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This report covers research and development conducted during
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SUMMARY

The Final Report describes the design and construction of a
Temperature=Controlled Quartz Crystal Microbalance (TQCM) system
for flight on the SCATHA satellite. The TQCM system consists of two
radiatively-cooled Heads and a Controller., Each Head contains a re-
movable high-sensitivity mass sensor, temperature probe and heater.
By ground command, the Controller can set both sensors to operate
simultaneously at +100, +30, 0, -30, -60°C %1 C° or free run. For free
run, a Head reaches an equilibrium temperature depending on its view
of space. For example, results from a computer thermal model show
a Head periodically viewing the sun and deep space will reach about
-67°C while a Head continuously pointed into deep space will reach
about -163°C.

TQCM inputs are temperature commands, power, enable and
clock. Outputs for each Head are high and low-sensitivity mass and
sensor temperature 0 to 5 volt analogs and frequency vs mass.

The mass sensors are instrumented with low—-power dissipation
15-MHz, aluminum plated, optically-polished quartz crystals. Mass
sensitivity is 1.56 x 10~9 g/cm2-Hz which is over two times greater
than 10-MHz crystals now being used in space.

Each Head is 5.7 x 5.7 x 3.9 in and weighs 1.4 1b,

The Controller is 4.8 x 5.6 x 3.3 in and weighs 1.8 1b.

The TQCM system operates on +28 ¥4 \Vdc at 2.142 W for heaters
OFF and 5.07 W for heaters ON,

A structure is provided in each Head for mounting a potential
analyzer to determine the effects of spacecraft charge on surface con--
tamination.

xi



1.0 Introduction

The TQCM system design is based on the Cryogenic QCM1 (CQCM)
constructed for flight on the NASA Shuttle. The CQCM is radiatively-
cooled and operates at minimum temperatures to measure water vapor
contamination,

The TQCM makes use of the CQCM thermal modeling, high-sensi-~
tivity, removable mass sensors and low-power dissipation electronics.
The TQCM has the added capability of temperature control by command.

1T ne TQCM design incorporates temperature commands because
of the need to measure various species of contamination including water
vapor as a function of temperature. The TQCM sensor temperature can
be set by command to operate at +100, +30, 0, -30, -60°C *1C " or free
run.,

2.0 TQCM System

The TQCM system size and weight are shown in Figure 1. The
enlarged view of the sensor shows location of the quartz crystals.

A photograph of the system is shown in Figure 2. The small tabs
at the four corners of each mirror are for electrically grounding the ra-
diator to the satellite. The square region in the center of the Head is for
mounting a potential analyzer for studying surface contamination as a
function of spacecraft charge.

Different views of the Head and Controller are shown in Figures
3, 4 and 5.

3.0 Thermal Analysis

The amount of power, W, radiated by a surface is defined by

4 4
W=es (T, -T5)
where ¢ is surface emittance, g the Stefan-Boltzman constant (5.67 x
109 W/m2|<4) and T4 and T are respectively the surface temperature
and the temperature of space in °K.,
The power radiated by a surface (140°K) into space (4°K) is 2.18
mW/cme, For a 100 cm? radiator, suitable for cooling a TQCM, the



suoneo1J109dg WaIsAS WODL L sunbBl4y

F=F - F F

o ST . e oTE HITTOHLNOD

440 sdJ@3edH M ch ¢

maln pabuaeiuz
¥ OPA BZ iJamod

at 8- |
Ul £°€ X 9°G X 8°fH dD]1043uU0D

0
(V™ IO al b L ‘E_
Ul 6°E X £°G X £°G pedH

UMGL*LXBR"0
SNOLLWYOIAdIOAdS JOSUSS B|geAoulEy




1IWVLSNI Vdd LNOHL IV




ATION

SUL

IN

R

D SUP

AN

NICS

<
p~
\/
Y
e

- LN SR B EN NN NS .'.,-‘||v!|'-‘-|n|-|-,-qv|-|~
’ , .

v -
3 ? )

.

¥ = : L - .
" P PR oL Wy ST SO ST I PR e




MIIA FAIS HATTOHLNOD WODL ¥ H9Nold




N

821 "ON Q¥vO8 ¥3Ad003Ad ANVWWOOD VI¥3S ANV
G221 *ON Q¥vOdg SHILHIANOD LT1ON/TFHA ONIMOHS ¥IT1TTTOMLNOOD WODL S 3dNold

PUSEARSER RS A a———




power is 213 mW. In practice, the effective cooling is much less because:

a) Surface emittance is less than unity

b) Backside of the radiator will absorb heat from the spacecraft

¢) Conduction of heat from the spacecraft to the radiator

d) Oscillating quartz crystal sensor dissipate power

The optimum TQTM Head design was determined by computer
modeling.2 Several computer runs were made on Head designs using
various materials for its construction and different levels of power dis-
sipations in the crystal sensors.

The final Head design is shown in Figure 6. The Head contains
the radiant cooler, mass sensors, oscillators and output amplifier. The
radiant cooler is a plane surface constructed from aluminum. The sensors
are mounted in a well machined in the radiator. Second-surface quartz
silver plated mirrors are attached with RTV to the radiator.* The mirror
front surfaces are coated with a conducting layer of indium oxide for ground-
ing purposes. The mirrors have a solar absorptance o = 0.08 and a
thermal emittance € ~ 0,80, The radiator is attached to the base plate
by four high—-strength fiberglass—epoxy laminate standoffs. The electronic
unit is connected to the crystal sensor by 0,005 in diameter Stablohm
leads to provide thermal isolation.

Radiative heat exchange from spacecraft to the radiator is mini-
mized using a stacked multilayer superinsulation of gold plated Kapton
held in place beneath the radiator by a Teflon screen.

After the Head design was fixed, its operation in space was de-
termined by computer analysis. Calculated minimum equilibrium temp-
eratures are shown in Figure 7 for a Head viewing space and in Figure 8
for viewing the sun and space at 1 RPM,

The heating powers required to maintain the space oriented Head
at various set temperatures are shown in Figures 9 - 13. The sensor
operates at a higher temperature than the set temperature because of its
power dissipation.

The heating powers required to maintain the 1 RPM sun oriented
Head at various set temperatures are shown in Figures 14 - 18. The
sensor operates above set temperature because of its power dissipation.

4.0 TQCM Electronics

The goal of the electronics design was to minimize power dissipa-
tion in the TQCM so as not to excessively load the radiant cooler.

* Mirror attachment was made by the Aerojet Electro Systems Co.

through the assistance of Dr. M,K. Barsch.
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The TQCM system interconnections are shown in Figure 19,
The Head electronics block diagram is shown in Figure 20.
The Controller electronics block diagram is shown in Figure 21.

4.1 Oscillators

Oscillators are designed with a wide band width to operate
15=-MHz crystal sets.* The power dissipation for the oscillators is
5 mW. The oscillator diagram is shown ir Figure 22,

4,2 Beat Frequency

The oscillators drive a mixer-beat—frequency operational am-
plifier having a low impedance high—gain output. The total power dissi-
pation of the TQCM oscillators and operational amplifier is only 16 mwW
and represents a reduction of better than 2/3 over the best QCM now
available. The frequency output of the amplifier is proportional to
sensor crystal contamination loading. This frequency is provided as an
output for direct monitoring of contamination. The frequency is also
fed into a converter to provide an analogue output for spacecraft tele-
metry. The mixer and output amplifier diagram is shown in Figure 23.

4.3 F requency Converter

The analogue output of frequency is provided by a two frequency-
analogue (F/A) converter. The high and low sensitivity converters are
shown in Figure 24, Capacitor/resistor networks on the outputs pro-
tect the converters from damage by telemetry voltage surges.

4.4 Heater Driver

The sensor heater requires about 1 W during operation. The
heater driver shown in Figure 25 provides this heavy power.

4,5 Teniperature Bridge

Thz temperature of mass sensors is monitored by a precision
helium=-filled platinum thermometer linear to 0.5%. The bridge output

Crystal set dissipates <« 100 p W depending on drive level

21
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provided the signal to maintain a commanded set temperature. The
bridge is shown in Figure 26,

4.6 Command Electronics

The decoder for input temperature commands is shown in
Figure 27, The Zener capacitor network on the clock, enable, and
data lines protects the decoder from input voltage surges.

The relay network is driven by the decoder for operating the
heater driver. It is shown in Figure 28,

4,7 Power Supply

The TQCM requires a highly stable DC/DC isolation from satel-
lite 428 t4 Vdc power. Separate high and low power outputs for elec—
tronics and heaters are needed. The high-efficient, switching supply,
manufactured for Faraday Laboratories Inc. by Trancistor Devices Inc.,
is shown in Figure 29.

5.0 Calibration
54 Mass Sensor

The heart of the TQCM is its high mass sensitivity 15~-MHz mass
sensor., The design goal for sensor temperature vs frequency stability
was 175 between —60 and +60°C. This difficult objective was exceeded
for the two sensors. Table 1 shows the matched crystals to have sta—
bilities of 35 Hz and t14 Hz between -60 and +60°C.

F requency vs temperature plots for the crystal sets used in TQCM
Heads 1 and 2 respectively are shown between -60 and +100°C in Figure 30.

After the sensors were calibrated, the sensor crystals were over-
plated with aluminum to give the matched set a beat frequency of 2kHz re-
quired for driving the F/A converters.

5.2 Controller

Calibration data of the TQCM Controller outputs for various input
voltages at various ambient temperatures are shown in Tables 2 - 14,

The tabulated calibration data are plotted in Figures 31 - 37 for
TQCM Heads 1 and 2. Ambient temperature variations and input voltage
changes are not called out in the figures., Changes in voltage and tempera-
ture produce Controller output changes of less than a few per cent and are
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Table £ TQCM Freqg/Volt Converter Output at 0°C Ambient for Input Power
Voltage of +28 Vdc T 4V. Sensor Beat Freq at Zero |_oading 2KHz

Sensor Beat Mass Loading Hi-Sens. Lo-Sens. Hi-Sens. Lo-Sens.,
Freq Change Change Out. No. 1 Out. No. 1 Out. No. 2 Out. No, 2
(H2) (g/cm?2 x 1076) %) M M 4%

-200 0.312 4.87 5.07 4,97 5.05
-150 0.234 4,72 5.07 4.80 5.05
-100 0.156 4.56 5.06 4.64 5.05
-50 0.078 4.40 5.06 4.48 5.04

0] ] 4.24 5106 4.31 5.04

100 0.156 3.94 5.05 4.00 5.03
200 0.312 3.62 5.04 3.67 5.02
300 0.468 3.31 5.03 3.35 5,01
400 0.624 2.99 5.03 3.02 5.00
500 0.780 2.67 5.02 2.69 5.00
600 0.936 2.36 5.01 2.37 4,99
700 1.092 2.04 5.00 2.04 4,98
800 1.248 1.73 5.00 1.72 4,98
900 1.404 1.41 4,99 1.39 4.97
1,000 1.560 1.09 4,98 1.06 4,96
1,100 1.716 77 4.97 .73 4,95
1,200 1.872 4.96 4,94
3,000 4.680 4,83 4,81
8,000 12.480 4,43 4.44
18,000 28,080 3.66 3.63
28,000 43,680 2,88 2.85
38,000 59,280 2.11 2.07
48,000 74,880 1.34 1.29
58,000 90.480 .68 .66
59,000 92.040 .63 .62
60,000 93.60 .57 .56
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Table 3 TQCM F reg/Volt Converter Output at +20°C Ambient for Input Power
Voltage of +28 VVdc £ 4V. Sensor Beat Freq at Zero Loading 2KHz

Sensor Beat Mass Loading Hi-Sens, Lo-5Sens. Hi-Sens. Lo-Sens.
Freq Change Change Out. No., 1 Out. No. 1 Out., No. 2 Out. No. 2
(H2) (9/em®x1076) (V) <2 M $2)

-200 0.3812 5.06 5.09 5.15 5.07
=150 0.234 4.90 5.09 5.00 5.07
=100 0.156 4.75 5.08 4.83 5.06
-50 0.078 4,60 5,08 4.68 5.06

0 0 4,45 5.07 4.52 5.06

100 0.156 4.14 5.07 4,20 5.05
200 0.312 3.84 5.06 3.89 5.04
300 0.468 3.53 5.05 3.57 5.08
400 0.624 3.22 5.05 3.25 5.03
500 0.780 2.92 5.04 2.94 5.02
600 0.936 2.61 5.03 2.62 5.01
700 1.092 2.30 5.02 2.31 5.00
800 1.248 1.99 5.01 1.99 4.99
900 1.404 1.68 5.01 1.67 4.99
1,000 1.560 1.38 5.00 1.35 4,90
1,100 1.716 1.07 4.99 1.04 4,97
1,200 1.872 .76 4.98 4,96
3,000 4.680 4.84 4.82
8,000 12.480 4.45 4.43
18,000 28.080 3.67 3.65
28,000 43.680 2.90 2.86
38,000 59.280 2.12 2.09
48,000 74.880 1.35 1.30
58,000 90.480 .68 .66
59,000 92.040 .63 .62
60,000 93.60 .56 .55
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Table 4 TQCM Freq/Volt Converter Output at +30°C Ambient for Input Power
Voltage of +28 Vdc T 4V. Sensor Beat Freq at Zero Loading 2KHz

Sensor Beat Mass Loading Hi-Sens. Lo-Sens. Hi-Sens. Lo-Sens.
Freq Change Change Out. No. 1 Out. No. 1 Out, No. 2 Out. No. 2
(H2) (9/cm2 x 1076) %) %) % %)

200 0.312 5.05 5,09 5.15 4,94
-150 0.234 4.90 5.09 4,99 5.08
-100 0.156 4.74 5.09 4,84 5.07
-50 0.078 4,59 5.08 4,67 5.07

0 0 4,44 5.08 4,52 5.06

100 0.156 4,14 5.07 4,21 5.05
200 0.312 3.83 5.06 3.89 5.04
300 0.468 3.52 5.06 3.58 5.04
400 0.624 3.21 5,05 3.26 5.03
500 0.780 2.90 5,04 2.94 5.02
600 0.936 2.59 5.083 2.62 5.02
700 1.092 2.28 5.02 2.30 5.01
800 1.248 1.98 5.02 1.98 5.00
900 1.404 1.67 5.01 1.66 4,99
1,000 1.560 1.35 5.00 1.34 4,98
1,100 1.716 1.05 4.99 1.03 4,98
1,200 1.872 .74 4,98 4,97
3,000 4.680 4,85 4,83
8,000 12.480 4.46 4,44
18,C00 28,080 3.67 3.65
28,000 43.680 2.90 2.87
38,000 59,280 2.12 2.09
48,000 74,880 1.35 1.31
58,000 90,480 .68 .66
59,000 92.040 .62 .62
60,000 93.60 .56 .55
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Table 5 TQCM Freqg/Volt Converter Output at +50°C Ambient for Input Power
Voltage of +28 Vdc t 4V. Sensor Beat Freq at Zero Loading 2KHz

Sensor Beat Mass lLoading Hi-Sens. Lo-Sens. Hi-Sens., Lo-Sens.
Freq Change Change Out. No. 1 Out. No. 1 Out. No., 2 Out. No. 2
(H2) (9/cm?2 x 1076) %) %) %) %)

-200 0.312 5.16 5.12 4.€6 4.84
-150 0.234 5,01 5.11 4.95 5.12
-100 0.156 4.86 5.11 4,97 4,95
-50 0.078 4,71 5.10 4,81 4,99

0] ) 4.56 5.10 4.66 5.08

100 0.156 4.26 5,09 4.36 5.07
200 0.312 3.96 5.09 4.05 5,086
300 0.468 3.65 5.08 3.73 5.06
400 0.624 3.35 5.07 3.42 5.05
500 0.780 3.04 5.06 3.10 5.04
600 0.936 2.73 5.05 2.79 5.04
700 1,092 2.43 5.04 2.48 5.03
800 1.248 2.12 5.083 2.16 5.02
900 1.404 1.81 5.03 1.85 5.01
1,000 1.560 1.51 5.02 1.54 5.00
1,100 1.716 1.21 5.01 1,22 4,99
1,200 1.872 .90 5.01 .91 4,99
3,000 4,680 4,87 4,85
8,000 12,480 4.47 4.45
18,000 28.080 3.69 3.67
28,000 43.680 2,9 2.88
38,000 59,280 2.13 2.10
48,000 74,880 1.35 1.32
58,000 90,480 .67 .67
59,000 92,040 .61 .61
60,000 93.60 .54 .54
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too small to plot. If these variations are to be observed, tabulated
data must be used.

6.0 Command Logic

The TQCM System command logic is shown in Table 15.

When the TQCM is commanded to free run, the decoder relay
(Figure 28) places 100.8 ohms (Rg) into the temperature control circuit.
The nulling temperature for this resistance is =164.6°C or slightly less
than the minimum calculated TQCM operating temperature, The reason
this resistance value was chosen was to minimize power dissipation
during free run but provide a null temperature commensurate to the
minimum TQCM operating temperature.

Table 15 TQCM System Serial Command l.ogic

Serial Bits Temperature Command

1-18 19 20 21 22

X 0 0 0 0 Free Run (min temp)

X 1 o) 0 0 -60°C

X 0] 1 0] c -30°C

X 1 1 o o (0L (@

X 0 0 1 1 +30°C

X 1 0 1 0 +100°C
REFERENCES

1. McKeown, D., Sonnenschein, 5. and Fox, M.G., Cryogenic
Quartz Crystal Microbalance, Final Report, FAR-D-001-76, i~araday
Laboratories Inc., Prepared for NASA, MSFC, Jan. (1976).

2, McKeown, D,.,, Sonnenschein, G. and Fox, M.G., "CQCM",
8th Space Simulation Conference, NASA SP-379, p. 343, Nov. (1975).
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