Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

OB R RIFE TR P E YR ER AR EN A
B AR AR AWK Tt

Research and application of plasma recoil pressure physical model for pulsed laser ablation material
Cai Song Chen Gen-Yu Zhou Cong Zhou Feng-Lin Li Guang
5| 18 & Citation: Acta Physica Sinica, 66, 134205 (2017) DOI: 10.7498/aps.66.134205

7 £ )13 View online:  http://dx.doi.org/10.7498/aps.66.134205
2114 25 View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/113

AT RERH B BB S &
Articles you may be interested in

SRS IASIE KA 45 B AT IO & B BUE BT 7T
Modeling the single-mode thermally guiding very-large-mode-area Yb-doped fiber amplifier
YH 24,2017, 66(6): 064201  http://dx.doi.org/10.7498/aps.66.064201

TS Yb SR LT S S 5 15 e EL Y SEIG AT 7T

Experimental study on increasing signal-to-noise ratio of a beat note by cascading an Yb-doped fiber in
an Er-fiber comb

YH % 4.2017, 66(2): 024206  http://dx.doi.org/10.7498/aps.66.024206

BT HL e TS 55 0 2T F N R ) 8 XU T ]l e 5 RO 6 A 7 A SR B IE A

Experimental researches of laser phase lock with dual-servo feedbacks based on the piezoelectric trans-
ducer and fiber electrooptic phase modulator

PP 22H%.2016, 65(23): 234204  http://dx.doi.org/10.7498/aps.65.234204

TR FEY VTR P et ' 1 kAR A e e v 1 T e R S IR v A s PEANTFAIL B JB B 4206 21458 Y3 S 2R B0
e

Highly stable and self-started all-fiber Yb3* doped fiber laser mode-locked by chirped pulse spectral fil-
tering and nonlinear polarization evolution

YH % 4:.2016, 65(21): 214207  http://dx.doi.org/10.7498/aps.65.214207

203W 26 4F R S5 14 S AV B AR AR O A%
203 W all-polarization-maintaining picosecond thulium-doped all-fiber laser
PP 27 4%.2016, 65(19): 194208  http://dx.doi.org/10.7498/aps.65.194208


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.134205
http://dx.doi.org/10.7498/aps.66.134205
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I13
http://wulixb.iphy.ac.cn/CN/abstract/abstract69684.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69684.shtml
http://dx.doi.org/10.7498/aps.66.064201
http://wulixb.iphy.ac.cn/CN/abstract/abstract69191.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69191.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69191.shtml
http://dx.doi.org/10.7498/aps.66.024206
http://wulixb.iphy.ac.cn/CN/abstract/abstract68833.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68833.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68833.shtml
http://dx.doi.org/10.7498/aps.65.234204
http://wulixb.iphy.ac.cn/CN/abstract/abstract68647.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract68647.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68647.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68647.shtml
http://dx.doi.org/10.7498/aps.65.214207
http://wulixb.iphy.ac.cn/CN/abstract/abstract68381.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68381.shtml
http://dx.doi.org/10.7498/aps.65.194208

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 13 (2017) 134205

BRI TR R B TR P [ D4R R
MRERA"

£V AR A

2

B D!

1) (RS ol R 2= MU LR 24 B, FRUH 412007)
2) (MR K%, IREF St Bt s B X E fsie =, K 410082)

(201741 A 24 HYZH); 2017 4 5 A 3 HUIREMEHR )

IIHT T KOG R A R B AR SR K I B AR ST T Bk PO e i R S B AR ) =
Yo RE S8 Jy A N BT AR BB A0 BT T B K R O b o A D R A B T AR AE DGR, 453
S TR S e 77 B KA 870 Pa tHBLFEZ) 25 ns &, BEBSHPFC R 2549 0.05 mm 4. HHOG2%14 T IF @k
WO R T R 4 A DRGSR FH = A AL e Tt b e o v ) TR I 5 SR S S N R S
TR RS, TR T SRR A TR L T B DL R 7). SR B ik PO e T A WA
B TR R 2 AT AT, [RIHBBRAIE TSR T R 5 30 S (0 IE R R AT AT M, X kPG RO e

M TZMRARA R RE L

KUIE: WOLReNl, S8 TR, TSR AE, Kbk

PACS: 42.55.Wd, 42.79.e68.35.Rh

1 5 =

WOGHMALBE (X T 9980 /K1) i BEAS L 72
P AVUR (A WA A LER T8) KAHE
AR 2 H ol A ok b R S
B ARBUEAE AT THEFE. Hoh, Chen %5 P42
7 —4EF) R R0 RO S A A ELAE
PS5BS TR =00 3 i, FFAE SRS P15 2R
Sy 2R AR B ER T kb Ot YT (pulsed laser
deposition, PLD) "4 B TR ZIK 3 1 8, 1%
RS T8 A Joy 3o B AN ) 1 e A, 5 S LB AL
L PRI . ORI AR R Tz, H b R il 7 4R
SN R 2 — Ph AR B A 28 S ALk AE A A7 AE
BH T HBFERIR B R REROR, AR KR
JIR0) RE B . Zhang %5 ] X0 be il i

DOI: 10.7498 /aps.66.134205

PR B 4 B AR EAT T — Rk G S ES
FT, THRBOE el S5 8 TR R AT T
(ELXF BB O Jog T R v S5 AR BT £
WEFCAR B =, B0 25 B 1 1 S s 0 AR AL IR AU
HRADL BE M AL T

ARSI O o8 T A R S AR SR I R
B BURI B R AT S0 A, RS LA B R 0 B AN
Hed o A FUEE, LK O R AR A B TR
MR TR S 8 s PR N TR, #
BT T BKFOGEF WO e ph 7 4 b 56 55 88 1 1A 5%
IR BUR IR P S IR 2 P icHiE 7 Wi 2R
THE T Beth T 4 < WA 0 R 5 B AR I S I 7,
25 R AR WY SE B e b A rhoa] BLAS T e s 04
B AR R TSR T AN, R
HAHBURLI e T A S A b 1 RIR I &R, SEIRAIE
S E BT ARV Y AR X S R G T R R R

« FFEARSES (IS 51375161, 11602082) FIE K EHLE AL (i S 20122X04003101) VB,

T B E1E#. E-mail: happy9918@sina.com
1 #E/EH. BE-mail: liguanguw@126.com

© 2017 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

134205-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.134205
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 13 (2017) 134205

s SR FH G 1 A5 B 48 1 Ak 2 1] A B Dl 1,
AR PR G2 A, 1 T8 TR TR E;
K% Stark J& 581k, THE 7B TR MRS, B
W5 S 23R WA Ik b O b h 3 A WA 0 8 4%
BT B S 7K.

2 ik BOE B AR A R
2.1 BROREC A R IR

SEEREOL R MAT R RE T, BOER R AR
NELEMP R, A I VBSOS B TR DU AR R AR
CRSLISLR Si a4 L RE e MV M LI SLR . O P S
ARG, 2680870 NSRG4 kL i v
SRR, SO A B R T2 BRI AT RO
(ISR SRR, B A NSO ) D A T
5, NS EOE T SRR R L AR AR R R
R ML TRIBE B A T 2SI 5 TAEH, #
REBAL LG T, WORM BRI RS, T2 R
B IR RST R IA BRI AL S UL L, JF
FERPRNE RO, R RRL A AR [ S A AL B iR
FEAR BT, T BIRRHE RO EAR TR s,
FORMEAL, TR, e IR 4RSI, B BIRRL

FETHIX

PR UL LR, dR8e i 2 0 RGBT 1k, R I 45
RS AL R
—BEOLN, AR T AR R LS, Bkt
Botgks:te, —TmbTEE T HRER AT E
WOC NS KI5 A, T SOLER S T A 55—
3 A B AR SOOI RE R, 51 R R
AW PR B R N I AR T R S 4 AR S IR AR
A1, (B MCEEAR LB P RPLE ORIV 4E
TR IRL L R 35 AR, B9 55 88 1 R 1) S5 TR
fik. 2 AN BOSK i BOEE B D R, S5
TRI LI, 9D Bk o OG e tb R 3 7S
, BB RTINS O AE
SRR AR, R R A e AR R R E, K
LIETEERD B Lt B AP ARG 3K — I [a) 2 i 2 3L
WL R e R BRI R, TR ik O 6e
heb, A EL T S S TRIN (R KA 22, BIRTA LT
R DA H Aok 3R BE AR ], JF AT Rk dA
V. B R, RO R I R, $EAS
R e NS T RSB TIUE, AU 4 2 11k
R L PRAFANAR, [R] IS A 15 48 2 1 PR O R P A I 22
P IF G+ i .

1 (MTIRE) Boukemi s 2K

Fig. 1. (color online) The schematic of laser ablation of material.
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Fig. 2. The pressure distribution diagram of plasma.
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Table 1. Calculation parameters.
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Table 2. The initial conditions for laser ablation of the

grinding wheel
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Fig. 3. (color online) Isothermal phase evolution of
the plasma edge velocity and the plasma size.
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Fig. 4. (color online) Plasma pressure distribution in
the X,Y and Z directions.
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Table 3. The main technical indexes of the fiber laser spectrometer and CCD.

AR it J6i4Y SpectraPro-2356 PIXIS:400F CCD
WO LN FEE 300 mm BITRAD 20 pm x 20 pm
WOt 1064 nm Jeik g PR 0.14 nm BER 1340 x 400
RESLTHIPCIES 0—48 W AREER AN 10 pm—3 mm B H UL 134 f/s
ik e o i 210 ns AHXFALAE £/3.9 AV 16 bit
Jhkh e ST AR 50—150 kHz WG 0—1400 nm I L YA 0.005 e/p/s
byt ER G 38 pum AR L 1:107° T 100 kHz, 2 MHz

3.1 HOtkEMERE S

B 5 R 06 e ol 5 A B 1 s T IR SRR
e F B D9 AN A 4 WA B R 1) 35 4 %8 (100D10
T5X31.75 H). ¥ & WOt ke RF 2L 1) 8] 79 3 min,
IO D) #2520 W, S350 kHz, #iE AN
300 r/min LZEZHCNHOGCHRMTT M5 1 Ik 2.

B 6 2y e s AH AL AT S5O e e B v 0 ik
PG, AT VR B RS R RAR 2 P R H
k. REZEEBTHFRBBCHOCREBRMLE, B

8GR YR CE AR 2= P v T R R S L AT =
R

B 7 B s 9 R = 4 SR B R g i £
R T 5 75 4 fe R IR B, M GTR A% AT
B, R B R B D RN JE U, BN T AR
FERMRAERE, PR 7 BRI R, X 2R
B T O R il R 5 O R Ik R TR
THAERD 53R T HFT BN IR T . SRS UE S T
AR TR /N, EER B TR N
P8 L 5 OB IR BT R

134205-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

4 32 % %  Acta Phys. Sin. Vol. 66, No. 13 (2017) 134205

AL
Lo

K5 BotkemE it

Fig. 5. The laser ablation of bronze grinding wheel.
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Fig. 6. Images of splashing taken by a high-speed camera during laser ablation.
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Fig. 7. (color online) Bronze wheel topography map.
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Table 4. Spectroscopic parameters of Cu atomic.

" , SR ‘ o

K /nm BRI (p — q) PO /sL LR RER /eV
9q 9Ip

515.324 4d 2D3,9 — 4p? Py /o 2 4 6.0 x 107 6.191

521.820 4d 2Dj5 ;9 — 4p? P3/o 4 6 7.5 x 107 6.192

570.024 4p 2P3/5 — 3d%s 2Dy s 4 4 2.4 x 10° 3.82

578.213 4p 2Py /5 — 3d%4s 2Dy 5 4 2 1.65 x 108 3.79

BARAIRF R F BT RR T R

7] 5 5
WK 11 fios, %F510.554, 515.324, 521.820 1
529.252 nm PRSI AThR 0. B TR & )
(TR FH B 602, Je ik i ol 2 i J e, X &%
B AT IR, FARYE P = kgTn, K
R B TR SR I JME. JeTE 2R 10 R T8 52 2 U5 T
T R R e, 2 AR I 2 1) S v J v S

3.2.2

BB X 2 R T (R AR SO FH A RS
Z1°50.15 nm. #H Stark & 5835, a2k m
i 3 LN W) 2 9 2 I (3 A X T 2 P2 R (Y R
Stark J& 55 %Ry [

N. N. 1/4

3 N,
x [1— 4ND1/3]W<1016>, (18)
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Fig. 9. The relative intensity of Cu atomic spectrum: (a) The relative intensity at the distances from the grinding

wheel surface position of 0, 0.05 mm; (b) the relative intensity at the distances from the grinding wheel surface

position of 0.1, 0.05 mm.
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Fig. 10. The Boltzmann plot of laser ablation of Cu.
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Table 5. The full width at half-maximum of the spectral lines.

Full width at half-maximum

Wavelengths

0 mm 0.05mm 0.10 mm 0.15Mm 020mm 0.25mm 0.30 mm 0.35 mm
515.324 nm 0.3489 0.4168 0.3693 0.3327 0.2929 0.2465 0.2965 0.3348
521.820 nm 0.4631 0.5389 0.4866 0.4329 0.3548 0.3260 0.3872 0.4160
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Fig. 12. (color online) The lorentz function fitting of the Stark-broadened of Cu I at 515.324 nm and 521.820
nm: (a) The Lorentz function fitting of the Stark-broadened peak of Cu I at 515.324 nm; (b) the Lorentz
function fitting of the Stark-broadened peak of Cu I at 521.820 nm.
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Research and application of plasma recoil pressure
physical model for pulsed laser ablation material®
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Abstract

In this paper, the physical properties of plasma in the isothermal expansion process when material is ablated by
pulsed laser is analyzed. It is shown that the recoil pressure distribution of the plasma near the material surface indicates
an exponential decrease as the distance from the material surface increases and the recoil pressure distribution exhibits
the characteristics of a Poisson distribution in the X direction; the recoil pressure distribution is in accordance with
Maxwell’s velocity distribution law in the Y direction; the recoil pressure distribution conforms to a Gaussian distribution
in the Z direction. A three-dimensional plasma recoil pressure equation and the plasma kinetic equation for laser-ablation
materials are studied. These equations only require parameters to relate to plasma temperature, laser parameters and
material properties, thus having a certain diversity.

The equations are used for numerically analyzing the pulsed laser ablation of a bronze-bonded diamond grinding
wheel. The numerical analysis shows that in the X and Y direction the plasma expansion dimension shows linear growth.
After the pulse is ended, the plasma expansion dimension values reach their maxima. The plasma expansion velocity
shows nonlinear growth. After the pulse is ended, the expansion velocity first increases and then decreases along the X
direction and Y direction. Based on the analyses of the plasma expansion dimension and the plasma expansion velocity,
the maximum plasma recoil pressure appears at a location approximately 0.05 mm away from the surface of the grinding
wheel after approximately 25 ns. Through calculating the Saha equation, the degree of ionization is 0.0012 at 7506 K,
and the maximum plasma recoil pressure value is approximately 870 Pa.

The experiments on the pulsed laser ablation of a bronze-bonded diamond grinding wheel under the corresponding
conditions are conducted. A high-speed camera is used to observe splash phenomenon in the laser ablation process. A
grating spectrometer is used to measure the plasma emission spectrum. According to the Boltzmann plot method, the
electron temperature value is calculated to be 7506 K; according to the Stark broadening method, the electron density
values range from 7.645x 10" t0 1.1608 x 10'® cm ™2 and the recoil pressure values from 792 to 1203 Pa. The experiments
show that the recoil pressure during the pulsed laser ablation of bronze-bonded diamond grinding wheel process can be
ignored, and the correctness and feasibility of the plasma recoil pressure equation are also verified, which has heuristic

significance for optimizing the laser ablation process.

Keywords: laser ablation, plasma, bronze-bonded diamond grinding wheel, recoil pressure
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