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DOI: 10.7498/aps.71.20220552

Einstein telescope, ETM). [L1P4 K 7E 175 4 BN
PSR R EE AR T R F 0 b iR T T
FEUR AR5 | 7 400 A T8 1 L SO 26 ) 55— B B 7
RIS 102 Hz V2, B HARSE LU, it
PREEARACTI RSN R G, Bl AT 0 R 45
SEUE, BRI R G A IR E] 102 Hz V2 4, HiR
N O P = e BN (= a4 [T o e
PHLFES | TR SCH I ER . 2025 B RS G I
b LT | PRI s 1, 2D AR
5| 7RI DR 25 P e DR S

5 AR B A7 T AU K AT AN
WO 3R AZ PR | 0K 5 25 G TR AU 7 R 4
R, RBUE (102 Hz /2 84%) $eFHimdkig -

*E R E SR GEMES: 2020YFC2200402) ., [E5K A RFFEFE 4 (HEHES: 62027821, 11874250, 62035015, 12174234). 11174
BHE SRR @S 201903D111001) LT =525 2 2R H %8 Bh L.

t BIE1E#E . E-mail: yhzheng@sxu.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

164203-1


http://doi.org/10.7498/aps.71.20220552
mailto:yhzheng@sxu.edu.cn
mailto:yhzheng@sxu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 16 (2022) 164203

555 ZACH IS | D BRI AR L, 5 = ACHRI
B PR AR g | AR R R R O
Mg S5 ) T, SR R R B T — S 4 A 0L
R T v R B AR R S R, ek AT 200 m
LA T I, I BRHMEERNIE R IREE R 5
Wit M2 R TR IR S B I AT R A2 IR
(IR, &5 = ACHBIET | PRI e s T3 FH R
Do 2 LA ), A B AR AR 75 ) [R] B, 2 g v
AT AL G 2R, BRI 5 Xof 7R SR ) FR
il FEATE I RO R B 1.5-—2.2 pml',
PRI 5 B T4 3 RO TR Tl 12 AL 5 | 7 4R
e B A oK

YT, M | IR e i o >R FH A5 1 e
IRAL T VAL, [ e T A rh e vk A
H_I\P I (Fabry-Perot cavity, F-P Ji£) PIIEK S5
RUE A -1 FRAREIE T, S 0 SO R T2
— IR L TEgF KOG, REUE 5%
FCRMSETC. SR, LPRIEOE T Az Z
R ABR GBS LA PR, s T R 5
o N R A B I B s 2 v 22 S | I A IS
RER R REZER RS, TR
IR SO TR A M AN T Sk SR R A B TR
D3t PRI | 7 dpt ) 2 i %) 2 A0 X K Tk
IR MRS | 1997 4F, Sigg % 17 3T LIGO KL H
SO AT T HOGTE IR IR AR MR R 5 5
FRG X R, BJE, 2004 4F, Ranal™ 7347 T LIGO
R ICE ORI AT A8 7 ] 2 5 M P () (5328
2 HTEREE I SECESR T 22808 K (differential arm
length, DARM) HYZKIAZ, JH4E I RIEME 75 (48 R
5 TR R 22 A00C, IR ME S 11535 pR AL
TS FEEE B (contrast defect) AH5E. 2006 4,
Somiya 4 1) g — 205838 T OGN 5 AL R A,
P& H O TR M RS A T LLSE 3 4 5 e ) 22 3K Bl
i KIS EIHEM. 2015 4F) Tzumi 45 20-22
A3 HT T ORI RIS A 0 P X 22 B (A AT
16 PRA, ELAE AR S R T 25 S D6 LU B R 5 RS Y
¥4, 2021 4E, Cahillane % 23=241 S0 81 T 25 464
BXT AR B s DAL T AE AR IR AN
WAREME R PR AT, 207 T LIGO R3CH XK
TR AFEARTT SR, b LIGO KA M fn kg i
BET NS SR R, MRS S < T ORI
(45 13 I 000 SR TR b SO 2 7 a3 R i 1o
HHE R )

AR CFE TR T ORI 51 7 340 K T b 35
UL 7 e, AR AU BT R RS
FabR, WM T HOCIRS LR WAL e S R S
B3, o5t i SRR R e 08 (29 0.3%) Y
DI (29 0.2%) BB R (29 0.003%) 4525 5751
AT HLBE B R & L RS R ) 2500 L R BB
45 DARM A& 5 R %L, iE— 45 Bk SH0
DARM [ A5 s, 7EIERE b B Tz |
XTBOCIRIE RS HUNBER, R A A 2K
FBOGCTRFAIL T E AT L.

2 LWWEAFE HHENEE
2.1 KEHRE

IR SO G E & 1 FR, b T 3RS
T BRI R, PR <L A A5, AR DG R
At -3 1 5 /R T (dual-recycled Fabry-
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FA RS, DGR (power recycling mirror, PRM)
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(&M (signal recycling cavity, SRC) $h R
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Fig. 1. Diagram of the optical layout of Gravitational wave
detection.
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Table 1. Parameter of Shanxi University gravita-
tion waves detection interferometer.
e e E TN 18
RN I 10 km
WOLTK A 1550 nm
Bt Vo 1.94 x 10" Hz
ITM, o
ETM/JFi# 200 kg
mime _ M 100 k
H = = = g
m; +m, 2
EAL ANy ! i
o=t . Hy ~0.001 kg
ITMB 5% & 1.4%
ETMiE 3% t3 5x 1076
PRMZ % ts 3%
SRMiB 4] % t 20%
WOLTIR Py 200 W
. ¢ 2
AR g = ( P ) 120
i:ﬁ]li 1-— TpTa
1 ) ts 2
fES1E I g2 = 0.06
Hhzs 1+ rsra
. 4 2
BRI ol = ( i ) 284
1 —rery
—ri + Te
Te= T 0.99929
T S 2R . 7‘ Tc
Org = —= = 31 x 10°©
2
PR t*27"c
SRR FHL rl=_——1- _ 283.5
a 2
(1 —rire)
c 1
fe= ™ Ig <r2r2> 14.6 Hz
T R i He
Sfe = Jeo — Jey gfcy 0.05 Hz
W IR F= TV 455
1 —rire
BPRFE T 2.24 %
1 2.2
R P = 5Pmsergpgm 3.4 MW
T.
P, — P
5P, = % ~6.5 kW
CARMJE
eyrﬁ o 14 riry 0.06 Hz
S “T 4n L g Tire + TpTe (tlz + ’!“2)
DARMJ#E . 1—rr
R - o tems 131 H
g ST <m e (B4 ) ’
h —
Seliupp ban = Lo = Iy 008 m
DARN{%*%’; ALDC 10713 m
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= BT -
koM 8 x 10
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Fig. 2. Detection sensitivity as a function of laser power.

3 WOLIRF KA

Tl AR AL T | g A e X IR
FHOCIRIIEOR, 7 BL56 5 I8 IR 25 IS s
P %o 2 B R BURE B2 e 6—27), 1) HOCIRAY P 4
SN AR P, AR i ) P i
. 2) POCIR B PRI e P B4 AN 51 1 A5 5 7 4R
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T HREOGIREME S | OGRS 1) 55500
75 W RS FE IR (10 Hz—10 kHz) I KT 7l
W RBUE N 10% (%M ). T4 IR
SEAHE ST, RS 10% H o B AR g
FEIER IR 0.5%: (124-0.12)1/2 = 1.005(f5 M Lt [
R E 0.5%). A EbF PRCL, SRCL #1 MICH,
DARM XJ 5| JJ A5 30 R, R A SCry 43 Hr
THEL R, AN TS s PN S ) W P gt o £
A BT IMAE AR, T 22 SO G MR PR B 0 A 5 R
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3.1  HOLEK

2 2060 bb T Rl A e AR RS ISR B
Jit. HEE-FERUE R (fluctuation-dissipation theo-
rem, FDT) Al A1, A0S (Y D338 % B 545 7 19
PR B b, S8 R BOTARA LG L UM AE E HE.
PRI TE FHAEAVE R i B IC,  ven 2 E R e Ar o8
S8 /IN A S IR 1 IS S S T %) B TR R 2 TR
FE; FEIRBE 123 K MEEaEABHA B s I T 2 | Bk
TR MK R A0 2520 IRl L AL AR A (75
Q H), I & ARG 7 IR, RS DI 3H0G
1 | e B FRGE B 800 RO G R B0 55 ok REAT R
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Table 2.  Comparison of physical properties of fused

silica and silicon materials.

LS fif(~123 K) JE A TE(~300 K)
1/ (g-em™) 3.43 2.21
PR (@1.5 pm) ~3.4841 1.445
PIZAKARE/K Y 0.001 x 106 5.5 x 107
gR/
(W-(m K)) 598.3 1.38

Wl S8 o 1.11x10 @1064 nm  4x105@1064 nm
ARZ /cm
3.2x10°% @1550 nm  2x10°@1550 nm

HUBHAES /rad  0.00139 x 106 1x 104
1% KA /GPa 131.1 73
HEL/NEA 0.279 0.17
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IO e KT RE B AGE XORF AT YR I 3K B ) o A A
[a], I P B R AR

10-0F — RHES (a)

s — DARM{##ALpc
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% 10— 14 |
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£ 0 N T~
1018 L
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B3 MO TR I M RS e 1 R AR (a) DARM i
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(b) AR5 1 22 5518 B IR R MR A R

Fig. 3. Coupling transfer function of laser amplitude noise:
(a) Amplitude noise coupling due to DARM offset, radi-
ation pressure difference and contrast defect; (b) amplitude

noise coupling due to radiation pressure difference.

XFFREFKR 10 km (TAL, BEREPFZEE 10 2
Hz 2 (it R, 58 10% W& 2w, 78
100 Hz I, ¥ i M 75 SHE 5 1% 18 BRECH 107 m/
RAN, BOGHEIRIFME A Z0T 10° Hz V2 7E 10 Hz
I, PR P SRS A2 1 B ECH 101 m/RAN, ¥
FETRIRIEME A 20 F 1070 Hz /2, 5 100 Hz #i L,
PO VR AR S e 7 7 g T S B 2, TNIEL 4 BT
P K25 | F I B ) R AU T AR
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L P RAN
— 1n—25 a
h(f) ~ 10 (10 km> (3.4 MW) (108 Hz—1/2>

f _
8 (100 HZ)HZ 2. (4)
A, RAN SHBOGIRIRIEME S R U+
WA — B Be i T 2

10—21 ¢

10—22 -

10—23 -

10—24 L

10—25 L

RN RIS/ He —1/2
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—— =100 Hz

10—26
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P4 U0 520 5 O TR IR I R 75 OC &R [
Fig. 4. Detection sensitivity as a function of laser amp-

litude noise.

3.3  HERAVIIREER

OG- WAAA B A AT R R, K24
W AR P AN 2 B TR PRI o, AEATY 25 AN AT sk A 1) A5 />
T3 A AR MR P T 3 T3 9 2K 3D I AN AN X R A
4% DARM, FEART¥ A & R, 5197 94R
I B 2 Bl J B AR IEOC RS (Pre-stabilized
laser, PSL) . fit A#ixCiE T E (input mode cleaner,
IMC) 152 % 1 {¢ (in the full interferometer,
ITF) $H OGRS MRS . A SCONEE =05 TR
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DA AR MR 7R B 15 R IR N8 P R 15 1) 352 ) PR 28 I+
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2
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C Ta

PR M R A RS 1 R 78 i DARM
s ALpc FEGRSTE I 2R 5 RS 26 2

TR RS R2ZE T ors LT ET S, .
Schnupp AXFFRYE Lien FBO L EEBREES DR AHE G ;
5 3 W s s DR R & RS AL
BB RECNE 5 B, DARM i A Lpe 5805 5
122 55 | R i AR R M PR 5 7RI (20 Hz LT
3, Bl AR B HE JORE & R, BRI
DARM M8/ B4 58 22 5 o f L E &
T 20 Hz DA b2 i 2%, Schnupp A X FRY: lsen 51
BRI RN SRS R ETE 1 kHz D
o 3T

10-7 e
— fEEEH
— O
— 109} a
3 0 —8fe
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Ol —
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Fig. 5. Coupling transfer function of laser frequency noise.
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Abstract

Gravitational waves (GWs), predicted by the general relativity of Albert Einstein, are ripples in space-time
caused by massive accelerating objects. Since the first direct observation of GWs in 2015, more and more binary
black hole mergers and neutron star merger were detected by the laser interferometer gravitational-wave
observatory (LIGO) and the Virgo interferometric detector. The construction of the third-generation (3G)
gravitational wave detector(GWD), whose sensitivity is ten times that of the second-generation (2G) GWD
(Advanced LIGO and Virgo), can not only push the gravitational wave astronomy towards the edge of the
observable universe, but also test the fundamental laws of physics and study the nature of matter. By utilizing
the abandoned underground mines, Shanxi university proposes to construct a 3G ground-based gravitational

122 improving the location

wave detector with an arm length of 10 km and a strain sensitivity of 102! Hz
accuracy of wave source by participating in the global GWD network. The construction of 3G GWD has many
technical challenges, including ultrahigh large-scale vacuum system, ultrastable seismic isolation system, high-
precision control system, high-quality laser and quantum source. Theoretically, the sensitivity of GWD with
equal arm length is not limited by the laser source noise. However, in the actual scenario, the sensitivity is
limited by the differences in arm length, arm cavity linewidth, arm reflectivity, arm mass, arm power, and the
laser parameters. In this work, based on the design sensitivity (102* Hz'/?) of dual-recycled Fabry-Perot
Michelson interferometer, we propose the requirements for an ultra low-noise laser, including wavelength,
amplitude noise, frequency noise, beam pointing noise and fundamental mode purity. The results show that in
order to achieve the design sensitivity at the Fourier frequency of 100 Hz, the wavelength of the laser source
should be 1.5 pm, the output power should be higher than 200 W, the amplitude noise should be better than 108
Hz /2, and the frequency noise should be better than 100 Hz/Hz!/2. To achieve the sensitivity of 102! Hz /2 at
10 Hz analysis frequency, the requirements for the amplitude and frequency noise of the laser source are much
more stringent. This study lays a solid foundation for the analysis of laser source noise and the decomposition of
interferometer indexes .

Keywords: gravitational wave detection, strain sensitivity, low-noise laser, noise budget
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