AAAS

Space: Science & Technology

Volume 2021, Article ID 7592858, 14 pages
https://doi.org/10.34133/2021/7592858

Review Article

Space: Science & Technology
A SCIENCE PARTNER JOURNAL

Applications of Vacuum Measurement Technology in China’s

Space Programs

Detian Li, Yongjun Wang, Huzhong Zhang, Zhenhua Xi, and Gang Li

Science and Technology on Vacuum Technology and Physics Laboratory, Lanzhou Institute of Physics, Lanzhou 730000, China

Correspondence should be addressed to Detian Li; lidetian@hotmail.com and Gang Li; ligangcasc510@163.com

Received 2 August 2020; Accepted 21 October 2020; Published 27 February 2021

Copyright © 2021 Detian Li et al. Exclusive Licensee Beijing Institute of Technology Press. Distributed under a Creative Commons

Attribution License (CC BY 4.0).

The significance of vacuum measurement technology is increasingly prominent in China’s thriving space industry. Lanzhou
Institute of Physics (LIP) has been dedicated to the development of payloads and space-related vacuum technology for decades,
and widely participated in China’s space programs. In this paper, we present several payloads carried on satellites, spaceships,
and space stations; the methodologies of which covered the fields of total and partial pressure measurement, vacuum and
pressure leak detection, and standard gas inlet technology. Then, we introduce the corresponding calibration standards
developed in LIP, which guaranteed the detection precision of these payloads. This review also provides some suggestions and
expectations for the future development and application of vacuum measurement technology in space exploration.

1. Introduction

Vacuum is a ubiquitous existence in the universe. A space-
craft will experience a pressure range of more than ten orders
of magnitude, including atmospheric pressure, low vacuum,
high vacuum, ultrahigh vacuum (UHV), and extreme high
vacuum (XHV), since launching from the Earth. In deep
space, vacuum degree varies greatly, for example, the atmo-
spheric pressure on Moon surface is about 107®-10"'°Pa,
and on Mars is about 700 Pa, while interplanetary vacuum
is as low as 10'°-10"* Pa. On-site measurement of vacuum
degree in real time is one of the major tasks for space explo-
ration: on the one hand, accurate acquisition of vacuum
degree in spacecraft orbit space, interplanetary space, and
planet surface is the most basic goal of space tasks; on the
other hand, the measurement of leakage rate is of great signif-
icance to protect the life and health of astronauts in manned
space missions. In order to get accurate measurement results,
meters of all kinds must be calibrated with established vac-
uum metrology standards. Vacuum metrology has become
an independent branch of metrology, covering measurement
and calibration of total pressure, partial pressure, gas micro
flow (leak rate), pressure leak, etc. [1]. Some important
national metrology research institutions in the world have
built branches dedicated to vacuum metrology research, such
as the National Institute of Standards and Technology

(NIST) of the United States, the Physikalisch-Technische
Bundesanstalt (PTB) of Germany, and the National Physical
Laboratory (NPL, which has given up its vacuum section in
2008) of the United Kingdom.

Lanzhou Institute of Physics (LIP) is one of the most
important institutions devoted to vacuum technology in
China. Since 1962, LIP has built a family of apparatuses cov-
ering all of the abovementioned vacuum metrology require-
ments [2], serving China’s industry sectors such as national
defense, aerospace, and civil industry. All the apparatuses
developed in LIP are traced to the standards built in National
Institute of Metrology (NIM) of China; besides, several inter-
comparisons have been implemented with PTB [3]. LIP is
also committed to pushing forward the frontier of vacuum
science. There are two mainstream basic methods for vac-
uum calibration around the world: static expansion method
(SEM) and dynamic flow method (DFM). The advantages
of the SEM standard device are simple structure and small
measurement uncertainty, so most countries regard this kind
of apparatuses as the primary standard for low vacuum
metrology [4]. However, the lower limit of SEM method is
limited to 10 Pa resulting from the outgassing of the calibra-
tion chamber. We proposed a novel approach based on the
idea of selective pumping, with which the lower limit of the
SEM standard was extended to 107 Pa [5, 6]. DEM is a widely
recognized method for high vacuum calibration, based on
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which LIP developed a standard with a lower limit of 107 Pa
[7]. To extend the lower limit, a separated flow method was
adopted with the combination of turbo molecular pump
(TMP) and nonevaporable getter pump (NEGP) to obtain
an ultimate pressure of 10" Pa [8]. This apparatus works
at room temperature, so the heat effect produced by cryo-
pumps commonly used in similar equipment can be elimi-
nated and an improved combined standard uncertainty is
obtained (3.5%). With the lower limit of constant conduc-
tance gas flowmeter extended to 10™'? Pa-m’/s, the combined
standard uncertainty is reduced to 0.94% (k=1) [9].

In recent years, some important space missions have
been launched in China, including manned space program,
Moon exploration, and BeiDou navigation satellite system.
In manned space program, leak detection is needed for the
docking plane and cabin door to guarantee astronaut’s life
and space mission’s success. In moon exploration, a lunar soil
sealing equipment with very low leak rate is needed to get
uncontaminated lunar soil back to the Earth. In BeiDou
Navigation Satellite System, standard gases inlet method is
indispensible to get suitable buffer gases in rubidium bubble
for enhanced performance of the satellite-borne rubidium
atomic clock, which is the most important payload of the
system.

To meet the above requirements in space, some novel
measurement instruments and calibration standards have
been developed in LIP. In this review, typical works carried
out in LIP and their applications in China’s aerospace will
be presented.

2. Total Pressure Measurement and Calibration

2.1. Total Pressure Measurement in Space Programs. In order
to achieve in situ accurate measurement in Apollo mission,
National Aeronautics and Space Administration (NASA)
developed a cold cathode ionization gauge with a measure-
ment range of 10"°-10° Pa and a measurement uncertainty
of 40%. On Apollo 12, 14, and 15 spacecraft, the vacuum
gauge was carried to directly measure the vacuum on the
lunar surface. Testing results verified that vacuum degree
on lunar surface is between 10 Pa (sunrise) and 107°Pa
(sunset), which is the only understanding of the lunar atmo-
spheric pressure by human beings so far [10, 11]. In 2004,
European Space Agency (ESA)’s Rosetta comet detector
was equipped with a field emission cathode ionization gauge,
effectively reducing the nominal power consumption to
0.72 W, achieving measuring range of 10°-10"* Pa, and sensi-
tivity of 0.05 pa! (N,). The detector arrived at comet
Churyumov-Gerasimenko in 2014 and analyzed the static
atmospheric pressure and dynamic pressure on its surface
(equivalent to measuring the gas flow of comet), which were,
respectively, used to study the gas dust dynamics characteris-
tics of comets and satellite attitude control. At present, the
only reported space ultrahigh vacuum gauge in China was
carried on the “Shenzhou” series spacecraft [12]. The core
sensor is a Bayard-Alpert ionization vacuum gauge; it can
measure the pressure range of 107-10Pa. In orbit opera-
tion, the high-speed data transmission system on board will
send the atmospheric pressure, temperature, and other data
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back to the ground, and the corresponding orbit and attitude
data will be given by the spacecraft engineering system at the
same time. After the ground synthesis processing, the space
environment atmospheric density and its change status on
the orbit height will be obtained.

Efforts have also been made for the measurement of total
pressure in LIP. Since 2013, we have carried out theoretical
and experimental research on carbon nanotube (CNT) cath-
ode ionization gauge cooperated with Lanzhou University,
Wenzhou University, and Bern University of Switzerland
[13-22]. First, we established a three-dimensional physical
model of CNT ionization gauge and used SIMION software
to simulate the influence of electrode voltage, gate structure,
and physical transmittance, etc. on sensitivity, based on
which the structural and electrical parameters of the high
sensitivity ionization gauge were determined [13]. Second,
preparation process of CNTs with enhanced performance
was developed: uniform and vertical multiwall CNTs were
prepared by anodic alumina template method and deposition
catalyst method to improve field emission performance [14,
15]; free distribution CNTs were directly grew and prepared
by oxidation-reduction method to improve emission current
density and stability [16, 17]. Third, a series of CNT cathode
ionization gauges, such as Bayard-Alpert type, separation
type, and spherical oscillator type, have been developed based
on the abovementioned works [18-22] as shown in Figure 1.
Among them, the separation-type CNT cathode ionization
gauge has reached the best level reported at present. In the
range of 10 Pa to 10™* Pa, ion current received by collector
has good linearity with pressure. Good long-term stability
has also been observed: the fluctuation of 12 months for N,
and Ar is 1.6% and 2.0%, respectively. Since 2017, we have
set out the development of Micro-Electro-Mechanical Sys-
tem- (MEMS-) type capacitance diaphragm gauge (CDG).
A theoretical model considering size effect was established
to examine mechanical properties of microscale pressure-
sensing film [23]; edge field effect was discussed and elimi-
nated for capacitance [24]. Key technologies, such as the
preparation of large wide-to-thickness ratio flat pressure
sensing film and the development of nanogetter film [25],
have been tackled. The principle prototype of MEMS-type
capacitance diaphragm gauge has been developed [26], and
preliminary tests have been carried out, as shown in
Figure 2. The lower limit of measurement is 5 Pa.

2.2. Calibration of Total Pressure Gauges. NASA established a
UHV/XHV calibration system based on molecular beam
method for Apollo lunar exploration in the 1960s [27]. The
system combined the molecular beam method, pressure
attenuation method, and low-temperature pumping technol-
ogy. It can calibrate the ultrahigh vacuum gauges between
107! Pa and 107 Pa, with calibration error less than 5%. Aim-
ing at ground and space in situ calibration of the field emission
cathode ionization gauge, ESA has developed the CASYMIR
system, which can simulate the ultrasonic jet molecular beam
and carry out ultrahigh vacuum calibration under the condi-
tions of temperature environment [28]. The calibration device
is composed of a heated vacuum system, a gas supply system,
and a control system. The calibration range is 10-10 Pa, and
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FIGURE 1: Setup of the CNT cathode ionization gauge [20].
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FIGURE 2: MEMS-type capacitance diaphragm gauge [26].

temperature range is 295-550K. In order to accurately cali-
brate the space vacuum gauge carried by Shenzhou spacecraft,
a calibration system has been developed based on dynamic
flow conductance method [29]. The limit vacuum of calibra-
tion chamber is 2.7 x 1077 Pa, and the calibration range is
1.3x10°-1.3x107*Pa.

In 2008, in order to meet the needs of aerospace, high
energy physics, surface science, microelectronic devices,
and other fields for UHV precise calibration, we developed
a new generation of static expansion vacuum standard [5]
(Figure 3) based on the research of static expansion vacuum
standard, with a measurement range of 4 x 107 —1x 104
Pa and an expanded uncertainty of 2.2-0.3% (k = 2). Through
tackling a series of key technologies, such as the extension of
the lower calibration limit, the accurate measurement of the
volume and volume ratio of the vacuum vessel, the detection
of tiny leaks, the degassing of the vacuum material, and the
measurement of the outgassing rate, the lower calibration
limit of the device was extended two orders of magnitude
down from the best level (10 Pa) of the reported similar
standards worldwide and reached 107 Pa for the first
time [5].

In view of the wide application value of extremely high
vacuum measurement and calibration technology in space
program, nuclear fusion, and high-energy particle accelera-
tor, etc., a UHV/XHV vacuum standard was constructed in
LIP based on the creatively proposed ideas of flow separation

FIGURE 3: Static expansion vacuum standard with extended low-
pressure range [5]. 1 and 26: rotary pumps; 2 and 25: TMP; 3, 6, 7,
9, 10, 12, 13, 15, 16, 18, 19, 21, 24, and 27: isolation valves; 4: left
calibration chamber; 5 and 22: ionization gauges; 8 and 17: 0.11
sampling vessels; 11 and 14: 11 sampling vessels; 20: DPG8 and
FRS5; 23: right calibration chamber; and 28: NEGP.

and selective pumping background extension [6-8]
(Figure 4). The measurement range is 107'°-107! Pa, and the
expanded uncertainty is 7-0.9% (k =2). In 2014, we drafted
the calibration specification of very high vacuum ionization
gauge based on flow separation method covering 5 x 1071
-5 107° Pa [30]. Based on the progress of micro flow tech-
nology, the lower measurement limit of the constant conduc-
tance method gas micro flowmeter was extended to the order
of 10712 Pa-m?/s [9], which was applied to the UHV/XHV
vacuum standard, and the uncertainty component intro-
duced by the flow separate ratio in the abovementioned
method was reduced to 0.94%. In 2019, research results of
the new type constant conductance element were introduced
into the UHV/XHYV vacuum standard [31]. With the expan-
sion of the upper limit of molecular flow, the measurement
uncertainty can be further reduced while obtaining the same
level of gas micro flow in the constant conductance method
gas micro flowmeter.

3. Manned Space Program

3.1. Development of the Port Quick Leak Detector. The dock-
ing plane and cabin door are the passageways through which
the space station realizes personnel and material exchanges
with spaceships; besides, personnel can implement spacewalk
to carry out experiments and maintenance tasks. The seal
quality of the docking plane and cabin door plays a decisive
role to ensure the safety of astronauts and spacecraft instru-
ments [32]. Ground leakage rate detection has a certain refer-
ence value, but due to frequent on-orbit opening and closing,
reliable on-orbit quick monitoring device must be developed
to grasp the sealing quality in real time.

To detect the leakages of docking plane and cabin door, a
simple leak detection method was put forward according to



FIGURE 4: Vacuum calibration apparatus with pressure down to 10°
19Pa [8]. 1: dry pumps; 2, 4, 30, and 31: TMP; 3, 6, 13, 16, 20, 22, 24,
and 29: isolation valve; 5 and 12: NEGP; 7: XHV pumping chamber;
8 and 14: hot cathode ionization gauge; 9, 15, 23, and 27: orifice; 10:
XHV calibration chamber; 11 and 18: spinning rotor gauge; 17:
capacitance-diaphragm gauge; 19: separated flow chamber; 21:
flowmeter; 25: UHV calibration chamber; 26: cold cathode
ionization gauge; 28: UHV pumping chamber; 32: venting valve;
and 33: rotary pump.

the sealing structure [33], as shown in Figure 5. A small vessel
with a volume V of about 50 ml is formed between the two
sealing rings of the cabin door. Fill the vessel with trace gas
poand then monitor the inside pressure change Ap =p, —p,
by detecting vessel pressure p,after time At. The leakage rate
Q can be expressed as follows:

_ Py P
Q-ftiy, O

This method has advantages of fast pressure change and
high sensitivity; based on which, we developed an on-orbit
device port quick leak detector (PQLD), as shown in
Figure 6. The accurate measurement of small volume for
complex structure is critical in leak detection, and hence, an
in situ measurement method was used. The small volume
was determined by gas static expansion method combined
with a reference rod with a known volume of V, as shown
in Figure 7. When the rod is out of the external vessel, we
have the following:

P1VZP2(V+V’)- (2)

When the rod is inserted into the external vessel, we have
the following:

PV =pi(V+V' V), (3)
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FIGURE 5: Schematic diagram of port leakage detection.

where p, and p, are the pressures inside the small vessel
before expansion; p, and p, are the pressures after expansion.
Then, we can get the volume of the small vessel V by Equa-
tion (2) and Equation (3)

vy (4)
C(pilpy) — (pslpy)

The detector will automatically complete the work in
space. Aiming at the task characteristics of the PQLD, the
system design provides the function of data injection.
According to the requirements of specific detection, the sys-
tem can set the initial parameters through special ground
inspection equipment whenever needed without occupying
the remote control channel and telemetry channel; mean-
while, the detection results can be obtained within 8 min. A
number of low-power design technologies have been adopted
in the hardware and software design, which effectively
reduces the power consumption of the system (the power
consumption is 6.8 W, the total weight is 5kg, and the
volume is 7.9 dm®).

3.2. Calibration Method of the PQLD. The calibration of the
PQLD is essentially pressure leak calibration. There are three
methods for the calibration of pressure leaks: constant
volume-variational pressure method (CVVP), constant
pressure-variational volume method (CPVV), and dynamic
state compare method (DSCM) [34-36]. We have built both
apparatuses based on CVVP and CPVV, which are compe-
tent for the calibration demands of the PQLD.

The CPVV calibration apparatus developed in LIP [37] is
shown in Figure 8. When the gas from leak is introduced into
variable chamber, the piston moves out to keep constant
pressure. The leak rate Q can be calculated by measuring
movement distance [ of the piston and movement time t.
The saw-tooth wave constant pressure principle is adopted
[36]. The change of pressure with time is saw-tooth variation
by controlling piston movement intermittently, which can
ensure the initial pressure equal to the end pressure. The con-
stant temperature water tank and piston seal with sleeve-type
connector were proposed, which reduced the background
leak rate caused by temperature fluctuation and dynamic
sealing. The virtual flow induced by temperature fluctuation
is controlled around 2.4 x 107 Pa- m?/s. The background
leak rate is about 6 x 107! Pa- m?/s, which can be obtained
when the piston moves in maximal and minimal velocity.
The leak rate measurement was achieved automatically using
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FIGURE 6: The on-orbit device port quick leak detector.

FiGUure 7: Method to determine the vessel’s volume V. 1, 3, and 5:
valves; 2: small vessel; 4: gas supply; 6: external vessel V'; and 7:
reference volume rod V.

3

O

FIGURE 8: Schematic diagram of apparatus based on CPVV [37]. 1,
5,and 7: gas reservoir; 2, 4, 6, 8, 9, 10, 12, 19, 20, 24, and 26: valve; 3,
21, and 27: CDG; 11: pressure leak; 13: invariable chamber; 14: angle
valve; 15: TMP; 16: electromagnetism valve; 17: servomotor; 18:
variable chamber and piston; 22: rotary pump; and 23 and 25:
standard chamber.

virtual instrument technique. The lower limit of measure-
ment is as low as 1077 Pa - m?/s. The uncertainty of this appa-
ratus is contributed by (1) the uncertainty of the pressure
measurement; (2) the uncertainty of the piston volume
measurement; (3) the uncertainty of time measurement; (4)
the uncertainty of the temperature measurement; (5) temper-
ature fluctuation; and (6) measurement of the standard vol-
ume. The combined standard uncertainty can be calculated
to be 3.1%.

Recently, a new calibration apparatus based on direct
comparison calibration method and pressure-rising method
with a constant volume has been designed and constructed
in LIP [38]. This apparatus is made up of the standard leak
rate system, calibration system, temperature control system,
gas supply, and pumping system, which is able to obtain
accurate leak rate using the standard leak rate system, as
shown in Figure 9. The system mainly works in the temper-
ature control unit (red dashed rectangle), which enables leak
rate calibration at temperature ranging from -50°C to 20°C.
The calibration principle is indicated in Figure 10. The cali-
bration apparatus 1 generates a standard leak rate that is
injected into calibration chamber 5; meanwhile, the PQLD
measures the standard leak rate by testing pressure changing
in chamber 5. The correction factor of the PQLD can be cal-
culated by the comparison between the measurement results
and the standard leak rate given by the apparatus. The stan-
dard leak rate provided by the apparatus varies from 2.43 x
10°Pa to 2.25x 1072 Pa, covering the PQLD calibration
demand of 10*-10Pa. The correction factor is increased
with temperature, indicating further correction should be
carried out considering the influence of temperature. For dif-
ferent gases, the correction factor for N,, Ar, and He is 1.07,
1.08, and 1.08, respectively, indicating gas species exert little
effect on calibration results. The uncertainty of this apparatus
is contributed by (1) the uncertainty of the standard leak rate;
(2) leak detector reading; (3) total volume parameter of the
leak detector and the apparatus; (4) temperature fluctuation;
and (5) temperature homogeneity. The combined standard
uncertainty can be calculated to be 4.7%.

4. Lunar Sample Sealing Equipment

The formation, evolution, and characterization of the Moon,
and even the answer to the questions regarding the genesis of
the universe may lie in the composition of lunar soil. It has
been the main target to get lunar samples back to the Earth
since the beginning of Moon exploration. In July 1969,
Apollo 11 spacecraft of the United States realized the first
manned landing on the Moon. Successively, Apollo 12, 14,
15, 16, and 17 and the former Soviet Moon 16, 20, and 24 car-
ried out manned and unmanned lunar landing and sampling.
A total of 382 kg of lunar samples and massive scientific data
were obtained [39]. Chinese lunar exploration strategy
pointed that lunar samples should be collected on the lunar
surface and be returned to the Earth [40, 41]. In order to
guarantee the accuracy of the ground analysis, lunar sample
must be sealed in a special container, inside which the
original lunar environment can be maintained. Due to the
atmospheric pressure on the Moon is about 10 Pa, the seal-
ing performance of the container must be considered to
protect sample from pollution on the way back to the Earth
atmosphere [42, 43].

4.1. Development of a Lunar Sample Container. To meet the
requirement of lunar sample returning, a lunar sample
container with sealing design has been developed in LIP
[44, 45], as shown in Figure 11. The sealing scheme took a
metal knife edge seal as primary seal and a rubber ring seal
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FIGURE 9: Schematic diagram of CVVP calibration apparatus [38]. 1, 4, and 41: adjusting valve; 3, 6, 8, 9, 14, 15, 16, 17, 18, 19, 25, 26, 27, 28,
29, 32, 34, 36, 37, 38, and 40: break valve; 2 and 5: ballast chamber; 10, 11, and 12: high-pressure cylinder; 13, 30, 33, and 43: capacitance
diaphragm gauge (CDG); 20, 21,22, 23, and 24: pressure leak; 31: external container; 35: reference volume; 39: port quick leak detector; 42:
vacuum pump; 44: constant temperature box; 45: small container; 46: temperature control unit.

Figure 10: Calibration principle of CVVP calibration apparatus
[38]. 1: standard leak rate system; 2, 4, 6, and 8: break valve; 3:
measure instrument for gas pressure; 5: calibration chamber; 7:
pumping system; 9: internal volume of leak detector; and 10: port
quick leak detector.

as auxiliary seal. An indium-silver alloy volume and a rubber
ring were mounted on the cover of the container, and the
edge of the container was machined into a knife edge. The
locking mechanism of the container provided a vertical
downward pressure on the cover, making the knife edge
blade into the alloy and the rubber ring be squeezed into
the inner wall of the container, as shown in Figure 12. Thus,
a radial seal was formed to insulate the sample from the
external environment. Test results show that the leakage rate
of the container is below 5 x 107! Pa-m?3/s [46], satisfying
the requirement of lunar sample returning.

4.2. Vacuum Leak Rate Calibration. The leak rate to be
calibrated is commonly compared to a known gas flow Q
from the flowmeter using quadrupole mass spectrometers

F1GURE 11: The lunar sample container developed in LIP.

(QMS). A considerable error is witnessed caused by the non-
linearity of the QMS. Constant pressure gas flowmeter is
often used to calibrate vacuum leaks, and its typical measure-
ment range is from 107> Pa- m?/s to 107® Pa-m®/s. But for
most vacuum leaks, such as the leak rate of the lunar sam-
ple container, their leak rates are commonly less than
1078 Pa- m®/s. Therefore, if the lower limit of gas flowmeter
can be extended directly by a simple and feasible method,
the uncertainty of nonlinearity produced by QMS can be
avoided. To solve this problem, a constant conductance
method gas flowmeter based on NEGP has been developed
to accurately calibrate vacuum leaks with leak rates smaller
than 107® Pa- m?/s [9], as shown in Figure 13. The NEGP
has two remarkable characteristics: (1) large pumping speed
for active gases, especially for H, at ambient temperature,
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FIGURE 12: Schematic diagram of sealing scheme and sealing
process: (a) before seal action and (b) after seal action [45]. 1:
sample container; 2: knife edge; 3: indium silver alloy; 4: rubber
ring; and 5: cover body.
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FIGURE 13: Scheme diagram of a very low gas flow measurement
apparatus [9]. 1: dry pump; 2, 4, and 32: TMP; 3, 6, 16, 17, 19, 21,
22, 23, 24, 28, 31, 34, and 36: isolation valves; 5, 11, and 26: NEG
pumps; 7: XHV pumping chamber; 8: orifice; 9: XHV calibration
chamber; 10: calibrated ionization gauge; 13: quadrupole mass
spectrometer; 14: ionization gauge; 15: calibrated leak; 18: small
tube; 20: standard vessel; 25: ballast chamber; 27, 35, and 37: CDGs;
29: metering valve; 30: gas bottle; 33: rotary pump; and 38: SRG.

and (2) virtually zero pumping speed for inert gases. Because
H, is the main residual gas in UHV/XHYV systems, the intro-
duction of NEGP will benefit the generation of UHV/XHYV in
the ballast chamber; besides, taking He as the test gas makes
NEGP a choice for vacuum leak rate calibration. In molecular
flow regime, the conductance value of a small tube is con-
stant. The gas flow, Q, passing through small tube 18 can
be determined by the following:

Q=(p-r')C. (5)
Practically, p is much larger than p':

Q=pC. (6)

Normally, the vacuum leak rate is measured by the
dynamic comparison method. However, when the leak rate

is extremely low, the ion currents are difficult to be measured
accurately. For the convenience of ion current measurement,
static accumulation mode was used to increase ion current
signals. The conductance of small tube 18 was measured in
situ and real time by a constant volume method. The
upstream side of the small tube 18 is connected to standard
vessel 20; the volume of which is determined using volume
expansion method. The downstream side of small tube 18 is
connected to the XHV system (Part B). After He is injected
into vessel 20, the pressure in the vessel, which will decrease
with continuously pumped through small tube 18, will be
monitored by CDG 27. Based on the gas flow conservation
law, the conductance C of the small tube 18 can be obtained
[9]. After reaching the ultimate pressure in ballast chamber
25, it will be isolated from the pump unit and filled with
argon gas ranging from 2 x 107 Pa to 1 x 10? Pa. Then, gas
is passed through the small tube 18 with a conductance of
the order of 107 m?/s for argon at room temperature. The
resulting gas flow can be calculated using Equation (6) to
be 1072 Pa-m?®/s to 1077 Pa-m?/s. With the introduction
of the NEGP, a low background pressure of less than
107°Pa is maintained stably in the ballast chamber 25 and
pipes of the gas flowmeter. The uncertainty of outgassing is
very small compared with the other components in the
uncertainty budget. And the final combined standard uncer-
tainty of the generated gas flow is 0.94% (k = 1).

5. Satellite-Borne Rubidium Atomic Clock

5.1. Key Technology in the Development of Rubidium Atomic
Clock. Satellite navigation technique has penetrated into
every aspect of daily life, national defense, industrial and
agricultural production, etc. There are four mainstream sys-
tems worldwide: GPS of the USA, GLONASS of Russia,
GALIEO of Europe, and BeiDou of China. As the core com-
ponent aboard navigation satellites, the performance of
rubidium atomic clocks dominates the positioning, naviga-
tion, and timing (PNT) accuracy directly [47, 48], which
enables time measurement at the nanosecond level when sig-
nals travelling thousands of kilometers from space to the
Earth.

In order to eliminate wall relaxation and Doppler broad-
ening, buffer gas is injected into the *’Rb absorption bubble
[49, 50]. The use of mixtures of buffer gases, N, and Ar for
instance, can reduce the temperature coefficient of the
absorption bubble to a predetermined value [51]. Therefore,
accurate matching and control technique for buffer gases
are key techniques for performance enhancement of
satellite-borne rubidium atomic clock [52, 53]. We have
developed a high-precision rubidium atomic clock in LIP,
which plays an irreplaceable and decisive role in the con-
struction of China’s BeiDou navigation system, as shown in
Figure 14.

5.2. Standard Gas Inlet Technology. Due to the discrimina-
tion effect of the injection orifice and the pumping system
on gases of different types and flow states, partial pressure
of the introduced mixed gas will deviate from the standard
mixed gas. Therefore, it is necessary to develop a proper



FIGURE 14: Physics package of rubidium atomic clocks developed in
LIP.

standard gas inlet system to eliminate this deviation and to
ensure the partial pressure constant in front of and behind
the orifice [54].

The principle of the system developed in LIP is shown in
Figure 15 [55]. It consists of pumping system, gas supply sys-
tem, sample preparation system, sample injection system,
and a calibration chamber. The basic idea of this system is
to maintain molecular flow state during injection process;
under this state, the gas composition will remain unchanged
before and after injection [56]. Two gas inlet modes are
optional: direct inlet mode and pressure decay mode. The
former one applies to cases of standard gas pressure ranging
from 10® to 10" Pa, making inequality hold [57]:

pxD<2, (7)

where D =0.02mm is the diameter of the orifice; p = (p, +
P,)/2, where p; and p,are the pressures of the inlet and outlet,
respectively. Due to p, is much larger than p,, p, = 2p. Thus,
the upper limit of p, is 10°Pa. As for the pressure decay
mode, it is capable of high-pressure standard gas of 10°-
10° Pa. First, high-pressure gas is injected into the 1 ml small
volume 17; then, it is expanded into the 11 sample inlet
chamber 19 statically. After this procedure, the standard gas
pressure will be reduced by 4 orders of magnitude, namely,
10° Pa will be abated to 10 Pa, and the molecular flow state
holds for the system.

Performance tests have been carried out afterward [55].
The sample inlet chamber background pressure can be
pumped as low as 10°Pa and raised to 9.8 x 107> Pa after
30 min, which meets the requirements considering the lower
inlet limit of 10" Pa. For mixture of N, (33.1%), He (33.8%),
and Ar (33.1%) from 10°Pa to 10! Pa, high consistency of
relative sensitivity was observed: the relative standard devia-
tion (RSD) of Ar versus N,, He versus N,, and He versus Ar is
2.15%, 3.66%, and 4.14%, respectively. The pressure ratio
between the three gases remains basically unchanged under
different inlet pressures, indicating the inlet pressure exerts
limited influence on gas components. Repeatability tests with
3.0 x 10> Pa N,, He, and Ar showed that the RSD of 6 tests is
smaller than 0.1%. Under different mixed ratios of N, and Ar,
the RSD of relative sensitivity is less than 1%, indicating
excellent consistency. The good repeatability and consistency
verified that the mixed gas composition has not been altered
using the developed standard gas inlet system. The uncer-
tainty of this system is contributed by (1) the uncertainty of
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the CDG; (2) the long-term instability of the CDG; (3) the
uncertainty of the purity of a single gas; (4) outgassing of the
sample preparation chamber; and (5) backflow of the sample
preparation chamber. According to the above analysis, the
uncertainty for 2—component standard gas—is calculated to
be 2.2%, while 2.6% is for 3—component standard gas.

Thanks to the developed standard gas inlet system, accu-
rate matching of buffer gases N, and Ar has been accom-
plished in the ®Rb absorption bubble of the BeiDou
satellite-borne rubidium atomic clock. The performance of
the rubidium atomic clock has reached international
advanced level, which has made an important contribution
to the networking of BeiDou satellite navigation system.

6. Space Mass Spectrometer

Since the first flying of two double-focusing magnetic spec-
trometers on the Earth’s upper atmosphere carried on
Explorer XVII [58], mass spectrometry has become an indis-
pensable payload in space explorations [59]. In order to meet
the demands of space detection task, research on miniaturi-
zation of mass spectrometers, such as miniaturized magnetic
sector, time of flight, quadrupole mass filter, and ion trap,
have made significant progress recently [60-63]. This prog-
ress makes it possible to measure the concentrations of
neutral-particle constituents of planets’ atmosphere, monitor
air quality on manned spacecrafts [64, 65], carry out isotopic
analysis on asteroids to explore the origin of the universe
[66], and search for evidence of life in space [67].

6.1. Development of a Miniature Magnetic Sector MS. Aiming
at space exploration, we have developed a series of mass spec-
trometers, including TOF MS [68-70], ion trap MS [71-73],
and magnetic sector MS (MMS) [74-76], among which a
miniature MMS has been constructed and launched to
499km Earth’s orbit along with an experiment satellite in
2012 [76]. Compared with other mass spectrometers, MMS’s
advantages lie in simplicity, stability, high mass resolution
and mass rejection ratio, and superior abundance sensitivity,
making it a selection for atmospheric composition analysis
and isotopic analysis [77]. This MMS, as shown in
Figure 16, contains three parts: physical part, electronic con-
trol part, and high-voltage power supply part. The ion source
has a Nier-type structure, with the focusing magnet of which
the electron trajectory will be prolonged to enhance ioniza-
tion probability. The analyzer is a 90" magnetic sector field
with double channels: one is for mass range of 1~12amu
and the other one is for 6~90amu. An electron multiplier
with high negative potential is adopted to collect ions
through the analyzer. The technical indices of this MMS are
shown in Table 1.

This MMS has successfully detected the atmosphere
compositions of the satellite orbit and gas emitted from the
satellite, including O, He, 12COZ, 13C02, H,, N,, O,, and
H,O [76]. Figures 17 and 18 demonstrate typical mass spec-
tra obtained on the 499 km orbit, which are consistent with
that obtained by NASA’s quadrupole mass spectrometer
[78]. Isotope of *CO, and *CO, was captured in the spec-
trum, noting that the ratio of isotope deviates from the results
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FIGURE 15: Schematic diagram of the standard gases inlet system [55]. 1, 2, and 3: high-pressure cylinder; 4, 5, and 6: break valve; 7, 9, 15, 18,
23, and 25: ball valve; 8: needle valve; 10: sampling chamber; 11 and 12: CDG; 13 and 16: isolation valve; 14: rotary pump; 17: small volume; 19:
sample preparation chamber; 20: angle valve; 21: TMP; 22: ionization gauge; 24: orifice; 26: upper ball chamber; and 27: lower ball chamber.

3

FIGURE 16: Miniature magnetic sector mass spectrometer developed
in LIP [76].

obtained on the ground due to special space environment.
The richest element on-orbit is O, and subsequently, N,,
0,, H,, CO, and CO,. The content of H,O is decreased with
time, indicating that the detected H,O is mainly from the sat-
ellite’s adsorption on the Earth. Besides, He was also found in
our work, which is closely related with solar wind and
earthquake.

6.2. Partial Pressure Standard. In many circumstances, par-
tial pressure of a specific component in a system is more
attractive than the total pressure, which is usually measured
by MSs. In order to transform the output of MSs into relative
or absolute pressure, the MSs must be calibrated. In 1972, the
American Vacuum Society published the calibration stan-

TaBLE 1: Features and performance [76].

Mass analyzer Magnetic sector field

Ion source Nier-type ion source

Dimensions (mm?) 170 x 165 x 170

Mass (kg) 45
Operating power (W) 18
Mass range (amu) 1-90
Resolution (amu) <1

Sensitivity (A-Pa") 7.7%107°

dard of partial pressure AVS standard 2.3-1972, in which
the performance indices, working conditions, calibration sys-
tem, and calibration method were described in detail. In
1993, a new standard was issued to replace the standard
issued in 1972 [79]. In July 1987, mass spectrometry was
listed as a legal metrological instrument in China, so it is
urgent to study the partial pressure calibration technology
and establish partial pressure calibration standards.

During the Ninth Five Year Plan (1996-2000), a partial
pressure standard with calibrationable partial pressure rang-
ing from 10°°Pa to 107! Pa has been constructed in LIP [80],
which is applied to the calibration of the abovementioned
MMS. The standard, as shown in Figure 19, consists of gas
supply system, gas introduction system, calibration room,
and exhaust system. There are two calibration modes, corre-
sponding to certain partial pressure ranges. For partial pres-
sure from 10* Pa to 10" Pa, a magnetic levitation rotor gauge
15 connected to the calibration chamber 14 is used as refer-
ence standard to measure the partial pressure directly. Under
the molecular flow state, rotor speed attenuation caused by
collision of each gas component is independent due to there
is no collision between gas molecules. Therefore, the total
rotor speed attenuation is a linear superposition of the atten-
uations caused by all gas components. The partial pressure of
each gas component can be obtained by calibrating the
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FIGURE 17: The typical mass spectra obtained from small channel [76].
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F1GURE 19: Schematic diagram of the MMS calibration system [80].
1 and 26: dry pump; 2, 11, 16, 23, and 24: isolation valves; 3: vent
valve; 4 and 6: TMP; 5: middle vacuum gauge; 7: NEG pump; 8:
ultrahigh vacuum gate valve; 9 and 13: ultrahigh vacuum cold
gauges; 10: pumping chamber; 12 and 17: orifices; 14: calibration
chamber; 15 and 19: magnetic suspension rotor gauges; 18:
upstream chamber; 20 and 25: metering valves; 21: pressure-
stabilizing chamber; 22: Pirani gauge; and 27: gas bottle.

relative speed attenuation caused by each component. For
partial pressure from 10°Pa to 10*Pa, pressure decay
method is adopted using the upstream chamber 18. Close
UHYV angle valve 16 and adjust the pressure in the ballast
chamber 21 to keep the pressure in chamber 18 to be
10" Pa to 10™*Pa. Partial pressure in calibration chamber
14 can be obtained through the testing results of magnetic
levitation rotor gauge 19. The uncertainty of the standard is

less than 4.2% for pressure range of 10™*Pa to 10! Pa, and
4.2% for pressure range of 10 Pa to 10™ Pa. With the CF35
connectors and CF63 standard flanges on the calibration
chamber, the magnetic spinning rotor gauge, cold gauge,
and the calibrated mass spectrometer can be installed in the
equatorial plane. With this standard, the MMS was calibrated
to obtain its performance indices, such as peak position, sen-
sitivity, and mass range [76].

Partial pressure measurements in UHV and XHV are
gaining in importance in space programs. For example, on-
site measurement of the Moon surface requires instrument
with lower limit of 10'°Pa. In order to cover the partial
pressure calibration range of UHV and XHV, a new partial
pressure standard, with the so-called “dynamic expansion
method based on static expansion vacuum standard injec-
tion” mode, has been developed in LIP [81]. Figure 20 shows
the scheme of the standard. It consists of a gas admission sys-
tem, a static expansion system, and a dynamic expansion sys-
tem. The principle is that a high-purity gas is firstly expanded
from sampling chamber 7 into expansion chambers 18 and
20; then, the gas is expanded repeatedly between chambers
18 and 20 by pumping of chamber 20 in between; finally,
the gas is introduced from chamber 20 into calibration cham-
ber 32 to calibrate the mass spectrometer in a molecular flow
state. The uncertainty of this system is mainly contributed by
pressure measurement, expansion ratio, conductance calcu-
lation, conductance measurement, temperature fluctuation,
fit function of conductance, and outgassing of expansion
chamber, which is calculated to be 2.8-5.0% for N,

With the two partial pressure standards, partial pressure
ranging from 107°Pa to 10" Pa has been covered, making
LIP be capable of full-scale MS calibration. The performances
of developed TOF MS, ion trap mass, and the MMS have
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FIGURE 20: Schematic diagram of the UHV and XHV partial
pressure calibration system [81]. 1 and 2: capacitance diaphragm
gauges; 3, 16, and 25: combined gauges; 4, 5, 6, 8, 12, 17, 19, 21,
22, 23, 28, 30, 37, and 39: isolation valves; 7: sampling chamber; 9,
10, and 11: adjustable valves; 13, 14, and 15: gas bottles; 18 and 20:
expansion chambers; 24: ion pump; 26, 38, and 40: TMP; 27 and
41: dry pump; 29 and 34: conductance element; 31 and 35:
extractor gauges; 32: calibration chamber; 33: quadrupole mass
spectrometer; and 36: pumping chamber.

been evaluated, verifying the significance of the two stan-
dards in China’s space program.

7. Conclusion and Expectation

Space industry, with most of its components operating in
vacuum environment, is highly linked to vacuum measure-
ment technology. With the thorough implementation of
China’s deep space exploration, it is urgent to develop var-
ious scientific and engineering payloads to achieve all kinds
of objectives. Atmospheric pressure of extraterrestrial bod-
ies, such as planets, comets, and asteroids, is one of the
most important and fundamental parameters, which can
be measured by vacuum gauges. Considering the sharp
pressure variation on different celestial bodies, it is neces-
sary to select vacuum gauges suitable for certain pressure
ranges. At present, Mars is one of the hot spots of space
exploration in the world. Because the atmospheric pressure
on Mars is hundreds of Pascal, MEMS-type capacitance
diaphragm gauge may be the optimal choice to monitor
pressure change on Mars for limited dimensions and
energy consumption. In order to get precise and detailed
analysis of the atmospheric and material composition,
MSs are powerful tools to tackle this problem. MSs are clas-
sified according to mass analyzers, including magnetic sec-
tor, quadrupole, ion trap, and time of flight (TOF). The
four types of MSs are suitable for different applications,
for example, magnetic sector MS is an option to detect iso-
topes for high mass resolution capability, while the prefer-
ence for comet volatile ingredients detection is TOF MS
due to its rapid response ability. Ion propulsion system
has recently been revealed and is a will-be-widely-used pro-
pulsion method in deep space exploration for fuel saving
[82]. It is the key to generate a flat and tunable ion beam
for the ion thruster to get stable thrust; the solution of
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which may lie in the reasonable design of gas inlet system.
These are some of the typical payloads that LIP is working
on. Due to the limitations in dimension and energy con-
sumption demanded by space tasks, miniaturization is a
major job to be done. In the past, the main idea was to
optimize the payloads’ structure at the expense of perfor-
mance. With the continuous emergence of new technology
and new materials, the situation has changed. MEMS is a
technique with which sensors and electronic control sys-
tems can be made into microminiaturization. Both vacuum
gauges and MSs can be fabricated using MEMS technique
to achieve significant size reduction [26, 83]. Field emission
is a brand new way to make low-energy consumption cath-
odes, which is the key component for a number of pay-
loads. The ion trap MS of the Rosetta mission adopted
nanotips etched on a silicon wafer as the field effect-based
cathode [84]. The other approach to achieve field emission
is via carbon nanotubes (CNTs) [85]. A series of CNT cath-
odes for vacuum gauges [20] and MSs [86] have been
developed in LIP, with energy consumption dropping to
the order of milliwatts. The emergence of miniaturized pay-
loads based on new techniques such as MEMS and CNT is
a game changer for space industry, making it possible for
cost reduction, efficiency improvement, and the thriving
micro/nanosatellites.

Compared with vacuum measurement carried out in lab-
oratory, there are essential differences in cosmic vacuum
measurement. The molecule movement state in cosmic
environment is different from that in artificial vacuum con-
tainers. Ground vacuum measurement is to characterize the
random moving, isotropic, and uniform gas molecular density
in a limited container. In this case, the ideal gas equation of
state, Maxwell’s velocity distribution, cosine law, etc. can be
in good agreement with the reality. In cosmic vacuum mea-
surement, the object of measurement is the density of gas mol-
ecules in infinite space. In this case, the above theoretical
models are no longer applicable. In the nonequilibrium state,
the physical meaning of pressure and the measurement of vac-
uum degree are complex, so it is necessary to use new theory
and method to carry out the research of cosmic vacuum mea-
surement technology. It is an important tendency to replace
the SI unit of pressure (Pascal) with quantum-based constant
[87-89] and to build quantum-based primary standards.
These new standards may enable zero-chain SI traceability,
fast response, high accuracy, and unrestricted circumstance,
which will fill the gap between ground and cosmic vacuum
measurement. We have carried out preliminary studies on
quantum-based primary standards, including refractive index
method, absorption method, and cold atom method [90-92].
Knowing that we are still too far from “zero-chain traceability”
in vacuum metrology and the question of traceability and
comparison will remain in top interest for long, but it is
worth pointing out that the quantum-based technology will
be the key direction and inevitable trend of the development
of vacuum metrology in the future.
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