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Abstract Both temporal and spatial characteristics of air plasma induced by tightly-focused laser pulse with central
wavelength of 800 nm and pulse width of 50 fs are numerically simulated on the basis of a three-dimensional spatial
ionization model with rotational symmetry, and the dynamic evolution of refractive index in whole plasma area is
revealed. The simulation results clearly show that, when the laser pulse begins to focus, the ionization of air firstly
appears in the region near the focal point. The initially ionized air gradually grows to form a water droplet-like
plasma region with saturated electron density at the center and a high refractive index gradient in the peripheral. As
the laser pulse propagates through the focal plane, the plasma zone expands forwards and forms an ionization region
with almost symmetrical double-oval-shape. After the laser pulse propagates out of the focal region, the intensity of
air plasma decreases along the direction of transmission and varnishes finally. Focused by a 10-fold microscope
objective, the whole evolution process of the air plasma induced by laser pulse with pulse energy of 500 pJ and pulse
width of 50 fs lasts about 3 ps. The simulation results can fit the experimental results obtained under low air
pressure of 30 kPa.
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Fig. 1 (a) Calculated time-dependent free electron density in focus center induced by laser pulse with pulse
width of 50 fs, pulse energy of 0.5 m]J and center wavelength of 800 nm focused by a 10-fold objective and
normalized intensity of femtosecond laser pulse; (b) variation in free electron density with intensity of

laser pulse corresponding to Fig. 1(a); (c¢) overall process of temporal evolution of free electron density
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Fig. 2 Theoretical simulation results of variation in spatial distribution of refractive index of air plasma induced by
femtosecond laser with time. (a) 146 fs; (b) 154 fs; (¢) 161 fs; (d) 167 fs; (e) 183 fs; (f) 203 fs; (g) 223 fs;
(h) 264 fs; (i) 305 Is; (j) 346 fs; (k) 386 fs; (1) 407 fs; (m) 427 fs; (n) 468 fs; (o) 509 fs; (p) 550 fs;
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Fig. 3 Experimental setup diagram for measuring spatial profile of air plasma induced by femtosecond laser pulse
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Fig. 4 Lateral profile of air plasma induced by femtosecond laser when air pressure is (a) 101 kPa and
(b) 30 kPa respectively; (c)(d) pseudo-color intensity contour pictures of Fig. 4 (a) and Fig. 4 (b);
(e) (f) signal intensity curves along transmission direction obtained by accumulating and normalizing

signal intensity lateral distributions of air plasma corresponding to Fig. 4 (a) and Fig. 4 (b)

WA 4 REE A B AR 7 10 1925 5 B F IR AR S B T — o B A A X AR M RIVEE i 2R
B — MY 15 5 5 B Le e B SR AR B 0 — D0 9 15 5 5 3 L WS AR R — S, SR T/ S X8 0 1180 R A 9K 5 U
Ik o 1 A2 435 5 i) LA A% B b R vl 3 O B ke A B A IR T S OO R B Y A G

PP 1 45 M A F 2 B A B ) 3 A AT LR Y A 1 28 ROAE BS F IRE W (B 5 B 5K Z i ) 43k 3]
TR, P 2 Sk S T AT S S5 A A T) S 15 75 45 T 1) 25 D) 43 A o 8 3 OB 4B s T 76 TORD bk e g A A AR
Has SRR AR A BT L P ERAR RN DX B R DA B KT S SRR B L B B AR SR L AE R 1.2 S
B AR DL L O PR o S B B AR B S OR A AR PR 2N . P 1.2 4 Y B S T R R A
AR ) AL 4% SR 2 I e 0 ok o P T T RS 1 2 AR S AR 5 ) — SO Ik e Y S SR o A EAE .
SEPR L LEOEIK M E R P RS TR SR 2 MU HAS SRS EERES RN REL R
An e HER A RE BT R AR An,, M5B TR F BT BB R An o, ZFRER W 0=
0o+ Aniens F Ager T A e 2 T B FEATHE TR, B Ao BOME. 5 A A A A,
AR e AR 55 B] 1) PR AR B TRD A PR . 2 Ao+ A1 = [ A0 e |+ BI R EE RN K T H0AE 200 1 J5
S B O IR 9k 22 T A L B An e T A0 0ne = | A1 1o |+ B AR A5 T RO RN, 0BG Ik o AS P 4k 252 R 4
M AR e A e < AR e | B BRG] /N T 1308 RO B, S5 S 1 SO Ik s 2 bl R

SO v 5 S350 4 43 32 BN AR ¥ 5 A3 0] 43 A 25 05 B 1 R 4 T 0 R IR S A 1Y b R T

0708001-7



H = # ot

SF AR AT B A AR T — D GE D L (H R M A S SR AR OM AT SR AR R, A L T R S AR AR Y
BUBVE R . SEBrrh 05 558 1R I S 2 A0 B AT 2 3 B0 ko 199 52 350 73 7 I 18] 1 2 (8] 1 4% % A 41
o —J7 T, B S B R 1 s AR R 2 o 0 B S e e AR DG 7 3R AT RE A i OO bk b E
A0 AE 5 73 — T THD SO DK v B I 25 950 23 B9 A A2 75 IR T8 A6 225 1) B s AR B TR ST A A, T TR
(7] — O ok i 14 i 25 38 222 2o K o iy S 7 A A 2 ORI L BR T 52 B A T AR A L v e AN AR A A
SR PR AN 38 2252 B O R 3 R AR AR R 3k R R AR T AT RE S B SRR I A A OGRS RS PR Bk b
WA (L 5% JBE 1) 334 0 3K T BE 2 PR 4 () PP 0 28 055 8 1 R DX 22 00 o A 630 T2 R A 2 BEEAEL A7 20 1 B T T 19 L
UBIAIS VNI

FEIE 4 (b, RAEHRIE/NE] 30 kPa B Art e T Ay BB BE F 25 485 BE AU /N T 050 /0N L 36 58 R R 35 A
5 A 2000 A5 B TR A I A0 AT R U S 5 AT e R IR TR BT A S A T AR DX i R AR
WL IT 1M e B A B G . 1 SR ARS8 M A5 1 R AR AR ) ek 583 52 P b B R T O ik e B S s R AR R IR
2RO R Uk 55 RO 4 B R A BV R B N . TR 2 4 A BRI T B O R A
BRI AR ELAE D DR A e RS BRSO F BT S 25 R A 2 5 S I 45 R A &

4 4k ®

DA b 56 18 4 50 Ts koA 9 500 ] LG 800 nm O Ik ot A o, 4 1 7 — 4 i 5
CEIVZS [ — A f )75 Al ) 1L A R X A 1 == 2 6 2 1) o A fh, 7 2 8 ik 0 5 L 75 1) 7 X R i (VA =
0.25) KRB MOt 9 2 S0t R v (1 ol ol T 9 6 RRE O 45 S T PR U7 S SR 10 3 A AR P . 7 DA B4 A
o 8 A G2 1 B P BB P L T 4 5 R OE B8 7 2206 T L B R K 3 v S AR S TR T H S S B
[ T4 30 7 O I ol U 0 3 3 2 R SR B MR . FE R %R SR A B = M B s BB R I
S Ik i 0 7 52 B T VAR WA A LI L I LG P AR K 1 X 2 B L B £ 5 R 2 S 5
b 8BRS B4 R B B P 2 - B TR R . R MOR K b — ELE 3 5 B 1 B R IX
WU 45 58 TR R Z7E 3 ps 23005 I 2% . BCIE A 400 045 10 0L B T 5 8 F- A 5 S5 ISR F 9 5 3 0L
W25 A — B, {EFR BRSO R  30 kPa 52 5 BT HIMOE 2805 P BERL5E 4 MR 10 4 1F T 2 4 B8 T
AR S5 1 23 ) 4 D 92 2 BOUBR I 9 LS A 28 4 8 F R 1 P 8 101 kPa 1 3 KSR 38 F 1] %38 75 35
7 RS

2 % X #

[1] Bloembergen N. Laser-induced electric breakdown in solids[J]. IEEE Journal of Quantum Electronics, 1974, 10(3):
375-386.

[2] Morgan C G. Laser-induced breakdown of gases[]]. Reports on Progress in Physics, 1975(38): 621-665.

[3] Vogel A, Noack J, Hiittman G, et al. Mechanisms of femtosecond laser nanosurgery of cells and tissues[J]. Applied
Physics B, 2005, 81(8): 1015-1047.

[4] Keefer D R. Lasers-induced plasmas and applications[ M]. New York: Marcel Dekker, 1989: 169.

[5] Nibbering E T, Curley P F, Grillon G, et al. Conical emission from self-guided femtosecond pulses in air[J]. Optics
Letters, 1996, 21(1): 62-65.

[6] Baeva T, Gordienko S, Pukhov A. Theory of high-order harmonic generation in relativistic laser interaction with
overdense plasmalJ]. Physical Review E, 2006, 74(4): 046404.

[7] D'Amico C, Houard A, Franco M, et al. Conical forward THz emission from femtosecond-laser-beam filamentation in
air[J]. Physical Review Letters, 2007, 98(23): 235002.

[8] XuZ, ZhuX, Yang Y, et al. Super-luminescent jet light generated by femtosecond laser pulses[]J]. Scientific Reports,
2014, 4: 3892.

[9] Furusawa K, Takahashi K, Kumagai H, ez al. Ablation characteristics of Au, Ag, and Cu metals using a femtosecond
Ti:sapphire laser[J]. Applied Physics A, 1999, 69(sl): S359-S366.

[10] Lubatschowski H. Update on fs laser technology in ophthalmology[J]. Klinische Monatsblatter Fiir Augenheilkunde,

2013, 230(12): 1207-1212.

0708001-8



H = # ot

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

Zhao Y, Zhang N, Yang J, et al. Laser-induced air ionization microscopy[J]. Applied Physics Letters, 2006, 88(24) :
241102.

Knight A K, Scherbarth N L, Cremers D A, et a/. Characterization of laser-induced breakdown spectroscopy (LIBS)
for application to space exploration[]J]. Applied Spectroscopy, 2000, 54(3): 331-340.

Keldysh L. V. Ionization in the field of a strong electromagnetic wave[]J]. Journal of Experimental and Theoretical
Physics, 1965, 20(5): 1307-1314.

Noack J, Vogel A. Laser-induced plasma formation in water at nanosecond to femtosecondtime scales: Calculation of
thresholds, absorption coefficients, and energy density[J]. IEEE Journal of Quantum Electronics, 1999, 35(8): 1156-
1167.

Yu Yang. The characteristics of micro air plasma and super-luminescent jet light generated by femtosecond laser pulses
[M]. Tianjin: Nankai University, 2014.

T EREOE AR A RS B T R SE B RO R A R R S (M. K R RAE, 2014,

Chin S L. Femtosecond laser filamentation[M]. New York: Springer, 2010: pl.

Couairon A, Mysyrowicz A. Femtosecond filamentation in transparent media[J]. Physics Reports, 2007, 441(2/4):
47-189.

Zhu X N, Fu R L. Emission spectra of microplasma generated by femtosecond laser pulses[J]. SPIE, 2002, 4914: 58-
67.

Marburger ] H. Self-focusing: Theory[J]. Progress in Quantum Electronics, 1975, 4: 35-110.

Xu Kuanhong. Investigations of the characteristics of femtosecond laser induced air plasma and the performances of
optical coherence tomography system[D]. Tianjin: Nankai University, 2011.

VIR . RO S 2 U E T IRERE AL A0 TR R MR L (D] . K FJT R, 2011,

0708001-9



