H AT B H 11 TGk AR 2018 4 11 A
Vol.47 No.11 Infrared and Laser Engineering Nov.2018

ATHARGEMAENERFRENFIE FEIWHIE
A B BREE.F 2,525 F
MRIEXF FRAFEERZ SALERARLS AR T EERE, LK 101416)

OB RTFTHBAISNZEEAMRELS TRARSTZH/EGAATER, AN EERH 2T
Hag s b AT Em R ERER B3 AAARFEREF P ETREGRERLRZ, RAEH TR
B AT R RETMNBREDNAAAMAFE T ZTMNEREZGHOH T E PR EG T ETER
Fodrml Bk Bt ARG AKATRRE BN TR EGHRIAEHRE, A BN TR EREME
AR

XEE FE; MBARL; RENN:, ZRAKRIAFT

mESES: V439;TN240  EkERER: A DOI: 10.3788/IRLA201847.1102002

Monte Carlo analytical method of impulse measuring noise error

for laser micro-ablation
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Abstract: Horizontal torsion balance impulse device is an effective approach to study the impulse couple
produced by laser and working materials ablation. The measuring process was susceptible to the noise so
that the analytical method for the way how the noise impacted on the system parameters calibration error
and the impulse measuring error was put forward. The method was using the Monte Carlo number
simulation method according to the relationship between the system parameters calibration error and the
signal-to-noise ratio and the relationship between the impulse measuring error and the signal-to-noise ratio
based on impulse instantaneous effect. This method can be used to analyze the influence characteristics
how the noise impacts on the system parameters calibration error and the impulse measuring error so as
to provide practical suggestions for the error analysis and the structure design.
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Fig.1 Schematic diagram of torsion pendulum after adding

mass block

N TR R SR, R R L g s B A,

fO TR ke, ph T R R ROR S T k=, J=0,,
(J+1),

J=—" (9)
wn_ nl
i 2 2 (2) AT Al
(=< = c .1 -1
2V UK 2VIkE N1+ N1+

>k _k 1 1 2
= = = 11
W R A Wva Y e e Ny B

AR, BRI B B S BELJE e A [ A SRR AR T
W/ o 2 R BIR -

S _A=5a-g)
N FYE ) N

A 28 5 W AR 1 50 17 B ) RLHLSEG £ L BRI
5 e B T R R B R w0, g B
JE FLER Ly, %t 107 (81 A 491 2% 1 A 18

(12)

w=0d V-0,  op=oud\1-C (13)
I, 5% sh B Ak T E N

o,
;j_;jl
PRl S B o Joie 5 B Sy N R T AR AR AR R B
KGRI LA 2 s L 4R A I 25 ik i BRI BT AT BT D
o QAT BT, BRI BT R R AR B by M

N an, F U i B 0 BRSO Aby R Aay, K7

J=

Ji (14)

A JoHR B 1 B Sl 15 O
B=A0 (b vay +M(Ab, +Aay) = M)

KM, Ry BT R BT bi>ay, bi>Aby,bi>Aa

HA XS R 2200

bl RARS I B

HSR PR EE R T 10 mm,  RF 5 A % 3% 2%
0, /0:<0.01% ; J5T & e i) 5 15 2R 1] mg 43 BF 5 10 K %
ML RPN, HSE i By i KT 10 g, it i B
W) AR R 22 0, IM<0.01% , JLES 47 0, 1,<0.03%
PR ot 31 530 % 2 16T o B, JB o B Y A gl BT R 2
A 20 ATt 225 AR Sl R R BEJE b R 22

3 AZSURERENERESERFLH
XE

5 e 7S 5| e R B S Kb g 1R 25 A i ) 5 R
AT N R R s T L RS S B E R
Z iR ZESWRE LR,

31 RS HIREREEREERXR

SR B RGeS A T B MRS 0 A IR RS
F AO(H~N(0, o), b FH H b N7 19 1F 25 40 A B BLAS &
SE PR £ Be e B K

@(t)=0(t)+A0(t)=7L(;%e7{w"rsinwdt+A0(t) (15)

B B MR, R R TR AR A B R d L e
%j‘j 0|m=L/S/de7XHEXH§I:’g1§ tty‘j H

RNS=S—U=60'(de/L_/S) (16)
N A SIS
O/ O,u=c " sinwg+A0’ (1) (17)
A A0 (H=A06(1)/0,~N[0, (Rxs/6)°], 4 Rns=1 BT, IR
B 55 e R I IR

WA o Jo B O R S5 P AR 8 e L AT A

A A=pA=8) o :
O,(1)/ 0= L+ (/D) e sinw,+A6' (1) (18)

AR BRI o B 0 R R T AR O

B 22 QAT A2 X (A8) A7 Ik e 75 1 0 1) A
(B0 0 B[] 0L R AR 2 K 6) s :(T), l 45
FI B o 5 B A IR Sl 0 A R BELJE L A5 R4 EE Sk
o
32 RERESREREXR

FEfiE S AR, 2B A Ge e il i {5 4 (4, O(1)]
(i=1,2,3,--), Hifi &2

1102002-3



bk T2

% 11

www.irla.cn

# 47 %

LT
sinwg+A0(t),

Ot)=L5 ¢
J(Ud

O =e " sinwg+A0' (1)
FLH A0 (1)=A6(1)/ 0,x~NIO, (Rxs/6)7] o

Wi RES B ER, RIARGES

{ g T %

By s € fH

o)=L

Loy, | —
SINw,i;
Jw,
SCBRAE o S, M b B TR] VR AR A R
R 5 B b o ik Dl AR B b oy ST, A

—lw,t,
Sinw

@([i)/omux= de ° 57,6
Jo S
(OF]

L Op=LS Ty

R AR BRI 5 b i, B A 2 (14) AT A
J1J=—" (1)) (19)
W, —w,
IPUAR AFL s 0T R B () UL 5% A, oo 0 o 58 22 O
- {o,t,
o= S =S (Ot O] L @
S J o, .
SIN W 1y
;2 — (w1,
[O(t)] O] — = (I )+ 2+ S ]
w,-w, < sinwgty
(i=1,2,-,q) (20)

g R BT KE
4 ETRBFENREINTE

S T MR R BEBLPE R T SR R O A
BT 2 58 2 BU0br 8 1% 25 R ol o TR P 158 25

15 ELA) 78 e A < (1) I S M 7 iR T MR A L
Rys 2275 5(2) Bbn ot & Hef sl 1 WT R 5 (3) R 3h
Rt FHBLJE Lt & FIR Sh AR w0, om0 I BT $2 1 52
R R s A B AR BT RN E

(1) A= A B ST 1) 1E 25 43 A6 BEAIL T 51 A6 ()=
AB(1)/ 0r~NTO, (Rxs/6)*1 o FI| FH Bl AL ECHNFE T 125, A2 B
O, DX A FEALEL ri(i=1,2, ), %

A0i'=(RNs/6)(ZVlz(,-_n+,-—6) i=1,2,3,-  (21)

WA A0=A6"(1)~N[0, (Rxs/6)°] -
(2) TE/NH2 MR WL s E N {e10,0.1],
wHAEMELL {5 T A 5~6 AR E R

Je L AR sh 4 %, & o 0=8w, ik $ 45 E IR R w,,
AT BRI ) AR G [ T=8m/ wy0 o 19 B HUE A 52
M) [) B0 1 3T 3, B2 5% il B[] BB 31 ] T=8r/ o

(3) 2 T ik e B o BT R B B R 5 K, S ) L 2
MR AE LR R B, AR OIS T S SR LT (.
I FL V530 BRin 5T dt 5 BELJE Ee R IR B AR O

(1-£)/(1-0)
[ py— d 22
¢ 1+(]1/J) \/ 1+(J\/J) “ (22)
(4) B Ton 00 5 WG 7 A R i BRI Y AR A
i S, A

Ot)0,u=e " sinwt+AH, (23)

A/ A=91a-g) e
On()/ = +h

Y Sinwat A6 (24)
76 16 1) B 96 i T=8/ e, 1, BTN A8 % it
TG £y oF 87 1L 266 63 HILEE 161 O b)) Oy 1 O (141) O 35
BE S 7 (6)~(8) 25 1% 31 95 2 il BELJ@ 1L A 111
S 50 B 0 B S B AR B0 R AL JE
He L ¥R 3 95 R K @, Flwa  BLJE g CRI L, 7T 53
AR5 R

&, = (0wl wy, &, =(Wa—wa) ®a,

e=({-01L, ea=(L=0)14 (25)
(5) T4 16 SR B A AR 22
Y =2 (D)1 (26)
J w n —w nl

(6) 530 infr 2 00 gk 14y A X 35 2
o2 — o,
(ST P S

4 sinwity

es=[ @(tMi)/Omax] —

w —w
n

(i=1,2,,q) (27)
Ko q Ry IO (LA R o o R 8 22 B A
A

85—

_2 & (28)

(D EELLL*E, BRI Ap ZR A4 L R HUME
ST BRI EE & AR B oo, S5 i 0 R 25 Y
S L

5 hESM
B BEBHJE He £=0.1 (He A /=03 R 3 Hi % w=

1102002-4



ik TR

% 11 # www.irla.cn % 47 %
1.0 rad/s., W AE 5% =T 4T, TRBGE R EHXFIRZERNKT 6% ;8 (5 H Ra=107 15 s 15 iR

PORUN ﬁ%%ﬁﬁﬁ/ﬂ@o

W5 L Ras=107" I i 3R 25 08T 2 s, G
A A U R 25 AN KT 2% 5 IR HE Ras=107" I e 3y 15
HARZEUE 3 s, I e B IR AR X R 22 A R T
2%, SR >R A B0 5 B B RE T 3k M AR fEL
(] R f bR E R G S BN, % Bl 8L A % 25
R, i A R R R ROR

0.020

0.015
0.010f

0.005
ol

Impulse error

100 200 300 400 500

n
K 2 {=0.1,(J,/])=0.3,w,=1 rad/s,Ry=10"" i} pp i i% 22
Fig.2 Impulse error at {=0.1,(J,/J)=0.3,w,=1 rad/s,Ry=10""

0.020
0.015
0.010
0.005
0
-0.005
-0.010

Impulse error

-0.015

—0,0200

n

& 3 £=0.1,(J)/J)=0.3,0=1 rad/s,R=10"" i} # Jy 15} £ 1% 72
Fig.3 Moment of inertia error at {=0.1,(J,/J)=0.3,w,=1 rad/s,Rx=107"

W5 L Ras=107 I} ppii iR 22 AN 4 FT 7, Be i o

0.06

Impulse error
=]

-0.02

-0.04

;0'060 100 200 300 400 500

n
K 4 (=0.1,(J,/])=0.3,w,=1 rad/s,Ry=107" [} uf i i 22
Fig.4 Impulse error at {=0.1,(J,/J)=0.3,w,=1 rad/s,Rs=107°

ZEUNIEL 5 Pz , B 5% S B AR IR ZE A KT 20%, 5
B 2 B IR A5 L Ras=107" I i i 2 25 A KT Rys=107" L

B, AT HIEA LE R R i R 2 Y R A
0.020(
0.015

0.010
0.005
0
-0.005
-0.010f
-0.015f

70'0200 100 200 300 400 500

n

Impulse error

K5 ¢=0.1,(J/J)=0.3,0,=1 rad/s,Ry=1072 [} i i {5 22
Fig.5 Impulse error at {=0.1,(J,/J)=0.3,w,=1 rad/s,Rys=10"

5 LG Ras=107 F1 £=0.1 I} v 535 22 W & 6 Jr
R I P AR R 2ZE AN KT 6% WA 7 R, B
Lt Ras=107 Fil £=0.001 B pp i A X R 22 A KT 5%,
5 4 W {F e R=107 A1 £=0.1 i, Al 1, 72/
AR L £<0.1 JE B W, W/ B L, o i i
ZEWE A W/

0.061

0.04

0.02

0

Impulse error

-0.02

-0.041

“0'060 100 200 300 400 500

n
K 6 £=0.01,(J/,/J)=0.3,w,=1 rad/s,Rn=107" i} pft £ {2 2%
Fig.6 Impulse error at {=0.01,(/,/J)=0.3,0,=1 rad/s,R=107"

Impulse error

100 200

n

Kl 7 £=0.001,(J,/])=0.3,w,=1 rad/s, Ry=107" i} i % 22
Fig.7 Impulse error at {=0.001,(J,/J)=0.3,0,=1 rad/s,R=10""

1102002-5



bk T2

% 11

www.irla.cn

# 47 %

(% [ Ras=107 F1 Ji/J=1 B pp i 2% G & 8 Jir
N DU AR IR 2E AR KT 3% 5B 4 1 (E
Rys=107 F1 J1/J=0.3 #H Eb , i3 W 3% K U AR S0/, ] 9/
R R 22 . MEAE L Rs=10"" Fl w,=10 rad/s B} #ft
HIRZWE 9 PR, 5 8 MEA(F b Ru=10" Fl o=
1 rad/s A Lt , 6 B % 20 90 46 (B X 1B I A 52 .

Impulse error

0 100 200 300 400 500

n
€ 8 ¢=0.1,(Ji/))=0.3,w;=1 rad/s,Rns=107" B} #ft i 15 2%
Fig.8 Impulse error at {=0.1,(/,/J)=0.3,w,=1 rad/s,Rys=10"*
0.03
0.02

0.01

0
|

Impulse error

0403, 100 200 300 400 500

n

K 9 ¢=0.1,(Ji/))=0.3,0,=10 rad/s,Ry=107" [} np 4 {3 22
Fig.9 Impulse error at {=0.1,(J,/J)=0.3,0,=10 rad/s,Rs=10""

6 & it

7K S $ 4200 2 0O 5 TR RS A b R
R EAERA R T, RS TR A R
N, EEE IR R 100N - s, 78 o 0 5 3 FE R & A7
ME RS, HZ MRS 23 52 ma R 5 S B0hR i AR
ﬂ@gmgLﬁoi¢ﬁﬁTM£”¢%mﬁW%
SPF R 1Ok B LR &

(1) T i B ) 1 B Y *'JFH 5~7 W AH A5
I B) AL Af, R AT 0 BT B B bR 8 J7 B bR E R 4
SR, B S AR E 1R 25 K T iR g AR AR e
PO AR A 1% 22 5 R FH i 19 () 1 FAE B 3 550 i 1R
FE ) 0 R R G ] R p R 2 VR R

(2) e/ E HE I (<01 BRI, BiE

I Ras=107 B PP IR 22 AN KT 2% 5 M AF L Rs=107"
B o B3R 22 R KT 6% 5 MR A5 L Ras=1072 I o 1 1% 22
RKTF 20% o B AR MW A5 L 32 B4 it - — 2 2R ) B 0 °F
U/ R Ll s R X SRR R e R T AR T
56 JI M Ak 3
(3) fE/NL 2w ALE H (<01 BRI, HX
FH mg 43 B RS % B KO, 5 e Y
KRF10g 0T, 1 B 5T it Pealy >k 09 5% sh 4
R 2] Z AT, BRI AT/ o iR 22 5 J/NRHE B
Fb, oo 5 22 WA 08/

e Y

[1] Wang Guangyu, Hong Yanji. Modeling error analysis of
micro-impulse measurements [J]. Journal of Propulsion
Technology, 2009, 30(4): 509-512. (in Chinese)

FUUFE, BEAE . G i A B e 22 4 B (], HfE
A, 2009, 30(4): 509-512.

[2] Chang Hao, Ye Jifei, Lin Zhengguo. Simulation analysis of
response characteristics of torsion pendulum by pulse micro-
thrust [J]. Infrared and Laser Engineering, 2016, 45(S2):
S218001. (in Chinese)

WO, Wk R, MRIE L K b ROHE O R T AR AR S
RO B M 0] 4040 S O TR, 2016, 45(S2):
S218001.

[3] Jin Xing, Hong Yanji, Zhou Weijing, et al. A parameter
calibration method for torsion pendulum using in micro
thrust and impulse measurement [J]. Journal of Propulsion
Technology, 2015, 36(10): 1554—1559. (in Chinese)

G A, PLREME, R, 4. — B0 R T RUNME o eb R IR Y
HA2 R G2 50k @ Jr ik ). e gk $ R, 2015, 36 (10):
1554-1559.

[4] James E Polk, Anthony Pancotti, Thomas Hagg, et al.
Recommended practice for thrust measurement in electric
propulsion testing [J]. Journal of Propulsion and Power,
2017, 33(3): 539-555.

[5] Claude R  Phipps, Diode

James  Luke. laser-driven

microthrusters: A new departure for micropropulsion [J].
AIAA Journal, 2002, 40(2): 310-318.

[6] Claude R Phipps. Micro laser plasma thrusters for small
satellites [R]. AFRL-SR-BL-TR-99-0180, 1999.

[7] Phipps C, Luke J, Lippert T, et al. Micropropulsion using a
Laser Ablation Jet [J]. J Propulsion and Power, 2004, 20(6):
1000-1011.

1102002-6



bk T2

% 11 # www.irla.cn % 47 %
[8] Claude R Phipps, James R Luke, Wesley Helgeson. A 25 nN University of Science and Technology, 2012. (in Chinese)

(91

[10]

[11]

[12]

low —noise thrust stand for microthruster [C]//International
Electric Propulsion Conference, 2005: IEPC 318.
torsional balance for the

Manuel Gamero-Castafio. A

characterization of microNewton thrusters [J]. Review of
Scientific Instruments, 2003, 74(10): 4509-4514.

Koizumi H, Komurasaki K, Arakawa Y. Development of
thrust stand for low impulse measurement from microthrusters
[J]. Review of Scientific Instruments, 2004, 75(10): 3185—
3190.

Yang Yuanxia, Tu Liangcheng, Yang Shanging, et al. A
torsion balance for impulse and thrust measurements of
micro-Newton thrusters [J]. Review of Scientific Instrument,
2012, 83: 015105.

Researches on the thrust and

Yang Yuanxia. impulse

performances of micro-newton thrusters[D]. Wuhan: Huazhong

[13]

[14]

1102002-7

W ot P B R 9 IR % A9 4 ) Pk REBE S (D] iDL AR
RS K%, 2012,

Zhou Weijing, Hong Yanji, Ye Jifei. Mechanical performance
measurement method for laser micro-thruster working in
multi-pulse mode[J]. Infrared and Laser Engineering, 2016,
45(S2): S206002. (in Chinese)

JEL A, R RE R, Mk R SO RUHE T & 2 ko AR R /Y
Jyf PR RE N A 5L OF S D). L0405 OB TR, 2016, 45
(S2): S206002.

Jin Xing, Chang Hao, Ye lJifei. Methods of extreme short
pulse laser ablation impulse coupling measurement [J].
Infrared and Laser Engineering, 2017, 46(3): 0329002. (in
Chinese)

G B, WU, AR R R K b O B kb R S Ty
HI L0505 0 TR, 2017, 46(3): 0329002.



