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1: laser; 2: split fiber; 3: collimator; 4: 1/2 wave plate; 5: Glan prism; 6: lens group; 7: electro-optic modulato;

8. optical isolator; 9: polarization beam splitter; 10: 1/4 wave plate; 11: high reflection mirror; 12: lens;
13: photoelectric amplification detector; 14: PDH frequency locking device; 15: photoelectric detector; 16: frequency
meter; 17: measurement cavity; 18: reference cavity; 19: piston pressure gauge; 20: He cylinder; 21: cold trap;
22 sputtering ion pump; 23: lonization gauge; 24: molecular pump; 25: mechanical pump

Bl 1T F-P OB IR I 0 R R B L5 1A () G20 s (b) U i

Fig. 1 Structure diagram of vacuum measuring device based on F-P cavity. (a) Optical part; (b) gas part
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Table 1 Refractive index data of He
Pressure Theoretical value High vacuum Constant pressure

p /Pa n—1 n—1 n—1

101 3.17726X10"° 1.07134x10°° 2.77167X10"°
201 6.29408 10 ° 4.16767X10° 5. 8680110 °
301 9.42498x107° 7.25592X10°° 8.95625x10~"°
402 1.25916 X 10 ° 1.03491Xx10 7 1.20494 X107
500 1.56736X10 " 1.32811Xx10 7 1.49814 X107
601 1.88312X10 7 1.64014X 107 1.81018 X107
701 2.19523X10 " 1.95703 X107 2.12706 <10 "
901 2.82417X10 7 2.58727X10 7 2.75731X10 7
1075 3.36856 <10 " 3.19852X<10 7 3.36856X10 '
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Pressure Theoretical value High vacuum Constant pressure
p /Pa n—1 n—1 n—1
2020 6.32721<1077 6.03491 1077 6.31910< 1077
3012 9.43113Xx10 7 9.25919x10 7 9.42923Xx10 '
4015 1.25716xX10° 1.22044X10°° 1.23744X10°°
6015 1.88338x10° 1.88338Xx10 ° 2.01520X10 °
7031 2.20149X10 ° 1.71157x10 7 2.36828X10 °
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Fig. 2 Comparison of refractive index at 10* Pa pressure
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Fig. 3 Comparison of refractive index at 10° Pa pressure

Bl 2 FlEl 3 43 5 R T 48 107 Pa Ml 10° Pa X,
JEf K, 10° Pa fH 2% 50N B 37 5 200 & {4 1
10 ° Pa @ H.25 5 7% 50T W4T 5 5 00 i 8 5 £z 3y
SERIBAE L B 2 FAE 6000 Pa Fll 7000 Pa = JE [
I BT S S (R U Bl R T A AR AR
PR W 6 328 3 1 B0 BT 940 5% i S0 . R PRTRT OAL E A [) £Y
JEJI SR B RS % 5T W R0 A S e (E
i 22 B3/ T8 28 22 g N 3T SRl 5 e

B2, HEBFNAG =) m. 6052 % 5 i
SR Ty % L E R S 2 N A S P i R AR
F TSR REC(FE 10° Pa fEE S E S AE T,
FIE AT S5 0 AS i o T b0 T S 3R 4 R i AR
6 MR — RV R TS . — 2 A AL
BRll T s Eozs (B 107 Pa) BAE JE B % A (R
10° Pa) i 1 6 BN 5 R A00R R ) R AR B 105 30
P8 s AR A B A AR BT 5 | RS P T B R e 2 . R O
TR EA BEES % SR N R R
R 2 6 RIS 35 o 9 AR o R ) S AR AR
PR P BEAR T R AR 2 A S BUE N AR
JNFIEAE SR AT S R AN E S, SR AEEE S %
ST S S i R b, BT R AL TR AR
B FL23 27 T NSO S 1, 5 3 T
RAFYE 5 50T VY Tk R S A R ] 5 0 B ) AR
L HETT U85S T 7R G0 R R X A 25 s, 25
A3 AT s SR FHE TR 225 05 00 B G S DU o Oy % B AT AR
P e A S A0 S A

BT R 28 1H e 2 2% AR SR S 32 0 4
rh, G R AT B R S B I, SO T SR S H0r
BAHE T, @XM eO b, N

SRS p SEITH W R E i — S

AN E BE R 10 L e AT 200 S R R
FHRUZ B 1, 778 i A U B2 45 I 7E £0. 5 mK,
Wl P T BE I8 2l T BN A S AR S RO AN E T
WA . G HTa A B AR i Fe ) A3 e T R
R TE R 2% 550 R T, i NSRS i 2
BN 5 AN B RO, PR B R 101 Pa #2020 Pa
VR ST S 28 2 0000 5 S 1 2 B P
Zi b E AR & TR S % SRR T
SRS B0 B AN B HEAT I E . (23) A5 2l
RA Vieati — Yieadr T O ¢ Vpgg

—1l=—= . (25
4 Ve Vo T Vpeat

I 555 A 2 B i AN R L E 7 AN

2304002-5



E 485 £ 23 8/2021 £ 12 A/FE#H®

aJ 2 J 2 9 2 )
J( & ) (et ¢ peari ) ’ JF( = ) (et ¢ pears ) ’ +( & ) (e epsp) ”
Wi IV peat IV sk
o Vieati — Vieart T AM ¢ Vpgg
dy,\° vy, E ,
J( Y) w0 ) o
o avO aybca\[ (27)
e Vo T Vheut '
K cw, Mo, 50508 (25) 25 F 58 43 Fn 43 B B P A R R R A
ﬁr}.ﬁg*ﬁxﬂ»xﬁﬁﬁg;uc.r\uc.FsR s U e beati » U ¢ beat! é—}%uy‘j Py % jz m

S PO LA G B DA AR R A
FR bR E AN E B (3 o 100 ST S 50h) Bl
AR v = 1497, 9916 MHz, Am = 0, v, =
384365159 MHz, vy, = 1549. 9144MHz, v ., =
1659. 7599MHz, T2 A1 15 Jr i R 2 80 = A
2 i Ky

Ueigry = )P )" (28)
VP E YRR J1 R 2020 Pa B T 5 R S50

Fo 0 AN R B e,y = 1,28 X107
FHAR TR J7 2% o6 i N SRR TE B 2 2% SRR
BF AR 3T 2R S 50 AN W R AT O A, A% Tk
N veg = 1497. 9916 MHz, Am = 0; v, =
384365159 MHz, vy, = 1549. 91 MHz, v .« =
1434. 74 MHz, &1¥E . 534K 1R 101 Pa i,
Prih RSB M A E L w, ) =1.22X10 7,

5 4 1w

FE b B2 T AR SE R A 5T, AR SCHR
T —Fp SR YT R I i k8 g ik £ 10° Pa fH
R JIVE RS2 ) ok R AT P G S D i, 5 AR ik
T A BE RS 5 0 R N B s K AR
YT RME R 22, 0 KRR T R 2 A 55
i PSR /N T SR 1 AT S SR R E L
H S % 0N BT 5 300 5 5 8 L2 N AT R
DB AT T L3 e A & B vk A s v T
SR O BL7E SE BRI R b R B SR O
AT AT S5 0 T 4 S 0 SR L S TR G g
PN R GE I A RS A SR SR
Fak IR 20 A AT 5 3R P (A9 A X R B 2 A
6.74X10° ", XFETHES % SN RS 5t
F177 W0 AN 2 B 43T, A5 I N SRR T RS T
FH R 2 25 A 00 A0 B 000 A AN A B 0o 1. 28 <
10° F1.22X10 °, FEARA M TAE S AT 75 %
JE T Gl A 3 UK [F R ) 2 2% AT P i %
W L35, SRS I LR 1 558 0 i — D S s P

[1] Zhang Z H. Development of quantum measurement
standards [ ] ].
Instrument, 2011, 32(1): 1-5.

Jephde. BFIFEI MM BOR ], IR IRFER,
2011, 32(1): 1-5.

[2] LiD T, Cheng Y J, Xi Z H. Development of
quantum vacuum standard[]J]. Journal of Astronautic
Metrology and Measurement, 2018, 38(3): 1-15.
R, BUKZE, R, & B2 b ik pF oY ik R
1. FRHME AR, 2018, 38(3): 1-15.

[3] Silander I, Hausmaninger T, Zelan M, et al. Gas

modulation

Chinese Journal of Scientific

refractometry for high-precision
assessment of pressure under non-temperature-
stabilized conditions[J]. Journal of Vacuum Science
&. Technology A: Vacuum, Surfaces, and Films,
2018, 36(3): 03E105.

(4] WuBY, Yul] L, Wang J, et al. Accuracy correction
of miniaturization device for air refractive index
measurement[J]. Laser & Optoelectronics Progress,
2018, 55(4): 040102.

R, TER, T4, 5. DRz S 5 R0 E
REEKEBIE]. #Ot5th T4k, 2018,
55(4): 040102.

[5] Egan P F, Stone J A, Ricker J E, et al. Comparison
measurements of low-pressure between a laser
refractometer and ultrasonic manometer [ J]. The
Review of Scientific Instruments, 2016, 87 (5):
053113.

[6] Egan P F, Stone ] A, Hendricks ] H, et al.
Performance of a dual Fabry-Perot cavity
refractometer [J]. Optics Letters, 2015, 40 (17):
3945-3948.

[7] Hendricks ] H, Ricker ] E, Stone ] A, et al.
Measurement pressure and vacuum with light: a new
photonic, quantum-based, pressure standard [C] //
XXI IMEKO World Congress Measurement in
Research and Industry, August 30-September 3,
2015, Prague. [S.l.: s.n.], 2015:1636-1639.

[8] Silander I, Hausmaninger T, Forssén C, et al. Gas

equilibration gas modulation refractometry for

2304002-6



E 485 £ 23 8/2021 £ 12 A/FE#H®

[10]

[11]

[12]

[13]

[14]

assessment of pressure with sub-ppm precision[]J].
Journal of Vacuum Science &. Technology B, 2019,
37(4): 042901.

Takei Y, Arai K, Yoshida H, et al. Development of
an optical pressure measurement system using an
external cavity diode laser with a wide tunable
frequency range[]J]. Measurement, 2020, 151(19):
107090.

Axner O, Silander I, Hausmaninger T, et al. Drift-
free Fabry-Perot-cavity-based optical refractometry:
accurate expressions for assessments of gas
refractivity and density [ EB/OL]. (2018-01-10)
[2020-01-15]. https://arxiv.org/abs/1704.01187.
Egan P F, Stone ] A, Scherschligt ] K,

Measured  relationship

et al.
between thermodynamic
pressure and refractivity for six candidate gases in
laser barometry [J]. Journal of Vacuum Science &
Technology A, 2019, 37(3): 031603.

Jia W J, Xi Z H, Fan D, et al. Quantum vacuum
measurement based on Fabry-Perot laser resonant
cavity [J]. 2020, 40 (22):
2212005.

BICAR, IR, R, . HT Fabry-Perot #OGIH
PRI i T B2 TR HRTIT[)] . JB% % 4R, 2020,
40(22): 2212005.

XuYR, LuYY, Wang J, et al. Vacuum metrology

Acta Optica Sinica,

based on refractive index of gas[J]. Acta Physica
Sinica, 2020, 69(15): 150601.

WWER, X, £k, & BTRITH R %0
Hos i 0] B3R, 2020, 69(15): 150601,
Fan D, Xi Z H, Jia W ],

measurement of nonpolar rarefied gas in quantum

et al. Refractive index

vacuum metrology standard[J]. Acta Physica Sinica,
2021, 70(4): 040601.

[15]

[16]

[17]

[18]

[19]

[20]

AR P T A A 9
2021, 70(4): 040601.
Mohr P J, Newell D B, Taylor B N, et al. Data and
analysis for the CODATA 2017 special fundamental
constants adjustment[]J]. Metrologia, 2018, 55(1):
125-146.

Puchalski M, Piszczatowski K, Komasa J,
Theoretical

LS R AR E PR
WAFE (1], MR,

et al.
determination of the polarizability
dispersion and the refractive index of helium [J].
Physical Review A, 2016, 93(3): 032515.
Qian Y, Liang S Y, Huang Y, et al.

stabilization of multi-lasers

Long-term
frequency based on
wavemeter[J]. Chinese Journal of Lasers, 2019, 46
(2): 0211004.

B, B E, B, L AT RKIFSEA L B0
MR BE (0], P EEOE, 2019, 46(2): 0211004,
Yan Q, Yuan M, He T T,

locking method based on

et al. Pulse laser

frequency molecular
absorption[J]. Acta Optica Sinica, 2019, 39 (10):
1028005.

EIP, =, THEAT, &, T 40 0o Ik ot
B T 0 5E L1, Ot o sE 4k, 2019, 39 (10):
1028005.

Guo Y, Qiu Q, Wang Y X,
stability of Fabry-Perot cavity based on PDH [J].
Chinese Journal of Lasers, 2016, 43(4): 0402003.
WE, ¥, o, %, BT PDH Mikm BH-m%
JERs B 5T [1]. b B, 2016, 43 (4):
0402003.

Avdiaj S, Yang Y C, Jousten K, et al. Diffusion

et al. Research on

constant and solubility of helium in ULE glass at
23 “C[J]. The Journal of Chemical Physics, 2018,
148(11): 116101.

Research on Measurement Method of Gas Refractive Index in

Quantum Vacuum Metrology

Fan Dong, Li Detian, Xi Zhenhua, Jia Wenjie, Cheng Yongjun
Science and Technology on Vacuum Technology and Physics Laboratory, Lanzhow Institute of Physics, Lanzhou,
Gansu 730010, China

Abstract

Objective

With the development of vacuum technology, subject to directional flow and uneven temperature, the

thermodynamic equilibrium has been destroyed. In this case, the pressure standard has become unsuitable for

characterizing the vacuum state. To improve the accuracy of vacuum measurement and the stability of measurement

system, vacuum metrology will be characterized by gas density. The precisive measurement of gas refractive index
based on a Fabry-Perot cavity can be used to derive the gas density. This type of vacuum metrology based on the
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optical method can transform vacuum metrology from physical standards based on the mercury pressure gauge to
quantum standard. In recent years, quantum vacuum metrology technology based on the Fabry-Perot cavity has been
widely studied; however, the laser resonance frequency at a high vacuum reference point is generally used as the
reference frequency to measure the refractive index of a gas. Therefore, the measurement period of the system will
be longer in the high vacuum reference point, and the cavity length will change due to gas pressure and gas
penetration, which has a considerable effect on the accuracy of refractive index measurement. In this study, we
report a method to measure the refractive index of gas, 1i.e., using a Fabry-Perot resonator for measuring the
refractive index of a gas at a low vacuum constant pressure reference point. This method can shorten the
measurement period and improve the measurement accuracy. We hope that our basic strategy and findings will aid in
reducing the effect of cavity length change caused by gas pressure and gas permeation on gas refractive index
measurement.

Methods Firstly, based on the first principles, we calculate the theoretical refractive index values at constant
pressure and temperature through ab initio calculation. Then, the refractive index measurement expression of the
constant pressure reference point is derived by varying the laser longitudinal mode frequency before and after
inflation. In the next step, at 10 ° Pa high vacuum reference point and 10° Pa constant pressure reference point,
using the quantum vacuum measurement device based on Fabry-Perot cavity, the laser frequency change in the cavity
is accurately measured using PDH(Pound-Drever-Hall) frequency locking technology and beat frequency technology,
respectively, and the helium refractive index is obtained.

Results and Discussions The refractive index measurement method of low vacuum constant pressure reference
point was used for measurement, and the refractive index measurement value of constant pressure reference point
was found to be closer to the theoretical value of the refractive index compared with the high vacuum reference point
at the pressure level of 10° Pa and 10° Pa. At the same pressure point, the deviation between the measured and
theoretical values at the constant pressure reference point is smaller than that at the high vacuum reference point
(Fig. 2 and Fig. 3) because the change in cavity length caused by gas pressure and penetration is effectively
shielded, the reduction of helium in the cavity caused by helium penetration is reduced, and the measurement period
is shortened in the pressure range from high vacuum to the constant pressure reference point using the theoretical
refractive index of the constant pressure reference point as the refractive index measurement coefficient. In general,
this method can improve the accuracy of gas refractive index measurement. In addition, the contribution of related
parameters to the uncertainty of refractive index measurement is analyzed. The relative uncertainty of the
theoretical value of the refractive index at the constant pressure reference point is 6. 74 X 10™ ", and the
measurement uncertainty of refractive index parameters is 1.28 X 10 * and 1.22 X 10 * when the cavity pressure is
lower or higher than the constant pressure reference point, respectively.

Conclusions In researching quantum vacuum metrology standards, this paper proposes a method to measure the
refractive index of gas and obtains the refractive index measurement expression of the constant pressure reference
point. Using 10° Pa constant pressure as the reference pressure to measure the refractive index, the measurement
error caused by the cavity length change in the pressure range from high vacuum to constant pressure reference point
is effectively shielded. Consequently, the uncertainty of refractive index measurement caused by the decrease of
helium present in the cavity caused by helium penetration is reduced. The refractive index measurement of the
constant pressure reference point is compared with that of a high vacuum. We found that this method can effectively
improve the measurement accuracy. During the actual measurement process, we discovered that this method could
shorten the measurement cycle and reduce the effect of system thermal noise. Our research shows that using
appropriate pressure reference points to reduce the effect of cavity length change caused by gas pressure and gas
penetration can improve the accuracy of refractive index measurement.
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