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Experimental Investigation on the Electron Density and Electron Temperature
of Laser-Induced Al Plasmas
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Abstract The laser-induced plasma plays an important role in the trace element analysis. The properties of plasma
are dependent on the kinds and pressure of buffer gas. With He, Ar, N,, Air as buffer gases respectively, the time-
resolved emission spectra of laser induced Al plasmas at different pressure are measured. The electron density and
electron temperature of Nd: YAG laser-induced Al plasma are calculated by the measured relative emission-line
intensity and Stark broadening. The dependence of electron density on the time delay, kinds and pressure of the
buffer gas are studied. The time evolution property of the electron temperature is also obtained. The experimental
results show that the electron density and the electron temperature in laser induced Al plasmas are the order of 10"

cm?

and 10000 K respectively. They are both decayed rapidly with the time delay from the laser pulse off and then
changed slowly after 4 us. Among several of buffer gases, the electron density is the largest in Ar gas.
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Fig. 1 Schematics of the experimental setup
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at different pressure

14 A
--/’4—.
12 4 —
//
<10 1 — —a— dealy 0.5 us
§ g _/ —v— dealy 2us
g /
6 7 I—
< / ,,,,,,, — v
4 ./l / '/v v/
2 v
v'/
0 .
0 2 4 6 8 10

Ar pressure /10 Pa

B 3 R[RIEER T /YT 2 B B 22 o SR 2R 1k il 42
Fig. 3 Electron density versus buffer pressure at

different delay time

HE3SHUESL B FEEBEEZMIENTE
BRI, MW EBU/NG, T B AR,
Mg B 133X 10" Pa DAJG B F %5 [ 18
B, EARRRIER T , B 25 B A9 22 A0YE R A]
S B R /N B R 2 B R AR ARV B K, 7E 0. 5 s JE
BT LI 15 B A B 7% B M R ALY A 1. 33

X10* Pa BFAY 2. 58 X 10" e *$#in | 10° Pa At Y
13.18X10" em™%,

AR ERRAIMEH B LR Stark £
P TR A% B i v 7 B B AN IR A G SR R AN 4 B
R R EERSE 6. 65X10° Pa. MIEIHATLAE i,
7 He P L 78 IR AR T 78 S| A S O WL T3
FEEERAZEIMAIPETHERER, L ER
T E R TR B AR SRR TR ME R TR
S BT RE R B LR M 7, AAMER TRIRE R,
RIVAR ] AR T 8 B A K R T 0o 268 B 7 B fik 9 =5
[ o 28 10 5, 3 7% 5y B A oL 7 b B LA XK

4 1 —a— He
—e— Ailr

3] . —e— N,
g .\v\ —v— Ar
—g 2 \.\v
= 0\\
S N

I I

. V&
0 I —

Delay time /us

B4 ERRERAIIMES 6. 65X10° Pa &
TEIEES ALSEE TR Ay i 72 B A9 B 18] 38 4k fth &
Fig. 4 Temporal evolution of the electron densities of

laser-induced Al

nitrogen and argon at 6. 65X 10° Pa

plasmas in helium, air,

3.1.2 it
AT KX H Y HOM 51 & /75K e BO6 5
B (A o A e 2 b D 3 A R AL
dn,/dt =— aun? + San.n (3)
Ho ao K Se 539 2 W18 52 6 38 8 28 J50F0 R B S
RBon AHERFHE. —BEET ja. X S. 5H
FHE B FIRER R, FIRMREG) KRR E
19 FATALE BAEROE b v i )5 55 B F IR R Ak
OB FSEFRELE S EET K TR FHE
B, B agn? > Senn, MK B) 7[5 H
dn,/dt =— a,n? 4
T ax FEBEIEE KRR
n () = Laa(t—t) +n. ()] (5)
3 (5) By W, 4 B2 i o [ 98k Y 7 2, FE R 4. 0
X10* Pa &M, 1 (5) R L5 B4 4647 L6 15 3
R G M ZR A& 5 B » b BT AT DL 48L& il 2k A0 52 e
R AF BB, A BRI SEN a. =1. 4346 X
107" em®us™', tp =0.552 ps, n,(z) =8.268 X



690 2l =5}

b X 31 %

10" em™, MIE 5 ATLAF M, HER KT 3 ps A,
A5 il 2 0 525 il 2k 22 8] 77 78 D 22 » 31X U BA 7 2E A
HEiE 3 ps UG, MUEFJBER T F o FE T
&R, &5 R TR BUd .

81 — = Ar4.0%x10'Pa
density fit of Ar 40X 10" Pa

n, /(1017 cm'3)
S

0 1 2 3 4 5 6 7 8
Delay time /us

B 5 T B W A IR) Y I A il R R RIS LA il 4R
Fig.5 Electron density versus the time delay

and fitting curve

3.2 BFREMUZE
3.2.1 Saha-Boltzmann % £ & 7 %

BT ARFM—NE TR IGELRED, B
WAL WMKREILELANRBHRE, T EEH
Boltzmann #} £k 275 2] % 8 7K B9 B 73R B2, K
BEAR RS . X Tk B AR ESHEL R
FM—ME FiELk), 7] LLE 3 Saha R # 17
Tt 18

L Aigid 2Qam k)3? /2
T

E,—E, +Ep,—AE

exp(— >T )
K6 TR 1A 2 2 HIARRAR SR B B Bk B &
FRRUC Erp KM B IR BB L, AE N 5§
B A r T REORL TR AR T A ) R B Y
BIEEN S T8 n, W LUE XS4 Stark &
i B BRI R] . 6 (6) A R A

m(g’llj\ll >—ln(g{22222 )= E —E :TEW —AE

(6

3/2
m[—z (2’”;:;’6) anW] 0

K (7 R, 7] LA oF R A AR R 7 A — 0 B T Y
TSR E S5 B TR A IR BE , X T IR T L i AR A
M LLAR 5> A E, Fi ln(lz/\z/ngz)afﬁxqﬂ:%_?‘
LR 1 A AN G A A L AR — R F TR L B AR AT B 2K
(RG]

E* =‘E*=}_;:1 +E1P_AE (8)
N B BB R T
La " Iz .
ln(glAl ) - 1n<g1A1 )
3/2
1n[72(2’"}’:;k) n%TB/Z] )

XHEXNTHFIBELXUANTEN E M
InCLA /g1 A " 4331 A G\ AL 5 BT 4 i Y R 0 el JR
FIELEHMEAE—-FREL L, AZRELWRF
1/kT BPRISR S5 88 F IR RO B, X R T iR 2 R
Saha-Boltzmann Z4& E k. W (DX LEH,
HE—-mdmEEEFEEM 2R /T HEK
In(T¥?) TARAL 4G 25, 3% FF IR BE 0 7T LASE o AR
ARG . B SE s IR E MY AT E, A
@ KX B AT ENE T YN L GFE
In(LA /g1 AD " BERA (D XA 18 2] — 1%
. BEXMERERAORX, XHERE Z R
GAFEA=0, . BEaB3EEMKSE. ZFk
AR, S 2 E I Boltzmann # £k 77
%R E R R R, B o8B LR e A R
BigL, MM LR EE X,

3.2.2 ST RBEMFEEMNTLER

R 2 A XoF 5 B A 1O R ARG R B X T
T ST T T A 1% 2 0 VT DA B R4 18 B AR 4 R
BE, I 6 B, Xt A B & T30 5935 40 S5 %
AR B (Voig) # IR B L& B, i 7 F
Mo ZEHPIER Al RS IEL KRS I T
1,

Intensity /a.u.

460 462 464 466 468 470 472 474 476
Wavelength /nm
B 6 FATFREMER Al 11466.305 nm BT K5 ik
AR E R 3. 33X 103 Pa, AT K 1 ps)
Fig. 6 Emission spectrum of Al [[ 466. 305 nm used
for temperature determination

(Ar 3.33X10° Pa, tg =1 ps)

TEFOICIREE N 2. 4X10° Wem™?, 44



6 FEBEF % WOBES AL S B T4k o i 7 % B AR BE B0 SRR B 5T 691

RS RER 3.33X10° Pa W9 RAM T FUH RIS FAREE T, 3% 11500~7400 K. M2
AURTRB TR L BBAEEN Y 2 s TH)  HONIRIRIE 9018 2160 T8 BE B ) RO WAL 5
Saba-Boltzmann A1 WA 8 Bi/R. MAHXIWOLIK W 9 B B 0T L th S0 T sl TR
PRAERSE 0. 5~8 ps 5 IH YA AGRE . FRITRTAR 40D 2.5 s VT RERRIR TR 2L 21D,

F1 AR ARGEEVIEK, EERH MK GE R 1503+ IVE R A8 R B BRE L&
Table 1 Excitation energy, statistical weight of the high level of Al line and

the corresponding transition probability

Wavelength /nm Upper level energy /cm™! Excitation energy /eV o A, /108 71
Al T 308. 216 32435. 453 4.02 4 0.63
Al T 309. 271 32436.796 4,02 6 0.74
Al I 390. 068 85481. 350 10. 59 5 0. 0048
Al T 394, 401 25347.756 3.14 2 0.493
Al T 396. 152 25347.756 3.14 2 0.98
Al 1T 466. 305 106920. 560 13.25 3 0.53
12000 7
8 .
11000 1
5 67 ¥
R £ 10000 1
24 g
= 2 )
g ] g 9000 ‘\
T2 [ = N
T T T 7000 +— T T T T T T T T |
304 305 306 307 308 309 310 311 o 1 2 3 4 5 6 7 8 9
Wavelength /nm Delay time /us
A7 ATREMNER ARTF R IELEHE B9 SSFREN 3. 33X10° Pa ZHETHELES
PR i 1005 1 4% Al S8 T op B R B B A VR Al R
GRSPAERN 3.33X10° Pa, AT K 1 ps) Fig. 9 Temporal evolution of the temperature of laser-
Fig. 7 Al emission line generated in argon at 3. 33 X 10° induced Al plasma generated in argon at 3. 33X10° Pa
Pa used for temperature determination and its
fitting to Voigt profile HES AP EFREME FREHRT TIUE,
(Ar 3.33X10° Pa, s =1 ps) ZERBHCAE R FE AT PR =, HP 4 ps UE
BB M EARM KT IR 18 B, K& H
-10 A N N
FREERRK. XERE N ERHOE S Y A EAE R
-15 1 B LA B R OG5 5 o 0 S VR E A A E B A T
$ 20 ] B E R T KR A A A
';/ 2us
E 25 1 linear fit
17 -3 % % I m
230 1 n,=0.7582X10 cm . . . .
T = 8418 K 1 Mohamad Sabsabi, Paolo Cielo. Quantitative analysis of
35 4 Y aluminum alloys by laser-induced breakdown spectroscopy and
2 4 6 8 10 12 14 16 18 20 plasma characterization [J]. Appl. Spectrosc. , 1995, 49(4);
Energy level /eV 499~507
2 Andrew V. Pakhomov, William Nichols, Jacek Borysow.
B 8 FEMFH 2 ps B #9 Saha-Boltzmann )£ & Laser-induced breakdown spectroscopy for detection of lead in

concrete [J]. Appl. Spectrosc. , 1996, 50(7):880~884

Fig.8 Saha-Boltzmann plot for Al line at a delay of 2 s 3 G. Arca, A. Ciucci, V. Palleschiet al.. Trace element analysis

in water by the laser-induced breakdown spectroscopy technique

4 4+ N [J]. Appl. Spectrosc. , 1997, 51(8):1102~1105
“H e 4 J. A. Bolger. Semi-quantitative laser-induced breakdown
ﬁ]}ﬂ%iﬁﬁ&ﬁ Nd: YAG &%%m Al E}ti spectroscopy for analysis of mineral drill core [J]. Appl.
H ) * MU

Spectrosc. , 2000, 54(2) ;181~189



692 2l B b X 31 %

5 B. Y. Man. Particle velocity, electron temperature, and and calculation of Stark broadening of Mg spectral lines in laser
density profiles of pulsed laser-induced plasmas in air at plasma [J]. Chinese J. Lasers, 1994, A21(2):114~120
different ambient pressures [J]. Appl. Phys. B, 1998, 67:241 [t [7) 2% , 28 PR, BRIR B2 . BB SR B FIARBE G 4R Stark & 51K
~245 WESHE]. FE#E, 1994, A21(2):114~120

6 X. Z. Zhao, L. J. Shen, T. X. Luet al.. Spatial distributions 10 Cui Zhi-feng, Huang Shi-zhong, Lu Tong-xing et al.. An
of electron density in microplasmas produced by laser ablation of experimental investigation on the temporal evolution of the
solids [J]. Appl. Phys. B, 1992, 55.:327~330 electronic density in the laser produced plasma [J]. Chinese J.

7 Zhang Shu-dong, Chen Guan-yin, Chen Hui & al.. Laser- Lasers, 1996, A23(7):627~632
produced Al plasmas temperature at different laser energy [J]. PR BRI % . BB E B TFIRh R TR
Chinese Journal of Quantum Electronics, 2001, 18(1) :46~49 I B AL ) S B BFSE[T]. P Bk, 1996, A23(7):627~632
AR, HEE, R OB % . LSS AL & B FARIR RO 11 G. Befeki. Principles of Laser Plasmas [ M]. New York:
feRA T [J]. &F & 54k, 2001, 18(1):46~49 Willey Interscience, 1976. 550~627

8 Zheng Xian-feng, Tang Xiao-shuan, Feng Er-ying et al.. An 12 H. R. Griem. Plasma Spectroscopy [ M]. New York:
investigation on the property of laser-produced plasma under the McGraw-Hill, 1964. 139~140
buffer gas [J]. Chinese J. Atomic and Molecular Physics, 13 W. Lochte-Holtgreven. Evalution of Plasma Parameter in
2002, 19(3):267~271 Plasma Diagnostics [M]. North-Holland, Amsterdam, 1968.
Y, BB, KUK % . G o R BO6S B 7R O6 4 156~157
ML) BT 55 F %2 FR, 2002, 19(3); 14 S. Yalcin, D. R. Crosley, G. P. Smith et al.. Influence of
267~271 ambient conditions on the laser air spark [J]. Appl. Phys. B,

9 Lu Tong-xing, Cui Zhi-feng, Zhao Xian-zhang. Measurement 1999, 68:121~130

Ne Ve Ve Ve Ve e Ve Ve Ve Ve D Ve e Ve Ve Ve e e e e e e e e e e Ne e e e e e e Ne e e e Se e Ne N e Se NN e Ne e e

w5 i &

(BOGE T2 5 R )W E o T4k i L T2 VLR BRI 0 T SR s A P SO I T B
B,

BT (2004 £E RO RE T 2004 48 7 7 fly JU R 24 AL AR, 2004 4R RO FIAO PREE R AT T 9K
B PHE GEIRVETR SRR EEE T RERLRE NI EERR TRERSE 7 MEM 4B, &
YEVEH 46 45 G 1 U8 19 8008 FE (A3 o SCIE RIYD A 51 F, Ge 3t B i SCER B 3831 9435301 Rk, ¥ K 44 1l
39893 ik . SANA%.C I TIPEH B £ B L K ik 1873 . Lid %€ B I & 502 vV , 3 [ IE 76 H iR A0
I 17 2 TR SO T R S 1800 ARZOIITI. (BOLSEH T2 R A I K+ A .



