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The effects of the air plasma on the emission characteristics of Gd plasma were studied in double-pulse
LIBS with a femtosecond laser as an ablation source and data required for optimization of the LIBS were
collected. As a result, about 200-times higher emission intensity in the double-pulse reheating mode was
obtained than the emission in the single-pulse method. And the optimum ablation laser focus position was
about 9 mm from the sample surface, and the emission was maximized with the 6x of 1.0~1.2 mm and dy
of 0.5~1.0 mm. Moreover, it was also shown that the emission intensity was highest at the pulse delay time
of 8 ps with the 6x of 1.0 mm and 8y of 0.5 mm. The spectral width of the emission did not depend on the
reheating laser pulse energy, and the high emission intensity could be obtained without the spectral

broadening.

Keywords: Double-Pulse LIBS, Plasma Emission, Femtosecond 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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Lol L= =R AEWVICERZT 2K LTI, 77—y a vy 77 A=Cktd 5 K77
K~ DB, KR T T XA~ FAENBEOREN O ICHBE 5 2 THREMELET D, 20,
AENET T L EBHEETE D AT MUVEEDOEMER T R =7 LG T 7 A~ 2T, Zib
IRTA—=HIZONWTERNRT — X ZWETLHNTEREI T2, SHIZ, A A=V 7D
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THZEETERY, BAMEEZREEmNS 1| mm AIICBEITL L, 77 L —varL—F
—WHREN BN, ZOFER, T =Yg b= —FEYEE TS Gd 7T X~ BT 5
ZENTED, 77—y a Y HIIMMORSENT T X< i3 L —Y = HE SR E EE 3t
BHIDICH DA ORAEDO LD TH S, (1) OEFALE 1 mm (ZBWTH FEEROIEH L2SEIHIT
. () OFFARFIFEAERRT 7 A~ LA LT RWZ E3bnd, kbAoA
A—=VIFESNE 9 mm OLEDA A—TTHY, 1mm DEGE LR hROBEWEL LIZE
HENRWR, TTRAB ETHACEDRES R LIICRZD, ZOLIIT, 7N
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7 T AL —HNIRU IR OBl SN D, £, T b—3a v b—F— OB EREEN
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X 10us, KAT 7 AMEFREND lmm, 77 Lb— a7 I XDl KRS T A~
BBRREOESOEITN0Smm ThHhd, P TNV REDT T L—3 3 T x ¥ —2m] KN4
ml THDH, VTNV ARBFTIET 7 L — g v L ——DE AL EN R R R EICH D
ALK 3 mm BN -SSR IERENR KIS, —F, TNV ARG T, ERATEDN
BRIV 1| mm THLRENME S | BRMENRED DHEL T2 REE, ilh, L—F—
DA RE R 2 SN TV DIREETH D-13~-4 mm, 4~11 mm TIHLIRENE W, AT,
Fig4 CRL7ZL DI, YU TNV RETIET 7 Lb— a > b—Y— D SALE SRR T
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Fig.6 1Z. Gd A 4> NEHDFENTH HIFR 409 nm & JHA025 DRI TH HIE 419 nm D AL
7 MBREDHET T —va =B R EDOERE R LD TH D, v TNV
EIZB W TR E DI 1~5 mm OE TEL R THEY, ZOA T 7 A<IRENE WD
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5D FENTREE DRV 0~1 mm ONZE TOFRE O T (77 A=IRE DMK T) BT E 720,
L7eNo T, ZOMETEREIETTE2L00 3y MEDOT T X~DREITIZE A EEL
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*@k77V*VE/V%%%@E*7Mﬁiﬂ8WmnWMnT%éo:@%wﬁ%ﬁﬁﬁmi
DRELHEBAIRIFIRTT L= a v Enb o L HEl SR B,

ZOWMERERNS, LLFORIETIE Gd BBOF TNV VRO T 7 L—3 3 o L—W—HE ffr
B2 sEERE YD 9 mm NERIZERE L7,

Fig.7 (%.Fig.4 (1) L [F CHPEA ICCD ## A T TITo72b D TH D, ¥ v ¥ —75— MElE 50 ns,
Flo, LW —NHERET D728 ICCD I AT OHNII/ N R 10 nm @ 410 nm O F¥~7 4 L& —
ZEXE LT 409 nm OROAEZBR LT, 77 L—a » b—W—ESALE-13 mm TlX Fig4 &
[FREIC 7T A= RFEDN /NS WS, ZNLS D T T X |2 K& BRI BIIc & e, L7z - T,
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F72, CCODATIZEDA A=V ERRY ICCD WA TIZX DT T A<RIFMEETHY . 2
MEBOT T AR EBZ LD, A, 77 X~E, 77 b—ya r CERINZETEW
A A EmRT 5 L —P— UL R L RAT T AL o THIME L — W —I29h > THET AR
SNDZENDLND,

32. BABMEOKRK ST X< - RBHEERE (5x) HKFME

Fig.8 1%, 77 A~ DRNIE L RBERH D DRKR T 7 A~ MBEOGETH L, L—F M4
REMZ21L 10 s, Sy 1 0.5mm TH D, KH, FHMITRED D ORKT 7 A~ ALEHK 1 mm 2>
512 mm CHRARIZRY , ZORME TR T2, ZAES 2 1~12 mm OfETT 7 L— a3 v
TIAIREN R bE<, ZOMEBELVREMITIZ, 77— a V7T A R UIREE DMK
VML IZ KRR 7 A DA S VD T2 O NFRE IR 72 5, 6x 28 1.2 mm PL EOALETIET 7
L—a 7T R EFIENT T X< NERIIICEEN CAR SN D720, HAEMER%ZIT 9 £ TIC
KA E L, 2O, 77 AVIREMETN L, BILBENMETT 5,

Fig9 1. KK 77 A~MEEZRENLEILIEIZSADT T X~% CCD I A 712 & - THELH
LI2bDTHD, —ODTTADEIOE (By) 1X 0.5 mm THD, XSl b o RN
0.8 mm 25 1.1 mm (Z2{b3 2 & HEE O @MWy O mEESIER T 2EmA R 555, 1.3 mm T
XS DR DN T D, ZHIT Fig9 O L B —HLTW5, LR ->T, k&S
TASDESNEEZT T L—2a T T AnbT Z LICk o T, SN D 7T X~ DEFE
WNEL 720 BHME LK T T2 2 EBNEBNS LR TE 5,
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33. BAREOT T X~HERE Oy) KEHE

Fig.10 X, BT — RIZBW T, 77 L —va v 77 AR L TRA T 7 A~DEm & &4
2B DT, BlhE T 7L —va v F I XLl RRT T A~ DEROE (By) T
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R=IBER B, KD, AT MUVIRELIEISy N~ A T AIND T T AT/ BI LIz > TRX
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3.4, FARE DO L—F —BE R KT
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HI2DThH D,

Fig.13 1%, & 409 nm M O} 419 nm D A7 kLD FEIEHREE D b oD BRI 25 2 T 8x 1%
1 mm, 8y X05mm CTHD, WERRHZE O us TIHEENFH, ZODMELITIRESEHLT
WBMB, 2~10 ps ETIHIFIFEF —E T, THLRRIFESICED T HHEMEZ R LTSI Enb,
7T X IR R ZEOHINCE > TRSSOME T LTS b0 LHEIT& 5,

Fig.14 13, KK 7' 7 A~ ArEsx =1 mm 2B\ T, L— W —MUGR ] 24 £ 2 7258 O R 409 nm
DT FTAIDA A=V % ICCD HAFIZE>THE LIS D TH D, ICCD 71 AT DY A 1% 200,
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Fig.1 Experimental setup
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«— Camera for observing
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Fig.2 Arrangement of mirrors and lenses for ablation and pre- or reheating laser pulses.

Reheating laser

Air plasma

8x (distance between
sample and air plasma)

F

Oy (distance between two plasmas)

Ablation plasma

Gd

Distance between sample and ablation
laser focus position

Fig.3 Arrangement of laser pulses and laser induced plasmas.
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Focus position=-13 mm 1 mm 9 mm

(1) Double-pulse plasma (ablation pulse energy of 2 mJ and f of lens with 16)

Focus position=-13 mm 1 mm 9 mm

(2) Single-pulse plasma (ablation pulse energy of 4 mJ and f of lens with 16).

Focus position=-13 mm 1 mm 9 mm

(3) Single-pulse plasma (ablation pulse energy of 4 mJ and f of lens with 3.5).

Fig.4 CCD camera image of Gd plasma at the ablation laser focus position of -13, 1 and 9
mm.
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5100 — . . . . . 2.510°

)
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110
Gate width:10 ps

Gate delay:2 s
5 | Pulse delay:10 ps

Intensity of Double-Pulse Plasma (a.u.)
Intensity of Single-Pulse Plasma (a.u

1107+ 6x:1 mm - 5000
8y:0.5 mm
Wavelength:409 nm Single(2 mJ)
0 1 1 1 | | | 0
-12 -8 -4 0 4 8

Ablatino Laser Focus Position (mm)

Fig.5 Emission intensity as a function of ablation laser focus position in the single- and

double-pulse configuration.

1.5 |
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S
n
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Pulse delay:10 us
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\IVavelength|:409 nm
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Illi:ternsitym9 mnflntensity

-12 -8 -4 0 4 8

Ablation Laser Focus Position (mm)

Fig.6 The ratio of 409 nm and 419 nm spectral intensity of Gd plasmas as a function of

ablation laser focus position.
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Fig.7 Plasma image taken by an ICCD camera at different ablation laser focus position.

5 10 T T T T T T
Gate width:10 ps
5 Gate delay:2 ps
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Z 3510°
un
=
= 5
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2 105 1 1 1 1 1 1
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OX (mm)

Fig.8 Emission intensity as a function of air plasma position from the sample surface

- 14 -



JAEA-Research 2010-003

0x=1.1 mm

8y:0.5 mm, E abszz mJ, Ereheat:30 mJ

0x=1.5 mm

Fig.9 Plasma images taken by a CCD camera at different air plasma position (0x).

510 T T T T T T

—8—409nm
—419nm

Intensity (a.u.)

Gate width:10 us
Gate delay:2 us
Pulse delay:10 ps
6x:1.0 mm

0 | | | | | |
-1.5 -1 -0.5 0 0.5 1 1.5 2
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Fig.10 Emission intensity as a function of distance of two plasmas.
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Fig.11 Ratio of intensity of 409 nm and 419 nm spectral lines as a function of dy.
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Fig.12 Emission intensity as a function of pulse delay time at different distances of dx.
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Fig.13 Ratio of intensity of 419 nm and 409 nm spectral lines as a function of pulse delay

time.
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(1) Ablation plasma (focus position=1 mm)

ot=-20 us ot=-10 us ot=-5 s ot=-1 ps ot=0 ps
ot=1 us Ot=5 us ot=10 ps ot=20 ps

(2) Ablation laser focus position=1 mm.

ot=-20 us ot=-10 us ot=-5 ps ot=-1 ps ot=0 pus

ot=1 us Ot=5 us ot=10 ps ot=20 ps
(3) Ablation laser focus position=9 mm

Fig.14 Plasma image observed with an ICCD camera at different pulse delay time.
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2100 + Pulse delay:10 ps
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0 I 1 1 1 0
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Rehating Laser Pulse Energy (mJ)

Fig.15 Emission intensity and intensity ratio as a function of reheating laser pulse energy.
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Fig.16 Spectral width as a function of reheating laser pulse energy.
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