 4 v Z0E, W5 1.6 nm/mm Td %5, ICCD 77 A 7 D CCD
I, F7E01024%1024, FF A X 1B um THDH, A A=A T T 74T —%, F—7T~«
v VRBE 2 ns. JEIEIH 180 nm~850 nm, 74 A7 7 —F 4 XA K2 ms TH D, 7T A~ DR
Tl ICCD B A FITIR KGR IHOA A=V TSR 5T T, ICCD B AT D7 — Mg
Z10ns ICRREL TT T AV DA A=V % fipse Lo, BUBHTIEL, FEE 99.96% D258 H L 7=,

Table 1 (%, A2 MVRIEIZHWTZHOPE R & £ DER, =¥ — glF ARETH D,
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Table 1 Spectral data of copper

Wavelength (nm) Transition Energy (eV) Sk Api (s")
402.26 " " 6.87 4 1.9 x10’
3d'%5d - 3d'"%4p -

406.26 6.87 6 2.1 X10
465.11 3d°4s5s — 3d°4s4p 7.74 8 3.8 X107
510.55 3d%4s4p — 3d°4s’ 3.79 4 2.0 x10°
515.32 o o 6.19 4 6.0 x10’
3d'%4d - 3d"4p -

521.82 6.19 6 7.5 X10
570.02 o o 5 3.82 4 24 X10°

3d "4p —3d’4s 5

578.21 3.79 2 1.65 X10

3. EBRFER
3.1 77 XA~ DI

Fig3 1&, KX, 7T BEUOANY U LAFHKTICIRIT R 515 nm T HZ 10T 2 bt )i
TNHD 3RDART NVEROBLRIRERIKFIECTH 5, JE TIERBR T A OFEH L 1CCD
AT O — N (B 287 A—% L L TAY M EZRIE Lz, JEOREE, B8l
IR 2 L — Y — W BRE LK 2us (ZRRE LT2GA DAY MVIREE X, 703 U FRREKT 0N &b
B, KR EANY T LTS CTHIE Lz A7 MV IZIE, K& Z2E OB S v,
RAFFK[H TORENDTNITE, £/, W CBRIREFCIX, 7T FREKFTORRY
VIR e B IRV, 7V T U FRFHRC S BRI 2NN DI L2 > TARY MUVIEITRE Y |
WK T 2%, L——HEH% 6 us D A7 MU II O FZIAR A A CIEELERE 2us DO
HBEIFFHELL DD, ZOHAITBNTH AT MAREIL, KREOANY U LT AFHKH
KU 15 R,

Gate width:2 us
4 | Gain:50

Wa\"elength:‘sll.s nm
Gate width:2 pus

610" Fpressure:0.053 MPa Ar, ~ 7 Gain:50
4+ | Laser energy:10 mJ delay=2 ps Pressure:0.053 MPa
5100 7 10° Laser energy:10 mJ |
4 —8—Air
410 1 Ta Ay

VHe,
310* | delay=2 ps

——He

Intensity
Intensity

1000

Ar,
delay=6 ps

| T 100 1 1 I | L |
310 315 520 0 5 10 15 20 25 30 35
Wavelength (nm) Gate Delay Time (ps)

Fig.3. Copper spectra near 515 nm spectral line in Fig.4. Spectral intensity as a function of gate delay

argon, air, and helium. time in different atmosphere.
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Fig.d I&, DK 521.82 nm O A7 hVRE QBRI K FEM 2 2 LN OFRHKAT A2
WTRLESBDTHD, WTHOFRHKH TH AT MVEEITBHAIKHRE & BITHET 5, Z
VKRR & & BITEWZ RN X —D A F B H W IR E MR L F—RE~ER L, 7
TAVIREPNK T T 5720 THDH, ~U 7 ABLOKRKFEHK AT 2 58E ORI OE X X
AU T LAFEREKERCCRENLODIZIFER U L ) REHNZ R LTS, —J, TILIE .x
$®%W@Mﬁ@@%i AU T AR OKRKFEFRDZ NI <%mfdé< VN ik
T T AFHKULLASNTREFMESIRD 77 XA~ PSR SND Z L3005,
1@5@:7»:/ FPSUC ST DD 3 RO R D AT S OVGREE L VAT | UG OB R
M EIESE 77— Mg 2us CHIE L7fERTH D, A7 FVIREEIE, BLUAIRERTKY 1us THRAEZ
By | &R ENDIZ LD > TR T 5, A7 VI, 521.82 nm, 515.32 nm, 510.55
nm ONEIZHES . MOBMPFFRT & & HICHkE D, 515.32 nm & 521.82 nm D AT RV T, Rl
RN, IFITREFEE TH D, 510.55 nm DR DOEB D FUEO T R LF—[L3.79 eV, —
J7. 51532nm & 521.82nm O ALY b LD EYERM T FAF—L-ULE6.19eV THY, TF/ILF
—ENLDE WA MIVDTTH AT FVIRIZIA, ZAUTY 2 2 V7 IR DPRE x5 %
TWDHZEERLTND, F£lz, AT MUIEIE, U—F—KREH 6 OBAIREFR 2 E < 72 512
L7eRoTIRE D, ZHUIKEH & L DI T T A DEB L CTETFEEMET L, a7 ih%
DEBENNIL bl B2 N5,

0.8 ‘ ‘ ‘ ; 810* 410 : : ‘
< Gate w1dth 2ps —@-510 nm Gate width:20 ns
0.7 Gain:50 710* 4 | ®-515nm Gain:20
35100 + g
Pressure:0.053 MPa (Ar) *—521 nm Pressure:0.04MPa (Ar)

0.6 Laser energy:10 mJ 1610* 4 * Laser energy:10 mJ
T . 3100 -
£ Width .
= 05 ——510nm | 510 4
] ~#-5153 nm Z o 2510 ]
= —4—521.8 nm ¢ 2 Z
i 04 - Intensity 1410 & g 4
£ ~0—510 nm s = E 210 8
g 03 ~A-515n0m | 310
@ —0—521 nm 4 1510° L o 4

0.2 + h 4210

01 | 110* 110* 3 J

[}
0 L L L L L 0 5000 L L L L
0 2 4 6 8 10 12 0 200 400 600 800 1000
Gate Delay Time (ps) Gate Delay Time (ns)

Fig.5 Spectral width and intensity as a function of Fig.6. Spectral width as a function of gate delay

gate delay time. time in different atmosphere.

Fig.6 I&,Fig.5 L [A CHIE % 7 — M 20 ns TIT o 72K T 5, 475, 510.55 nm & 515.32 nm
DAY NVEREE L, BIHIRER 2340 200 ns £ CTREZL TW 5, ZOKR] O A7 FUIEIE, Fig.5
WHRHND XA, ZDOFEKRIIY 22 V7RI E LD bONRTFEEZ XML, LIzho
BYHEENDEL . RFEVEERHE SN TS ERET D &, L—V —MREE% I 0B
%:%ié77xvmﬁiﬁw%@k%z%né
Fig7 iX, 7T KK, KON U LAFRMAK FIZEIT DR 51532 nm O A7 VIR & 8]
W OBRZ R L2 D TH D, KD T3 FEHKF DAL FVIRIZK 0.3 nm, KKH
PSR 0.2 nm, ~ Y 7 AFKFEKHFIIN 015 nm &, ~YU 7 AFESF TCOREM- R & H Ik
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<o TWD, ZHUX, Y aZ VI ROEENNI WD THY, ZOHEMENSG, ~U T
LTEWIRREEZ ER SN D W OFFHR AT AL LTHL TWD Z ERgnnd,

Fig.8 I3, KKFEMHK TEIN 6.7 x 10° MPa—7 x 10> MPa DBE DD F 521.82 nm D A2
7 MVREDEIMEFEEZT 7L —r gy b—HF =2 X —10 m] TUELIZHERTH D, K
L0, FIEHREIL, 2.5 107 MPa—3 x 10° MPa TRAMEZIY . Z O/ TIHEL 2565, K&
TR MERAF PRI T S 7y,

0.7 : : 510
* Wavelength:515.3 nm
0.6 | Gate width:2 ps
Gain:50 410 | ]
05 Pressure:0.053 MPa
T Laser energy:10 mJ | ° ° °
- 4
E 04l —e—Width (Ar) | . 3100 | . 1
< —&—Width (Air) o .
] ——Width (He) H .
203 L E 4
E g 210" | J
Gate width:2 ps
0.2 Gate delay:2 ps
110 Gain:50
0.1 | i [ Atmosphere:Air
Laser energy:10 mJ
0 0 I I I I I I
0 2 4 6 8 10 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Gate Delay Time (ps) Pressure (MPa)

Fig.7. Spectral width as a function of gate delay Fig.8. Spectral intensities as a function of pressure.

time.

Fig.9 (X, A7 MVGREE & 27 RUVIRO AS L —HF —= X — (K FHERIER R TH D, =
AU D OARAFYEIFBIAEIER ] IZ E R E TRV, L—PF— XX — DI > TAT |
JUBRFEIFIER L, AT MUVIRIZIAR D, Zhit, L—HF—= X =Ntk Tr 7 X~
BREENE L RV BNENBEIN L2 L, 7T A~ EFIREN LA L TR REEDR 72388 L 7=
ZEICERT D, £l FEIKNT AT R, Y U LADNEIZE DR/ < e DA
BTz 5,

110° : : 0.4 610 ; ; ‘
Wavele.ngthzsll nm —e— Air (Intensity) Wavelelllgth:578 nm
Gate width:2 ps —#—Ar (Intensity) | 0.35 4 Gate Width:2000 ns
g 10¢ | Gate delay:2 ps —e—He (Intensity) 510" - gaye l;glay:1840 ns
Gain:50 103 ain:
Pressure:0.053 MPa _ 410° Laser Energy:10 mJ
41 a 0.25 E [ Pressure:0.053 MPa (Air) ]
-‘; 610 g )
g 02 E Z 310
4 = 2]
410" ¥ i 015 % § 210/
-9 =
=
. 01
210 —e— Air (Width) 110
—=—Ar (Width) 1 0.05
4 —o—He (Width)
0 L 1 0 0 | | | | . .
5 10 15 20 0 1 2 3 4 5 6 7

Energy (mJ) Distance from copper Surface (mm)

Fig.9. Spectral intensities and widths as a function of Fig.10. Spectral intensity as a function of

ablation laser energy. observation position from copper surface.
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Fig.10 1%, BLHIKE 2 pus (123B1F D A7 "VGREE L JIEMBEORBREZ R LD THDH, ER
OFLEMEIETRBER TH D, METITELHL U R E T A RNEZEL 2ODIT 7 A N
—Z AR E N ICBEI S ECHEMEZIE Lz, XY FBCMED i b & WAL E TR 7>
515 2mmBETHL, ZO%, FEILBEITIKTT 2,

Fig.11(1)~(3)IZ. KKK 1.3x10* MPa L FDESTICCD # A T 2 HWTHIE L7 T X~
ORI EZ R LTz, BET, L= —ULR3ENL AR L, 77 XA<i3hA»nbAMNCE T
Lo KD, ENPMERNGE, L—F =% 60 ns &5 BWIEN S 77 X~ O IEN b

V. K300ns TIET T ABIEBLCLE D 2R bnsd, QTIE=AARBDYa vy 7y
NP BRITE 5, KD 77 A~ feimOR X, (2) TR 11,000 m/s, (3) THI 7,400
m/s ERFETE & BICRUET 228, [EANEWGED 5 FBFREEREY, gy 77y M, FHK
HAENDE T ERWREZNC FRENPDIEWIGIITRAONS Z NN TWVWD, ZHE
T L= aryTN— MOk L SRR T AL DL EBRIZEI DD THL, TTL—

WX VAR LTS EDO KX 7Rl 104 4203, FHRT A LfiZe L CGEEES KD i
BERLTND,

(1) t=60ns (2) t=130ns (3) t=280ns

Fig.11. Temporal variation of plasma emission at 1.3 X 10™* MPa.

Fig. 12(D~Q)EREFEHR. £/ 53 x10%2 MPa DEAFETD TS T A~ DA A=V Th 5D, EED 1
T 45 mm ThHDH, KD, 77 XA<FEBEHLZD 195ns 725 555ns FTIE T 7 A~<IHFE AL
AR LTy, 77 X=384E0G 500ns X5 & 77 X< IMER LIGD D05, EDIRN Y 1L

D e EEEE——
4.5 mm

(1) t=195ns (2) t=555ns (B)t=3 ps

Fig.12. Temporal variation of plasma emission at 5.3 10> MPa.
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INELSAEBEZD 2HERETH S, RN Lus 21w E 5 & 77 A< 3YE# 3 5, Fig12 OfgRE
A 195 ns 38 LY 555 ns (21T D RO P OMLEDHFIZA 0.56 mm TH D, ZDOELNDH T T X
~OBENEEZRD D L 1,600 m/s NEHND, ZHLEORR TILY 7 X~ oHbIBEd
P ZOMBETIHL TS LIRS,

Fig.13 1%, BHEEKH ZANA~Y 7 A(D)~B) &, TAIT L @~(OIZHONWT T T A< DIFEDREF %
RLIEbDThD, 77 AT — LOMEREEIITREKR T A DEEPMRNE EHL 72D DT,
AV T LAFHKHY O T T A TERENEV, TR TR, I — AR 0RH LTS
Too L—P—NERET 2 L ZOEBZBITHEF. A4 S OIS, L—YF—1—
LEWN L CTEIRD T 7 AP IND, L—F— VLA THRE X =57 MBIk Oft
fasfe < 77— A OFSCREBITIER T D, WL DO HE T T 5 & 77— L~ DEYLHE A
B THHDPIEEY . =5y M T A= RN E RS D, 20L&, W I1T4—4

B EFEONTHET LR, TO—HIFKH L TERSEN LS, ~U TLAFHKITHIA
FRICIHA IZAE U D2, EiRDO 7 — AL T L T AR TE =7y b BTV 5, £
DFER, T IL— L DEHN ’ﬁéoﬂ%&*ﬁ%%%l%#ﬁéﬁﬁi‘f&b\@f»&—/f\y MZEET DR
MW L, ~U 7 AFREKCTIE I NA—LAONZRER LIS WEEZ NS,

(1) He, t=75ns (2) He, t=225 ns (3) He, t=425 ns

(4) Ar, t=75ns (5) Ar, t=225 ns (6) Ar, t=425 ns

Fig.13. Temporal variation of plasma emission in different atmosphere at the pressures of 5.3 x10> MPa.

3.2 RFRht iR B

A ORRIREILZ T 7 A~ DR ERTNTA—=FD—>Th V| 77 X< N RarECEnkiE
WZHDERETDHE, AT MVORFERENDIRIREZ RO D Z LN TE 5, BERHIZIX
AT N VB EHARER DR 2 FAN 2 071603 8 2 23 JIE 5% Ot S E A LB & 5,
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ZDH, WENEDTTTEELT L TWT, oo RV — 3l (IS 72 AT h VR A
B 5 Z sk, B0 AT MVBROKHBRBOMRS N HIREZRD 5 2 & Rk
Do ZIUIRREE EFEEN TWD, AT RVIRE [1X, JEAOREIEE T L ROBEZEN D 5,

E
Iy oc g4y exp(—k—]’:) (1)

ZIZT, Lld, =X NN kD j BT LERDO AT MVOFICTRE, g X g KT,

EBBHER, BRIV —, kIR LY 2B Th D, RIREA RO HI121E, %o
#@izw% YENT R OER THRAET HNOMELZRET 2 MENH S, Fig14 T8ROk
BEOREIZHEH L7 ART MV O—FTH 5, Table | DAY MVEROIRE A RV~ T
2y hTHZ I Ko TEIREZRD D Z LN TE D,

2000 ‘ ; ; ; "

Wavele'ngtlf:406.26 nm Gate Width:50 ns
Gate width:50 ns . Gate Delay:2000 ns
I(:“vate delay:ZO?g nsJ 6L Gain:50 ]
1500 |-Laser energy:10 m, P :0.053 MPa (Ai
Pressure:0.053 MPa(Air) 406.26 nm resure » (A
> Tr
1000 b
. S
g £ gl
Jg 402.26 nm
= 500 1
W b
0 Dot PSS W Mo ppayni] 10 ‘
0 200 400 600 800 1000 3 4 8
Pixel Number of CCD Camera Energy (eV)
Fig.14. Copper spectrum near the wavelength of 402 Fig.15. Boltzmann plot.

nm used to calculated excitation temperature.

Fig15 IIRRFEHKH OEBE D AT MSREOR VY~ T ay NEHE 7 v b LIRSS
Thod, MOMBEE LR ORIEEZ R 25 &5 9,980 K 3G 55, FEEIZ, [ USGMETH
PR ANT NI BRLONY 7 LAOGEOMEIREZ RO L &2nEi 12,600 K 38 LU
5,900 K 235 H v, 7L = R OIREE D i b IR EE 23 5 < | O KURIZEE R TRiRD 77 X
RIHEELTND Z EnbhroT,
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Fig.16. Excitation temperature as a function of Fig.17. Excitation temperature as a function of gate
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