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method for space gravitational wave detection
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Abstract: The space gravitational wave telescope is a key payload of gravitational wave detection satellites,
responsible for both beam expansion and compression. Optical path stability is a crucial indicator for the telescope,
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closely related to its structural stability. To meet the stringent requirements for ultra-high optical path stability and

structural stability in gravitational wave detection missions, it is necessary to investigate the measurement of

structural deformations in the telescope. This paper presents a study on multi-degree of freedom deformation

measurement for space gravitational wave telescopes, focusing on addressing the coupling issues in multi-degree

of freedom measurement and conducting a detailed analysis of error sources. During the development phase of the

space gravitational wave telescope, this measurement method is expected to meet the demands for multi-degree of

freedom deformation measurement, providing data feedback on multi-degree of freedom deformations for telescope

design and offering guidance for optical path stability research.

Keywords: the space gravitational wave detection telescope; deformation measurement; multi-degree-of-freedom;

decoupling study; noise analysis

1 3| §

20 22wy, PR 1 SOMXHE IF B S
BT E . — 4SS, LIGO (the
Laser Interferometer Gravitational-Wave Observatory)
VBN O B e ) 1 51 ik 2 IRk s )14
AU TIPS T4, IS | R 8% I REARIN 3 45
e S A L B DAL A R (N AP N €7 XU BT DS 7
DUAEAR S | T35, E RS2 AR € 1 4% A s
)51 3 P i), Horb e BRI 2 6 [E NASA
N EK 25 J5) ESA B9 LISA (Laser Interferometer Space
Antenna) 7181Y, KBRS b [ 423 [ 51 P
Rz —, BTERE =R DREMN— 1 hKy
N1 ARMEL = MIE R, Digs—asE g
TERICE, Ry as 815 | I T R S
— o ASTA)G | AR B L B AR G 1 R e
TSI BRI RN R A SR, SR A M A S
DR E MR B R R . I BRIT B s AR e
T 5 2 48 0 AR S I 7 2R /NT 10 nm/HZ' @1 mHz,,
N P B R A MR T, SRR K 2R A
JIN T B B B ARL (Zerodur) B8 Bk 2T 4E 52 & MR
(carbon-fiber reinforced plastic, CFRP) 1 4y 32 2241 % .
HE AP RHRAE I TAE RS A5, B i SO R 2k
AR AIEAE PRI S b T e B S BRI R
HEST I 5 AL AR RO AL pRASERY WS SR S AR
AL R ER R e AR, 7S BRI T B
T LA SRR Z A i BRI A B Bl S 5t
23 65 | 3 e B B 4 ¥ 22 A vl BE TR 728 I 7 ik Y
WFFE AT A IE SR 3 S A K . SRR 2 1
FEEEOR, ATLU S A iR R AL R BF e 4 1t
s

BT B S IR A A R — B2 E N AR5
FPATFEA BT f 22— 2008 4F LISA KIBATF
J& T CFRP [P Rase vk B ok sy # Sy i i as ™, i
TR Z R AR AR E AE LK, &Ept
B Zerodur Al CFRP, R I XT3 9 Fp A4 Ak () #4828
PEFEAT TOFSE . 7E 2016 4E ) —Fe il rh, R A5
4T — R kA Al he iz HFE LISA i 58 b
CFRP 4R #E e Mk (G I 7 761 s b ok
HPETWHOR, ks PR K 2ok i CFRP 451y
AL 2B, I R DU A 2 A2 BT Tilt-to-
length (TTL) &M, HATE 10K, N T b
AR, ST R T DUG BRI AR S RN 22 43 i
Hi AR (differential wavefront sensing, DWS), H {iji% %%
BANTEARWSEE . B AR AR & 5 Ao
TEHCAH TR RIS I J5 W5 SC AL L5 A0 I A IE 18It
JPIF I, RN SR AT, BFR B AR ik
EFAM 2T HE R R

2012 47, LISA HIAXT B 06T T8 A Y
L ol bt UL N W1 = QN [ M3 S B Sl Nt e 2!
IR AR e, PSR4 SR AR 25 C & F
KF 0.5 mHz FH B N 8-60 °C 4444 KF 10 mHz
AT B N, B B O O ) 114 45 AA R A A i R
SRS 2012 ) 2014 4], LISA BIBA B T Hiz
B = A MERM S ARG T, PR T BE PEIR
S, W T ASMPVISIE R, PR T IR RSP
FHAE BE AR . AR, B
PRk BIER . A& 1 B — RS A=A RS A
DU ASCZH B R 00 St 15 B AR PR /INTE 0.1 K/hr, #4
Bspi /T 1KY AR 5% RIS IR U K I TR
AL N B B S R E AR E R, JFRE] T 100 K
TR R Z R Z5 A AR TE R AL, (Hixb Rz

230211-2



Bk, 4 S TR, 2024, 51(2): 230211

https://doi.org/10.12086/0ee.2024.230211

Xt 22 [ R EE A I A B A . 2022 4F, KR HTBA
TR A0 e il B 8 S AR AT T B PR R R
LEMRRE TR, 193 T BRI S VR E R
B, BIE T O EA, (HZ BT R T2 A R
AR R

Li LRIk, HEESCTSI RN BT si 2 A h
WASIRITE BT AAEEZ AR, Un RS A
FEAUMER . 2 A th BRI G JCEARRRAN Z2 [ R
TRIERPNTE AT . T RIm B0 Z A A
Mt e e e 2 At BERS A IR, Al A S v Y
Be AR TR I &, SCZ B il RS R
o LS AU AR N A ME T E . FET I, ARTC
SRR XL L [y BE S AR 4 g R R T
Jio B, BT ZRINETWERTHLR G BET A
ST, PRI B RHIE RSN B B S R 2 A il
FEIRAS , I — ] LA AR (288 A B R I
TR RN . HR, Sl b7 A A AR
Boeitd, I Zemax FAFIATHILEAE . fo,
XM R G TIRZE T, R A IR IR IR AR,
BT SR RE .

2 SEHERTNERERRSTT

21 ZEHERTNERE

REFPI G E e LM N, BT ) 95 12 2
W, BRBEERIEATI WAL A R R A )
A R AR, BRI SRR R I K FR B
{EEA TR AS 1) S 0 BRET 4R S SRR, VIR
KA H U, B B ST Iy 1) 2 R A
WeAGALTE , 5 B T ST ELAN T [ 2 A AL i
AR, B T SCHEAT I A 5 2 S A L AR
i

TR 2 A ATy ik T 2 AR
FHEADEEETY, N g 1 FoR . AR

w2 AR TIEY, Ak R A A
IR, HARERE R . RUE ey MR . R
IR PRAEOL A, A TCHE S A e b &, ELI Y
B SRR . 2N 2R AT 2200
WEAE, IR BA R EERILA, (B T A5 S A4
AN DN FIRAERE AT FR, 5 B BEA i
Hrp Z AN E T WA AEFINDE R | R A8 A ]
SEDTHAR A P, AL b N, R
AT Z AN e Tk

22 ZEHHERENERZHK

I ARG O C IR | X RS I A
B AR AR AL B ZH A BOEICIRBRR R it
PARTRE MR RAFRDEIR, 45 1064 nm FEDE
LFEABOLE . JCLTRRES AT . PR AR5 ; A
FEVRTI L AR BE R 022 1) PO, AAREEr R
e FOGTA TS (AOM) B FC S S 0 K )y 2 45 5
VB AR PAT AR 7 As . IRIR AR . AHERHE
PRI B e, F2 2T D0 A S S B 2 Tl
XA AL . AR AL R R A . 208
IEBE R R SAIAAL BERE Y . OB i E
BEATREM, it P A TR E SR SO . RO
I AICF SN, DGR ERISHERR RO
I R R A A A B A R R L

HASNE TR L REI R — RO BT
N T SIS BB A AL I, 7R
SPETWHDLESIEATHOE, SOtk ny B 1 ok 2%
RN BB AT R P A0, SRR TR Rl
FAPFAT OB . US B HATmr, k2%
LRI — s 2 BUp, AR s 2
RS AR Z R R, AR T LS S
AR AR OIS I i, B BTG ER IR 1 BTR
D77 o) 2 1 ELATUAAN[R] 68 P R O G e A7 i i
OGRS, U AT R RGO . — R

%1 % B aENTHEGLEEE

Table 1 Advantages and disadvantages of multiple-degree-of-freedom measurement methods

Jrik e e
. st W . Rt DY, SR b A o

2 , N ‘ Tk T BARHE A, L
LR WERS . X T EFRBE IR
SEHLFF VR, SRR, RAsEMERS S

g - WRTHERERe, R mHZEL L A, skt AIIREUR, XLk A

o : SR, R AT AE B S 4
KN UHG i B L SURBHEAT AR FEE it LR RS2 BT 4

230211-3



Bk, 4 S TR, 2024, 51(2): 230211

https://doi.org/10.12086/0ee.2024.230211

|
| HI R D b HOE LB |
! ! !
|
| PD1 | L
| Kb 2 PD2 WA — |
| | SRt iy
| St -
| | e
! ! !
l S E S I |
- )
| e hisk !
I PD1 ] [
! B iz NG |
| Ul M1 M2 |
| s 2 |
| ps s T}
I q b 5 - |
| PD2 |
| |

-

H1 ZadABENERAREMARTEE
Fig. 1 Schematic diagram of the composition of a three-degree-of-freedom deformation measurement system

WOGIE B RIR RS . 1/4 PR AT ML, 1 M2 %
SR A S, R BEOE R RE B 20 M1 A
V4P, BT MREE 14 3R, Ot miks L
AT AR, fERARIRES AL R A RS, HEAfAdE R B
RE—FIRGZ)E, #otHEE M1 R U4 3R 5 R
PRATFIR R AR, WOGIE JE i R R 73 A A8 A1
o, TEPATIRAR A 5 5 — OGS A AL
PRMES PD2, W& | SRR TR, ol LAFR N
E, = Aje i@ (1)
AR RS # b & AW RS 1 o — OO 1 Se il i
e KA RIS I AR 5 HE AR S R A,
PROPREE 1/4 P A 576 M1 S EE AL K A= R ), PR
2ot 14 W R TR IRAS KA AE , e IR R A Ak &
RS SR, St — RV G, it
PRI ARG AT IR /At S5Ok AE A,
wmE 1 LR L TR, AT AR R
E, = A,e i@t )
s A4, A, ZWANESHIRE, 0. ol AOM
RS AR @iy o XHEOCHEF TR, #IURAH
PR S5 B
FRPEHEI A8 TAE SRR, 38 25 B4 R i 443
i, RIS PD2 52 RIS S
I oc Acos(Awt + Agy) . 3)
MR 52 R kAR IMEXTHZ Bhdx, ARE
BN, WO BT SRR 1, S AR AR
UBE V)

ap= T 4

X ARG S IRE, At S HOb S &
WOCRIARN 22, AwRSH RO 5 BB I% 2,
UEBOEH K

i AOM PG # 25 AR R, 78
AP ZET AR IR _ IR In— T S 55 SR il &
MDA 2 2 bR, nlE] | % B B T R F A
PDI (6. XA TS T AR S % R
(s (B 438, TRl B R XA R T, It
FRN S Y HA AR 2 RDG I A O EER E
PIRER = o WA= 2 o Bl By ¢ I i 3P et STH G D ¥ 14
K VA8 AV T 8 000 e R A S I, T A O s
4 D st (A R B R, A B e A B 2 1
ZR,

23 ZEHHERTNERSEILIT

R T SRR AR AR R £ B R A, AR
GG RE BRI BT —Fh = H TR AR D i
Jride, WE 2 PR OGRS RIS G R G A8 SRR
FERLZS AN AR B0, WO I LA WE Y A
FE AN o FEMNC I i B 22— ROt g
P65, BOCEZHEINE A= 8- 550h
22 IR I SO DO DX 3 e 1 e A
SERGE o OGE AT T ER L S SRR A BT
FHIR B G HAR IR gl R R T (5
5 R A AR $2 U mT AR AR B S R I AR (R R o

230211-4



Bk, 4 S TR, 2024, 51(2): 230211

https://doi.org/10.12086/0ee.2024.230211

Hotay
I

KR

!\\ i

(ERESE

R PN

B

B2 ZghEHBEINZEZATER
Fig. 2 Schematic diagram of the three-degree-of-freedom deformation measurement system
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Decoupling study and noise analysis of multi-
degree-of-freedom deformation measurement
method for space gravitational wave detection

telescope

Luo Jian, Song Jie, Fang Sijun, Kong Fanle, Yan Yong*
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Schematic overview of the deformation measurement with three degrees of freedom

Overview: The space gravitational wave detection telescope is one of the core payloads of the gravitational wave
detection satellite, simultaneously expanding and contracting the transmitted beam. Optical path stability is one of the
core indices for the telescope, closely related to its structural stability. To meet the ultra-high path stability and structural
stability requirements posed by the gravitational wave detection mission, it is essential to study the structural
deformation measurement of the telescope. Currently, there are still several shortcomings in the research of multi-
degree-of-freedom deformation measurement methods for gravitational wave detection telescopes, such as inaccurate
selection of measurement points, inability to decouple multi-degree-of-freedom coupling, and unclear identification of
error sources in multi-degree-of-freedom measurement. This paper deeply investigates the high-precision measurement
of structural deformation of space-borne telescopes designed for space gravitational wave detection. It preliminarily
establishes a framework and method system for measuring the structural deformation of space-borne telescopes,
theoretically describing the measurement principle of the method. The feasibility of this method applied to space
gravitational wave detection is verified through simulation analysis and error decomposition. The paper focuses on
resolving the issue of decoupling multiple degrees of freedom, establishing a mathematical model using analytical
methods, and conducting preliminary validation using Zemax. Finally, noise analysis of the measurement system is
carried out, with experimental testing of the main noise components in the measurement system, validating the
correctness of the theoretical noise model proposed in this paper. The experimental results show that near 1 Hz, the
displacement noise background of the single-link interferometer is 100 pm/Hz"”. At 1 mHz in the low-frequency range,
the displacement noise background reaches 10 nm/Hz'"”. The noise level of the measurement system below 1 mHz is
mainly limited by environmental temperature noise, while above 10 mHz, it is primarily constrained by laser frequency
noise, phase acquisition background noise, and vibration noise. During the development phase of the space gravitational
wave detection telescope, the research on this measurement method is expected to fulfill the telescope's multi-degree-of-
freedom deformation measurement needs. It also provides data feedback for telescope design and offers guidance for the
study of the telescope's optical path stability.
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