$£50% & 23H/2023 F 12 B/FEEN

1 100 22 T 5 11 305 5% D0 ) 0T AR B0 B A X it J2E e
AL A

A, R, RER, BSHES BEX RET AT
'R T R B S TR, 1 200093
* e [ R 2 B LI OGS S ALUAIE 9 T H R B 2 TR O AR i SR I FOR SRR, B 201800

FHE TH A5 B T U R X 38 o O VR R G iR B TR R ) 7R R R, TR T RRAIGRE R R R e R A AU B ) i
TEFEARAESE o A T 5L T I W 75 Ol d 00 28 =R A0 T 3R DL B el A Lk (FFT) 481335 0 A 43 A KA B
0.1 mHz~100 kHz A AH X 5 B2 M8 7 I 2R 6 o A A e B8 4507 7 FH 38 & FET 43 Bt Smooth 1 #R £ 9 5335 520X
0.1 mHz~0.5 Hz 1% #1450 B P4 AH X6 a8 25 1 75 3000 3k, A% JiC e 75 I8 T — 99 dBe/Hz, [R] B ) AR M 75 i R s S FET Bl
TS BT AL AE 1 mHz~100 kHz [ #H 6] 5 2 e s A I 5 (K F — 105 dBe/Hzo WA AT B fE 1 mHz~0.5 Hz &
B A P M 3 2 R 11— B G TIE T IT R 0 3K 2R R AU B O Sk 8 SR ) e L R T A ) R ) i T
MR 2 Xt B W28 ) 51 7 4% 0 T S 1 9% 3 BR R (NPRO) OG8RI OG LR O 28 R T AME 2k SR oL 28 % &
Tl HEAT DU AIT Ay 6 B s Bl o MOR IR IR AT A M o JUT A A %) AEOUTT 3% P X e 3 R e K 2R 9 T A 2 ] |

7 AR XoF e B P W P DT B SR T It T T Al R A0 B A I k) T B4 3RO ' TR R AR A
KB POIMOLAS; WRATIA; ARSI P (e B G s S [ 5] g R

RESES 0436 XEEFRERD A

1 4l G

Gl F3 i I 7 I JH T SCHT g B LS 2 — , J2 i
Jo i3 5 | A O DO A 1 I s R i e s 5l
I3 P BRI SRy — Fob R SOOI 9 45 T B, J2 21 42 )
T U R B R IR O N SEWF T BUR R AR LA K
AN FHEATTIF T 4208 a0 DL T W51 1
RILE (LIGO) WA i s 5L 5| Ty e 7800 &% % F A oK
BT oK RUBE B O T WAL C 42 58 1 st i #5600, EL iy
T T PR Bl B R R SRS R, M R T g BRI A
XF 10 Hz BUR 8951 J7 9 B AR B A PRI BE J1 , 1T 75 b A
S| 7 PRI 5 AN B 55 19 0.1 mHz~1 Hz i BL 43 1ii &
il 28 25 B 51 PR, A AR % A B T R A7 AR
AR R L, e 8 Ji s ] 1 7 8 HL A 2 1 K R R RO
TWH BRI R G . WOt T WAL [ R (LISA)
T H T30 K S = 0RO A i = AR A5
LA 2 [ROL T35 51 7 P R 002, I A B Xk
G173 P R AL T e — ZR VAT 5T, 4 R 7 KR
T A IR E R RS T AR OGRS IR i Tl

DOI: 10.3788/CJL230701

JIWAF T AR H S, 25 E] OGS R A R A
JEBRAE 10 2 ~10 /v Hz 528", 6 4B 80k
TWALR G R A B WL T OO e I &
TR A S O o R X i M PR (RIND) R 1 2 H3 ™ S8F
L (1 B R

Hi 2 1 a] 0, 25 [6] 51 J 9l %00 X 0O Ot I8 7E
0.1 mHz~5 GHz J& [l A i RIN $2 H 3 205K, B0 ok
Bl B R 25 6] 51 g PR B S L 22 S B BIE B X 5

F 1 AR OB e IR RIN 5k
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Frequency RIN /(dBc-Hz ')
0.1 mHz-10 kHz —80
10 kHz-100 kHz —100
100 kHz-700 kHz —80
700 kHz-5 MHz —130.4
5 MHz-50 MHz —80
50 MHz-5 GHz —86
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LUT: laser under test
PD: photodetector
FFT: fast Fourier transform

VOA: variable optical attenuator
LNA: low niose amplifier
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Fig. 1 Laser RIN evaluation system at low frequency
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Table 2 Noise performance of DMM
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Fig. 2 Schematic diagram of Smooth algorithm
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Fig. 3 DMM background noise test. (a) Voltage fluctuation in the time domain of DMM; (b) background noise after FE'T and Smooth

processing; (¢) background noise after WOSA and Smooth processing; (d) comparison of test results with DMM stabilization and

without stabilization
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Fig. 4 Photodetector. (a) Internal structure; (b) temperature and vibration isolation package
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Fig. 5 PD background noise test. (a) PD voltage fluctuations in the time domain; (b) PD background noise
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Table 3 Error rate of RIN test with different sampling time

Sampling time /s Error rate /%
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Fig. 7 RIN and error rate of the laser at different sampling time
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Fig. 8 RIN test results. (a) RIN of different frequency bands measured by DMM and SR770; (b) RIN of laser in 0.1 mHz~100 kHz
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Abstract

Objective Combined with current testing technology and space-based gravitational wave detection requirements, relative intensity
noise (RIN) testing must cover the frequency range of 0.1 mHz-5 GHz. Currently, low-noise spectrum analyzer is used for RIN
testing in the higher frequency band of 50 kHz-5 GHz, and relevant theories and testing methods are relatively mature. OEWaves of
the USA SYCATUS of Japan and Shanghai Institute of Optical Machinery have launched corresponding standard test instruments.
However, the current test methods in the low-frequency band are limited in the test band or have high background noise, which cannot
fully meet the requirements of RIN low frequency band test and evaluation of laser light source for space-based gravitational wave
detection. It is necessary to develop the low background noise measurement technology and complete and accurate evaluation standard

of all low frequency band.

Methods In this study, the low-frequency RIN within 0.1 mHz - 100 kHz is completely tested and characterized, and the
background noise of the test system is reduced to form a standardized test system and test algorithm. First, based on low-noise
photodetector, high-precision digital multimeter, Labview control data acquisition, and data processing algorithm programming, the
test characterization of laser RIN in the frequency band of 0.1 mHz—-0.5 Hz was realized. In the time domain, the high-precision
acquisition was conducted using the Labview software to control DMM. The fast Fourier transform (FFT) algorithm was used to
analyze the noise characteristics of the collected data in the frequency domain. The smoothing function of different resolutions was
used in the calculation of RIN to ensure that the test results in the low-frequency band are not true, while the serious “trailing”

phenomenon in the high-frequency band was reduced. Besides, frequency domain analysis can be performed immediately upon the
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completion of the time domain collection, and the data can be stored in real time. Combined with the data of different sampling time,
the accuracy of the very-low-frequency test results was verified. Second, FFT spectrum analyzer (SR770, Stanford Research
Systems) was used to test the RIN of laser in the frequency band of 1 mHz-100 kHz. By adding low noise amplifier (LNA) into the
test system, the background noise in the frequency band of 1 mHz-1 Hz was effectively reduced. The testing capacity was reduced by
18 dB. Finally, the consistency of the test results of the two test methods in the overlapping frequency band was compared to verify
the uniformity and accuracy of the two test results. Finally, the low-background-noise RIN test band was expanded to 0.1 mHz-100 kHz.
The RIN noise measurement system has the advantages of wide coverage of low-frequency band, high precision, and high accuracy. It
can provide a standardized measurement means for the relative intensity noise of laser in space gravitational wave detection and can

also be applied to other low-frequency precision measurement applications of laser light source noise assessment.

Results and Discussions According to the sampling time listed in Table 3, data segments ranging from 10000 s to 8000 s are
captured to calculate the laser very-low-frequency RIN, respectively, and the results are shown in Fig. 7. It can be seen that the high-
frequency “tail” after Smooth piecewise smoothing algorithm is only 2 dB; in the range of 0.04 Hz to 0.5 Hz, different data lengths
have little influence on RIN results. However, in the frequency range of 0.1 mHz-0.04 Hz, the sampling time of 8000 s is significantly
different from that of 10000 s, and more noise information can be detected at 80000 s. Moreover, Fig. 7 shows that the curves with
the sampling time of 10000 s and 2000 s have poor coincidence compared with other long periods. This is because the short test time
leads to fewer data points in the frequency band of 0.1 mHz—0.04 Hz, resulting in decreased accuracy. In combination with the
abovementioned and theoretical analysis, it can be seen that the longer the sampling time, the more accurate the test results.

Figure 8(a) shows the RIN test results of two kinds of high-precision DMM and FFT spectrum analyzer simultaneously. Their
test frequency bands cover 0.1 mHz—-0.5 Hz and 1 mHz-100 kHz, respectively. As can be seen from Fig. 8(a), the two maintain a
good consistency within 1 mHz-0.5 Hz in the overlapping frequency band, which on the one hand verifies the correctness of the test
results. On the other hand, a complete test of RIN characteristics in the frequency band of 0.1 mHz—-100 kHz can be completed by
splicing the noise spectrum of the two test results. Figure 8(b) shows the complete relative intensity noise spectrum of the low-
frequency band of 0.1 mHz-100 kHz obtained after splicing.

The test technique in this paper is applied to test the RIN of different types of lasers, and the characteristics of laser RIN in the
low-frequency band are obtained to guide the development and optimization design of the laser and the parameter performance of the

application system.

Conclusions Based on the strict demand for laser noise in space-based gravitational wave detection, we complete the
establishment of low-background relative intensity noise test characterization system in the low-frequency band, background noise up
to —99 dBe/Hz@0.1 mHz, — 165 dBc/Hz@100 kHz. This technology converts the optical signal of the laser into an electrical signal
based on low-noise photodetector and performs the complete and accurate characterization of intensity noise in the range of 0.1 mHz

100 kHz through the combination of high-precision DMM, FFT spectrum analyzer, and other test means. The RIN of four typical
lasers is tested and analyzed. The main noise characteristics of each laser and the subsequent available intensity noise suppression
technology are obtained, and according to the noise performance of the self-developed NPRO laser, the direction of improving the
relative intensity noise in the very-low-frequency band is proposed in the next stage. The relative laser intensity noise characterization
test can provide accurate and unified evaluation method for laser source noise level in space gravitational wave detection and provide

reference for laser source noise suppression.

Key words single frequency laser; noise test; relative intensity noise; fast Fourier transform; space gravitational wave detection
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