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Executive Summary

The Stratospheric Aerosol and Gas Experiment III (SAGE III) telescope and
instrument assembly employ the methods of solar occultation and lunar occultation
to retrieve near-global vertical profiles of atmospheric ozone, water vapor, nitro-
gen dioxide, aerosol extinctions, and other gaseous species and atmospheric state
parameters. The SAGE III grating spectrometer measures light within the spec-
tral range of 280 nm to 1037 nm at approximately 1 nm resolution, but retrievals in
the Ultraviolet (UV) are particularly sensitive to contamination of the optical train.
Therefore, a contamination door that contains a quartz optical window can be closed
over the telescope aperture during periods of enhanced external contaminant flux.
This optically transparent window permits continued science event acquisition at
an acceptably diminished signal-to-noise ratio, which is expected to decline with
ongoing accretion of contaminant material. To date, this impact has been short-
term, and science quality through the window returns to baseline performance after a
contamination source is removed and spontaneous desorption removes material from
the low-affinity quartz surface. Two Contamination Monitoring Packages (CMPs)
consisting of eight Thermoelectric Quartz Crystal Microbalances (TQCMs) from
QCM Research provide characterization and redundant monitoring of contaminant
deposition from the 2π steradian solid angle on the payload side of the Expedite
the Processing of Experiments to the Space Station (ExPRESS) Payload Adapter.
CMP data are closely examined by the SAGE III team to determine when the con-
tamination door should remain closed during science events and in what direction
the instrument assembly scan head should stow when not acquiring science mea-
surements. Additionally, should the CMPs indicate an unacceptable accretion rate,
the flight computer will close the contamination door as part of the automatic fault
detection system. Along with spectrometer measurements of the quartz window’s
transmission, the payload CMPs enable auditing of the mission contamination bud-
get. The process of Thermogravimetric Analysis (TGA) can be used to help identify
chemical constituents accreted on the CMP sensors. To be presented here along with
an explanation of the CMP systems are the first three years of observations of the
contaminant deposition environment around the payload in quiescence and during
special events like docking vehicles.
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Figure 1: Field of View for All SAGE III CMP Sensors
(The nadir View Is into the Page)

1 Introduction

1.1 Brief Mission Overview

The Stratospheric Aerosol and Gas Experiment III (SAGE III) was delivered
to the International Space Station (ISS) on 23 February 2017 in the unpressurized
trunk of the SpaceX Commercial Resupply Services (CRS)-10 Dragon spacecraft.
The SAGE III payload was robotically installed on ExPRESS Logistics Carrier-
4 (ELC-4) on the nadir side of the S3 Truss and began acquiring atmospheric
science measurements on 17 March 2017. The SAGE III telescope and instrument
assembly employ the methods of solar occultation and lunar occultation to retrieve
near-global vertical profiles of atmospheric ozone, water vapor, nitrogen dioxide,
aerosol extinctions, and other gaseous species and atmospheric state parameters.
An additional limb scattering mode collects data from the daylit side of the orbit.

The SAGE III grating spectrometer measures light within the spectral range of
280 nm to 1037 nm at approximately 1 nm resolution, but retrievals in the Ultravio-
let (UV) are particularly sensitive to contamination of the optical train. Therefore,
a contamination door that contains a quartz optical window can be closed over
the telescope aperture during periods of enhanced external contaminant flux. This
optically transparent window permits continued science event acquisition at an ac-
ceptably diminished signal-to-noise ratio, which is expected to decline with ongoing
accretion of contaminant material. To date, this impact has been short-term, and
science quality through the window returns to baseline performance after a contam-
ination source is removed and spontaneous desorption removes material
from the low-affinity quartz surface.

Two Contamination Monitoring Packages (CMPs) consisting of eight Thermo-
electric Quartz Crystal Microbalances (TQCMs) from manufacturer QCM Research
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Figure 2: Vehicles That Have Visited the ISS Since SAGE III Deployed

provide characterization and redundant monitoring of contaminant deposition from
the 2π steradian solid angle on the payload side of the Expedite the Processing of
Experiments to the Space Station (ExPRESS) Payload Adapter, as seen in Figure 1.
CMP data are closely examined by the SAGE III team to determine when the con-
tamination door should remain closed during science events and in what direction
the instrument assembly scan head should stow when not acquiring science mea-
surements. Additionally, should the CMPs indicate an unacceptable accretion rate,
the flight computer will close the contamination door as part of the automatic fault
detection system. Along with spectrometer measurements of the quartz window’s
transmission, the payload CMPs enable auditing of the mission contamination bud-
get. The process of Thermogravimetric Analysis (TGA) can be used to help identify
chemical constituents accreted on the CMP sensors.

1.2 SAGE III Contamination Environment

The ISS external contamination environment on ELC-4 was poorly characterized
prior to the arrival of SAGE III. The project expected that during mission operations
the payload would be exposed to contamination from new ISS modules and new
commercial vehicles. Since initial studies and inquiries were unable to specifically
identify all contaminants and levels to which SAGE III could come into contact, the
CMPs were deployed as a risk mitigation strategy.

It is vital for SAGE III to measure and respond to contaminants to preserve the
quality of ozone, aerosol, and other data products. For example mesospheric ozone
is retrieved in the UV region of the spectrum and is a primary science product. How-
ever, contaminants such as silicates deposited on the instrument scan mirror would
absorb in the UV-bands and negatively impact the ability to retrieve mesospheric
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Figure 3: Side and Top Down Views of the SAGE III Payload

ozone abundances.
Prior to launch it was anticipated that ISS solar panels would be the largest

source of contamination. Solar panel contribution to the background contamination
over an orbit is coupled to the solar flux term, and exposure to a given QCM is
related to panel articulation. The solar flux variation over an orbit also induces noise
on individual CMP sensors by inducing a thermal gradient across the sensor. This
makes characterizing the contamination from solar panels on their own problematic.
However, contamination from the starboard solar panels seems to be no worse than
the background contamination flux.

Visiting vehicles have therefore been the largest source of attributable contam-
ination measured. To mitigate their effects on the instrument, the contamination
door is closed when vehicles arrive and depart. However when vehicles not previ-
ously observed by the CMPs arrive, the instrument is commanded into safe mode
for contamination characterization to determine future response.

1.3 ISS Activity

The ISS presents a dynamic environment with a host of activities that potentially
impact SAGE III including visiting vehicles, reboosts, venting, attitude maneuvers,
and Extravehicular Activities (EVAs).

The CMPs have direct and partial views of many docking ports as indicated in
Table 1. Visiting vehicles are the most prominent contamination sources. During
SAGE III’s time on orbit the following vehicles have visited the ISS: Russian Soyuz
and Progress, SpaceX Dragon (CRS) and Dragon2, Japanese H-II Transfer Vehicle
(HTV), and Northrup Grumman’s Cygnus capsule. The timeline of these vehicle
visits can be seen in Figure 2. Detailed analyses for each of the visiting vehicles can
be found in Section 3.4.
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2 SAGE III/ISS CMPs

2.1 Contamination Monitoring Packages (CMPs)

SAGE III is equipped with two CMP modules: CMP1 and CMP2. CMP1 is
located above the Interface Adapter Module (IAM) on the starboard ram corner
of the ExPRESS Payload Adapter (ExPA) and CMP2 is located at the opposite
port wake corner of the ExPA as shown in Figure 3. Some overlap between the
sensors is incorporated for the purpose of redundancy should sensor failure occur,
as shown in Figure 1. This full coverage is supported by CMP1’s five sensors and
CMP2’s three sensors. Two modules are required because of the layout of the main
payload, which leads to viewing obstructions for individual CMP sensors.

To monitor contamination that falls onto the payload and science instrument,
the entire half space on the nadir side of the payload pallet is covered by the CMP
modules. This is desired because contaminants in LEO are in general anisotropic
and subject to rarefied gas conduction, a flow regime in which molecular dynamics
are dominated by scatter from and adhesion to solid surfaces, and intermolecular
collisions are negligible. This is described as the Free Molecular Flow regime of Laf-
ferty [7, p. 81–82]. Contamination can only be measured by TQCMs when the
contamination source or surface of last scatter is within the crystal Field of View
(FOV) because intermolecular collisions fail to redistribute the contaminants. The
full details of each sensor FOV are summarized in Table 1.

The CMPs provide information to the internal IAM Fault Detection, Isolation,
and Recovery (FDIR) system, which is vital to protection of the instrument and data
quality. The ISS environment is dynamic so knowledge of the various ISS activities
allows for contamination correlation with events. These data can be provided to the
International Space Station Program (ISSP) and relevant parties to investigate the
sources of contamination.

2.2 The Quartz Crystal Microbalance

The eight CMP sensors are Mark 24 Thermoelectric Quartz Crystal Microbal-
ances (MK24 TQCMs). Weighing only 4.5 grams, the Mark 24 is currently one of
the smallest of its kind. The MK24 TQCMs are used to collect information about
the abundance of contaminants near SAGE III.

A MK24 TQCM includes two circular pieces of proprietary QCM Research
“AT Sunwise” cut quartz. As shown in Figure 4, each crystal has a gold elec-
trode on the upper side, with a chromium layer bonding it to the quartz surface,
and a smaller gold electrode on the underside similarly bonded. The AT Sunwise
cut is used to reduce the change in the fundamental shear mode frequency resulting
from the temperature variation caused by changes in solar flux loading on orbit.
Each MK24 TQCM sensor also has a single-stage Peltier heat pump, which can be
used to cool and heat the sensor assembly as commanded.

Quartz is a highly anisotropic material, the stress-strain behavior being described
by a fourth order tensor. Therefore the mechanical resonances of the crystal are
strongly dependent on the cut. Because of its piezoelectric nature, deformation
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CMP
Sensor

Direction
of View

Field of View
Typically
Observed

CMP1
Sensor 0

starboard ELC-4 Solar Arrays

CMP1
Sensor 1

ram
N2 zenith and nadir,

possibly N2 Fwd
Dragon,

Dragon2, HTV

CMP1
Sensor 2

Node 2
Focused

N2 zenith and nadir,
possibly N2 Fwd

Dragon,
Dragon2, HTV

CMP1
Sensor 3

Node 2
Broad

N1 nadir,
N2 zenith and nadir,

possibly N2 Fwd

Cygnus, Dragon,
Dragon2, HTV

CMP1
Sensor 4

nadir
MRM1

N2 and N1 nadir
Vehicles

on approach

CMP2
Sensor 0

wake
DC1, SM Aft,

MRM1, MRM2
Progress, Soyuz

CMP2
Sensor 1

PMM
DC1, SM Aft, N2 Fwd,
N2 zenith and nadir,

N1 nadir, MRM1, MRM2

Cygnus,
Dragon, HTV,
Progress, Soyuz

CMP2
Sensor 2

MLM
MRM1, MRM2, DC1,

SM Aft, slightly N2 nadir
Cygnus,

Progress, Soyuz

Table 1: Summary of Important Information for All CMP Sensors

of the crystal produces a voltage. If introduced into a resonator circuit, feedback
achieves an electrical sine wave at the fundamental crystal mode.

The MK24 TQCM crystals oscillate predominantly in Thickness Shear Mode
(TSM), as seen in Figure 5, where the top and bottom faces of the quartz slide
opposite of each other. The technique of acoustical energy trapping is used to confine
mechanical vibrations to the center of the crystal, and allow the rim to be clamped
without adversely affecting resonator Q. The electrode and crystal configuration
work to form an acoustical lens that imposes a Gaussian Amplitude Distribution
across the crystal, as shown in Figure 4.

The gold electrode on the Sense crystal is exposed to the external environment,
allowing particles and molecular contaminants to adsorb to the surface. Lowering
the temperature of the crystal using the Peltier element increases its affinity for
adsorption. As mass accumulates on the gold electrode, the fundamental frequency
of the quartz decreases. However, the TQCM contains a matched quartz crystal
oscillator, referred to as the Reference crystal, which serves as a witness that is not
exposed to external contamination. The difference between the Sense crystal and
the Reference crystal frequencies is known as the beat frequency, which is telemetered
from each sensor. To determine the amount of mass deposited on the surface area
of the sensor over an interval of time, the change in beat frequency is multiplied by
the Sauerbrey mass sensitivity constant[8]. For a 15 MHz Sunwise cut crystal with
a 2π steradian solid angle field of view, this constant is 1.965 ng/(Hz · cm2).

All crystal pairs inside TQCMs delivered by QCM Research are biased in their

9



clean (meaning zero contamination) fundamental modes by a frequency of about
2 kHz. This bias ensures that a zero beat frequency will never be measured as
the Sense crystal starts out approximately 2 kHz below the Reference crystal when
clean and declines from there as contaminants accrete. If the two crystals were more
closely matched in clean fundamental frequency, then frequency variations caused
by temperature differences, crystal relaxation, etc. could result in a condition where
the Sense crystal is oscillating at a higher frequency than the Reference crystal
with a resultant beat signal that is indistinguishable under reversal of the crystal
frequencies.

For these sensors the relationship between beat frequency and Sauerbrey mass
deposition is linear up to 250 kHz. Above 250 kHz, this relationship is nonlinear
but oscillation does not cease until 650 kHz. Fundamentally, this relationship will
remain linear while in a stable thermodynamic equilibrium, so long as the external
excitations are comparable in magnitude to the thermal excitations. With the levels
of stress exerted by quartz resonators, soft matter usually obeys linear viscoelasticity.
Nonlinearities do occur, but these cases are not as common [5].

2.3 Clausing Conductance Factor

The SAGE III team is currently working on the Clausing conductance deriva-
tion for each sensor which will be released with a later revision of this document.
Transmission probability, denoted as α, was first introduced by Clausing [3]. If
there are N1 molecules at the entrance plane of a duct then αN1 will reach the exit

Common (–)

(+)

Sense Crystal

Reference Crystal

Gold Electrode

(+)

(–)

Beat Frequency Output, ∆f

Gaussian Amplitude Distribution

Molecular Contaminant
In�ux From Outer Space

Figure 4: The Thickness Shear Mode vibrations of the crystals are constrained by
a Gaussian Amplitude Distribution because the front and back electrodes of each
crystal form an acoustic lens, a technique known as energy trapping.
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Idealized Thickness Shear Mode
QCM Oscillation

Nodal Plane

Molecular Contaminant
In�ux From Outer Space

Figure 5: Thickness Shear Mode Depicted on the Sense Crystal in Cross Section.
The Reference crystal vibrates similarly.

plane and (1 − α)N1 return to the entrance. If N0 molecules strike the exit plane
from a downstream chamber then αN0 will reach the entrance. Therefore the net
flux of molecules from entrance to exit is α(N1 −N0). While this is proportional to
the pressure difference, it is actually driven by two independent fluxes as shown in
Lafferty [7, p. 86–88]. Thus the flow dynamics are very different from continuum
flow where all molecules that crossed the entrance will leave the exit.

Conductance expressions are formulated with α so that the conductance of a
duct Cm is given by the entrance aperture conductance multiplied by the transmis-
sion probability. Sensors with different vacuum inlets will acquire different total
depositions for the same flux, so Clausing conduction allows you to adjust for flux
through an inlet. Thus, the only way to compare two CMP sensors is to compare
this corrected external flux.

2.4 Surface Adsorption

Molecular adsorption is a phenomenon of surface chemistry. In contrast,
absorption occurs not at a surface, but within the bulk material. Surfaces are less
energetically favored than condensed matter in the bulk because surface molecules
exist at a higher energy state—energy must be added to break a solid and form a
surface. This leads to two types of energetically favored adsorption.

Physisorption lowers surface energy through van der Waals attraction of atoms
or molecules that are only weakly bound to the surface. Physisorption is a reversible
bond that breaks more easily at higher temperatures. Desorption of contaminants
during TQCM temperature ramps implies physisorption and allows for TGA.

When TQCM burn-offs are ineffective, chemisorption, an irreversible chemical
reaction of a contaminant with the TQCM electrode surface involving strong cova-
lent bonds, is more likely.

Since all atoms and molecules experience long range van der Waals forces, any
species physisorbs if the temperature is sufficiently low [6]. The only exception to
this occurs when the adsorbate experiences the chemical bond required for it to
fall into chemisorption. When this happens, the strength of the chemical bond is
governed by two criteria: the degree of filling of the antibonding adsorbate and the
strength of the coupling [6].
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2.5 Material Selection for Low Earth Orbit (LEO) Environment

SAGE III’s placement on the ISS exposes it to the LEO environment. Atomic
Oxygen (AO) is present in LEO with a density of 109 atoms/cm3, which corresponds
to the density of residual gas in a vacuum of 10−7 Torr [11]. The speed of the ISS is
roughly 8 km/s. Collisions with highly energetic (5 eV) oxygen atoms are frequent
in the orbital ram direction. Metals such as carbon, aluminum, and silver expe-
rience significant mass loss through reaction with AO. Experiments starting with
the Long Duration Exposure Facility (LDEF) showed the effects of oxygen erosion.
The process to select coating and materials exposed to the LEO environment must
consider this interaction [10].

Gold (Au) is not as reactive to AO and is less susceptible to chemisorption,
making it the ideal choice for the SAGE III MK24 TQCM electrodes. This material
selection avoids ablation of the electrode from the flux of high kinetic temperature
AO in LEO. This is because the magnitude of the interaction of the bonding level
with the metal d band must be considered. This interaction leads to the formation
of two levels: one is shifted to lower energies than the bonding state, and the other
is positioned slightly higher in energy than the unperturbed metal d band [6].

The lower energy state is bonding with respect to adsorption, while the high
energy state is antibonding. As the coupling strength is increased, the orthogo-
nalization energy between the adsorbate and metal d orbitals, which is repulsive,
increases. As the d orbitals become more extended, the orthogonalization energy
increases. For example, the 5d orbitals of Au are more extended than the 3d orbitals
of copper (Cu). Because of the higher energy cost of orthogonalization between H 1s
(Hydrogen) and Au 5d orbitals, Au is less reactive than Cu [6].

2.6 Mass and Thickness Calculations

The CMPs report beat frequency f and change in beat frequency ∆f for each
sensor in telemetry at a rate of 1 Hz. TQCMs are highly precise and accurate for
rigid, homogeneous thin films. However, when these assumptions are not met vis-
coelastic effects emerge, and Sauerbrey calculations are precise but not accurate.
This relationship is depicted visually in Figure 6. Therefore, the Sauerbrey mass
∆m is a mass equivalent for a rigid, homogeneous thin film. The Sauerbrey mass of
a TQCM is directly proportional to ∆f as seen in Equation 1. The Sauerbrey thick-
ness df as shown in Equation 2 is not to be confused with the geometric thickness;
it is the maximum possible thickness.
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Figure 6: Difference in Adsorption Between Viscoelastic and Rigid Materials of the
Same Mass

2.7 CMP Thermoelectric Coolers

Each MK24 TQCM is equipped with a Peltier heat pump and Platinum Resis-
tance Thermometer (PRT) that can be used to measure and control the temperature
of the quartz crystals. The SAGE III operational temperature range for the TQCMs
is from −20◦C to 90◦C.

Per SAGE III requirements, the QCMs must maintain a temperature set-point
within ±1.0◦C and be able to reach a new temperature within 5 minutes. To meet
these requirements Proportional-Integral (PI) control loops were implemented elec-
tronically in both CMPs so that each TQCM has a separate thermal controller.
The combined Peltier heat pump driven by a process control loop is known as a
Thermoelectric Cooler (TEC). See Appendix A for detailed equations on how the
PI constraints were derived.

In addition to temperature control the TECs are used to run controlled burn
offs of contaminants from the TQCMs. Since the crystals become non-linear in
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response to mass deposition above 250 kHz, and unusable once their beat frequency
reaches 650 kHz, both automatic and manual burn-offs are conducted to remove
contaminants from the electrodes before these frequency limits are approached.

2.8 Telemetry Monitoring

The IAM is continuously monitoring CMP telemetry for violations of software-
configurable limits. The monitored parameters include ∆f , temperature, voltage,
and current. The IAM divides the alerts sent into two categories: warning and
critical. When an alert is triggered for one of the monitored telemetry parameters,
the payload is able to respond through the FDIR system.

For example, as per Version 21 of the FDIR Document, a warning contamination
alert occurs when ∆f exceeds 7 Hz/s. This would cause the instrument contamina-
tion door to close protecting sensitive optics. A critical contamination alert occurs
when ∆f exceeds 17 Hz/s, and this causes the payload to command itself into safe
mode. If the TQCM temperature for any sensor violates the critical upper limit, the
payload will stop driving the temperature and return the sensor to ambient. These
FDIR responses ensure the safety of the instrument and are necessary to the CMP’s
role as a FDIR device.

2.9 Electrical Behavior of the QCM

Contamination is not the only factor that affects the frequency of a TQCM.
Various thermal, electrical, and mechanical properties of TQCMs impact stability
and precision. The Butterworth-van Dyke (BvD) model of a crystal oscillator, as
shown in Figure 7, presents the electrically equivalent system of a single TQCM:
an LCR branch in parallel with a capacitor. The topology of this equivalent circuit
aids in understanding the TQCM sensor’s behavior.

The LCR branch represents the mechanical resonances and load of the quartz
and is known as the motional branch. At series resonance through the motional
branch at the crystal’s fundamental frequency, the reactances from L and C1 can-
cel leaving only real resistance R. Hence, R represents the motional resistance or
mechanical loading in the quartz that produces acoustic dissipative losses.

L
C1 R

C0

Figure 7: Butterworth-van Dyke Lumped Equivalent Circuit Model of a QCM Crys-
tal
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The motional capacitance C1 is inversely proportional to the elastic stiffness
of the quartz and will vary with cut and temperature. Hence the resonant fre-
quency of the motional branch is temperature-dependent. QCM Research employed
a proprietary AT Sunwise cut to minimize the dependence of the elastic stiffness on
temperature, but the effect is still observable on orbit in the presence of changing
solar flux. The quartz Sense and Reference disks of Figure 4 are clamped around
their perimeters to the TQCM housing, and the temperature of the TQCM housing
is held constant using a TEC. Were the crystal bulk held at the same temperature
as its perimeter, then C1 would remain stable. However, gold is a poor mirror at
solar wavelengths in comparison with, for example, aluminum, and heats as it ab-
sorbs sunlight. The rate of heating changes with the angle of the electrode to the
incoming sunlight. This heating induces a thermal gradient on the surface of the
Sense crystal such that the center of the crystal is at a higher temperature than
the perimeter and housing. Differences in the thermal emissivity of the quartz and
electrode causes the two materials to cool differently in shade, further augmenting
the solar flux-induced noise. These effects result in a varying temperature differ-
ence between the contamination sensitive area of the Sense crystal and the Reference
crystal. As described in Section 2.5, the LEO environment necessitated the selection
of gold for the electrode material, but this selection increased the drift of the series
resonant frequency of the motional branch of the Sense crystal with respect to the
Reference crystal with variable solar flux loading. Section 3.6 provides mitigation
strategies for this form of noise.

L is the motional inductance of the quartz and is proportional to mass, increasing
with contaminant deposition on the surface. A Sauerbrey film will increase the
motional inductance but leave the stiffness and dissipation the same [5].

The static branch contains only the electrical capacitances of the TQCM gold
electrodes and to a lesser extent the quartz material itself. Figure 4 clearly suggests
that the electrode configuration will exhibit a static, parallel electrical capacitance.
The total capacitance of the static branch is represented by C0.

2.10 CMP Configuration

Both CMPs are powered by the Power Distribution Unit (PDU) integrated into
the IAM which supplies 5 V and 15 V of operational power through independent
solid-state relays. Both of these power supplies are commanded via serial messages
to the PDU. The PDU provides telemetry for CMP voltage and current as well as
the 120 V operational heaters.

The CMP modules have the same overall electrical design and are divided into
three components: the power board, the main board, and the analog board. A
110-pin stack connector routes power and signals between the boards.

2.11 High Frequency Limits of the CMPs

Analog filters on the main board within the CMPs are used to match impedances
and condition the beat frequency output signals from the TQCMs to pass logic level
inputs to the CMP systems’ custom, high-speed, radiation-tolerant Actel/Microsemi
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Module Voltage Maximum Frequency Number of Rollovers

CMP1
5 Vp-p 320 kHz 4
7 Vp-p 385 kHz 5

CMP2
5 Vp-p 300 kHz 4
7 Vp-p 320 kHz 4

Table 2: High Frequency Rollover Test

RTAX2000SL Field-Programmable Gate Array (FPGA) frequency counters. When
an FPGA frequency counter register reaches 65,535 Hz it will roll over to 1 Hz and
indicate a change in beat frequency of 1 Hz/s. Because it is easy to track the number
of times a frequency counter rolls over operationally, it is the passband performance
of the analog filter that effectively limits the maximum TQCM beat frequency that
can be measured by the CMP system and hence the maximum mass of contaminant
deposition that can be measured. Laboratory testing of the analog filter design
using the project’s CMP1 and CMP2 simulators was performed to characterize
the high frequency limit. Because the specification of the TQCM component from
QCM Research requires the beat frequency output signal to be a sine wave having
between 5–7 volts peak-to-peak, both 5 Vp-p and 7 Vp-p signals were tested in an
end-to-end fashion through the CMP simulator systems.

Table 2 shows the results of this test. As expected, the higher peak-to-peak
voltage signals achieved higher frequencies before being sufficiently attenuated by
the analog filters such that the FPGA could no longer count the signals correctly.
This behavior confirms that the analog filters are the limiting factors. The number
of times the frequency counters rolled over during testing is also shown. The CMP1
simulator registered roughly 30 kHz more than the CMP2 simulator at peak voltage.
Overall, the high frequency limits exceeded the linear range of the TQCM sensors (up
to 250 kHz) but were lower than the maximum TQCM output (650 kHz).

It is unclear if the upper-frequency limits will be reached because the rate of
accumulation is not constant and because new, previously uncharacterized vehicles
dock at ISS regularly. However, based on the current rate of accumulation, rollover
will not occur during a 3 year extended mission for either CMP1 or CMP2 as shown
in Table 3. Section 3.4 further discusses the table results.

3 Analysis

The CMPs were initially incorporated into the payload design largely to be
used as FDIR devices to protect the SAGE III optical train and to inform mission
operations of the contamination environment. However, the CMPs are scientific
instruments that can also be used for more in-depth ISS contamination analyses
as observed at ELC-4. Properties of some of the contaminants adsorbed on the
CMP sensors can be characterized through TGAs. The TGA technique raises the
temperature of the TQCMs at a known rate, and accumulated, physisorbed con-
taminants will desorb at distinct temperatures during the ramp. Desorption during
a temperature ramp causes a relatively sudden drop in the sensor’s measured beat
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CMP
Sensor

Direction
of View

Total Accretion

as of May 2020[ ng
cm2

] Years Until
250 kHz Threshold

CMP1
Sensor 0

starboard 2362.34 380

CMP1
Sensor 1

ram 1131.94 794

CMP1
Sensor 2

Node 2
Focused

7890.44 114

CMP1
Sensor 3

Node 2
Broad

9109.20 85

CMP1
Sensor 4

nadir -88.98 Never

CMP2
Sensor 0

wake 494.81 1816

CMP2
Sensor 1

PMM 4439.21 202

CMP2
Sensor 2

MLM 1207.03 745

Table 3: Total Mass Accretion as of May 2020 and Time Until the Sensors Reach
the 250 Khz Mark Based on the Current Rate of Accumulation

frequency. Often, contaminant species can be identified because the unique surface
chemistry of each of the species leads to a characteristic desorption temperature.
In the following sections the TGA process is described in detail including problems
faced, mitigations of these problems, and the current status of the analyses.

3.1 Thermogravimetric Analysis

As mass accumulates on a TQCM it forms a thin film. This causes the effec-
tive acoustic thickness of the Sense quartz crystal to increase and hence the beat
frequency ∆f between the Sense and Reference crystals to increase. As discussed
previously in Section 2.4, adsorption by a physisorbed contaminant can be reversed
by increasing the temperature of the system. The temperature of each QCM is
controlled by a TEC and normally set to −10◦C, which is below the desorption
temperature of molecular contaminants in the local ISS environment. The low QCM
temperature increases the affinity of the sensor to these contaminants and reduces
spontaneous desorption through the statistical thermodynamics channel. This in-
creases the resident lifetimes of these contaminants on the sensors. Note that the
high kinetic temperature of the local atomic oxygen prevents direct atomic oxy-
gen adsorption to the QCM electrode and can prevent long-term physisorption of
contaminants on sensors facing the ram direction in a process known colloquially
as “atomic oxygen scrubbing”. The QCM temperature can be commanded by the
SAGE III team to perform Thermogravimetric Analyses (TGAs). When an operator
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initiates a TGA sequence the IAM monitors the TEC temperature and commands
it to ramp at a known, steady rate. The resulting ∆f as a function of temperature
is used to identify contaminant desorption.

The temperature of desorption and Sauerbrey mass mf (Equation 1 on page 13)
are used to calculate fundamental material properties such as specific heat capacities
and enthalpies of fusion for the desorbed contaminants. Knowledge of these proper-
ties and of the likely contamination sources can lead to the characterization of the
contaminant species in the ISS environment. As previously stated, only properties
of physisorbed materials are subject to TGA because the process of chemisorption
is not reversible over TGA temperatures.

The TQCM data are used to calculate the Sauerbrey mass per unit area on the
sensor regardless of the physical properties of the deposited contaminant; Sauerbrey
mass is the mass of the rigid and homogeneous thin film (assuming no viscoelasticity)
that would induce the equivalent change in beat frequency. Provided the film is thin
enough to be considered rigid to the TQCM, the area-averaged mass per unit area
can be calculated with accuracy. Note that computing the film thickness cannot
be performed accurately without knowing the average mass density of the adsorbed
material. Some researchers however report a so-called Sauerbrey thickness by using
an assumed mass density, most often 1 g/cm3.

Upon deposition of a thin film it is possible for the quartz piezoelectric stiffening
to change. The rigidity assumption and stiffening change cause the QCM-based
gravimetry to have excellent precision but ambiguous accuracy even in the vapor
phase [5]. However, if the film is not rigid then non-gravimetric analysis can be
performed. Figure 6 on page 13 shows how additional acoustic impedance and
hence larger ∆f occur for the same mass when it is not rigid. This is why the
Sauerbrey mass is an upper bound for non-rigid materials. The viscoelastic mass
has internal degrees of freedom into which the acoustic energy is distributed resulting
in additional acoustic impedance and increased beat frequency unrelated to mass.

3.2 Spontaneous Desorption

When a TGA is performed, the temperature of the crystal is raised with a linear
ramp allowing the molecular species to leave the surface at an increasing rate. Dur-
ing a TGA the vast majority of desorption of a given species occurs at or near its peak
desorption rate temperature where roughly one monolayer per second desorbs [6].
However, spontaneous desorption of contaminants at any crystal temperature is also
possible through processes such as collisions with hot atomic oxygen or radiation
or even thermal cleaving of the surface bond by energy partitioning within the lay-
ered canonical ensemble, a statistical thermodynamic channel that will occur even
in the absence of external collision. With sufficient time, all molecules physisorbed
to a sensor will spontaneously desorb after the source of contamination is removed.
The presence of spontaneous desorption imposes a time sensitivity such that a TGA
should be performed soon after a vehicle docks to accurately characterize the con-
taminants being emitted. The SAGE III team targets TGA to begin within one
orbit of a vehicle docking and then continues to perform TGAs while the vehicle is
docked.
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3.3 Quartz Crystal Aging

The downward drift in frequency evident in the nadir sensor, CMP1 Sensor 4
in Figure B-5, might be attributed to a slow stress relaxation known as crystal ag-
ing [5]. Minute plastic strain in the quartz crystal will gradually relax stress loading
and is the principal cause of crystal aging. Loading from the electrode bonding pro-
cess or from the difference in coefficients of thermal expansion between metal and
crystal are example sources of unrelaxed stress. Despite being relatively concealed
from contaminant sources, the nadir sensor frequency drift can be seen both in
Table 3 and in Figure B-5 in Appendix B. According to QCM Research’s internal
testing, MK24 TQCM sensors should see a change of between 5–51 Hz per year. In
general this drift can be a result of a variety of factors including: stress relaxation in
the resonator’s mounting and bonding structure, electrodes, and in the quartz; os-
cillator circuit aging from load reactance and drive level changes; quartz outgassing;
diffusion effects; and both thermal and hard radiation.

3.4 Vehicle Analysis

As described in earlier sections the ISS is host to a plethora of vehicles, and
they have proven to be the largest attributable source of contamination witnessed
by the CMPs. In the time SAGE III has been on orbit the most impactful contam-
ination events have been the CRS-13 and CRS-16 visits shown in Figure 8, which
deposited 1,766.54 ng/cm2 and 1,511.34 ng/cm2, respectively. Both visits occurred
during a period of high negative solar beta angle, which causes increased vehicle out-
gassing towards ELC-4. However, when a TGA was performed on these sensors, the
Sauerbrey mass of the contaminant remained unchanged. A burn off was attempted
by setting the sensors to 80◦C for two weeks, and this likewise yielded no change.
These results indicate a contaminant likely chemisorbed to the gold electrodes of
the affected sensors.

It has been shown that while silicon is being ablated by AO in LEO, there is
an oxidative loss of methyl groups with a gradual conversion to oxides of silicon [1].
Siloxanes are one of the few substances that will chemisorb to a gold surface. Mean-
ing the surface bonding orbitals overcome the antibonding orbitals because of the
orbital energy gap, as described in Section 2.5. The siloxanes are converted to silicon
dioxide with high temperature rarified AO, and industry has used this effect to suc-
cessfully coat gold with quartz. This process is more dependent on the high kinetic
temperature of LEO AO than photofixation by UV energizing the gold surface. This
is one potential source of the accretion on the Node 2 sensors.

The nadir sensor views most visiting vehicles as they approach the ISS. However,
the vehicles are in the sensor FOV for a short duration at a relatively long distance,
and therefore the nadir sensor has not provided insight into the outgassing from
these vehicles. While on orbit this sensor has reported a decrease in beat frequency
as shown in Table 3. This loss is consistent with crystal aging (Section 3.3).

The MLM sensor, CMP2 Sensor 2, has a FOV that encompasses the Soyuz and
Progress docking stations. Historically, these vehicles produce a short period of
increased material adsorption on the TQCMs. This material then desorbs within a
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Figure 8: Dragon CRS Visits

month after material adsorption ends, which can be seen in Figure 9. However the
PMM sensor, CMP2 Sensor 1, sees the Soyuz and Progress docking locations and
also has a view of the SpaceX Dragon capsule. The material from Soyuz and Progress
desorb, but the chemisorbed material does not, (see Figure 9) despite performing
multiple TGAs. (See page 37 for more information about these time-series plots.)
No meaningful contamination has been observed from HTV or Cygnus.

3.5 Crystal Matching

The dependence of TQCM beat frequency on the temperature of the sensor adds
complications to the analysis of TGA results. As the TGA is a temperature-driven
process, the influence of the sensor temperature on the measured beat frequency
must be accounted for and removed from the time series. The SAGE III MK24
TQCMs were delivered from QCM Research with derived 10th-order polynomial
temperature correction curves for each sensor. These polynomials were fit using
ground calibration data during sensor characterization performed in the course of
instrument fabrication and development. The temperature dependence of the mea-
sured beat frequency can thus be removed independent of the contamination load on
the sensors assuming that the impact of the contamination itself is small or otherwise
does not fundamentally alter the sensor and its surface characteristics. Under this
scenario, the remaining changes in the measured beat frequency across temperature
can be attributed entirely to the adsorption of contaminants to the sensor surface.

The temperature dependence of the measured beat frequency is routinely char-
acterized on-orbit to assess consistency with the ground results. Reassessment of
the thermal considerations for the sensors is a crucial part of subsystem trending
for their health and aging over time. With respect to sensor aging and the im-
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pacts of contamination on each sensor’s derived thermal dependence, sensors such
as the MLM QCM showing evidence only of physisorption have a re-derived on-
orbit temperature correction consistent with the ground-derived curves as shown
in Figure 10b. However, sensors such as Node 2 Broad that suggest evidence of
chemisorption have drastically different temperature responses on orbit as compared
to ground, as shown in Figure 10a.

The SAGE III team has developed operations plans to correct for the impacts of
chemisorption and aging over time as in the latter cases above. Each CMP sensor
will be commanded to burn off existing contamination, perform TGA ramps both
up and down, and produce a beat frequency signal dependent only on the thermal
considerations for that sensor. The beat frequency responses from the set of TGA
ramps in the up and down directions will be averaged to derive new temperature
correction coefficients. The team will periodically revisit these new coefficients to
determine if another derivation is necessary following large contamination events.

3.6 Mitigating Solar Flux

Variable lighting and shading of the ISS from the Sun throughout the orbit in-
duces a time-dependent thermal gradient across the Sense crystals caused by sunlight
absorption by the gold electrodes. This is described in more detail in Section 2.9 as
affecting the motional capacitance of Figure 7 on page 14. The magnitude of this
thermal dependence is significantly larger than the typical standard deviation of the
sensor measurements and contaminant desorption signals. This thermally-induced
noise can be seen in the filtered vs unfiltered frequency data shown in Figure 11
and is even more exaggerated during periods of high positive solar beta. Effective
use of the beat frequency data for each sensor requires mitigation and removal of
the thermally-induced solar signal inherently coupled to the contamination events
of interest. This mitigation is even more critical when analyzing TGA events which
are of limited duration.

A Butterworth filter has been identified and applied to mitigate the periodic
thermal gradient that varies with the ISS orbital period. However, the filter cannot
be applied to TGAs because the length of a typical TGA is insufficient to resolve the
orbital period, and the magnitude of the noise from the solar flux is much greater
than the signal from the desorbed contaminants.

3.6.1 Butterworth Filter

The relationship between the solar beta angle and unfiltered beat frequency can
be seen for the Node 2 sensors in Figure 11. At high positive solar beta angle regimes
the unfiltered beat frequency is noticeably noisier than at low and negative solar beta
angles. This is attributable to different regimes of lighting and shadowing at distinct
solar beta angles to the ISS orbit. To discern the desired signal from this solar flux
induced noise, a second-order low-pass Butterworth filter was applied to the beat
frequency. A Butterworth filter was selected because of its maximally flat passband
and linear phase response in comparison with other standard filters. Figure 11
displays both the unfiltered, raw beat frequency and the filtered beat frequency for
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the Node 2 sensors. Figure 9 is similar for the MLM and PMM sensors. The purpose
of the filter is to accurately estimate the sensor signal free from induced solar flux
noise.

The cutoff frequency for the Butterworth filter was chosen based on the power
spectral density plot shown in Figure 12. The orbital variation in the solar flux term
and its accompanying harmonics are highlighted on the upper x-axis, while signals
from contamination events can be seen along the y-axis.

The Node 2 Focused, CMP1 Sensor 2, beat frequency is intermittently noisier
than that of the other sensors. This behavior was observed rarely during ground
testing and later on orbit, and QCM Research was consulted. It was concluded
that cross-talk between the sensors induced by faulty grounding is the likely cause.
Because Node 2 Broad, CMP1 Sensor 3, has a similar albeit wider FOV, comparisons
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Activity % Allocation

Contamination
Levels

per Activity[ ng
cm2

]
External Surfaces
and Instrument

Scan Mirror
Accumulated
Level

[ ng
cm2

]
Post-Refurbishment <750 <750

In-house
Transportation

0 750 750

AIT 10 750 1500

Storage and
Transportation

0 0 1500

Launch Operations 10 1500 3000

Post-launch
and Pre-ops

20 3000 6000

Scientific Operations 60 9000 15000

Total:
End of Mission

100 15000 15000

Table 4: External Surface and Scan Mirror Contamination Budget

between the two sensors can be made (correcting for Clausing vacuum conductance
through the dissimilar inlets) to ensure that noise is not significantly impacting
Node 2 Focused analyses. The enhanced Node 2 Focused noise and the similarity of
the two Node 2 uncorrected beat frequencies can be seen in Figure 11.

3.6.2 TGA Duration

The large frequency response caused by solar flux has the potential to compli-
cate the interpretation of TGAs. When a sensor goes into or out of sunlight there
is a significant, immediate frequency change. This response is visible in Figure 10a
during the TGAs on 06 July 2017 and 06 June 2019 in the range of −10◦C to 10◦C.
These TGAs were performed at a rate of 1◦C/min and 0.5◦C/min, respectively. To
alleviate this sunlight effect, the SAGE III team altered the ramp rate to 3◦C/min
allowing TGAs to be completed on the dark side of an orbit. The TGAs in Fig-
ures 10a and 10b performed on the Node 2 Broad and MLM sensors on the dark
side of the orbit are markedly smoother and do not show evidence of a transition
from darkness to sunlight or vice versa.

3.7 Contamination Effects on the SAGE III Payload

Contamination can negatively impact SAGE III in two main ways: degradation
of the instrument optical train and by extension the SAGE III public data product,
and the payload thermal performance. The optical train is protected by a contami-
nation door that can be deployed when a high rate of outgassing is detected. Ther-
mally, small upward trends in subsystem temperatures have been observed which are
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Figure 13: Optical Window Transmission vs. Wavelength During CRS-16

likely the result of typical degradation of Silver-Backed Fluorinated Ethylene Propy-
lene Teflon (AgFEP) which is used on exposed thermal control surfaces throughout
the payload—including the CMPs, the scan head, and the IAM. The typical sources
of degradation are contaminant deposition, solar UV, reaction with AO, charged
particle radiation, and micrometeoroid impacts [9]. The principle mechanism of de-
graded thermal performance from these sources is an increase in solar absorptance.
The maximum rates of temperature increase for the payload range from 0.5◦C/year
to 1.5◦C/year. An assessment was performed to determine the projected number of
years before a yellow warning limit could be reached for each SAGE III subsystem
(if the current maximum observed rate of temperature increase is assumed to con-
tinue). For most subsystems temperatures are not expected to reach limits for over
10 years.

3.7.1 Optical Train

As described in previous sections, the SAGE III/ISS instrument is equipped
with a contamination door to safeguard sensitive optics and preserve science data
quality. During SAGE III/Meteor–3M—the previous iteration of SAGE III that
operated from a sun-synchronous orbit aboard the Russian Meteor–3M spacecraft
from February 2002 through December 2005—the UV-band was degraded within
the first six months of the mission because of contamination. After the first year,
the 290 nm channel had decreased 20%, and after 4 years it had decreased 30%.
SAGE III/Meteor–3M never closed its contamination door after the initial opening.
SAGE III/ISS is able to acquire science events with the door either opened or
closed. When closed to mitigate contamination events, science measurements may
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be made through a quartz window. Permanent contamination accreted to the quartz
window would diminish measurement quality through the window. Analyzing data
obtained with the door closed indicates that closure of the contamination door has
successfully prevented significant contamination from entering the optical train of
the instrument. Figure 13 demonstrates that although transmission through the
quartz window is impacted by contaminants while the contamination door is closed,
transmission has to date returned to normal over time. This recovery implies that
contaminant species are spontaneously desorbing off of the window.

The window has allowed for science acquisition with an acceptable, transiently
diminished signal-to-noise ratio. Recall that in Section 3.4 the CRS-16 visit in
late 2018 corresponded to a significant beat frequency increase for the sensors facing
ISS Node 2. The equivalent Sauerbrey deposition is 1265.75 nanograms of contam-
inants per cm2 of sensor area. Figure 13 shows the window transmission response
during the CRS-16 visit with an approximate 1% decrease in transmission in the
lower wavelength channels. The observed maximum transmission dip has been ap-
proximately 2% over the mission lifetime so far. After a vehicle departs, the trans-
mission has gradually returned to baseline. Each class of visiting vehicle has been
self-consistent and exhibits similar behavior. The contamination door aids in ensur-
ing that the instrument scan mirror remains within the predefined contamination
budget of the mission, displayed in Table 4. The values in Table 4 were developed
using the Beer-Lambert-Bouguer law [2] and taking into consideration the payload
optical and thermal performance requirements.

3.7.2 Thermal Performance

It is impossible to know with certainty if contaminants are desorbing off of
other payload surfaces of interest, such as thermal control surfaces, and at what
rate. However, the CMPs allow the project team to conservatively monitor overall
payload contamination exposure by maintaining sensors at the −10◦C high-affinity
temperature. Similar to the quartz window, other payload surfaces of interest are
likely to not retain a significant portion of the contaminants to which they are
exposed.

The payload temperature trends binned by solar beta angle are shown in Fig-
ure 14. The plot was produced by the SAGE III Mission Operations Team as part of
the routine quarterly trending analysis. The vertical bars are the 1σ standard errors
of the linear regressions for the time series data over the prime mission. The data
suggest slight warming is occurring at most beta angles but not at a significant rate
and not beyond what is expected for normal thermal control surface degradation. A
decreasing temperature trend has been observed across the payload at the highest
positive solar beta angles. Investigation into the potential cause of this tempera-
ture decrease is ongoing, but decreased temperatures do not present any concern
for payload operations, since all temperatures are well above minimum operational
limits, and all subsystems have operational heaters to ensure safe temperatures are
maintained.

Total retained deposition above the maximum value listed in Table 4 is expected
to noticeably erode the solar absorptance margin of the AgFEP high-emissivity ther-

28



Figure 14: Payload Temperature Trends Binned by Solar Beta Angle

mal control surfaces. See Tribble [9, p. 13–17] for in-situ measurements relating to
the solar absorptance degradation of thermal control surfaces because of contamina-
tion. Contamination typically affects the emissivity of a thermal control surface far
less than it increases solar absorptance [9]. If molecular contamination is transpar-
ent to the radiated wavelength, then the emissivity is largely unchanged. If opaque,
then the contamination layer acts as the radiator at the equilibrium temperature
of the thermal control surface. Radiator emissivity will be unaffected unless con-
tamination decreases the thermal conductivity significantly. The emissive effects of
molecular contamination on low-emissivity surfaces, however, are much more severe.
All payload temperatures must be trended over time to gauge these surface effects.

Recall from Section 1.1 that CMP data inform the SAGE III project’s deci-
sion concerning the azimuthal position to stow the instrument scan head between
science events to avoid contamination of the aperture optics. The scan head is cur-
rently configured to stow the aperture facing the starboard direction. As shown
in Figure 15, after subtracting spontaneous desorptions starboard is one of clean-
est directions and has accumulated very little on the sensor. The stow direction
is periodically reevaluated to ensure the scan head optical aperture is not unneces-
sarily exposed to contamination. This is an additional precaution to minimize the
contamination impact to the science data product.
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4 Lessons Learned On Orbit

4.1 Inlets Matter

The MK24 TQCM inlet cap is a quality critical part manufactured by QCM
Research to a 0.0005 inch tolerance to tightly control gas conductance to the sensor.
The sensors in each CMP subsystem were slightly recessed below the chassis during
payload development in an attempt to protect them from damage. When it was
determined that a CMP sensor was needed to focus on the docking port Node 2,
CMP1 Sensor 3 “Node 2 Focused” was effectively further recessed into the housing by
the addition of a flanged spacer on the inlet to narrow the half-angle FOV. However,
these actions complicate calculation of the Clausing conductance factor and half-
angle FOV for each sensor. In a rarefied gas environment the interaction between gas
molecules becomes negligible, and therefore the interaction of the gas molecules with
the inlet dominates the flow [7]. Because of changes in the SAGE III inlet design
while on the ground, the team must re-derive the Clausing conductance factor for
all sensors while on orbit for inlet geometries that were less tightly controlled. The
apertures formed by the chassis recesses impact the molecular conductances to the
sensors significantly.

If strictly necessary to have, modifications to sensor inlets should be considered
carefully and be designated quality sensitive with thought given to how the modi-
fication will impact the half-angle and conductance factor. If accurately measuring
contaminant flux is important, for example, to make comparisons between broad
and focused sensors or for science measurements of contamination, future missions
are advised to not recess sensors unless inlet dimensional and assembly tolerances
are carefully controlled and sufficiently simple that a Clausing conductance factor
can be derived using standard vacuum science principles such as comprehensively
described by Lafferty [7]. Ideally, controlling the Clausing conductance factor should
be a system design requirement.

4.2 Solar Flux Complications

The nature of the environment onboard the ISS causes several difficulties in ana-
lyzing CMP data. Solar flux onto the sensor causes a high amplitude periodic signal.
This is further complicated by the varying solar-beta-angle-dependent shade from
the ISS. As explained in Section 3.6 these problems were mitigated by increasing
the temperature ramp rate of TGAs to restrict TGAs to the dark side of the orbit
and by implementing a digital Butterworth filter in post processing to extract the
underlying signal.

Several tools are being tested to further analyze these data and extract a mean-
ingful desorption signal. The tools include a Savitzky-Golay filter, Principal Compo-
nent Analysis (PCA) and comparison of ground test data with measurements from
orbit.
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Appendix A

PI Thermal Controller

Figure A-1: Single Channel CMP Thermal Controller Closed Loop

A.1 Introduction

For a linear time-invariant control system in the continuous-time domain, the Laplace
tranform of the control system’s impulse response H(s) = L

{
h(t)

}
is called the

transfer function. This closed loop transfer function relates the Laplace transform
of the input signal x(t) to the Laplace transform of the output signal y(t) by

H(s) =
L
{
y(t)

}
L
{
x(t)

} =
Y (s)

X(s)
. (A1)

In the discrete-time domain, such as for a control system enabled by an FPGA
physical layer, the z-transform instead relates the input and output signals through

H(z) =
Z
{
y(tk)

}
Z
{
x(tk)

} =
Y (z)

X(z)
. (A2)

The total open loop portion of the pulse transfer function of the CMP thermal
controller described by Figure A-1 is

G(z) =
Y (z)

E(z)
= G1(z) ·Gi(z) ·Gt(z). (A3)
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A.2 Description of Variables and Functions

Referring to Figure A-1, the PI process controllers implemented within the CMPs’
Actel/Microsemi RTAX2000SL FPGAs maintain each TQCM temperature to within
±1◦C of their respective temperature set-points. Each TQCM has a separate ther-
mal controller channel, and each TQCM temperature set-point is externally pro-
grammable and set by UART command. To reach a new temperature within five
minutes a Proportional-Integral (PI) control loop was chosen. Proportional feedback
alone would produce a control signal that is linearly proportional to the system
error e(tk) = Z−1

{
E(z)

}
. Increasing the proportional gain Kp would reduce the

steady-state temperature bias and the time to reach steady-state, but for a second
order TEC thermal conduction system would not control the damping term. That
is, adjusting Kp would change the natural frequency of the control system but not
the damping. Large Kp would yield a rapid transient system response to a low
steady-state temperature bias, but the damping could be too low to prevent un-
acceptable initial oscillation around the steady-state temperature. The addition of
integral feedback minimizes the steady-state temperature bias and transient response
to disturbances [4].

Recall that the discrete time integral i(tk) of a discrete function f(tk) is computed
as

i(tk) =

∫ k·T

0
f(tk) dt = i(tk−1) +

f(tk) + f(tk−1)

2
T (A4)

for time step T . The z-transform of the discrete time integral equation is then

Z
{
i(tk)

}
= I(z) = z−1I(z) +

T

2
F (z)(1 + z−1),

I(z)(1− z−1) =
T

2
F (z)(1 + z−1),

I(z) =
T

2
F (z)

(
z + 1

z − 1

)
. (A5)

The generalized PI controller signal u(tk) is a function of the system error signal
with proportional and integral terms as

u(tk) = Kpe(tk) +Ki

∫ k·T

0
e(tk) dt, (A6)

where Kp is the proportional gain term of the PI loop, and Ki is the integral gain
term that can be regarded as a gain per unit time on the time series summation of
all past values of the tracking error. The z-transform of this generalized equation
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yields

U(z) = KpE(z) +Ki
T

2
E(z)

(
z + 1

z − 1

)
U(z)

E(z)
= Kp +

KiT

2

(
z + 1

z − 1

)
. (A7)

This leads to the PI controller pulse transfer function of Figure A-1 being defined
by

G1(z) =
M(z)

E(z)
= Kg

[
Kp +

KiT

2

(
z + 1

z − 1

)]
,

G1(z) =

(
KgKp +

KgKiT
2

)
+
(
−KgKp +

KgKiT
2

)
z−1

(1− z−1)
. (A8)

Equation A8 applies to a general Proportional-Integral-Derivative (PID) controller
in the discrete time domain with the derivative gain set to zero. The use of a PI
controller provides a smoother yet slower response than a full PID controller and
minimizes overshoot from inadequate damping. Kg is a conversion factor to make
the total open loop pulse transfer function a unity gain of the input error signal.
For the SAGE III CMP PI controllers implemented in logic fabric, the discrete-time
sample rate is static at 1 Hz.

The combined pulse transfer function

Gi(z) =
M4(z)

M(z)
= Ki = 1.8 (A9)

is used to model the transfer functions G2(z), G3(z), and G4(z). The current is
capped at ±1.8 A (really ±1.7173828 A but rounded up to bound the worst-case
transient response) to prevent damage to the TEC Peltier element, and so this
models a temperature set-point change resulting in full effort.

Gt(z) is the thermal response of the TQCM sensors and is the combination of
G5(z), G6(z), and G7(z). Current from Gi(z) drives the input to Gt(z), so the PI
controller’s Kg term is the inverse of the Gi(z) gain multiplied by the Gt(z) gain.

To implement Equation A8 in hardware the difference equation must be found by

solving for the PI output signal m(tk) = Z−1
{
M(z)

}
. Let b0 =

(
KgKp +

KgKiT
2

)
and b1 =

(
−KgKp +

KgKiT
2

)
. Then from Equation A8

G1(z) =
M(z)

E(z)
=
b0 + b1z

−1

(1− z−1)
. (A10)
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Cross multiplying yields

M(z)
(
1− z−1

)
= b0E(z) + b1z

−1E(z).

M(z) = b0E(z) + b1z
−1E(z) + z−1M(z). (A11)

The inverse z-transform of Equation A11 yields the difference equation, which
amounts to a digital filter along with the resulting thermal controller coefficients
as shown in Equations A12. The digital filter equation is defined in VHDL as a
recursive, Direct Form One (DF-1) Infinite Impulse Response (IIR) filter.

m(tk) = b0e(tk) + b1e(tk−1) +m(tk−1), where (A12)

b0 = KgKp +
KgKiT

2
, and

b1 = −KgKp +
KgKiT

2
.

Parameters b0 and b1 are configurable and set for both CMP modules indepen-
dently using the desired gains. The input values presently used on orbit for both
modules are B0 = 2824 and B1 = 62758. The variables are found in the ground sys-
tem software file FamilyMnemonic.xml and appear as const cmp pid gain b i
and const cmp pid gain b i to assign gains to all of the CMP1 sensors and
const cmp pid gain b i and const cmp pid gain b i to assign gains for the
CMP2 sensors. These values are cased as unsigned integers but interpreted as Q3.12
signed fixed point numbers (16-bit total length, 12 fractional bits) which means

b0 = B0/212 = 2824/212 = 0.689453125, and (A13)

b1 = B1/212 = 62758 (2’s complement)/212 = −2778/212 = −0.6806640625.

These values can be re-derived on the ground and updated on flight as needed.

To close the control loop, the unity gain conversion Kg simplifies the total pulse
transfer function to

H(z) =
Z
{
y(tk)

}
Z
{
x(tk)

} =
Y (z)

X(z)
=

G(z)

1 +G(z)
. (A14)
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Appendix B

Timeline Graphs

The following eight figures are the time series plots of each CMP sensor. Each
figure is organized as such: the top strip chart depicts ISS solar beta angle, the mid-
dle area is a timeline of vehicle arrivals/departures, and the bottom plot is sensor
beat frequency and the corresponding Sauerbrey mass as of the publication of this
document. Grayed out vehicles in the timeline indicate that the respective vehicle
is not in the sensor FOV. As stated in Section 2.2, all crystal pairs inside TQCMs
delivered by QCM Research are biased in their clean (meaning zero contamination)
fundamental modes by a frequency of about 2 kHz. This bias ensures that a zero
beat frequency will never be measured as the Sense crystal starts out approximately
2 kHz below the Reference crystal when clean and declines from there as contami-
nants accrete. (If the two crystals were more closely matched in clean fundamental
frequency, then frequency variations caused by temperature differences, crystal re-
laxation, etc. could result in a condition where the Sense crystal is oscillating at
a higher frequency than the Reference crystal with a resultant beat signal that is
indistinguishable under reversal of the crystal frequencies.) Therefore, 2 kHz was
designated 0 ng/cm2 on the following plots. However, it is important to note that
the desired measurement is the Sauerbrey Mass difference between two points on
the time series. The total accretion values in Table 3 do not directly match the
total Sauerbrey mass in Figures B-1–B-8 because of accumulation during pre-flight
subsystem level activities. The difference between the mass at the beginning of the
timeline and the current mass will correspond to Table 3 after taking into account
TGAs. Total mass desorptions during elevated TGA temperatures are incorporated
into the total accretion in Table 3 to conservatively estimate total payload expo-
sure to contamination. Because TGAs are performed at a higher temperature than
the payload it is assumed those contaminants do not desorb off the payload. Con-
versely, spontaneous desorption off the CMP sensors occurring at a lower tempera-
ture (−10◦C) than the payload are not incorporated into the Table 3 total accretion
because it is assumed those contaminants would also desorb spontaneously off of the
payload.
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Figure B-1: Timeline of Vehicles Visiting the ISS, as Seen by the starboard Sensor
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Figure B-7: Timeline of Vehicles Visiting the ISS, as Seen by the PMM Sensor
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Figure B-8: Timeline of Vehicles Visiting the ISS, as Seen by the MLM Sensor
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Appendix C

Acronyms

ADC Analog-to-Digital Converter

AgFEP Silver-Backed Fluorinated Ethylene Propylene Teflon

AO Atomic Oxygen

BvD Butterworth-van Dyke

CMP Contamination Monitoring Package

CRS Commercial Resupply Services

DF-1 Direct Form One

ELC-4 ExPRESS Logistics Carrier-4

EVAs Extravehicular Activities

ExPA ExPRESS Payload Adapter

ExPRESS Expedite the Processing of Experiments to the Space Station

FDIR Fault Detection, Isolation, and Recovery

FOV Field of View

FPGA Field-Programmable Gate Array

HTV H-II Transfer Vehicle

IAM Interface Adapter Module

IIR Infinite Impulse Response

ISS International Space Station

ISSP International Space Station Program

LDEF Long Duration Exposure Facility

LEO Low Earth Orbit

MK24 TQCM Mark 24 Thermoelectric Quartz Crystal Microbalance

PCA Principal Component Analysis

PDU Power Distribution Unit
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PI Proportional-Integral

PID Proportional-Integral-Derivative

PRT Platinum Resistance Thermometer

PWM Pulse-Width Modulation

QCM Quartz Crystal Microbalance

SAGE III Stratospheric Aerosol and Gas Experiment III

SAGE III–M3M SAGE III/Meteor–3M

TEC Thermoelectric Cooler

TGA Thermogravimetric Analysis

TQCM Thermoelectric Quartz Crystal Microbalance

TSM Thickness Shear Mode

UART Universal Asynchronous Receiver-Transmitter

UV Ultraviolet

VHDL VHSIC Hardware Description Language

VHSIC Very High Speed Integrated Circuits
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