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Abstract—In this paper, we propose a new Quartz Crystal
Microbalance (QCM) sensor with temperature control, which
can assess outgassing properties during spacecraft devel-
opment. It will be referred to as the “Twin-QCM sensor.”
There are two types. The Twin-Cryogenic QCM (Twin-CQCM)
sensor is warmed by a built-in heater with an operating
temperature of —190 to +125°C, and the Twin-Thermoelectric
QCM (Twin-TQCM) sensor is warmed and cooled by a built-
in Peltier module that can control the temperature within —80
to +125°C. Using a temperature compensation technique, the
temperature-dependent drift of the frequency was found to be
less than =10 ppm over all operating temperatures. An RTD
temperature sensor was mounted on the quartz crystal to

‘Temperature dependency

-

improve the accuracy of temperature measurement. To confirm the accuracy, an addltlonal temperature sensor installed
at the center of the crystal. The sensor output temperature value was compared to that of the additional sensor, with
the difference between both temperature sensors being +0.4 to +2.6°C in the temperature range from -130 to +100°C.
Through the measurement of the sensor’s dynamic range, it was found that the deposited contaminant film in a vacuum
increasingly changed such physical properties as viscoelasticity as the temperature increases.

Index Terms— Quartz crystal microbalance (QCM), temperature compensation, spacecraft, outgas, contamination,

atomic oxygen.

|. INTRODUCTION

N SPACECRAFT development, polymeric materials such

as adhesives can generate contamination within a space-
craft. If outgassing from organic materials occurs under vac-
uum and produces deposits on spacecraft surfaces, the deposits
can degrade the performance of onboard cameras, sensors,
solar arrays, and thermal functional materials [1]-[8]. The
temperature of a solar array typically exceeds 100°C in a
vacuum because of incident solar radiation and, under these
conditions, the adhesives used in the satellite can outgas
easily. Whereas the temperature of a spacecraft surface fac-
ing away from the sun can fall below —20°C, outgassed
deposits have a high probability of sticking. To prevent this
contamination, materials for use in space are screened in
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accordance with established standards [9], [10] and simulation
tools that emulate both outgassing and deposition kinetics
to assess the amount of contaminant deposition in orbit
[11], [12]. The QCM sensor is widely used to assess the
deposition/desorption amounts of contaminants in a vacuum
chamber, which simulates conditions in space such as extreme
temperatures [3]. Because contamination depends strongly
on temperature from —60 to +125°C, any sensor used for
in-situ contamination measurement must have a wide operating
temperature range. The operation of commercial QCM sensors
is generally guaranteed only around room temperature, so their
use cannot be extended to space use. Because the oscillation
of a quartz crystal depends on its temperature, a technique
for compensating for frequency drift is needed if only the
mass effect of contamination phenomena is to be extracted.
Some QCM sensors have been developed for space use [3],
[13], [14]. They use two sensor crystals to compensate for
the temperature effect. In particular, [15] summarizes the
history of QCM sensors for space use. One sensor crystal
is used to detect the deposited contaminant mass (A Fy),
and the other is used to detect the frequency drift caused
by the temperature effect on a reference frequency (AF}).
The sensor output frequency (F) is calculated from the two

For more information, see https://creativecommons.org/licenses/by/4.0/
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frequencies (|Fgz— Fy|). The deposited as mass on QCM
sensor is converted by the Sauerbrey equation, Eq. (1), where
AF (= |AF; — AF;|) and Am are the frequency shift and
deposited mass, respectively; fq is the resonant frequency, A
is the electrode area, p, is the density of quartz, and p is the
shear modulus of AT-cut quartz crystal. For the Twin-CQCM,
A, fo, pg and u4 are 12.6 mm?, 10.278 MHz, 2.65 g/em?,
and 2.95 x 10'" g/em/s?, respectively. The mass sensitivity of
the QCM sensor is defined by Eq. (2).

2 2
AF = —iAm (1)
A /Pqlty
v o AF 215
ass sensitivity :— = ——— 2

Am A JPgity

However, the use of two separate quartz crystals complicates
crystal replacement due to the sensor structure. Furthermore,
because the sensor temperature is measured at a distance
from the area whose temperature is to be sensed, the error
between the sensing area and the sensor output has not been
discussed yet. On the other hand, once contaminant substances
irreversibly adhere to the sensor crystal, the sensor output
frequency (Fy) gradually increases according to the remaining
contaminants that cannot be removed by bake-out. Therefore,
a technique for refreshing the sensor surface is needed to
maintain the sensor in good condition for contamination tests.

This paper proposes a twin-electrode technique to sim-
plify the sensor structure, to measure the crystal tempera-
ture directly, and to enable easy sensor replacement. The
proposed structure also improves reconciling each electrode’s
temperature and its temperature dependence without need for
a crystal matching test. The Twin-Cryogenic QCM (Twin-
CQCM) sensor is cooled by liquid nitrogen and warmed by a
built-in heater. The Twin-Thermoelectric QCM (Twin-TQCM)
sensor is cooled and warmed by a Peltier unit inside the
sensor. The Twin-TQCM sensor can be used without a coolant
liquid in either a vacuum or in atmosphere. Moreover, this
sensor can easily be used to measure Atomic Oxygen (AO)
flux. Atomic oxygen is the most significant concern for Low
Earth Orbit (LEO) satellites [16], [17]. When atomic oxygen,
which is found mainly at altitudes under 300 km, collides
with a satellite, it interacts strongly with the satellite materials
because of its high physical energy.

Sections II and III of this paper describes the proposed twin-
electrode design based on the Twin-CQCM sensor. The Twin-
TQCM sensor is discussed in Section IV. Section V describes
the ease of replacing the sensor crystal, which is essential
to expand its applications, for example, as an atomic oxygen
sensor, described in Section V.

Il. TWIN-ELECTRODE SENSOR CRYSTAL

Figure 1 shows the twin-electrode sensor crystal including
the two oscillation electrodes for detection (F;) and reference
(Fy). The reference electrode is placed next to the detection
electrode to prevent interaction with the adjacent electrode.
The oscillation electrodes and the quartz crystal are 4 mm
and 14 mm in diameter, respectively. The crystal is 162 um
thick, and the oscillator operates in the fundamental mode

Terminals ,
Reference Detection

Crystal
disk

B Temperature sensor

(1000 Q platinum RTD)

Fig. 1. The twin-electrode sensor crystal including the electrodes for
detection and reference. At the left is the electrode pattern drawing, at the
right is a photo of the crystal. The RTD sensor is placed close to the
oscillation electrodes so as not to affect the oscillation energy field.
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Fig. 2. Cross-section drawings of the (a) Twin-CQCM and (b) Twin-
TQCM sensor units. (c) Photo of the Twin-CQCM sensor unit with the
cover. (d) without the cover.

at 10.278 MHz. A resistance temperature detector (RTD) is
installed on the same quartz crystal using the free area to
measure the crystal temperature itself for improved accuracy.
Given the sensitive reaction to temperature conditions by con-
tamination phenomena, accurate temperature measurement is
meaningful. A commercial RTD is used, whose characteristics
are calibrated by the manufacturer. This is an advantage over
an RTD surface electrode pattern unless the additional sensor
does not interact with the oscillation mode.

There are six terminals along the edge of the quartz
crystal for small clips to clamp the quartz crystal, and the
Low Temperature Co-fired Ceramics (LTCC) holder (Fig. 2)
without any mechanical strain. The heater for temperature
control is embedded in the LTCC holder. The connector pins
transmit the oscillation frequency signals, heater current, and
temperature sensor signal. The Twin-CQCM sensor provides
two kinds of signals: one for fundamental mode frequency
(10.278 MHz), and the other for 3rd overtone mode frequency
(30.834 MHz). Operating the sensor in its 3rd overtone mode
multiplies the sensor sensitivity by three. Table I summarizes
the basic sensor specifications. The detection and reference
electrodes are 5 mm apart, center-to-center. To prevent the
vibration interference between the electrodes, the electrodes’
oscillation is excited alternately: (1) fundamental mode at
the reference electrode, (2) 3rd overtone/reference, (3) 3rd
overtone/detection, (4) fundamental/detection. Thus, the sensor
provides four individual signals over one frequency signal line
as a time division by changing the state of selectors built into
the oscillation circuit shown in Fig. 2. The controller outside
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TABLE |
TWIN-QCM SPECIFICATIONS

Value

10.278 MHz
AT-cut / 14 mm diameter

Item

Oscillation frequency: fy

Quartz crystal Twin-electrodes
Electrode diameter 4 mm
Electrode area: 4 12.6 mm’

2.39x10® (Fund.) Hz/(g/cm?)
7.17x10% (3rd.) Hz/(g/cm?)

RTD platinum 1000 Q
Twin-CQCM: —190 to +125°C
Twin-TQCM: —80 to +125°C

... AF

Mass sensitivity: —
Am

Temperature sensor

Operating temperature

the vacuum chamber provides the selector signals and receives
the four frequency signals once every second.

As the quartz crystal is held in place on the LTCC holder
using six small clips, the user can easily replace the quartz
crystal in a few minutes without complicated instructions.
Regarding the investigation of UV enhancement phenomena
of contamination [18], the ease of replaceability is an excel-
lent feature because contaminants tend to irreversibly adhere,
especially under UV irradiation, and degrade sensor stability
especially the F-T characteristics. Thanks to this advantage, the
user can perform any contamination tests under UV irradiation
with a sensor in good condition.

A. Outgas Deposition Simulation and Validation

The reference electrode has a sensor cover as Fig. 2 shows
and should not be sensitive to outgas deposition. On the other
hand, because a gap is needed between the quartz crystal and
the cover for the crystal to oscillate, outgas deposits may form
on the reference electrode through this gap, depending on
the cover design, because of the multi-reflection effect of the
gas, the contaminant might reach the reference crystal through
the tiny gap. Therefore, some outgas deposition simulations
were conducted to roughly estimate the amount of the out-
gas depositing onto the reference electrode. Japanese SPace-
craft Induced Contamination Environment analysis software
(J-SPICE) [19] is a simulation tool for predicting outgassing
from materials and deposition on a surface at various temper-
atures in a vacuum. The outgas model is defined as follows:

dm _ dM()

4 - F-s(Tg) 3)
M@) =a-1*+c 4)
s(Tr) = f-(Tr —To) +1 (%)

where dm/dt is the deposition rate, dM(t)/dt is the outgas rate
from material samples changing in accordance with time (¢),
and F is the view factor between the contaminated surface and
the contamination source material, which is calculated using
Thermal Desktop™(C&R Technologies) functions. M(t) in
Eq. (4) is the outgas parameter that depends on each out-
gassing source material: a, b, and ¢ are constants, and ¢ is
time. Here, a, b, and ¢ were set to 2.4 x 1077, 0.37 and 0,
respectively; these parameters were obtained through experi-
ment using an epoxy adhesive EC2216 (3M Scotch-Weld™).
s(Tg) in Eq. (5) represents the sticking coefficient of outgas,

dtaminam source (+125 °C)

| Distance = 150 mm

Aperture
4 mm diameter

Cross-sectional view Top view

Fig. 3. Simulation geometry images. The distance between the conta-
minant source and the QCM is 150 mm. The crystal was placed 1 mm
behind the sensor cover.
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Fig. 4. Simulation results of deposited mass prediction at each tem-
perature condition on the quartz crystal surface considering the sensor
cover. (a) and (b) are results when the QCM cover temperature is—140°C.
(c) and (d) are results when the QCM cover temperature is set to +20°C
in the worst case.

where Tk is the temperature of the contaminated surface,
and Tp is the temperature of contaminated surface when the
sticking coefficient reaches 1.0. f is a constant with a value
of =5 x 10™*. Equation (3) describes the sticking coefficient
changes as a function of temperature. The molecular flux
transportaion is calculated using the same method as does
NASA’s MOLFLUX (version 2.0) [20] Figure 3 shows images
of the simulation geometry, where the conaminant source
behavior follows Eq (4). Based on the geometry, the view
factor was calclated. Figure 4 shows the calculated deposited
mass after 10 days; (a) and (b) are of the deposited mass when
the QCM case temperature is set to —140°C (when it was
installed on a metallic base plate cooled by liquid nitrogen
[i.e., the Twin-CQCM]). In each case, the deposited mass
at the reference electrode is much less than at the detection
one. Figures 4(c) and (d) are for the deposited mass when
the QCM case temperature is +20°C, assuming the Twin-
TQCM use in the worst case under one atmosphere, because
heat applied to the sensor case enhances the multi-reflection
effect. At each crystal temperature, from —120 to +40°C,
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Fig. 5. Short-term stability (Allan deviation) experimental results of the
Twin-CQCM sensor at room temperature without temperature control and
+125 °C under a vacuum. When the averaging time was 10 seconds, the
deviation was 0.011 Hz and 0.099 Hz at room temperature and +125 °C,
respectively.
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Fig. 6. Twin-CQCM frequency drift in (a) fundamental and (b) 3rd
overtone mode caused by temperature dependency.

the deposition ratio for reference over detection was 0.026 to
0.036, thereby securing an acceptable ratio for contamination
measurements based on the results.

B. Sensor Short Term Stability and Resolution

Figure 5 shows the short-term stability of the Twin-CQCM
sensor in the fundamental mode for the values of Allan devi-
ation with a one-second sampling period. When the averaging
time was 10 seconds, the frequency deviations were 0.011 Hz
and 0.099 Hz at room temperature and +125°C, respectively.
When it was 60 seconds, the values were 0.005 Hz and
0.030 Hz; therefore, the output frequency is sufficiently sta-
ble for contamination measurement even at +125°C because
0.1 Hz (AF) represents 0.42 ng/cm?, which is sufficient
resolution for contamination measurement. According to this
result, the directly bonded RTD sensor and the small clips do
not affect the stability at either room temperature or +125°C.

C. Frequency-Temperature (F-T) Characteristics

The operating temperature of the Twin-CQCM sensor
ranges from —190 to 4+125°C. Figure 6 shows the frequency
drift caused by the temperature-dependent effect of quartz
crystal in both modes. The drift of both detection and reference
frequency was investigated, while the temperature of the Twin-
CQCM was swept from —190 to +125°C by the built-in heater

Temperature sensor (Tg)

Additional (T,)

1

150 100 50 0 30 100
Output temerature of the Twin-CQCM (° C)

Difference between the output temperature
and the center temperature Ts - Tc (° C)
8]

Fig. 7. Twin-CQCM temperature measurement accuracy when the Twin-
CQCM was cooled to —190°C. The difference between the two RTDs was
less than 2.6°C. The error was 0.4°C at —130°C.

in a vacuum chamber. The Twin-CQCM was attached to a
copper baseplate cooled by liquid nitrogen. Thanks to the twin-
electrode technique, the drift of the output frequency was less
than +10 ppm (|F; — F;|) in the range of —175 to +125°C
without the crystal matching procedure in selecting a pair of
crystals with the same temperature dependencies. The value
for delta is sufficiently small that it does not affect estimation
of the contaminant deposition/desorption mass.

D. Temperature Measurement Accuracy

As shown in Fig. 1, a temperature sensor is installed in
the free area of the crystal to measure the crystal temperature
directly. Because the temperature of interest is at the elec-
trodes, (i.e., the center of the crystal), the difference between
the sensor temperature (7;) and the center temperature (7;)
was estimated. Figure 7 shows the result of the difference.
To measure the center temperature, an additional sensor (7;)
was installed. The sensing and reference electrodes instead
of the oscillation function. The difference between the two
temperature sensors (7y —7T,) was +0.4 to 42.6°C in the range
of —130 to +100°C under cooling by liquid nitrogen. The slope
was only 0.009, which confirmed the accuracy of temperature
measurement. Because the baseplate was controlled at —190°C
by liquid nitrogen, the error value was larger the further away
the crystal temperature was from the baseplate temperature.
For more accurate temperature measurement, it is better for
the baseplate temperature should be kept as close to the
temperature range of interest as possible.

[1l. CONTAMINATION MEASUREMENT

A. Deposition and Desorption Sensing

To verify the sensor functions, a contamination measure-
ment was conducted using a vacuum chamber as shown in
Fig. 8. The apparatus consists of an Effusion Cell including
a contaminant source and a Twin-CQCM sensor facing the
Effusion Cell. The Effusion Cell is a cylindrical metallic case
with an orifice at the bottom and a heater around the side
to warm the source material inside it. Figure 9 shows an
outgas deposition and desorption measurement of an epoxy
adhesive, EC2216. The deposition was clearly confirmed from
the sensor frequency change (AF = |AF; — AF,]) in the
deposition phase at the sensor temperature of —20°C. The
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Fig. 8. Vacuum chamber setup for the contamination test to verify the
Twin-CQCM sensor functions. Both the baseplate and the shroud were
cooled by liquid nitrogen to prevent multi-reflection of outgas and to keep
the sensor at —190°C.
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Fig. 9. Deposition and desorption experiment result of the Twin-CQCM
sensor from —20 to +125°C. At each plateau in the deposition phase,
the sensor was evacuated under the gas flow.

deposition was interrupted by moving the shutter above the
Twin-CQCM sensor with the baseplate from under the orifice
at each plateau in Fig. 9. The reference frequency change
(A F;) was only —0.69 Hz from 200 s to 500 s (the data is
not shown in Fig. 9); therefore, the sensor cover successfully
kept the reference electrode clean. The result supports the
calculated deposition distribution of the crystal as discussed
in Section IIA. After the deposition phase, the sensor was
warmed to 0, 420, 440 and +125°C to obtain the desorption
characteristics. At a temperature between 0 and +20°C, the
desorption characteristics of EC2216 were confirmed, which
is consistent with our prior experimental results.
Thermogravimetric Analysis (TGA) [10], [14] is required to
identify the number of different contaminants and to determine
their desorption temperatures. The temperature of the sensors
was set to —175°C at the deposition phase, and then the TGA
spectrum was acquired at a ramp rate of 1°C per minute.
The deposited mass acquired by the Twin-CQCM sensor was
60.0 ug/cm?®. As seen in the TGA spectrum in Fig. 10, some
typical peaks were confirmed in the different temperature
range in accordance with the substances of the RTV-S691.

B. Frequency Response to Temperature Change
Frequency shift caused by except for mass loading must
be avoided. When the temperature setting is changed, the
thermal input and output condition at the quartz crystal would
be agitated because the temperature controller changes from
isothermal to the ramp state. As a result, the Twin-CQCM
frequency could be unstable at such a temperature state change
point. Considering the use case of the Twin-CQCM, the

g x10” ' ' ' x10°°
125

o —— Deposited mass o
g —— Desorption rate é
ey ~
2 &
2 2
] 5
= =
£ g
[=] =]
2 2

—100 =50 0 50 100

Temperature (° C)
Fig. 10. TGA result of RTV-S691 from —100 to +125°C with a ramp

rate of 1°C/min. Each peak represents a certain substance containing
the adhesive.
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Fig. 11.  Twin-CQCM frequency response to temperature change. The
response was evaluated with three ramp rates at —175°C to —160°C in
a vacuum chamber without deposition. The black solid and dash-dotted
line represent detection (Fg) and reference frequency (Fy), respectively.
The blue line shows sensor output frequency (F = |Fq — Fr|) The sensor
output frequency disturbance with ramp rate of 1, 5, and 10°C per minute
were 3, 11, and 13Hz, respectively.

temperature setting is expected to be changed from isother-
mal to temperature ramp state for Thermogravimetric Analy-
sis. Figure 11 shows the evaluation results of the frequency
response with three ramp rates at from —175°C to —160°C in a
vacuum chamber. The disturbance was evaluated by the sensor
output frequency at each change point from isothermal to
ramp state ((a)(b)(c) in Fig. 11). The sensor output frequency
(F = |Fy —F;|) shift with ramp rates of 1, 5, and 10°C
per minute were (a)3, (b)11, and (c)13Hz, respectively. It is
thought that the higher ramp rate, the local thermal condition
at the quartz crystal changes with higher ramp rates. Because
both the detenction (F,) and reference frequency (F,) changed
in the same direction as shown in Fig. 11, the disturbances of
the sensor output frequency were sufficiently minimized to
measure contaminants in deposition and desorption, in partic-
ular, with a ramp rate of 1°C per minute, standardized in [10].

C. Isolation Between Detection and Reference
Electrodes

The detection and reference electrodes oscillate alternately
to eliminate the vibration interference between the electrodes.
The mass load effect isolation between the electrodes is
another concern, (i.e., the mass load at the detection electrode
must be negligible with respect to the reference one). To evalu-
ate the isolation, the detection and reference frequency changes
during the deposition phase were investigated. Figure 12
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Fig. 12. Frequency behavior of both detection and reference electrodes
during deposition phase. The source material was RTV-S691. The
temperature of the Twin-CQCM was set to —175°C. The frequency
change of the reference (AFy) was only 11 Hz even though the detection
(AFgy) was —14.949 kHz.

shows the frequency during deposition phase at —175°C, with
source material of RTV-S691. The total frequency change of
detection and reference was —14.949 kHz (A Fy) and 11 Hz
(A F;), respectively. It is found that the detection and reference
electrode vibrations are well isolated, so the mass load at the
detection electrode does not affect the reference one.

D. Sensor Dynamic Range

The dynamic range as a sensor frequency saturation was
investigated with various source materials: RTV-S691,
2-ethylhexyl phthalate (DEHP), and polyimide film
(U-varnish, UBE Industries) as shown in Table II. When the
RTV-S691 was deposited, the fundamental mode frequency
(AF = |AF; — —AF;]) of 48.9 kHz (204.5 ,ug/cmz) was
confirmed in the deposition phase without no saturation
as shown in Fig. 13(a). In the desorption phase after the
deposition, the output frequency of 3rd overtone showed
a unique response: the output frequency at the detection
electrode jumped then stopped, even though it was less than
the total deposited mass (204.5 ug/cm?, at which pint it
would become hard to oscillate). Because the oscillation
drive margin of 3rd overtone is relatively less than that of the
fundamental mode, the oscillation anomaly occurred only for
the 3rd overtone. This suggests that properties such as density
and viscosity of the deposited contaminant film on the QCM
sensor changed according to the temperature increase. This
behavior was noticeable with DEHP (Fig. 13(b)) even when
the deposited mass was only 21.16 ug/cm? (5.057 kHz),
much less than that of RTV-S691.

In contrast, saturation did not occur with polyimide film;
the deposited mass was 705.9 ug/cm? (168.7 kHz). Because
polyimide film (U-Varnish, UBE Industries) was coated using
a spin coater on the detection electrode and cured at +350°C,
the film was relatively stiff and less likely to absorb as
much oscillation energy as RTV-S691 (silicone adhesive),
and DEHP (liquid) did. Thus, the dynamic range varies and
depends not only on the deposited mass but also the source
material’s physical properties.

The oscillation state in the desorption phase was investi-
gated to identify the cause of the variation in saturation. The
input-output throughput characteristics with the S parameter
(S12) of the fundamental mode was measured with RTV-S691

<107 Deposition | Desorption
20F (a
@) 1100
) Oscillation stop ° s
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Fig. 13. The saturation characteristics of the Twin-CQCM. The black
dots are the fundamental mode frequency (AF of fundamental), the blue
dots are 3rd overtone frequency (AF of 3rd overtone). (a) The source
material was RTV-S691, the total deposited mass was 204.5 ng/cm?
(48.9 kHz). (b) DEHP, 21.16 puglcm? (5.057 kHz).

source material. A network analyzer (Keysight ES100A) was
connected to the detection electrode through a feedthrough
into the vacuum chamber. Figure 14 shows S;» around the
fundamental mode frequency (10.278 MHz) of the detection
electrode obtained by the network analyzer during the desorp-
tion phase, where the resonance frequency was determined,
and where the attenuation was at its minimum (i.e., maximum
S12). The S1» response showed two features: that the anomaly
resonance frequency shifted from —90 to —70°C and that
the oscillation impedance increased at —50°C. The resonance
frequency decreased from —90 to —70°C (Figs. 14 (a)(b)(c)),
although the deposited mass must have decreased (i.e., the
resonance frequency must have increased). This is similar
to the case of DEHP (Fig. 13(b)); the oscillation frequency
decreased (i.e., as if the deposited mass increased) just
before the oscillation stopped (A), even though it was in the
desorption phase. Here, the relationship between oscillation
frequency and liquid properties on the Twin-CQCM electrode
is expressed in Eq. (6) [21].

3
AF = _fof Pl
TpqHq

Where, fo, pq, and u, are the parameters of quartz crystal, the
same as with Eq. (1): p; and w; are the density and viscosity
of the liquid on the detection electrode. Based on Eq. (6), the
Twin-CQCM frequency shifts when the density and viscosity
of the liquid on the electrode change. Given that the deposited
contaminant film effused from RTV-S691 and DEHP behaves
like a viscoelastic medium, the frequency shift in Fig. 13(b) A
and Figs. 14 (a)(b)(c) indicated an increase in the density (p;)
or the viscosity (x;). The oscillation impedance increase in

(6)
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Fig. 14.  Resonant response (Si2) of the Twin-CQCM sensor in

desorption phase with silicone rubber. (a) was at temperature of —90°C
at the end of deposition phase. Increasing the temperature, the S1o was
changed from (a) to (g) at +25°C. The total deposited mass was 60.0 kHz
(251.0 uglem?).

TABLE Il
TWIN-QCM SENSOR DYNAMIC RANGE
Saturated Saturated
Source .
- deposited mass sensor output frequency
material 5
(ug/cm”) (kHz)
Deposition at =190°C
>204.6 >48.9
RTV-5691 Desorption from —190 to +125°C
around 204.6 around 48.9
Deposition at =190°C
Phthalic acid >21.16 >5.057
(DEHP) Desorption from —190 to +125°C

around 21.16 around 5.057
Deposition and desorption

Polyimide film > 705.9 >168.7

Fig.14 (c)(d)(e) also suggests that the density and/or viscosity
change caused the oscillation energy loss and the oscillation to
stop. Based on these results, the sensor dynamic range strongly
depends on the physical properties of the contaminant film,
such as density and viscosity, as mentioned in [22].

Moreover, because the anomaly saturation occurred in the
middle of desorption, the contaminant film properties, such as
density and viscosity, drastically changed with warming in the
desorption phase. Accordingly, these results prove that some
kinds of contaminant films behave as viscoelastic media, and
their properties change upon desorption under a vacuum. Thus,
it is thus expected that the Twin-QCM, with its admittance
measurement and analysis techniques [23], is suitable to the
investigate property changes of contaminant films.

Table 1T summarizes the results during both the deposition
and desorption cases. For RTV-S691 with a total deposited
mass of 204.6 pg/cm?, since the oscillation continued in the
deposition, there was a margin for the oscillation to stop;
conversely, since the 3rd overtone stopped in the desorption

—90} m

Twin-TQCM temperature (° C)

-40 30 20 10 0 10 20 30
Heatsink temperature (° C)

—100

Fig. 15. The relationship of temperature between a copper heatsink and
the Twin-TQCM temperature. The vertical axis shows the lowest Twin-
TQCM temperature using the Peltier unit with maximum input power.
The Twin-TQCM was installed on the heatsink cooled by a cooling bath
to control the heatsink temperature.

50

Polyimide film on the AO irradiation stop

detection electrode

Fq—F,) (kHz)
=1

disappearance

= -100 b
z
5
Z-150 A b
E Z “unstable due to the
B ) ) | irradiation apparatus ) )
00°——=—0 2 4 6 § 10
Time (hours)
Fig. 16.  AO fluence measurement by the Twin-CQCM sensor with

polyimide thin film.

phase, the oscillation stop should occur around the deposited
mass range (i.e., 204.6 xg/cm?) also in the fundamental mode.
Similarly, for DEHP, the dynamic range in the deposition
and the desorption phase would be more than 21.16 ug/cm?
and around 21.16 ug/cm?, respectively. On the other hand,
the dynamic range with polyimide film is well secured until
705.9 uglem? is reached in both the deposition and the
desorption phases.

IV. TWIN-TQCM SENSOR

A new Twin-Thermoelectric QCM (TQCM) sensor was also
developed. It does not require liquid nitrogen cooling. Instead
of the heater in the LTCC holder, a two-stage Peltier unit is
inserted between the holder and the oscillation circuit (Fig.2).
The operating temperature with active control by the Peltier
unit ranges from —80 to +125°C. The operating temperature
with active control by the Peltier unit ranges from —80 to
+125°C. The Peltier unit’s cooling characteristics, represented
by AT between the heatsink and the quartz crystal, apparently
depends on the heatsink temperature and the surrounding
thermal conditions. Figure 15 shows the relationship between
the temperatures of a copper heatsink and a sensor crystal
in vacuum. The heatsink was chilled by a cooling bath
instead of by liquid nitrogen. When the heatsink was cooled
below —30°C, the crystal temperature dropped below —80°C.
When the heat sink was at +28.5°C (i.e., room temperature),
the crystal temperature was —40°C. The Twin-TQCM sensor
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assures that the AT between the heatsink and the sensor is at
least 50°C if the thermal dissipation path is secured.

V. ATOMIC OXYGEN MEASUREMENT
As with contamination phenomena, Atomic Oxygen (AO) ’s
degradation effects are investigated thoroughly and estimated
in a vacuum. To demonstrate this application, an AO irradia-
tion test was conducted using the vacuum chamber reported in
earlier work [24]. A thin, polyimide film was selected as the
target material for AO irradiation. The polyimide film is eroded
in proportion to the number of AO collisions, and the Twin-
CQCM sensor can measures the erosion rate. Figure 16 shows
the sensor crystal with a polyimide film (U-Varnish, UBE
Industries) coated using a spin coater on the sensor electrode
for detection. When the thickness of the film was 5.4 um,
the frequency of the sensor was 168.7 kHz. The sensor was
installed in an AO irradiation chamber, and another polyimide
film sheet was put next to the Twin-CQCM sensor for mon-
itoring the AO total fluence. Figure 16 shows the frequency
during irradiation. The sensor successfully determined the AO
flux and the number of AO particles incident per second (i.e.,
a slope of approximately 7 Hz/s), which is consistent with the
sensitivity of 9.44 atoms/cm?/Hz calculated for the reference
polyimide film placed next to the Twin-CQCM sensor. The
total AO flux during the irradiation test was calculated by
Eq. (7).
Am
"~ ApR,

Fao (7
where, Fqo is the AO fluence, Am is the mass loss of the
polyimide film, A and p are the area and density of the
film on the detection electrode, respectively, and R, is the
reaction efficiency of AO and polyimide (3.0 x 10~2* cm3/AO
atom) [25]. Because the polyimide film entirely covered the
detection electrode, A was consistent with the electrode area
(12.6 mm?), and p was 1.4 g/lcm3. The start of AO irradiation
in Fig. 16 was unstable; due to the irradiation apparatus. Note
that the oscillation did not stop during the erosion phase even
though the deposited mass of 705.9 ug/cm? (168.7 kHz) was
much higher than RTV-S691 described in Section IIIB; this is
because the polyimide film is not a viscoelastic medium.

VI. CONCLUSION

The new Twin-CQCM and Twin-TQCM with a wide oper-
ating temperature range for outgas assessment was proposed
and demonstrated. The Twin-TQCM sensor is applicable for
onboard spacecraft sensor because it needs no refrigerant for
temperature control. This paper reports the sensors’ excellent
accuracy — the difference between the sensor output and the
center of the crystal was less than 2.6°C. The Twin-QCMs
had easy replaceability for sensor refreshment and can also be
used to measure AO.

In the discussion on the dynamic range, it was stated that
the saturation frequency varies with the type of deposited
material. Twin-QCMs oscillated in contact with polyimide film
at 168.7 kHz; in contrast, the oscillation quality was degraded
in contact with DEHP even at 5.057 kHz in the desorption

phase. The measured S, characteristics suggest that the con-
taminant film’s physical properties change significantly, like
viscoelastic media in a vacuum. An additional measurement
system for simultaneous resonance frequency, impedance, and
admittance is needed to investigate further. If QCM sensors
accurately determine viscosity and density, it would be useful
to provide further information about the kinds of substances of
contaminant films and to improve the contamination predicting
methods.
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