55 51 45 6 1] T o Vol.51 No.6
2022 4 6 ACTA PHOTONICA SINICA June 2022

5] H#% 3L : HAO Geyang, LUO Qing, YANG Yahan, et al. Design of Large Depth Field Photon Doppler Velocimeter and
Application in Ultra-high Speed Interior Ballistic Research[ J]. Acta Photonica Sinica, 2022, 51(6):0628002
TR, 2P M L S RS IR 2385 0 D A s T K IR i [T]. 0% 72441, 2022, 51(6) : 0628002

IR JE 1 22 8 W DN R A R e R AR

I TR, AE Bk EEAR, HE
(1 v R B 76 22 6 2 K 2% LB 52 BF , #522 710119)
(2 BB KA, dEET 100049)
(3 v [ 25 K 3 J1 2 AT 5 % R vhos 7 2 KB I BF S, D11 4 B 621000)
(4 T BRI SRR EELRE, A 55 266200)

H O E2MRTHRORTRD SARETRA ST EANERAAEAEZTARFRZ LH5ERB PN
Reid ik EEAL AR AR R E A, AP MR T —ARTERET Sk, AR Gk
L3R EAKRRT ARERETAREE, KBIRP AZTELFLEHMNENHATET L
S mFH b ik 24 2km/sA 7T km/s R ETALAE, RS EE 6.8 km/s. RBEEREWH, KFKR
HF S Pymi A Gk AR P ARG TAT R AR

KER . HELF BH R A, LT SN RAGHE 22w M ipE R

FES %S :0436.1; TN253 SERARIRAD : A doi:10.3788/gzxb20225106.0628002

0 55

I 22 3 8 34 {% ( Photon Doppler Velocimeter, PDV )" & — b k5 B w57 B 8] 5 9% 2 (10 A 25 fink e J32 3000
WA BTN TR PRI AR R IR R MRS A AR R A R A v bl 3
S, R B R R I B ) AR B R S R O T 25 i I ST fef O 2 R e R R M I 2R i, AE
2 8 5 b A BEI SR N o 2012 A R A AR G T 22 38 3 00 S0 T I Ok b AR 9 A
PR, S0 4 AR 2 R AR N e g DU 40 I IE J5 7, JE A X 0 B 5 2014 4F CURTIS A D &R DR T 23
A AN T OB IK B T Y A SR R, SR TRt A R T e AE RN R TS U7 17.5 mm B 07 B X
[ A 50 2 B S 24 375 pm, BN SR 375 um 5 2019 4F MANCE J G 28R F 355 % 6, 78 55 [ 38 3l 7 52 56
S PR R A D S BT R A A PR e R 0 Dt o 2 R AR S I 2 TR S 2 14 mm, B R 5
B B S RS KT 14 mm; 2020 £ HUTCHINSON T M 28 F] F O 22 3% 880 i) 5 A3 0 28 B i K 3h F 42 8
FETH R 00 2 KA 0 R AT D 00 3P O 2 TR R g T 3R T T 4 ) B AR (SR pem R

TE R e R B T K T A R A v R SR ) P L R e SR DL 24 R O A AR A T UK
Bl o N T ARICHE & AR AT, R G AN O A T B AT IR HOK dE G, PR R O - 22 8 I A Y
) 5 55 R A X AR TR 5 R ) PN L R B D R M o BRI — IR AR SO T — A R R RO T 2 ) R
ASC, I I 2 D SR ASAE v [ 23 AR08l g 5 e v 4 R L B C b 22 YR A AR BT e R R AL Y B
PRI o AR 0 ] Ay ey PN 8 T A T — v 0 B A R R B Y o S R g AR T B, X 3
fife L e BRI Bl 0 R B REE R R N SR IE e F B B X

EETB (IR LFFH 8 FERE 5 R A R 50 % R %35 (No.2018SDKI0200) , #v [ B 2% B i i P 56 3 BHE % T (A 28)
(No.XDA22030201)
E—EE MW (1991—) 5, TRIE, Wi+, F 25 W 42 IR <B4 . Email:haogeyang@opt.cn
BWAEE R EMAR(1978—) 5, WF5E 51, 1+, ROy L8 IR S 8h 2% . Email: wuguojun@opt.ac.cn
KRB 2021 12-13; A B 20220412
http: // www. photon.ac.cn

0628002-1


https://dx.doi.org/10.3788/gzxb20225106.0628002
mailto:E-mail:haogeyang@opt.cn
mailto:E-mail:wuguojun@opt.ac.cn

1 A&t
1.1 EREE

AR O B9 2235 BN, S O6 IS 8 128 S ) PR 2 T I, S SR O6 i 7 A 1 22 3% M R /5 12 B U v
ZIEAFAE IR O &

v
Jo=1 fo—/lo (1)

Ao, L3RR RS G IR £ 3R R SG I IIR A, R R O IIR
Xf AT SR T AN A b — RO AT 2238 RS I, RO i A A 5 s 3 % O HL U R R RT LA
TR
i(t)=a{E?cos’(wot+ @,)+ E?cos’(w i+ ¢,)+ EE, cos[(wl —wo)tt+ (g, — ¢O)J+
EE, cos| (@, + w)t+(g, + ¢0)])
K, Eo o @, 53 0 R R I G WO R 5 B IR I AR W AGL L E, o, Fl o, 53 0 R A 22385 W 1Y
WOCAT 5 9 S R A1 3 A AR AL, o 2678 D HE AR 8% 1 T30 R A %2
0 FL R I 5 i s B, 28 (2) i A IR N 0, — w, 9 20 e B 6 F 3R T #8586, e AR 3B o 15 5 1
PN B Ow B ARG AR 28 B AE S b B RN A ' H g i B AT T AR

(2)

z’(zf)’za{A+Bcos[2n(f|*fo)t+(g01*gooﬂ} (3)
A, A IR B B SR B RN 235 A B 5 | A O R I B R O o R S R [B] 1Y 56 R T RO

w=27fs

45 (L) MC3) , B FOG A e AR S RE I, Ol FiL 000 A BT B2 A A D' vl 00304 0D Oy 22 3 B 2% . DA it
0 i A SR B R B R R AR T M O IR S AT SRR S e X R 0 0 S B R I
I H b3 Y iz 2l 58

v="(fi—1) (4)

12 BREG4#H
AR ZH e i 9 PDV 2R 46 A TG 2% K2R (Optical antenna) fl 5 5 R 8 R 40 — 5870 4L, 4504
mE 1,

Couplerl

Fiber

——— Cable Detector oo

—WI oo
|
|
\

Hl XFLZEHMNENRREN
Fig.1 Structure of photon Doppler velocimeter
G O Hob B 1550.10 nm B AR ER SEHOL , v/ T 3 kHze JLEF MRS 4 1(1 550 nm 1X2
Fiber Optic Couplers1, Couplers1) #4436 Ry 1:99 K i th #0643 W o, Horb 99 00 B GAR 5 1 AJGEF TR
## (Erbium Doped Fiber Amplifier, EDFA) , B8 I &% , i @Ot TR v ik 1.8 Wo A 1% M55 A
W2 2550 ARG I P BB — A AR R T VLI PGB BG5S R B R i T 5 SR . et KA
22 EDF A R B93#OG A5 5 2547 23 1) i i i b D' RO 9 B s 3 i OSSR O 2 R dlic. Bl il
i ot & ad o £F 35 JE #% (Single Mode Optic Circulators, Circulators) , 5 A< Hi 2 % 6 76 6 £F ¥ & 4% 2

0628002-2



TR L 45« KOG T 2038 I A3 T B v o 1k o T

(Couplers2) &£ T, T 615 S it l R I 5% (R 75 1 DX20AF ) #4706 f 7 4 )5 fh & s 0% 2 (0 B
Wavemaster825Zi-B ) #F 47 B EUE e I 15 5 = T A HLIE AT B0 s i 1, 05 A = HLan 1 2.

W2 WHBREEMGPDVEE
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Fig.4 Testdevice of measuring uncertainty for PDV
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Table 1 Test results of measuring uncertainty of PDV at 0.1~40 m/s

n/
(rmin1) v/ (mes™)  v/(mes™)  v/(mes™)  w/(mes™)  o/(mes™)  v/(mes™)  u/(mes ") U/%

r'min
50 0.968 6 0.959 5 0.957 8 0.958 5 0.957 5 0.956 1 0.956 1 2.29
80 1.548 2 1.532 6 1.530 6 1.534 1.537 6 1.534 4 1.5296 2.16
100 1.9352 1.913 3 1.914 8 1.912 3 1.9124 1.9136 1.9134 2.48
200 3.870 4 3.828 9 3.8314 3.827 3.830 6 3.8345 3.834 1 2.23
500 9.676 1 9.592 8 9.593 6 9.597 9 9.594 3 9.598 3 9.6057 1.79
800 15481 8 15.366 8 15.370 4 15.369 1 15.369 7 15.369 1 15.367 8 1.60
1 000 19.352 2 19.215 3 19.2129 19.214 7 19.2119 19.218 3 19.222 2 1.54
1200 23.222°7 23.060 8 23.081 8 23.0619 23.064 5 23.059 2 23.065 2 1.48
1 500 29.028 3 28.849 1 28.832 4 28.830 2 28.852 7 28.846 8 28.824 3 1.43
1 800 34.833 9 34.603 8 34.618 2 34.582 5 34.590 2 34.603 9 34.605 6 1.47
2 000 38.704 4 38.446 6 38.4355 38.422 8 38.445 2 38.4214 38.4152 1.55
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Table 2 The parameter of ultra—high speed two-stage light gas guns and PDV

Theoretical speed Laser power Sampling rate Voltage resolution Sampling time
v/ (mes ') P/W f/(GSes™) / (mVediv'") T/ms
2 000 1.7 20 2 10
7 000 1.8 40 2 6.4
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Fig.7 Time-Speed curve of internal ballistic experiment
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Design of Large Depth Field Photon Doppler Velocimeter and
Application in Ultra-high Speed Interior Ballistic Research

HAO Geyang'”, LUO Qing’, YANG Yahan', YAN Zhaochao', WU Guojun', HUANG Jie’
(1 Xi'an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an 710119, China)
(2 University of Chinese Academy of Sciences, Beijing 100049, China)
(3 Hypervelocity Aerodynamics Institute of China Aerodynamics Research and Development Center, Mianyang,
Sichuan 621000, China)
(4 Pilot National Laboratory for Marine Science and Technology (Qingdao) , Qingdao,Shandong 266200, China)

Abstract: The Photon Doppler Velocimeter (PDV) is a non—contact velocity measurement equipment with
high accuracy and high—time resolution, which can obtain the continuous interior ballistic velocity of ultra—
high—speed launchers. Continuous velocity data is very important for ultra—high—speed experiments. It can
be used to understand the performance of ultra-high-speed launchers and the physical processes of ultra-
high—speed, as well as to develop the theory of interior ballistics. Limited by the small size of the muzzle,
the serious attenuation of laser energy and (the limitation of) the bandwidth of detector, it is difficult for
ordinary PDV to obtain continuous ultra-high—speed interior ballistic velocity. In this paper, we have
developed a large depth field PDV with an effective working distance greater than 7 m, which is
constructed based on fiber Mach-Zehnder interferometer. The emission aperture of optical antenna is
25 mm , the beam waist of emission position is located at 3.3~3.4 m, and the diameter of beam waist is
1 245 mm. In order to verify the performance of the system, we first simulated the high—speed motion
process by using a rotating turntable and a motor, and tested the measurement error of the PDV system. In
the velocity range of 1~40 m/s, the measurement uncertainty of the PDV can be controlled at 2.48%.
Then we carried out experiments on the ultra-high-speed ballistic target (FD-18A) of China
Aerodynamics Research and Development Center (CARDC) , and repeatedly obtained the continuous
ultra—high-speed inner ballistic velocity of the ultra—high-speed two-stage light gas guns. In the
experiments, we placed a reflector directly behind the muzzle to change the direction of the laser signal and
put the optical antenna on one side of the reflector. Finally, the PDV recorded the velocity changes of the
launch model from static acceleration to about 2 km/s and 7 km/s, with the maximum velocity of 6.89 km/
s. By comparing with the numerical simulation results, it is found that the measured velocity of experiment
is lower than the simulation velocity in the test with a velocity of 2 km/s. While the measured velocity of
experiment is higher than the simulation speed in the test with a velocity of 7 km/s, and the deviations are
—20.11%, —23.7% and +9.15% , respectively. Through the analysis of velocity—acceleration data, it is
found that the difference in friction between simulation and experiment may be the main reason for the
difference of velocity. The actual friction force of the ultra—high—speed projectile in the ballistic target is
greater than the theoretical friction force given in the simulation, so it may cause that the maximum speeds
and accelerations are lower than the theoretical results in the test with an estimated launch velocity of 2 km/
s. In the test with a velocity of 7 km/s, the mass of the projectile decreases rapidly due to severe friction,
so the maximum velocity and acceleration in the second half of the movement are gradually larger than the
simulation results.

Key words: Physical optics; Ultra—high speed two-stage light gas guns; Photon Doppler velocimeter;
Laser Doppler effect; Interior ballistic velocity
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