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PREFACE

The Fifteenth Space Simulation Conference, held at the Williamsburg Hilton and National Conference
Center, Williamsburg, Virginia, October 31 to November 3, 1988, is hosted by the Institute of Environ-
mental Sciences (IES) and supported by the American Institute of Aeronautics and Astronautics (AIAA)
and the American Society for Testing Materials (ASTM). The conference is further supported by the
National Aeronautics and Space Administration (NASA) by their publication of these proceedings.

Some thirty years ago, man was able to reach out and touch space for the first time using the tools of
technology to understand this new frontier. Soon after, the first meeting of the Space Simulation Con-
ference, or the Tri-Society as it was initially referred, came into existence. Today, the Fifteenth Space
Simulation Conference represents a gathering of respected individuals presenting papers to “Support the
Highway to Space Through Testing.” And the papers presented at this conference and the resulting discus-
sions again will continue to carry on our ability for a permanent presence in space.

I would like to take this opportunity to publicly thank a few of those people whose efforts have made this
conference and the publication of this document possible. Thanks go to Richard (Dick) Hartenbaum, Tech-
nical Program Chairman, GE Astro Space Division, and his people on the technical committee; Joseph (Joe)
Stecher III, Publication Chairman, NASA Goddard Space Flight Center; and John D. Campbell, IES
Meeting Manager, for bringing us to Williamsburg. In addition, the program committee would like to
express our special thanks to Janet A. Ehmann, Executive Director, Institute of Environmental Sciences,
and her staff for handling all the details which ensured a successful conference.

I wish all of you success and hope this conference will become as valued an experience as it has for me.

Albert R. Lunde
General Chairman
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WF/PC INTERNAL MOLECULAR CONTAMINATION DURING
SYSTEM THERMAL-VACUUM TEST

D. Taylor, J. Barengoltz, T. Jenkins, K. Leschly, and J. Triolo
Jet Propulsion Laboratory
California Institute of Technology

ABSTRACT

The Wide-Field/Planetary Camera (WF/PC) uses eight Charge Coupled Devices (CCDs) as imaging sensors in
the wavelength region from 1200 to 11,000 angstroms. The CCDs are operated at temperatures below
-80°C for noise reduction and quantum efficiency stability. As a consequence, the CCDs are susceptible to
very low levels of internal contaminants which affect the far ultra-violet (FUV) instrument performance.
This concern is further magnified by the limited venting paths to the external environment.

During the recent system thermal-vacuum test of the WF/PC (February-March 1988), instrumentation
was added to the WF/PC to characterize the internal molecular contamination and verify the instrument
throughput down to 1470 angstrom. The following instruments were mounted on an access plate with view
of the inside of WF/PC: A 15MHz temperature controlled quartz crystal microbalance (TQCM), a thermo-
couple pressure gauge, and an optical witness mirror. Four UV-sources were added to the Optical Stimulus
used to verify the optical performance of the WF/PC. The optical stimulus simulates the F/24 beam pro-
vided by the Hubble Space Telescope (HST) to the WF/PC pick-off mirror mounted external to the camera.

Throughout the system thermal-vacuum test (37 days) the following data was collected of relevance to
contamination:

[

Temperature data for the WF/PC optical bench, internal electronic assemblies, CCDs, heat-pipe sys-
tem, radiator, and the external thermal shrouds.

TQCM data, with the crystal temperature set at -20°C during most of the test.

Pressure data for the vacuum chamber and the internal WF/PC environment.

WF/PC thruput data at 1470A, 2500A, and 4100A during each of the CCD cooldown cycles.

Analysis of the above data elements revealed the presence of two contaminants affecting the FUV perfor-
mance of the WF/PC. The one contaminant (heavy volatile), is correlated with the electronic and housing
temperature, and the contamination was significantly reduced when the electronics were operated below +8
to +10°C. The other contaminant (light volatile), was controlled by the heat-pipe temperature and was sig-
nificantly reduced when the Thermal Electric Cooler (TEC) hot-junction temperature is below -40 to
-50°C. These conclusions are supported both by TQCM data and WF/PC thruput measurements at 1470A.

The utility of contamination sensors located inside instruments during system tests was demonstrated.
Vacuum chamber background readings could not reflect the internal conditions of interest because WF/PC
is almost sealed, the background followed shroud and WF/PC external surface temperatures, and these ex-
ternal surface emissions would swamp the relatively low internal fluxes. The TQCM data internal to WF/PC
provided information on the physical sources of contamination and possible contaminant species that
affected instrument performance. The entire data set also guided remedial measures.



After the thermal-vacuum test and prior to final installation of the WF/PC into the HST, the WF/PC was
modified in two areas:

- To enable on-orbit decontamination of the CCDs, heaters (66W total), were added to the eight
heat-pipe/radiator saddles. This change provides a capability to boil-off the CCDs at temperatures
above +10°C.

-~ To reduce the on-orbit outgassing rate of the high temperature volatile, patches were removed from
the thermal blankets covering the electronic bays. This change reduces the expected operating
temperature of the electronics by 2 to 3°C (down to between 0 to 5°C nominal).
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WIDE FIELD/PLANETARY CAMERA (WF/PC)
" CONTAMINATION CONTROL ASSESSMENT

C. Maag, J. Millard, and M. Anderson
California Institute of Technology, Pasadena, CA 91109

ABSTRACT

The Jet Propulsion Laboratory (JPL) has conducted an in depth contamination study of the Wide Field/
Planetary Camera (WF/PC).* The WF/PC is one of five science instruments on the Hubble Space Telescope
(HST). The WF/PC provides a viewing capability for far ultraviolet, optical and near infrared astronomy.
The WF/PC has a graphite epoxy optical bench with cooled detectors and an aperture window through
which stellar energy is transmitted.

The major concern of this study was the formation of a haze on the transmissive optics when exposed to a
vacuum environment. The phenomena was determined to be a result of molecular transport from a low
outgassing structural adhesive. Detailed analyses, both chemical and analytical were conducted to assess the
formation of the haze. This paper will relate the findings of this contamination study.

Detailed spectral and chemical analyses were conducted on the aperture window to determine the source of
the haze. Results of size exclusion chromatography, atomic absorption spectroscopy, Fourier Infrared
Transmission and Fourier Transform Diffuse IR Reflectance of the haze and molecular films from sur-
rounding areas will be discussed. In addition, special tests were developed to recreate the formation of the
haze on a similar aperture window. Results of these tests will also be discussed.

Since the chemical and spectral analyses provided results which propagated many emotional responses, an
additional study was conducted. The purpose of the study was to determine quantitatively if the adhesive
or any other material could be responsible for the molecular contamination pattern found on the aperture
window. This would be determined by comparison of the contamination distribution on the window, as
evidenced by photographs, with the analytical distribution computed, assuming these materials were the
sole source of the contamination by means of outgassing.

The approach taken was to perform a simplified computer simulation of the outgassing of each of these
materials and record the mass distribution created by each material on the aperture window. A detailed
geometric computer model of the pertinent interior surfaces of the housing was created. The JPL mass
transport program was then used to perform an outgassing simulation for each material in order to deter-
mine the results.

Each material was considered individually, as it was not known if the actual contamination was a result of
one, many, or possibly none of the materials considered.

Results of this assessment and the comparison with the aforementioned chemical analyses provided incon-

trovertible evidence as to the cause of the window haze. The resultant clean-up and subsequent elimination
of the problem will also be addressed.

ACKNOWLEDGEMENT

This work has been carried out by the Applied Technologies Section, Jet Propulsion Laboratory, California
Institute of Technology, and was sponsored by the National Aeronautics and Space Administration.

*Maag, C. R., Results/Findings of the WF/PC Contamination Team, Draft, JPL Internal Document, May 1987.
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CHARACTERIZATION OF A GRAPHITE EPOXY OPTICAL BENCH
DURING THERMAL VACUUM CYCLING!

Patricia A.Hansen, Teresa K. Jenkins,
Carl R. Maag, and Daniel M. Taylor
Jet Propulsion Laboratory
California Institute of Technology

ABSTRACT

In-situ monitoring of the Wide-Field/Planetary Camera, a Hubble Space
Telescope science instrument, was performed in a vacuum environment to better
understand the formation of ice on cooled optical detectors. Several
diagnostic instruments were mounted on an access plate and viewed the interior
of the instrument housing and the graphite epoxy optical bench. The
diagnostic instruments were comprised of the following: a TQCM (Temperature-
Controlled Quartz Crystal Microbalance), a Pressure Gauge and an Optical
Witness Sample. This paper describes the instrumentation and the rationale
for choosing this instrumentation. In addition, the performance of the
instrumentation during monitoring operations will be presented.

INTRODUCTION

An in-depth contamination study of the Wide- Fleld/Planetary Camera
(WF/PC) was conducted by the Jet Propulsion Laboratory (JPL) As part of
this study the formation of ice on the cooled detectors was investigated.
During previous system thermal vacuum tests, a contaminant, thought to be ice,
was observed on the detectors. This contaminant was easily removed when the
detectors were warmed up while under vacuum. After this period, the detectors
were cooled and no contaminant, or ice, was seen on the detectors during
imaging.

This phenomena was thought to be the result of water desorption from the
graphite epoxy optical bench material (ref. 1). To better understand this
phenomena, several diagnostic instruments were proposed for in-situ monitoring

1 This work has been carried out by the Applied Technologies Section,
Jet Propulsion Laboratory, California Institute of Technology and was
sponsored by the National Aeronautics and Space Administration.

2 Carl R. Maag: Results/Findings of the WF/PC Contamination Team, Draft.
JPL Internal Document, Jet Propulsion Laboratory, Pasadena, CA, May 1987.
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of the WF/PC during a system thermal vacuum test. The diagnostic instruments
included a Temperature-Controlled Quartz Crystal Microbalance (TQCM), a
Pressure Gauge and an Optical Witness Sample (OWS). These instruments were
mounted on an access plate and viewed the interior of the instrument housing
and the thermally blanketed graphite epoxy optical bench.

One of the principal ground rules was that the diagnostic instrumentation
could not introduce contaminants into the WF/PC housing and could not change
the existing heat flow paths. Thus the instrumentation was subjected to
rigorous preconditioning prior to installation on the WF/PC housing. In
addition, only low outgassing materials were used on the access plate.

During the system thermal vacuum test additional diagnostic
instrumentation and contamination monitoring devices were used to measure the
test environment. Only the access plate instrumentation will be discussed in
this paper. A summary of the access plate instrumentation results is also
presented. An in-depth discussion of the TQCM measurement techniques and data
reduction is the subject of another paper included in this conference
(ref. 2).

I

WIDE-FIELD/PIANETARY CAMERA

The WF/PC is the radial science instrument on the Hubble Space Telescope
(HST) developed and built by the JPL and the California Institute of
Technology. The scientific objectives of the WF/PC are to provide
photometrically and geometrically accurate, multiband observations of stars
and extended sources over a wide field-of-view (FOV) on the HST, and to
provide very high angular resolution photometrically and geometrically
accurate, multiband images of the solar system and its astronomical objects.

The WF/PC contains two complete optical relay and detector systems as
shown in Figure 1. Each system is capable of producing a four-part image
mosaic. One relay system operates for wide-field work and the other operates
for planetary or high resolution work. Only one optical system provides
images at any given time.

Once the relay optics intercept the light, they reflect it through the
primary and secondary optics to the detectors located in the rear of the
optical assemblies (in the camera heads). The eight (8) detectors (one in
each of the four camera heads for either the wide-field or planetary system)
contain charge coupled devices (CCDs). The CCDs are cooled to a nominal
temperature of -90°C to suppress their dark current and to improve their
performance.

WF/PC CONTAMINATION STUDY

The WF/PC contamination study investigated the formation of ice on
critical surfaces such as the CCD windows and the Thermoelectric Coolers

13



(TEC). The goal of this investigation was to prevent the formation of ice on
optical surfaces and to develop operational strategies to respond to ice
formation if it reoccurred during flight operations.

Models predicting the formation of ice were developed to define and
quantify the parameters associated with this phenomena. As this phenomena was
thought to be the result of water desorption from the graphite epoxy optical
bench material, a model of the dew point inside the housing was derived for
external vacuum conditions.3 When the temperature of a surface such as the
CCD windows or TECs are below the dew point temperature (and below the
freezing point of water) ice will form on these surfaces. This dew point
model was then used to develop operational strategies for cooling the
detectors.

Several layers of MLI (multilayer insulation) blanket were removed from
the housing to decrease the nominal operating temperature of the WF/PC by
several degrees. Scenarios were developed to predict the time delay after
launch for the dew point temperature of the out§assing water, or contaminant,
to be below the temperature of the CCD windows. The operating temperature of
the detectors was raised ten degrees to allow early operation of the
detectors. It is believed that these changes will result in ice free
operation of the cooled detectors 30 days after launch.

The diagnostic instrumentation was proposed for in-situ monitoring of the
optical bench and housing to quantify the initial parameters of the derived
models. A TQCM was employed to measure the adsorption and desorption of
volatile condensible material (VCM) on the surfaces in the WF/PC, primarily
the graphite epoxy optical bench and the electronics. The pressure gauge was
employed to measure the initial water content of the optical bench (i.e. the
partial pressure of water). The OWS was used to measure any change in
reflectance of an optical surface due to the deposition of outgassed material
on that surface. The access plate was a structural member only.

DIAGNOSTIC INSTRUMENTATION
INSTRUMENT CONFIGURATION

The diagnostic instrumentation was mounted on the access plate as shown
in Figure 2. The operational constraints of the pressure gauge required it be
mounted on an extended inlet tube outside the WF/PC shrouds. The inlet tube

3 Jack B. Barengoltz: A Model of the WF/PC Dew Point. JPL Interoffice
Memorandum No. 3543:87:0010, Jet Propulsion Laboratory, Pasadena, CA,
January 15, 1987.

4 Jack B. Barengoltz: WF/PC Thermal Blankets Revisited. JPL Interoffice

Memorandum No. 3543:87:0084, Jet Propulsion Laboratory, Pasadena, CA, May 14,
1987.
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was mounted on the access plate as shown in Figure 2. The access plate was
mounted on the WF/PC housing as shown in Figures 3 and 4.

ACCESS PLATE

The goal of the monitoring was to better understand the formation of ice
on the detectors using "passive" measurement techniques. As such, it was
imperative that the access plate and diagnostic instrumentation did not change
the existing WF/PC heat flow paths or introduce volatile condensible material
(VCM) into the housing.

VESPEL (SP-1) was chosen as the material for the access plate as it
provided good thermal isolation from the WF/PC housing and the vacuum chamber
shrouds, was easily machined and was a low outgassing material. The access
plate was subjected to a 80°C * 2°C wvacuum bakeout for 36 hours at 1 x 10-6
torr prior to installation onto the WF/PC housing. Swab sampling was
performed prior to installation to verify that the access glate would not
contaminate the interior housing of the WF/PC during test.

Freon TF (Burdick-Jackson HPLC purity 1,1,2-Trifluorotrichloroethane) was
used to clean the access plate and the external surfaces of the diagnostic
instrumentation prior to installation onto the WF/PC housing. The NVR
(nonvolatile residue) was removed from these surfaces and thus prevented the
introduction of organic contaminants into the WF/PC housing.

TEMPERATURE - CONTROLLED QUARTZ CRYSTAL MICROBALANCE

A temperature-controlled quartz crystal microbalance (TQCM) performed in-
situ measurements of adsorbed and desorbed VCM on surfaces in the WF/PC,
primarily the graphite epoxy optical bench and electronics. The TQCM was
instrumented with 15 MHz optically polished crystals (ref. 3). The crystals
were coated with aluminum to be representative of a reflective optical
surface.

The heat generated by the TQCM electronics was removed by a gold plated
copper heat sink which was thermally coupled to a heat exchanger maintained at
10°C * 5°C. This provision, suggested by the manufacturer, provided increased
accuracy of the TQCM measurements (ref. 3). 1In addition, this provision
allowed the contamination loading from the WF/PC optical bench and housing to
be monitored without changing the existing heat flow paths.

The TQCM monitored the access plate vacuum bakeout. As a monitoring
device, the TQCM was subjected to a 80°C * 2°C vacuum bakeout for 36 hours.

5 Patricia A. Hansen: Results of the WF/PC Access Plate Bakeout. JPL
Interoffice Memorandum No. 354C:88:0012 (ST-DFM 1140), Jet Propulsion
Laboratory, Pasadena, CA, January 21. 1988.
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Prior to installation on the access plate, the exterior surfaces of the TQCM
were cleaned.

PRESSURE GAUGE

The pressure gauge was a Series 275 Convectron gauge from Granville-
Phillips Company (ref, 4). It was capable of providing a pressure measurement
from 1000 torr to 1073 torr. The gauge tube contained a temperature
compensated heat loss sensor which utilized conduction cooling to sense
pressure at lower pressures. At higher pressures, it utilized convection
cooling in which gas molecules were circulated through the gauge tube by
gravitational force.

Prior to installation on the access plate, the pressure gauge was
calibrated to extend the nominal useful range from 1 x 103 torr to 2 x 1074
torr. The pressure gauée was also subjected to a 80°C * 2°C vacuum bakeout
for 24 hours at 1 x 107° torr. The exterior surfaces of the pressure gauge
were cleaned prior to installation on the access plate.

The pressure gauge inlet tube was extended to allow the pressure gauge to
be mounted on the access plate but reside several inches away from the access
plate due to operational constraints. During operation, the pressure gauge
was mounted to remain in a horizontal position and at ambient temperatures.
Although not shown mounted on the access plate in Figure 4, the pressure gauge
is presented in Figure 5.

OPTICAL WITNESS SAMPLE

The optical witness sample (OWS) was an optically polished aluminum
sample. The sample was coated with MgFy to simulate an optical surface. The
OWS was installed in a holder for ease of handling prior to installation. An
example of the OWS installed in a holder is shown mounted on the external test
fixture in Figure 6.

The reflectance of the OWS was measured at several wavelengths (1216 A,
1608 A, 2200 A, 2537 A and 3130 A) prior to installation on the access plate.
The OWS holder was vacuum baked with the access plate.5 The exterior surfaces
of the holder were cleaned prior to the OWS installation.

THERMAL VACUUM TEST MONITORING

The TQCM and pressure gauge continuously monitored the WF/PC optical
bench and housing during the system thermal vacuum test. The WF/PC test
profile simulated three flight operational conditions: nominal operational
conditions, a flight hot case and a flight cold case. During these profiles
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the temperature of the TQCM was varied to measure the relative volatility of
the surface contamination from the optical bench and housing.

The OWS was continuously exposed to the WF/PC housing and optical bench.
The OWS was not temperature controlled and was coupled by radiation to the
housing and optical bench. Thus the OWS followed the temperature profile of
the housing and optical bench and varied from approximately 35°C to -5°C.

RESULTS

The temperature of the TQCM was varied to measure the relative volatility
of the surface contamination from the optical bench and housing which was held
at a constant temperature during the test profiles. Self-contamination of the
TQCM was considered highly improbable due to the rigorous preconditioning
program of the access plate and diagnostic instrumentation. Therefore, the
contamination source was internal to the WF/PC. The TQCM measured two groups
of contaminants as a result of varying its temperature and the optical bench
and housing temperature. As a result of these measurements, it was concluded
that the TQCM collected an organic contaminant, not ice, when cold. The
source of this contamination was not identified as the optical bench and
housing are composed of many subassemblies (e.g. electronics, camera head,
mechanisms, etc). However, additional measurements indicated the
contamination source was strongly correlated to the operation of the
electronics bays. Although surface contamination was detected by the TQCM,
additional temperature cases showed that the detectors could be outgassed
without detector performance loss. An in-depth discussion of the TQCM results
is the subject of another paper included in this conference (ref. 2).

During operation, the TQCM was not operated at a temperature cold enough
to collect ice. For operational temperatures below -60°C, the manufacturer
suggests using a CQCM (Cryogenic Quartz Crystal Microbalance) (ref. 3).
However, ice formation on the detectors (i.e. the CCD windows) was not
expected as the amount of adsorbed water in the graphite epoxy optical bench
and housing had been limited by the use of an ultradry nitrogen purge prior to
test and the use of operational strategies during the test. The ultra-dry
nitrogen purge system and the operational strategies are the subject of
another paper included in this conference (ref. 5).

The TQCM measurements identified that water (ice) was not the only
contaminant inside the WF/PC housing and optical bench. Flat field imaging
was performed to verify that the operational strategies did indeed result in
ice free operation of the cooled detectors (ref. 6). These images were not
obscured as in previous tests. Therefore, these operational strategies
resulted in ice free operation of the cooled detectors.

The pressure gauge was initially recommended so that its measurements
could be used to derive the partial pressure of water inside the WF/PC, it was
found that these measurements needed to be extended into the 10°° torr range.
In the event of ice formation on the CCDs, the pressure gauge would have been
used to determine the actual vapor pressure of the ice, or contaminant. In
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addition, the pressure gauge would have been used to determine the vapor
pressure of the ice during the detector warmup/ice removal sequences.

As the detectors did not collect ice, the pressure gauge was only used to
measure the pressure differential between the WF/PC housing and the vacuum
chamber during chamber pump down and purging sequences. The rate of diffusion
of the purge gas out of the camera and the effectiveness of the vent tube were
measured. These measurements were correlated with the previous predictions.

The OWS was measured immediately after test. The results of these
measurements showed the reflectance of the OWS did not degrade beyond three
(3) percent at Lyman-Alpha wavelengths. The OWS reflectance measurements
indicated that if warmed to room temperature and atmospheric pressure, the
contaminant did not cause a loss in reflectance on an optical surface (i.e.
the CCD windows).

CONCLUSIONS

Significant information was obtained with in-situ monitoring of the WF/PC
optical bench and housing during a system thermal vacuum test. The diagnostic
instrumentation was an invaluable tool in monitoring the internal
contamination. The instrumentation allowed the internal environment of the
WF/PC to be monitored without altering the functional requirements or nominal
operating requirements of the WF/PC.

The TQCM performed in-situ measurements of adsorbed and desorbed VCM on
the internal surfaces of the WF/PC. The TQCM measured an organic contaminant,
less volatile than water, correlated to the operation of the electronics bays
within the WF/PC. The OWS reflectance measurements indicated that if warmed
to room temperature and atmospheric pressure, the contaminant did not cause a
loss in reflectance on an optical surface.

Although the TQCM temperature was not cold enough to simulate the cooled
detectors, verification of ice free operation of the cooled detectors was
performed with flat field imaging. The flat field images were not obscured,
thus verifying ice free operation of the cooled detectors.

6 Jack B. Barengoltz: Actual WF/PC Venting and Implications for Water
Modeling. JPL Interoffice Memorandum No. 354:JB:88:0129, Jet Propulsion
Laboratory, Pasadena, CA, May 2, 1988.
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CLASS 100 LARGE SPACECRAFT FACILITY

L.E. Ryan
TRW Operations & Support Group

ABSTRACT

A new, large spacecraft dedicated clean facility has been built and is operating at TRW Space & Defense,
Redondo Beach, California. The facility includes typical integration and test (I&T) and laboratory capabil-
ities. Over 4500 square feet of HEPA filtered, air conditioned, hydrocarbon monitored, and personnel con-
trolled working area is currently being used in state-of-the-art aerospace applications.

Design and construction of the facility, known as TF2 (for Test Facility #2), was sponsored by TRW’s
Space & Technology Group (S&TG). From the beginning, the purpose of the facility was to provide the
company with the flexibility of providing very high levels of contamination control for its present and
forthcoming contamination sensitive programs. To accomplish this goal, providing the necessary detail for
the planning stages all the way through to present operating procedures and future enhancements were
emphasized.

A private consultant was hired to assist in the preliminary design of the TF2 Clean Rooms (CR’s). Because
of energy requirements and space efficiency, HEPA filtered ceilings and side wall air returns — hence con-
stituting a downflow — were selected. Large horizontal obstructions were projected as fixtures in these
rooms and resultant eddy currents were computed as worse in a horizontal flow arrangement. Drawings
were released ensuring proper materials and construction practices were applied. Upon completion, the
consultant performed preoperation characterization of airflow and airborne particulate concentrations.

An automated Clean Room Monitoring System (CRMS) was purchased and set up to provide continuous
monitoring of several environmental parameters of interest. Among these are airborne particulate concen-
trations (0.01 and 0.5 micron sensitivities), temperature, relative humidity, airborne hydrocrabons, and air
(downflow) velocity. Parameters are measured 24 hours a day and recorded on a storage device for up to
4 months at a time.

Personnel entering these CR’s have undergone training and contamination awareness sessions. Full Class
100 clean room outfits — hoods, coveralls, high boots, gloves, and facemasks — are required for entry.
Paper, wood, painted surfaces, or other potential particle generating material is not allowed in the CR’s.
Anterooms and staging areas are provided to change garments and clean hardware for entry. Quarterly
monitoring reports are submitted to program offices to ensure proper clean room maintenance and per-
sonnel procedures are implemented.
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CORRELATION STUDIES ON SURFACE
PARTICLE DETECTION METHODS*

Ronald V. Peterson and James C. White
Hughes Aircraft Company

ABSTRACT

The accurate determination of dust levels on optical surfaces is necessary to
assess sensor system performance. A comparison study was made on several particle
measurement methods including those based on direct imaging and light scattering.
The effectiveness of removing the particles from the surface prior to determining
particle size distributions was also assessed.

These studies revealed that some methods, especially those requiring particle
removal before analysis, are subject to large systematic errors affecting particle
size distributions. Thus, an understanding of the particle measurement methods
employed is necessary before any surface cleanliness or obstruction value assignments
are accepted as true representation of an optical surface contamination condition.

INTRODUCTION

Since the advent of optical and other contamination sensitive systems on board
spacecraft, there has been a concern that particulate and molecular contamination
would compromise the performance during the lifetime of the spacecraft. These
concerns are not unfounded as decreased performance in some recent spacecraft has
been attributed to contamination.

As the demand for greater cleanliness levels increases due to the higher
performance requirements, so does the need to develop more sensitive, reliable
methods for the measurement of surface particlate contamination.

In a previous SPIE paper1 the current particle detection/analysis methods for
spacecraft surfaces were discussed. Methods included detection and analysis of

* This work was performed under contract No. F20602-85-C-0279, For the Air Force
Systems Command, Rome Air Development Center, Griffis Air Force Base
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particles directly on a surface, as well as those that require the removal of
particles from the surface in order to perform the analysis. In certain instances
the goemetry of the hardware may dictate that particles be removed for effective
particle measurement.

In this paper, correlation studies will be discussed on work performed on some
of these methods. The correlations were done by analyzing the same or similar
sample populations with the different methods. Particle distributions were obtained
and plotted in terms of cleanliness levels and obscuration or covering fraction (CF)
values. Bidirectional reflectance distribution function (BRDF) scatter was also
measured on some samples and compared with particle counting methods.

SAMPLE WITNESS PLATES

Several sample witness plates were selected for use in the correlation study.
These are listed in Table I. They were selected on the basis of optical materials
used in spacecraft and witness samples typically used in monitoring cleanliness
levels during spacecraft ground operations.

Table I Sample Witness Plates for Dust Fallout

Aluminum Mirrors on Glass Substrate 1 x 1 inch
with Si0x Overcoat (CLM) 6 x 6 inch
Polished Glass 1 x 1 inch black
(CLBG) 6 x 6 inch black
(DMC) 3 x 3 inch clear
Filter Paper 47mm Diameter Millipore
(CLF) Grided

PARTICLE POPULATION MEDIA

The sample witness plates were populated with particle fallout from a laboratory
environment. The 1abora£ory fallout, collected over a period of days, roughly
followed a Mil-Std 1246A~ distribution with fewer particles detected below 10um and
more detected above 50um than would be expected from the 1246A idealized distribu-
tion,
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DETECTION/ANALYSIS METHODS

The particle detection/analysis methods listed in Table II were used in the
correlation study. The methods tested included direct measurement of the witness
samples such as photography, microscopy, and light scattering and an indirect method
which involved a solvent flush of the surface to remove the particles with subsequent
particle analysis by microscopy or automatic particle counting.

TABLE II Particle Detection/Analysis Methods Used in Correlation Study

SAMPLE TYPE

Stereo Optical Microscopy Fallout and rinses collected on
Filter Paper

Optical Microscopy Fallout and rinses collected
on Filter Paper

Photography Mirror and Glass Samples

BRDF Scatter Mirror and Glass Samples

Automatic Particle Counter Rinses from Mirror & Glass
Samples

Following population of the witness sample with laboratory fallout, the samples
were analyzed utilizing the scheme in Table III.

DESCRIPTION OF METHODS

OPTICAL MICROSCOPY

Optical microscopy is a standard method used to count particles on substrates.
It is most effective on grided filter paper where particle populations can be
counted within defined areas. Two optical microscopy methods were used to count
particles. One, using a light microscope with oblique lighting, follows the
ASTM F312 method. Particles are observed at 100x for the smaller size particles
and 40x for the larger ones. The second method, developed in the Hughes Contamina-
tion Physics Laboratory of the Optical Technology Department, uses a stereo
microscope with grazing incident lighting of the sample surface. Magnification is
about 70.

The two microscope methods were compared as part of this correlation study.
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TABLE TII

Particle Detection Correlation Scheme

Particle Fallout

Mirror

¥

Photography ———

\

Light Scatter
Measurements

Flush,

Black
Glass

Photography

Light Scatter
Measurements

Filter Microscopy

or

Flush, Automatic Particle

Counting
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PHOTOGRAPHIC/CAMERA METHOD

The photographic/camera system used in the Hughes contamination Physics
Laboratory has a Polaroid enlargement camera equipped with a MD-4 shutter and a Nikkon
55MM macrolens. Photographs of particles on mirror or glass surfaces are taken at a
magnification of 10 on Polaroid type 55 film giving a 0.4 by 0.45 inch frame. The
developed negative is projected onto a grided surface and the particles sized and
counted at an overall magnification of 100.

BIDIRECTIONAL REFLECTANCE DISTRIBUTION FUNCTION (BRDF) SCATTER

BRDF is an optical function which describes the scattering properties of a
surface. Scattering is due to surface irregularities or imperfections as well as
contamination. Contamination will scatter part of the incident radiation with an
intensity which depends on direction. BRDF is obtained from the quantification of
the spatial distribution of the scattered energy.

The Hughes Optical Technology Scatterometer Laboratory has the capability of
measuring BRDF on various size and configured mirror and glass witness plates and
optical components at several wavelengths including 351.1, 514.5, 632.8nm and 1.06,
3.39 and 10.6um. Surface cleanliness levels and covering fraction or obscuration
values are related to the BRDF measurements and the particle measurements were used
to study and correlate the relationship.

SURFACE FLUSH METHODS

A standard method for evaluating hardware cleanliness calls for flushing the
surface with solvent to remove the particles, then filtering and counting the
particles on the filter paper using a light microscope. This method is widely used
in the spacecraft contamination community to ascertain and monitor hardware
cleanliness levels. This method was followed to provide data on particle populations
on glass and mirror surfaces following flushing.

The surface flush method is also used to obtain samples for measurement in the
liquid particle counter. 1In this case the solvent flush is directly measured in
the automatic counter.

Approximately 100 ml of filtered IPA solvent under 25 PSI pressure was directed
onto the sample surface and thoroughly flushed. The collected solvent flush was
filtered for microscopic analysis of the particles on the filter or measured
directly in the 1liquid particle counter/analyzer.

LIQUID PARTICLE COUNTER

The liquid particle counter works on the principle of light scattering from
particles. Light from a source (generally a laser) passes through a known volume
of liquid and the scattered light from the particles in the moving fluid are
collected on a detector and recorded in intensity bins which relate to particle
size (area).

A serious problem with these instruments is that of diminishing sensitivity to
larger particles (>25um) and those that have similar indices of refraction as the
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fluid system.

Bubbles in the sample fluid are also a problem in that they are counted as
particles. A pure prefiltered bubble-free fluid must be used as a carrier, otherwise
very high particle backgrounds will be encountered.

The automatic counter used in this study was a HiAC/Rayco model 4100.

CONTAMINATION OF WITNESS SAMPLES

Three experiments were performed for the purpose of collecting laboratory
fallout samples.

The experimental conditions, witness sample types and particle analysis methods
used are shown in Table IV,

The three experiments or data sets from laboratory fallout were taken by
placing the witness samples plates and filter papers on top of a wall cabinet in one
of our laboratories. The 400 square foot room has filtered inlet air flowing from
ceiling ducts. The working laboratory is not classified as a clean room.

PRESENTATION OF DATA

The particles imaged using the photography and microscopy methods were manually
counted and placed into size bins according to their particle diameter. The size
bins chosen were 5-10, 11-25, 26-50, 51-100, 100 and 200 (fibers) um. The
counting procedure for the two methods was thus standardized and the obscuration
or covering fraction values and cleanliness levels were calculated from this data.

This obscuration or covering fraction data were obtained from the particle size
distributions by multiplying the average area (from the mean diameter in the bin) by
the total number of particles in a bin. All the particle areas in the bins were
summed to give a total particle area which is then expressed as a fraction of the
total area sampled.

Mil-Std 1246A defines the product cleanliness levels on the basis of the
number of particles of given size on a surface per square foot. The number of
particles per square foot of surface, for all partijcles of the specified size and
larger, plot as a straight line on the log vs. log” scales as shown in Figure 1.
The particulate cleanliness level is defined by the line crossing the abscissa.

The particle size data from microscopy and photography were plotted on the
1246A format to compare cleanliness level for the different fallouts and analysis
methods. Data from the surface flushed samples were treated in an identical manner
as the photography and microscopy data.

The light scatter data is reported as total integrated scatter (TIS) over a

2 to 60° scattering angle. Laser light (514.5nm) is incident upon the sample at 5
off the normal. The BRDF data is discussed in a later section.
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TABLE 1V

Contamination Experiments Laboratory Particle Fallout

Exposure Time Sample No. Substrate Analyses
Experiment No. 1
10 Days CL1 Al Mirror P, LS
CL2 Black Glass P, LS
CL6M1 6 x 6" Al Mirror FFLM, FPC
Experiment No. 2A
7 Days CLM3 Al Mirror P
CLBG3 Black Glass P
DMC 3 x 3" Clear Glass P
Experiment No. 2B
12 Days CLM3 Al Mirror P
CLBG3 Black Glass P
DMC 3 x 3" Clear Glass P
Experiment No. 2C
15 Days CLM3 Al Mirror P, LS
CLM4 Al Mirror P, LS
CLBG3 Black Glass P, LS
CL6BG1 6 x 6" Black Glass P,FFLM,FPC
DMC 3 x 3" Clear Glass P, FPC
CLF2 Filter Paper LM
CLF3 Filter Paper LM, SM
Experiment No. 3
7 Days CL2Ml1 2 x 2" Al Mirror P, LS
CL2BG1 2 x 2" Black Glass P, LS
DMC 3 x 3" Clear Glass P
CLF20 Filter Paper SM

Analysis Symbols

P

LS
M
SM
FFLM
FPC

Photography

Light Scattering

Light Microscope

Stereo Microscope

Flush, Filter, Light Microscope
Flush, Particle Counter
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RESULTS

LABORATORY FALLOUT

The initial laboratory fallout experiment consisted of exposure of two mirrors
and a black glass substrate to 10 days fallout. The results of the particle
analyses are shown in Table V where the obscuration or covering fraction (CF)
values have been calculated from the particle size distributions. Light scatter
(TIS) data was obtained on one sample. It can be immediately seen that the flush,
filter, microscopy and the flush, automatic particle counter methods give
dramatically lower CF values that those obtained by the photography method.

TABLE V Laboratory Fallout - Experiment 1 - 10 days
Sample Method of % Covering Total Integrated
Analysis Fraction Scatter
CL1AL Photography 0.18 2.65 X 10_3
CL1BG Photography 0.2
CL6M1 Photography 0.35
Flush, Filter, 0.012
Microscopy
Flush, Automatic 0.008

Particle Counter

Figure 2 shows plots of cleanliness levels obtained from the particle analysis
data. The top curve is from the photography measurements on the 6 x 6 inch
aluminum mirror. The other two curves represent data obtained from flushing and
analyzing the particles from the surface of the mirror following photography.

Half of the flush was filtered and the particle counted using optical microscopy.
The other half of the flush was analyzed using the liquid automatic particle
counter. All particle distributions were normalized to a one square foot area
for presentation with the 1246A curves. The brackets represent photographic
data from a 1 x 1 inch mirror and a 1 x 1 inch black glass sample that were
exposed simultaneously with the large mirror.

While the photographic method gives reasonable correlation with the idealized
1246A curves in the mid particle sizes, the flush and analysis methods give
large departures from the idealized curves and, of course, the photography
measurements.

The photography method shows the cleanliness level at about 600-700 and
CF (covering fraction) of about 0.2 to 0.3%. The flush/microscopy method gave
a cleanliness level of about 300 and only about 0.01% CF. Thus, if the flush
data were to be believed, a component or the optical sample would pass as clean
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when, in fact, the samples even appear dirty.

The CF and TIS data obtained from particle analysis samples exposed in
experiment 2 is shown in Table VI. The data shows an increase in the number of
particles (CF) with lengthening exposure to the lab environment as would be expected.

The total integrated scatter (TIS) and the covering fraction data show good
agreement for laboratory fallout. The black glass data, however, reveal about an
order of magnitude less TIS for a given covering fraction, due to absorption of
scattered light by the black glass. Figure 3 is the cleanliness data from the 15
day experiment (Exp. 2C). The data show an increase in the number of particles (CF)
with lenthening exposure to the lab environment as would be expected. There is good
agreement between particle distribution obtained on the mirror and the black glass
samples. The photographic results results from the glass plate (DMC) showed fewer
particles but were in reasonable agreement with the CLM3 and CLBG3 particle size
distributions.

The cleanliness levels plots of microscopy measurements from the filter paper
exposed to the fallout are shown in Figure 4. The CF and cleanliness levels show
that fewer particles were collected or observed on the filter papers than on the
mirrors and blackglass. It can be seen from Figure 4 that the light microscope
(ASTM methods)cleanliness level was lower (showed fewer particles) than the stereo
method with grazing incident light. This was especially evident at the smaller
particle region of the graph. This difference was attributed to the difficulty
associated with seeing particles that are not properly illuminated. Grazing
incident light is much superior to light illumination at 45 to the surface when
observing small particles on a surface because it results in better optical contrast.

Even with grazing incident light (and also the photographic method) the
particle population drops off from the 1246A idealized curve as the particle size
drops below 25um. While it may be true that there are fewer particles falling out
below 25um than would be suggested by the idealized curves, some or most of the tail-
off is probably due to increasing difficulty in observing smaller particles.

The increase in particle population in the large particle sized that would be
expected (from 1246A) is likely a result of man-generated particles and fibers
from activities inside the room that are not expected in idealized situations but
very much expected in real situations! Few particles are counted in the large-size
region (above 100pum) and, therefore, are not considered to be statistically
representative.

When the method of particle analysis involved the removal of particles using
a solvent flush an even more dramatic decrease in particle population was noted as
can be seen in Table VI and Figure 5. These results corroborate the results
obtained from Experiment 1 where the solvent flush method also gave unreasonable
CF and cleanliness levels from the contaminated samples.

The data showed that rinsing does not effectively remove all particles from a
surface and that low values of particle concentration can be expected when this
method is employed. It appears from the data that the larger particles are more
efficiently removed by flushing that the smaller particles. Rinsing a surface,
filtering the rinse and microscopic evaluation does not give good results, however,
rinsing, followed by liquid particle counting is even worse as the results in
Figures 2 and 5 reveal.
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TABLE VI Laboratory Fallout - Experiment 2

Sample Method of Analysis % Covering Total Integrated
Fraction Scatter

Experiment 2A (7 Days)

CLM-3 Photography 0.25
CLBG-3 Photography 0.20
DMC Photography 0.10

Experiment 2B (12 Days)

CLM-3 Photography 0.41
CLBG-3 Photography 0.34
DMC Photography 0.26

Experiment 2C (15 Days)

CLM-3 Photography 0.54
CLBG-3 Photography 0.46 4.03 x 107
DMC Photography 0.39
DMC Flush, Filter, 0.2
Microscopy
CL6BG--1 Photography 0.53 2.83 x 10—4
CL6BG-1 Flush, Filter 0.02
Microscopy
CL6BG-1 Flush, Filter 0.02
Microscopy
CL6BG-1 Flush, Filter Auto 0.004
Particle Counter
CLF-3 Stereo Microscope 0.29
CLF-3 Stereo Microscope 0.14
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A Hiac/Royco automatic particle counter was used to measure the particle size
distribution in one-half the rinse from CL6BGl. The small and large particle sizes
are extremely low compared to the photographic and microscopic methods. This is
attributed to the rinse not efficiently removing the small particles and the
analyzer being insensitive to the larger (>20um) particles.

Data from experiment 3 is shown in TABLE VII.
These data verify what was found in the first and second experiment, namely that:

1) Photography gives particle distribution that are reasonable for the type
and length of fallout.

2) The mirror and black glass samples give similar results.
3) The cleanliness level plots follow the Mil-Std 1246A in the mid particle

range (25 - 100um) but are lower in population in the smaller and higher
in the larger particle regions than predicted in 1246A.

TABLE VII Laboratory Fallout - Experiment 3, 7 Days
Sample Method % Covering Total Integrated
Analysis Fraction Scatter
CL2M1 Photography 0.31 1.67 x 10_3
CL2BG1 Photography 0.23 1.6 x 10_4

LIGHT SCATTERING

The results of the BFDF scatter measurements on the laboratory fallout samples
are shown in Figures 6 - 8. Figure 6 is the data from the CL2M1 and CL2BGl samples
from Experiment 3. Clean black glass and mirror samples are shown for comparison.

Black glass gives about an order magnitude less scatter than the mirror samples
that were used in this study. It is interesting to see that the increase in scatter
is greater at the larger scatter angles for all the contaminated samples, i.e.,
smaller particles are greater contributors to scatter at the larger angles.

Two samples, CLM-3 and CLBG-3 were scanned in five wavelength region for BRDF
scatter. The BRDF data is presented in Figures 7 and 8. The visible and near IR
curves are similar while the mid-IR curves (3.39 and 10.6um) deviate by scattering
relatively less in the high scatter angles and more in the mid-angle regions. It
would be expected that the small particles would affect the high angle scatter less
in the infrared due to the longer wavelength. A clean substrate background is also
presented in the 15 day laboratory fallout curves.
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SUMMARY AND CONCLUSIONS

Several method of paritcle detection and analysis have been tested and
correlated using particles from laboratory fallout. The methods included microscopy,
photography, surface flush with microscopy, surface flush with liquid particle
counting and BRDF scattering.

In comparing the microscopy and photographic technique it was found that
photography gave somewhat higher particle counts.

The microscopy method, which generally gave lower counts in the less than 25um
region, was improved when a stereo microscope with grazing incident light was used
to illuminate the particles for viewing.

Flushing of the surface with a solvent gave lower particle populations when the
filter/microscopy method was used for counting and very much lower results when
automatic particle counting methods were used. Flushing does not appear to
effectively remove the smaller lower particle sizes and skewed the results when
plotted on a Mil-Std-1246A curve. '

Laboratory fallout generally followed the 1246A curve between 10 and 50um with
lower populations detected at the smaller (below 1Ouwm) particle sizes.

The fewer smaller particles was partially attributed to difficulty in detection
of smaller particles while the higher population of large particles was attributed
to normal activity in an uncontrolled (cleanliness speaking) laboratory environment.

BRFD is an effective way of detecting contamination on optical surfaces,
however, the particle size distributions cannot be generated from BRDF data. The
increases in BRDF were generally what was expected for the laboratory fallout.
Hughes, however does have a computer program based on Mie scattering that calculates
BRDF from particle populations. The predictions from this program closely matched
the measured BRDF values for laboratory fallout in the visible region of the
spectrum.
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PHOTOGRAPHY MEASURES LEVEL 600-700 FOR 15 DAY FALLOUT SLIGHTLY HIGHER FOR MIRRORS THAN
GLASS SAMPLES
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PRECISION CLEANING METHODS FOR SPACECRAFT APPLICATIONS

L. E. Ryan and H. Lindewall
TRW Operations & Support Group

ABSTRACT

Carbon dioxide (CO,) snow is being heralded as the latest innovative technology for cleaning micro and
macro contamination from highly sensitive components as well as very fragile surfaces. TRW’s Materials
Engineering Department has constructed a small scale CO, snow cleaning apparatus to clean both molecular
films and particles from small and large components and surfaces.

With assistance from Dr. Stuart Hoenig of the University of Arizona and Mr. William Weltmer of AIRCO
Specialty Gases, the authors have developed a simple, low cost method of precision cleaning surfaces which
may have been damaged or not cleaned well by other precision cleaning techniques (e.g., solvent wash,
uv/ozone, oxygen ion/plasma, inert gas blowing).

Various types of surfaces were cleaned using the CO, snow technique. Vacuum deposited and sputtered
metallic coatings such as germanium (Ge), aluminum (Al), and silver (Ag), silicon (Si) wafers, and polished
copper (Cu) conical mirrors were purposely contaminated with everyday aerospace (manufacturing/labora-
tory facility) contaminants, including particle fallout and fingerprints. Precleaning characterization by
Bidirectional Reflectance Distribution Function (BRDF), ellipsometry, nonvolatile residue, and micro-
scopic particle evaluation served as evaluation of cleaning efficiency.

After initial characterization, contamination, and 2nd measurement, the samples were cleaned with CO,
varying parameters such as stream length (exposure time) angle of incidence, and orientation of the sample.
Post characterization followed by the aforementioned methods along with surface microanalysis by Scan-
ning Auger Microscopy/X-ray Photoelectron Spectroscopy (SAM/XPS) and Scanning Electron Microscopy
(SEM).

Good results have been obtained with this trial application. Feedback from several program offices which
MED supports has been promising. The CO, cleaning process lends itself to application on small or large
scales.
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THE NASA ATOMIC OXYGEN EFFECTS TEST PROGRAM

Bruce A. Banks, Sharon K. Rutledge, and Joyce A. Brady
NASA Lewis Research Center

ABSTRACT

The NASA Atomic Oxygen Effects Test Program has been established to
compare the low earth orbital simulation characteristics of existing atomic
oxygen test facilities and utilize the collective data from a multitude of
simulation facilities to promote understanding of mechanisms and erosion
yield dependence upon energy, flux, metastables, charge, and environmental
species. Program participants received characterized materials from a
common source for evaluation in their atomic oxygen test facilities. Four
materials chosen for this evaluation include Kapton HN polyimide, FEP Tef-
lon, polyethylene, and graphite single crystals. The conditions and results
of atomic oxygen exposure of these materials is reported by the participat-
ing organizations and then assembled to identify degrees of dependency of
erosion yields that may not be observable from any single atomic oxygen low
earth orbital simulation facility. To date, the program includes 30 test
facilities. Characteristics of the participating test facilities and
results to date are reported.

INTRODUCTION

The long-term durability of low earth orbital (LEO) space systems will
require the utilization of spacecraft materials which are compatible with
the orbital environment. Atomic oxygen is one of the most threatening
natural species in the LEO environment. Solar ultraviolet light of wave-
lengths shorter than 2,430 A causes photodissociation of the diatomic oxygen
present in the earth's upper atmosphere to produce atomic oxygen. Photodis-
sociated atomic oxygen has a high probability of long-term survival between
the altitutes of approximately 180 km and 650 km because there is an appro-
priate 0p density here to facilitate reasonable atomic oxygen production
and a low probability of interaction with neighboring atoms or molecules
(fig. 1, ref. 1). Spacecraft orbiting the earth in near equatorial orbits
ram into atomic oxygen atoms producing relative impact energies between 4.1
and 4.5 eV (fig. 2), which are high enough to break many chemical bonds of
materials frequently used on spacecraft. Typical spacecraft materials such
as Kapton polyimide, epoxy composites, organic paints, and silver are read-
ily oxidized as a result of atomic oxygen exposure (table I, ref. 2). The
identification and verification of atomic oxygen durable alternative mater-
jals or protective coatings for vulnerable materials for long-duration use
in the LEO environment will require the development of atomic oxygen LEOQ
simulation facilities to ensure environmental compatibility. As a result of
the growing need for long-term space system durability in the LEO environ-
ment, numerous atomic oxygen LEO ground simulation facilities have been and
continue to be developed.

The current level of understanding of atomic oxygen interaction mecha-

nisms is significantly limited by the inability of any single test facility
to produce the varied exposure conditions necessary to determine which
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factors are important in the simulation of the LEO atomic oxygen environment
to obtain results identical to those observed in space. As a result of the
NASA Workshop on Atomic Oxygen Effects held November 10-11, 1986 in Pasa-
dena, California, an atomic oxygen effects test program was initiated to
improve this state of understanding in a coordinated manner (ref. 3).

ATOMIC OXYGEN EFFECTS TEST PROGRAM

The objectives of the NASA Atomic Oxygen Effects Test Program are:

0 to compare the LEO simulation characteristics of existing atomic
oxygen facilities; and

0 to utilize collective data from a multitude of simulation facili-
ties to promote understanding of mechanisms and erosion yield
dependence upon energy, flux, metastables, charge, and environmen-
tal species.

This program is intended to further the understanding of atomic oxygen
interaction mechanisms and simulation phenomena through collective informa-
tion gathered from numerous simulation facilities and space test results.
The wide variety of operating and environmental test conditions in LEO
simulation facilities throughout the world may enable interaction dependen-
cies to be more easily and economically understood than may be possible
through the limited range of capabilities within any single test facility.
This program is not intended to be a means for ranking simulation facili-
ties, but instead is a means for collective information exchange and identi-
fication of simulation parameters which play a role in atomic oxygen
interaction with materials. It is hoped that as a result of information
exchanged through this program, that individual LEO simulation researchers
will be able to more clearly identify the operating conditions which most
closely simulate results obtained in space and will be able to accurately
correlate ground test results with space test results.

The test program is open to all interested participants. Samples of
characterized materials from common sources have been provided at no cost to
the participants. Four materials were selected for evaluation:

0 Kapton HN polyimide, 0.002 inch (0.05 mm) thick

0 Fluorinated ethylene propylene (FEP Teflon), 0.002 inch (0.05 mm)
thick

0 Polyethylene, low oxygen content, 0.002 inch (0.05 mm) thick
0 Graphite, single crystal

- Highly oriented pyrolytic graphite (HOPG), monochrometer
grade, 10 mm x 10 mm x 2 mm

- Pyrolytic graphite, 25 mm x 25 mm x 2 mm
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These materials were selected as a result of panel discussions held at the
NASA Workshop on Atomic Oxygen Effects, November 10-11, 1986. The basis for
selecting these materials was that erosion yield quantification data already
exists for Kapton H, FEP Teflon, polyethylene, and graphite from STS-8 and
earlier shuttle flights. Kapton HN polyimide was selected instead of Kapton
H because Kapton H is no longer readily available, and plans have been made
to use Kapton HN for Space Station photovoltaic array blankets. In answer
to the question of whether or not the erosion yield of Kapton H is identical
to that of Kapton HN, the supplier of these materials, E. I. du Pont de
Nemours & Co., Inc., has indicated that these two materials are chemically
jdentical in spite of slight differences in optical properties. Two forms
of graphite were chosen so that both surface profilimetry and weight loss
could be used for erosion yield calculations. HOPG is more ideal for sur-
face profilimetry, and pyrolytic graphite is best suited for weight loss
measurements. Chemically characterized samples of the test materials have
been supplied to approximately 30 participating facilities since February
10, 1988. Additional samples will be provided as requested to existing and
new participants. The test materials are exposed in the participant's faci-
1ity, and erosion yield and sample exposure information is then returned to
the authors at NASA Lewis Research Center. The following list of informa-
tion was solicited:

0 Flux, atomic oxygen atoms/(cm? sec)

0 Fluence, total number of incident atomic oxygen atoms/cml

0 Energy, eV

0 Metastable state distribution, fraction of total incident atomic
oxygen atoms in each state

0 Charged species population, such as flux of Ot and 0%, etc.

0 Environmental gas species, such as 02, N2, He, Ar, etc.

0 Species partial pressure

0 Peak flux, for pulsed exposure systems

0 Energy distribution

0 Sample temperature

0 UV environment, wavelength versus intensity distribution

0 Sample surface preparation, if altered from "as received"

0 Oxygen purity, parts per million of contaminant gases

In addition to the sample exposure information, each participant was asked
to provide any information concerning the effects of atomic oxygen exposure
on the samples provided to them which they found through exposure in their
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facilities or through post-exposure characterization. The information
requested includes:

0 Erosion yield (cm3 or grams)/(atom or ion)

0 Method of erosion yield measurement

0 Surface morphology: scanning electron microscopy (SEM)
0 Surface chemistry:

- ESCA, EDAX, FTIR, and IR (and duration between atomic oxygen
exposure and the specific characterization)

- Ejected species (energy, etc.)
- Surface energy

- Dry run characterization (sample analysis before and after
exposure in chamber without atomic oxygen exposure)

- In situ characterization, such as AUGER
0 Mechanical properties: stress versus strain

0 Optical properties: reflectance, transmittance, absorptance, and
emittance

Participants in the test program were also asked to provide information
describing and characterizing their atomic oxygen exposure facilities.
Submittal of data from exposure tests is intended to be an ongoing activity
throughout 1988 and 1989. Facility characteristic and erosion dependence
information will be sent to all contributing participants on a periodic
basis. Thus, all participants will receive facility information and results
of materials exposure that was provided from all the participating organiza-
tions.

ATOMIC OXYGEN TEST FACILITIES

The NASA Atomic Oxygen Effects Test Program currently encompasses 30
atomic oxygen test facilities representing 22 organizations. A list of the
facilities and participants can be found in table II. Figure 3 summarizes
the generic types of simulation facilities which produce atomic oxygen in
neutral ground or exited states. Figure 4 portrays the atomic oxygen flux
and energy associated with test facilities listed in table II.

CURRENT RESULTS

Although test results are just beginning to arrive, it is appropriate
to summarize the results currently available. Sample exposure data has been
received from six different atomic oxygen simulation facilities, including
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four thermal energy facilities and two more energetic beam facilities.
Because of the difficulty in quantifying atomic oxygen flux, erosion yields
were compared to those of Kapton HN to extract some information about ero-
sion yield dependencies for the various materials. Since most of the
results to date are from asher or discharge type facilities, erosion yield
dependence relative to Kapton for the various materials can be plotted as a
function of environmental pressure for the asher or flowing afterglow faci-
lities, as shown in figure 5.

To illustrate the comparison between space test and ground simulation
results, horizontal Tines have been drawn in figure 5 which represent the
most commonly agreed upon space test results for erosion yields of the
various materials relative to Kapton H (see table III). As can be seen from
the data, all the facilities (thermal as well as energetic) report relative
erosion yields of polyethylene which are substantially greater than those
observed in space. The relative erosion yields of FEP Teflon compared to
Kapton are also generally higher than those observed in space. However, the
laboratory simulation results for pyrolytic graphite indicate slightly lower
relative rates and one instance of near agreement. One might be inclined to
propose that lower plasma asher operating pressures or lower power densities
in plasma ashers more closely simulate space conditions with less proababi-
1ity of relative rate anomalies caused by the accelerated flux. However, as
can be seen from the data, there is no clear trend indicating more agreement
with space results as the operating pressure is reduced or RF power lowered.

It would be desirable to examine the dependence of erosion yields
relative to Kapton as a function of flux for both ashers and directed beam
facilities. However, because quantification of flux is very difficult in
plasma ashers and neutral beam systems, another measure of flux which can be
used is the erosion rate of Kapton HN per unit area. Although the erosion
rate of Kapton HN per unit area may not necessarily be a linear indicator of
atomic oxygen flux, it should at least be a monotonically increasing funct-
ion of the flux. Figure 6 shows plots of erosion yields relative to Kapton
versus Kapton HN mass loss rate per unit area. They depict both asher and
directed beam results on one plot for each material. These plots indicate
the relative erosion yields as a function of effective atomic oxygen flux as
opposed to actual flux. If the actual erosion yield of Kapton HN increases
with energy to the 0.68 power, as indicated by Ferguson (refs. 4 and 5),
then the Kapton erosion yields in ashers (operated at 0.1 - 0.2 eV) would be
reduced by a factor of 10 from those yields measured from space tests on
STS-8 (4.4 eV). Kapton erosion yields of 0.3 x 10-24 cm3/atom in ashers
would require an order of magnitude higher fluxes than in space to obtain
the same recession rates as observed in space.

For comparative purposes, the results from the most commonly agreed
upon space test results from table III are shown in the plot, not as a
horizontal line, but as a data point at the actual STS-8 Kapton H mass loss
rate per unit area. As can be seen in all the plots, there is no clear
indication that decreasing erosion rate or flux tends to give any greater
agreement with space results for the relative rates of various materials.
As can be seen from the three plots in figure 6, polyethylene and FEP Teflon
show erosion yields relative to Kapton that are generally higher than those
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observed in space, and the relative erosion yields of graphite are lower
than those observed in space. It is interesting to note that although some
facilities are in near agreement with the space results for each material,
no single facility is in near agreement for all materials.

Figure 7 shows the erosion yields of polyethylene, FEP Teflon, and
pyrolytic graphite as a function of atomic oxygen energy. Because a limited
number of types of facilities contributed to this data, the data points tend
to cluster around the thermal energies of RF plasma ashers with limited
energetic beam facility results. Space test results are also shown on these
plots. As atomic oxygen beam facilities become operational, greater insight
as to the dependencies upon atomic oxygen energy may be resolved. In addi-
tion, clarification of the relevance of charged or neutral oxygen might
become discernable.

CONCLUSIONS

The NASA Atomic Oxygen Effects Test Program has been established to
compare the low earth orbital simulation characteristics of existing atomic
oxygen test facilities and to utilize the collective data from a multitude
of simulation facilities to promote understanding of mechanism and erosion
yield dependence upon energy, flux, metastables, charge, and environmental
species. To date, 46 participants representing 30 different atomic oxygen
test facilities and 22 organizations are participating in this program.
Although data has not yet been received from most of the program partici-
pants, preliminary results from two energetic beam facilities and four low
energy thermal (or asher) facilities indicate no clear dependence of atomic
oxygen erosion yield upon plasma asher operating pressure, effective atomic
oxygen flux, or atomic oxygen energy.
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TABLE I. - ATOMIC OXYGEN EROSION YIELDS OF VARIOUS MATERIALS

MATERIAL EROSION YIELD, 10-24 cM3/ATOM

Kapton H polyimide 3.0
Mylar polyester 2.7 - 3
Polyethylene 3.3 - 3.
Epoxy 1.7
Polycarbonate 2.9 - 6.0
Polystyrene 1
Polysulfone 2
Urethane (black, conductive) 0.
Silver 10.
Carbon 0.9 - 1.7
Chemglaze 7306 (flat, black)
FEP Teflon

Aluminum

Copper

Gold

Platinum

Si0p

COOOOOO
OCOOOO
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TABLE II. - ATOMIC OXYGEN TEST FACILITIES

ORGANIZATION

LOCATION

FACILITY DESCRIPTION

TEST PROGRAM
PARTICIPANT

o)

s w

18.
19.
20.
21,
22.
23,

24,

25.
26.

27.

28.
29.

30.

Alabama, University of
Auburn University

Auburn University
Boeing Aerospace Co.

Case Western Reserve
University

David Sarnoff Research
Center

General Electric -
Space Division

Jet Propulsion Lab

Jet Propulsion Lab

Lockheed Palo Alto
Research

Los Alamos National
Laboratory

Martin Marietta Denver
Aerospace

McDonnell Douglas
Astronautics Co.

NASA - Ames Research
Center

NASA - Ames Research
Center

NASA - Ames Research
Center

NASA - Johnson Space
Center

NASA - Johnson Space
Center

NASA - Langliey Research
Center

NASA - Langley Research
Center

NASA - Lewis Research
Center

NASA - Lewis Research
Center

NASA - Lewis Research
Center

NASA - Marshall Space
Flight Center

Nebraska, University of
Physical Sciences, Inc.

Princeton Plasma
Physics Laboratory

Texas, University of
Toronto, University of
(Rerospace Institute)

Vanderbilt University

Huntsville, AL
Auburn, AL

Auburn, AL
Seattle, WA

Cleveland, OH
Princeton, NJ
Philadelphia, PA

pasadena, CA

Pasadena, CA
Palo Alto, CA
Los Alamos, NM

Denver, CO

Huntington Beach,
CA

Moffett Field, CA
Moffett Field, CA
Moffett Field, CA
Houston, TX
Houston, TX
Hampton, VA
Hampton, VA
Cleveland, OH
Cleveland, OH

Cleveland, OH

MSFC, AL

Lincoln, NE
Andover, MA

Princeton, NJ

Austin, TX
Downsview, Ontario
Canada

Nashville, TN

Thermal A/0 source

RF plasma excited N is reacted with NO
gas to produce thermal ground state A/0
RF plasma asher

Low frequency RF plasma; samples located
downstream from glow

Variable energy ion gun

Single grid, low energy ion source

Single grid ion source with charge
exchange

Formalion of 0~ by dissociative
attachment. Electrostatic acceleration
of ions to final energy, then photo-
detachment of electrons from jons with
a laser

Pulsed laser induced breakdown followed
by expansion through a nozzle

RF plasma asher

Continuous laser heated discharge

Ion gun; magnet for charge/mass
selection; multi stage aperture for
beam deceleration; deflection

RF plasma system with Faraday cage

Microwave discharge, multisample
chamber

RF 0p plasma; samples downstream from
plasma glow

RF plasma with sample downstream from
glow; sample is UV shielded

Flowing afterglow

RF plasma asher
RF plasma asher

Electron stimulated desorption from
mesh
Electron bombardment gridless ion source

RF plasma asher run on air

Dissociation and ionization in tunabie
microwave cavity followed by electro-
static acceleration

£lectron bombardment ion source with
electromagnetic charge/mass selection
downstream, then deceleration with
charge neutralization and deflection

of non-neutralized ions

RF plasma asher

Pulsed laser induced breakdown followed
by expansion through a nozzle
Neutralization of ions formed in plasma
by biased plate

Ion beam with charge exchange

Microwave generated plasma. Noble gas
carrier transports A/0 through skimmer
to produce high flux density

Ton gun. Wein filter for charge state
selection; deceleration of ions through
system of grids; grazing incidence
impact with polished nickel surface to
neutralize ions. Electrostatic deflec-
tion of non-neutralized ions
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TABLE III. - COMPARISON OF ATOMIC OXYGEN TEST PROGRAM MATERIALS

PROPERTIES AND SPACE

TEST RESULTS

Material Density, Range of Erosion Erosion Yield Most Mass Loss Rate per
Yields from Space Commonly Agreed Upon Area on STS-8*,
Tests, cm3/atom from Space Tests 10-8 gm/(cmlsec)
gm/cm3 10-24 ¢cm3/atom 10-24 | Ratio Relative
cm3/atom | to Kapton H
Kapton H or HN 1.42 1.5 - 3.1 3.0 1.0 1.01
Polyethylene 0.918 3.3 - 3.7 3.3 1.1 0.715
FEP Teflon 2.15 0.0 - 0.5 0.037 0.012 0.0188
Pyrolytic 2.2 0.9 - 1.7 1.2 0.40 0.623
graphite
Highly oriented 2.26 0.9 - 1.7 1.2 0.40 0.640
pyrolytic
graphite

*  Assuming STS-8 flux = 2.36 x 1015 atoms/(cmlsec)
or fluence = 3.5 x 1020

and exposure duration

atoms/cm
41.17 hours
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MATERIALS SELECTION FOR LONG LIFE IN LEO: A CRITICAL EVALUATION OF
ATOMIC OXYGEN TESTING WITH THERMAL ATOM SYSTEMS

S. L. Koontz, J. Kuminecz, L. Leger, and P. Nordine
NASA/Johnson Space Center

Abstract

The use of thermal atom test methods as a materials selection and screening
technique for low-Earth orbit (LEO) spacecraft is critically evaluated in
this paper. The chemistry and physics of thermal atom environments are
compared to the LEO environment. The relative reactivities of a number of
materials determined in thermal atom environments are compared to those
observed in LEO and in high quality LEO simulations. Reaction efficiencies
(cm3 atom-1) measured in a new type of thermal atom apparatus are one-
hundredth to one-thousandth those observed in LEO, and many materials
showing nearly identical reactivities in LEO show relative reactivities
differing by as much as a factor of 8 in thermal atom systems. A simple
phenomenological kinetic model for the reaction of oxygen atoms with organic
materials can be used to explain the differences in reactivity in different
environments. Certain specific thermal atom test environments can be used
as reliable materials screening tools. Using thermal atom methods to
predict material lifetime in LEO requires direct calibration of the method
against LEOQ data or high quality simulation data for each material.

Introduction

Materials degradation resulting from atomic oxygen attack is an important
long life issue for spacecraft operating in the low Earth orbit (LEO)
environment. The cost and limited availability of materials test time in
flight or in high quality LEO environment simulators has generated
considerable interest in the use of thermal energy (0.04 to 0.1 eV) oxygen
atoms for materials testing. Thermal atom methods include oxygen plasma
ashing, low pressure flowing discharges, and thermal energy beams. While
most of these methods can deliver a useful flux of thermal oxygen atoms to
the surface of a material test specimen, several fundamental issues need to
be resolved before the results of thermal atom testing can be used to
support materials selection and development or to estimate the functional
life of spacecraft in the LEO environment.

In this paper a critical evaluation of the various thermal atom test methods
is presented. The important differences between the thermal atom test
environments and the LEO environment are reviewed as are the ways in which
various environmental factors may influence materials reactivity
measurements. Finally, materials reactivity measurements in several thermal
atom environments are compared with measurements made in LEO or in the high
quality LEO simulation at Los Alamos National Laboratory (LANL)2Y, The
reactivities of organic materials and graphites are the primary focus of
this paper. Only passing attention is given to the reactivities of metals
and semiconductors. Many of the materials reactivity measurements were made
in a new type of flowing discharge apparatus reported here for the first

66




time. The new apparatus is designed to permit a reasonably accurate
estimate of the thermal atom flux at the surface of a material test specimen
So that reaction efficiencies can be measured at thermal energies. Thermal
atom reactivition efficiencies of several materials are reported here for
the first time. The limitations of the reactivity and reaction efficiency
measurements are discussed. The availability of direct measurements of
materials reactivities in LEO, the LANL simulation facility, and three
different thermal atom environments led naturally to the development of a
phenomenological kinetic model for the reaction of oxygen atoms with organic
surfaces over the range of energies 0.03 to 5 eV. While still highly
speculative, we present the model here to stimulate discussion and further
work in the atomic oxygen community. Space limitation prevents any
discussion of atomic oxygen damage morphology. Morphology will be treated
in detail in future publications.

Background

Spacecraft operating at altitudes between 200 and 900 km are operating in
LEO, where the residual atmosphere is composed predominantly of oxygen atoms
with comparable concentrations of nitrogen molecules up to 400 kml,2.
Spacecraft orbiting at these altitudes travel at velocities of 8 to 12
km/sec (depending on eccentricity), so that ambient oxygen atoms strike ram
oriented spacecraft surfaces with translational energies of 5 to 8 eV. The
atom flux depends on altitude, solar activity, orbital inclination, and time
of day!,2, with about 1015 atoms cm-2 sec-1 being a nominal value for the
NASA Space Station. The effects of the oxygen atom ram flux on about 300
different materials have been investigated in three Space Shuttle flight
experiments and one satellite recovery, and are summarized in Table I.
Detailed treatments of the flight data are found in references 3 through 23.
Impact on spacecraft design is discussed in refrences 25, 26, and 27. It
has been well-established that oxidation reactions are the mechanistic basis
for materials degradation by atomic oxygen in LEO27. No significant
contribution from ablation or sputtering has been demonstrated at this
writing.

In addition to oxygen atoms, surfaces in the LEO environment encounter low
energy charged particles (ionospheric plasma), solar ultraviolet and vacuum
ultraviolet (UV and VUV). In polar orbit, high energy charged particles
will also be encountered25. Synergism between oxygen and other
environmental factors is expected to influence the reaction efficiencies of
materials in some circumstances but has not yet been investigated in a
systematic way. Thermal atom test environments differ significantly from
the LEO environment is several important respects. The translational energy
of the atoms is about 0.04 eV, not 5.0 eV. In many thermal atom
environments, molecular oxygen is more abundent than atomic oxygen and may
influence measurements. The relative dose of UV and VUV radiation varies
from one type of thermal atom system to another and is not generally well
characterized. Finally, some thermal atom environments expose sample
materials to a plasma environment much more severe than the ionospheric
plasma in LEO and can also heat conductive samples by radio frequency
induction. The thermal atom environments investigated in this work are
compared, in a general way, with the LEO environment in Table II. The radio
frequency (RF) plasma asher and the flowing afterglow are discussed at
greater length in the next two sections.
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The RF Plasma Asher Environment

The RF plasma asher can be operated over a fairly wide range of pressures
and RF powers, producing a wide range of environments. When operating with
pure oxygen as the source gas, atomic oxygen yield can vary from 1 to 60
percent, depending on a number of operating variables. Similarly, charged
particle density and temperature as well as ultraviolet (UV) flux and
spectra can vary over fairly wide ranges28-31. Asher environments share one
common factor, however. The sample material is always exposed directly to a
plasma and an RF field, unless a faraday cage is used to enclose the sample
material32,33. The RF field can heat conducting samples, or samples
containing conducting components, by induction. Charged particle and UV
bombardment of the sample can dramatically change the atomic oxygen
reactivity, as shown in the results section below. Charged particle
bombardment is a common technique for controlling morphology and reactivity
in the fabrication of semiconductor devices3i-3

The most striking differences between the LEO environment and the asher
environment are the kinetic energy of the oxygen atoms, the very large flux
of oxygen molecules and UV/VUV photons which also strike the test specimen
surface. Atoms in LEO have a translational energy of 5 eV, while those in
the asher are between 0.04 and 0.06 eV.

For a dissociation yield of 2 percent at a total pressure of 2 torr the
oxygen molecule flux on any surface in the plasma is 1 x 1021 molecules cm-2
sec-1, while the atom flux is only 4 x 1019. By themselves, the oxygen
molecules are inert, but they can react with sites created by oxygen atom
attack in some materials, as indicated by the formation of organic peroxide
radicals from alkyl radicals and oxygen in the gas phase37 as well as the
photochemical weathering of polymers 8. Ozone, hydroxyl radical, and
molecular oxygen in excited states are also potential reactants at the
sample surface.

Ultraviolet radiation deserves special mention because low pressure
discharges in oxygen are a popular means of generating the 130 nm (9.4 eV)
resonance line of atomic oxygen. In LEO the flux of short wavelength (high
energy) UV radiation is determined by the solar Lyman Alpha line at 121.6 nm
(10.1 eV) with a typical flux of about 4 x1011 photons cm-2 sec-! nm-1 in
LEO. In discharge lamps and plasma ashers, the flux at the oxygen line can
be thousands of times higher, providing more opportunity for photochemistry
with these high energy, bond-breaking photons39,40,

The Flowing Afterglow Environment

The flowing afterglow environment is much easier to define than the plasma
asher environment. In the flowing afterglow method, a gas containing oxygen
flows throu§h a microwave or RF discharge region where oxygen atoms are
produced37,41, The gas then flows out of the discharge region and cools to
near room temperature before contacting the surface of the test material.
The flowing afterglow has a long and venerable history as a device for
studying the kinetics of oxygen atom reactions in the gas phase37,41°”3, but
has seen only limited use in the study of surface reactionstt,49. The total
pressure of the gas is usually between 0.1 and 2 torr. Pure oxygen or
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oxygen diluted in an inert gas such as argon or helium may be used37,41,

The flowing afterglow environment consists of a gas at or near room
temperature and containing ground state oxygen atoms and molecules. Low
levels of metastable excited states of molecular and atomic oxygen have been
observed in flowing afterglows in some circumstancest!. The concentration
of ions and electrons is negligible37,41, and it is easy to configure the
test specimen so that no electromagnetic radiation from the discharge zone
reaches the sample. When using pure oxygen as the operating gas, low levels
of water vapor (about 0.3 percent by volume) are added to boost oxygen atom
yield.

If the concentration of oxygen atoms and the temperature in the gas near the
sample surface can be measured or estimated, the atom flux and kinetic
energy at the surface can be calculated from classical kinetic theory50,51,
The surface flux is simply the atom concentration near the surface
multiplied by one-fourth the gas kinetic speed (F=[0]v/l4), and the kinetic
energy distribution can be calculated directly from the Boltzman equation
(E=3kT/2).

Atoms reaching the surface are lost as a result of reaction Wwith the
substrate or recombination to form molecular oxygen. The atom concentration
near the surface depends on the relative rates of transport to, and atom
loss at, the surface, as well as losses in the gas phase and on other
surfaces in the system52. It is possible that some test system
configurations produce transport limited surface reaction measurements
instead of true surface reactivities. An analysis of the transport-reaction
process is a vital part of test system design and an important aid in
understanding test data.

Oxygen atoms are only one of several species striking the test specimen
surface. Molecular oxygen, ozone, and hydroxyl radical are also potential
reactants, as in the plasma asher environment. The major differences
between the asher and the afterglow rest in the flux of excited species,
charged particles, and UV photons at the sample surface, which is much
smaller for the afterglow than the asher28,U41,

Experimental

Reaction effeciencies with thermal atoms were measured in two different
thermal atom systems. Plasma asher measurements were conducted in an LFE
Corporation model LTA-302 low temperature plasma asher, operating at 13.56
MHz. Forward Rf powers ranging from 10 to 100 watts were used with working
gas pressures ranging from 0.1 to 2 torr. The test matrix is given in the
results section below. The working gas was Liquid Air Corporation

analyzed (>99.5 percent pure) avaitor's breathing oxygen (MIL-0-27210 E),
containing 12 ppm total hydrocarbon and less than 4 ppm water vapor. Except
for highly oriented polycrystalline graphite (HOPG) and pyrolytic graphite,
all test samples were 2.54 cm diameter disks of film material. Test
specimens were exposed to the plasma environment in a pyrex glass sample
holder which positioned the samples horizontally on the long axis of the
plasma chambers (parallel to the axis of the field coil), as shown in
figure 1. The samples rested on a pyrex glass plate. A pyrex cover plate
having three 2.03 cm diameter holes (one for each sample position) covered
the samples and exposed 3.24 cm@ of the sample material. The cover plate
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protected the edges of the sample from attack by the plasma environment.
Other investigators have observed enhanced attack at the edges of organic
film samples placed in oxygen plasmas53,54. Only the center and forward
(i.e., torward the chamber door) sample positions were used in this study.
No attempt was made to measure the atomic oxygen concentration in the asher
for this study, but the molecular oxygen flux is almost certainly much
larger than the atomic oxygen flux at any sample surface. Oxygen atom
kinetic energy is estimated to be between 0.04 and 0.05 eV (Temperature is
uncertain in the nonequilibrium environment of the asher).

The flowing afterglow apparatus is shown in figure 2. A Raytheon PGM-10
microwave power supply operating at 2450 MHz was used with an Evenson-type
discharge cavity to generate a discharge in flowing oxygen gas at pressures
between 0.2 and 2 torr. The forced air cooled Evenson cavity was placed
near the center of a 20-cm long, 1-cm I.D. quartz tube. About 9 cm
downstream from the discharge chamber, the inside diameter of the flow
system increased to 4.0 cm. A valve for introduction of NO» titrant gas was
placed 14 cm downstream from the discharge region, and the sidearm-sample-
holder assembly was placed 53 cm downstream from the discharge region. A
cold trap was maintained at -50°C between the flow system and a rotary vane
vacuum pump. Flow system pressure was measured with an MKS baratron
capacatence manometer. All glassware was given a final cleaning before use
by soaking overnight, first in concentrated nitric acid and then in
concentrated hydrochloric acid, with a final rinse in demineralized
distilled water.

Avaitor's breathing oxygen from Liquid Air Corporation (>99.5 percent pure,
MIL-0-27210 E), containing less than 14 ppm hydrocarbon and 0.5 ppm water
vapor, was used as the working gas. The gas flow rate was measured with a
calibrated MKS, Inc. mass flow meter. About 10 percent of the total gas
flow was diverted through a humidification chamber operated at 1.4 atm and
24°C. As a result, the working gas in the afterglow contained about 0.3
percent water vapor, the value which gave a maximum yield of oxygen atoms as
measured by both titration and catalytic probes. Oxygen concentrations of 3
to 4 x 1015 atoms/cm3 were obtained at the titration point, with about

1 x 1014 at the sample position. For a working pressure of 2.0 torr, the
oxygen flow rate was 93.2 scem, which corresponds to an average linear
velocity of 58 cm/sec and a Renyolds number of 0.0036. In 2 torr of pure
oxygen, the half life of atomic oxygen is 0.017 seconds, due almost entirely
to recombination. The half life for ozone formation is 0.379 seconds?!,37.
Water vapor should be completely converted to hydroxyl radical near the
discharge region, but hydroxyl is lost rapidly by surface reactions on pyrex
glass flow systems, so that hydroxyl concentrations at the sample are
believed to be negligable37. As was the case for the asher, the molecular
oxygen flux is much greater than the atomic oxygen flux.

Afterglow oxygen atom concentrations were measured by chemiluminescent
titration with N0237,%1 and with catalytic recombination probes prepared by
coating copper-constant-thermocouples with molten silver55,58. The atom
kinetic energy is estimated as E = 3kT/2 = 0.039 eV.

Except for the HOPG, all afterglow material samples were run as 1.90 cm

diameter disks. When mounted at the sample position at the end of a side-
arm in the flowing afterglow system, 1.59 cm@ of the sample disk is exposed
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to atomic oxygen. The remainder of the sample rests on the end of the side-
arm tube and is protected from attack. The end of the side-arm tube does
not form a vacuum seal with the sample film. A 1.90 cm diameter black
anodized aluminum plug presses aginst the back side of the sample and
contains a heating element and thermocouple which permit the sample to be
heated to a known temperature. The assembly is held in place and a vacuum
is maintained with a modified 1.90 cm Cajon tubing union as shown in figure
2.

Kapton HN, FEP teflon, polyethylene, Tedlar, and Mylar samples were all cut
from sheets of 2 mil film. The Kapton, FEP teflon, polyethylene, pyrolytic
graphite and HOPG were obtained from Bruce Banks at NASA's Lewis Research
Center as part of the atomic oxygen effects test program (oxygen effects
round-robin). The pyrolytic graphites were cut into a 1.90 cm diameter
disks. Tedlar and Mylar film samples were obtained from E. I. duPont de
Nemours and Co., Inc. All samples except the HOPG were cleaned by brief
rinsing with optical grade solvent, a mixture of 1,1,1, trichloroethylene
(75 percent) and ethanol (25 percent) from Analytical Research Laboratories,
Monrovia, California. The same sample preparation procedure was used for
JSC flight samples for STS-8 and for samples prepared at JSC for test in the
LANL high energy beam system 59. After air drying, the samples were stored
in a dessicator for at least 48 hours before use. Clean surfaces of HOPG
were prepared by applying adhesive tape to the basal plane of the crystal
and peeling the top layer, leaving a fresh, clean surface. The HOPG was
exposed directly to the afterglow environment at the end of a sidearm, with
no attempt to protect the sides of the square sample from reaction. The
HOPG samples were squares, about 1 cm on an edge and less than 0.3 cm thick.

Results and Discussion

All the materials examined in the RF asher showed dramatic variation in
reaction rates, with changes in RF power and total pressure. The samples in
the rear and middle sample positions were weighed at various times during
the exposure and the mass loss rate determined by a linear regression
analysis of sample mass and time (M(t) = Mg - R¥t). The correlation
coefficient (Pearson's r) was better than -0.99 for most data and never
became greater than -0.98, indicating a good fit to a linear model. Plots
of the mass loss data for some materials indicated a brief nonlinear
induction period early in the test, but the effect on the data fit was
small. A typical data plot is shown in figure 3. Table III shows the values
of R/A (units of mg cm-2 min-1) and the standard deviation calculated by
averaging the rates for both sample positions. Inspection of the data in
Table III clearly shows that polyethylene has a much higher mass loss rate
than Kapton for all combinations of RF power and total pressure used.

Teflon also has a higher mass loss rate than Kapton under most conditions.

Trends in the asher data are more easily discerned if the data is

normalized and presented as relative rates. In Table IV the rate is
normalized to the Kapton rate for a given set of asher conditions; and in
Table V the rates are normalized to the 2 torr, 100 watt condition for each
material. Comparison of Tables IV and I shows that the 2 torr, 100 watt
condition gives the best agreement with the flight results; but even so, the
agreement is qualitative at best. Inspection of Table V shows that Kapton,
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polyethylene, and single crystal graphite show similar relative changes in
rate with conditions, but that FEP teflon does not, suggesting that FEP
teflon is responding to different environmental factors than the other
materials, or perhaps reacting by a different mechanism. The reactivity of
FEP teflon is greatest at high RF power and low total pressure, suggesting
that charged particle or photochemical effects dominate the reaction of
fluorocarbons in the asher environment.

Reaction rates obtained in the flowing afterglow were substantially lower
than those obtained in the asher. Reaction rates in the flowing afterglow
were determined by both single time measurements (R = (M1 - M2)/(t1 - t2))
and by measurement of sample mass at several times, followed by linear
regression analysis (M(t) = My - R¥t), as for the asher. Correlation
coefficients better than -0.99 were obtained in most cases, and data plots
show no evidence of nonlinearity. A typical data plot is shown in figure 4.
Oxygen atom concentrations were determined by NOp titration during each run,
and rates were corrected for changes in atom concentration. The average
rates, relative rates, and reaction efficiencies are reported in Table VI.

The relative rates of polyethylene and single crystal graphite are nearly
the same for the asher and the afterglow. Significantly, the relative rate
for FEP teflon was much lower than that observed in the asher, supporting
the idea that the teflon reaction in the asher depends on factors other
than, or in addition to, atomic oxygen. Tedlar and Mylar also gave relative
rates much higher than Kapton in the afterglow. Except for Teflon, these
materials showed nearly the same reaction efficiency as Kapton in LEO and in
the LANL beambO,

Reducing the afterglow total pressure and oxygen atom concentration by a
factor of 10 gave rates about one-tenth those observed at higher pressure
and oxygen concentration. Similar results have been observed by at least one
other group, using a plasma asher with an optional faraday cage61. With no
faraday cage, plasma directly contacts the sample surface, and the relative
rates observed are much the same as those reported here. When the samples
are placed inside the faraday cage, the plasma cannot come into direct
contact with the sample surface. Reactive species diffuse to the sample
through openings in the faraday cage, so that the environment is more like
that in the afterglow. When the samples are placed inside the faraday cage,
the relative rates are comparable to those reported here for the afterglow.

The reaction efficiency of materials with oxygen atoms at thermal energies
(3kT/2 = 0.039 eV) has been the subject of considerable uncertainty and
speculation, though the bulk of the evidence available to date suggests that
thermal atoms are much less reactive than hyperthermal atoms62. The data
shown in Table VI indicate reaction efficiencies one-hundredth to one-
thousandth those observed in flight (5 eV) or in the hyperthermal beam (3
eV) at LANL. The thermal atom reaction efficiencies reported here do agree
in magnitude with those reported by other workers62,63 using thermal energy
beam systems. More work is needed to improve the precision and accuracy of
these reaction efficiencies. Molecular oxygen is the most abundant species
striking any surface in the asher or the afterglow, and molecular oxygen
should react with organic radical sites produced by oxygen atoms38. The
effects of molecular oxygen and other species, such as ozone and hydroxyl
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radical, are being evaluated as part of an ongoing project at the Materials
Branch, Johnson Space Center.

As shown above, the thermal atom test systems reported here produce
materials reactivities very different from those observed in LEO or in high
quality LEO simulations. Most important, while the relative reactivities of
Kapton, polyethylene, Tedlar, and Mylar lie within a few percent of each
other in LEO and in the LANL beam, they range over an order of magnitude in
the thermal atom systems. If the reaction effeciencies of Kapton, Mylar,
Tedlar, and polyethylene are plotted vs the atomic fraction of aliphatic
hydrogen (fraction R-H) in the polymer repeat unit, we obtain the results
shown in figure 5. The correlation coefficient for reaction efficiency and
fraction R-H is 0.98, indicating a strong relationship between chemical
structure and reactivity in the afterglow. Relationships between chemical
structure and reactivity have also been reported for the asher environment
in connection with photoresist stripping6”.

Many of the observations presented above can be rationalized with a simple
phenomenological model describing the kinetics of mass loss when a
hydrocarbon polymer is attacked by atomic oxygen. The essentials of the
model are shown in figure 6. Mass loss occurs sequentially. First,
hydrogen atoms are removed, and then more massive atoms, such as carbon.
The key idea here is that the hydrogen abstraction rate (ki) has a strong
dependence on atom kinetic energy, and also varies substantially with the
type and quantity of C-H bonds in the material. The rate constant for
oxygen attack, with mass loss, on the hydrogen depleted surface (kp) is the
same for the materials studied. Fresh surface is exposed at a rate which
depends on net mass loss through a proportionality constant k3. Both
reaction rates depend on atom kinetic energy and sample surface temperature,
but the hydrogen abstraction rate is limiting at thermal energies, as first
proposed by Gramm Arnold62. If the Arrhenius activation energies and pre-
exponential factors for oxygen atom reaction with gas phase organic
compounds can be used as a guide, then an activation energy of about 0.3 eV
for hydrogen atom abstraction can be expected with pre-exponential factors
which vary by as much as a factor of 10 for different hydrocarbons“2.

If most of the oxygen atom kinetic energy is available for overcoming
activation barriers, then as kinetic energy increases from 0.04 eV to 5 eV,
the activation barrier for hydrogen atom abstraction will be exceeded and ki
will become very large. Equation U4 shows that when this happens the mass
loss rate will be determined by k2, and all hydrocarbon materials will have
the same or similar mass loss rates as observed in LEO. Table I shows
several organics, for example epoxy and polybenzimidazole, for which k2 is
different from that for the four materials considered here, perhaps due to
effects of the massive heteroatoms. Polymers containing silicone groups
form an inert surface oxide layer which prevents or slows further attack.

Summary and Conclusions

The thermal atom test environments examined as a part of this work produce
relative material reactivities and reaction effeciencies markedly different
from those produced in LEO or in high quality simulations for several
different materials. The LFE corporation LTA-302 plasma asher produces the
best (i.e., most like the LEO rates) relative rates with 2 torr of oxygen
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and 100 watts of forward power; but even better relative rates are produced
when a faraday cage is used to isolate samples from the plasma
environment6l. In either environment, materials which have nearly the same
relative rates in LEO vary by a factor of as much as 10, even when the
faraday cage is used. These results are not suprising, given the radical
differences between the LEO environment and the plasma environment in the
asher.

The JSC flowing afterglow produced better relative rates than the LTA-302,
and reaction efficiencies between one-hundredth and one-thousandth those
observed in LEO or in the LANL beam. Mass loss rates were much lower in the
afterglow, as presently configured, due mostly to lower atom flux at the
sample surface. Work is in progress to increase the atom flux produced by
the afterglow.

The thermal atom test methods examined to date can function as materials
screening tools, but only if used cautiously. Accurate life-on-orbit data
cannot be produced unless the thermal atom method is calibrated using LEO or
high quality simulation data. Care must be taken to avoid environments where
photochemical or charged particle processes can swamp or confuse oxygen
effects data. The flowing afterglow, the asher-faraday cage combination,
and the asher at high oxygen pressure seem the best candidates for
development into reliable screening tests at this time. Even so, the
environments are still very unlike the LEO environment, and many questions
remain to be answered before a reliable screening test can be said to exist.
The role of molecular oxygen, if any, and other potential reactants is not
clear at this time. Most important, the nature of oxygen atom translational
energy effects must be understood as it impacts the chemistry of a wide
range of materials,
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Figure 3.- Sample mass in milligrams vs exposure time for FEP teflon.
Typical mass loss data drom exposure of materials to the plasma asher
environment. The total pressure was 0.1 torr and the RF power was 10
watts. The small nonlinearity at early exposure times is not typical
of all materials and conditions.
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Figure 4.- Sample mass in milligrams vs exposure time hours. Typical mass
loss data for exposure of Kapton, Mylar, Tedlar, and polyethylene films to

the fIOW1n§ afterglow thermal atom environment. The oxygen atom flux was
2.1 x 10E18 atoms cm-2 sec-1, and the total pressure was 2 torr.
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Figure 5.- Reaction effeciency, r is plotted against the aliphatic
hydro§en fraction RH in the polymer repeat unit,

RH = # aliphatic hydrogens/total number of atoms. A log plot is used only
as a convenience for display of the wide data range. The correlation

coefficient for RH and r is 0.969. The correlation coefficient for RH and
log(r) is 0.967.
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M = sample mass per square centimeter

(R-H]

surface concentration of reactive hydrogen, atoms cm-2

[R- ] = surface concentration of dehydrogenated mass loss sites,
molecules cm-2

@ - fraction of surface in [R-] state, i.e. fractional
dehydrogenation.

At steady state all surface concentrations are constant. The rate
constants k1 and k2 contain the atomic oxygen flux implicitly;
e.g., k1 = KIF, k2 = K2F where F is flux in atoms em-2 min-1-

(1n d[R-H]/dt

-k1(1-6) + k3dM/dt = 0

(2) d[R- ]/dt

-k206 + k1(1-6) = O

The chemical reaction rates are related to the mass loss rate.

(3) dM/dt = -Ak20 -Bk1(1-8) = constant (see figures 3 and 4)

A and B are proportionality constants relating mass loss to particular
chemical reaction rates.

Combining equations 1,2, and 3 we obtain

1
() dM/dt =

k3/k2 -1/Bk1(1 + Ak3)

Figure 6.- The essentials of a simple phenomenological model describing
the kinetics of mass loss when a hydrocarbon polymer is attacked by atomic
oxygen.
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TABLE I.- MATERIALS REACTIVITY DATA IN LEO AND LANL BEAM

Reaction Efficiency cm3/atom

Material Rel. Rates*

- - LEO (3-23) LANL (24,60)

Kapton 1 3.0 x 10-24 2.7 x 10-24

Polyethylene 0.9 3.7 x 10-24 2.8 x 10-24

FEP Teflon < 0.03 < 0.05 x 10-24 7.7 x 10-25

Mylar 1 3.4 x 10-24

Tedlar 1 3.2 x 10-24

Graphite 0.7 0.9 - 1.7 x 10-24  10-24

(various forms)

Polybenzimidazole 0.5 1.5 x 10-24

Polysulfone 0.8 2.4 x 10-24

Siloxane-imide block 0.1 0.3 x 10-24

copolymers (25%/75%)

Epoxy 0.6 1.7 x 10-24

FEP Teflon 0.6 1 x 10-24

(Solar Max)

*Mass loss rates in LEO normalized to Kapton rate.

TABLE II.- COMPARISON OF ENVIRONMENTS
Environment 0 Atom flux, 02 molecule Electron den- VUV flux,
Energy flux, Energy sity, Energy wavelength
LEO 1015 atoms cm-2 sect 1013 105-106 e em-3  ~Ux1011
5 eV 10 eV 0.1 eV 121.6mm
Plasma 1019-1020 1021 109-1012 e em-3 1012 to 1014
Asher 0.04-0.06 eV 0.04-0.06 eV 1 to 10 eV 130mm

Flowing 1018-1019 1021 <108 e em-3 0
Afterglow 0.04 eV 0.04 eV 0.04 ev
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TABLE III.- MATERIALS REACTIVITY DATA - PLASMA ASHER ENVIRONMENTS

Pressure RF Kapton* Polyethylene* FEP Teflon* HOPG Graphite*
(torr) (watts)

2 100 1.6 + 0.3 5.3 + 0.2 0.27 + 0.005 0.59 + 0.006

| 2 50 0.06 £ 0.01 0.5 * 0.2 0.18 + 0.04 —ccccen

| 0.4 50 0.80 + 0.2 3.2 + 0.5 0.49 £ 0.06 ----m-m--

| 0.1 100 0.71 + 0.2 3.6 £ 0.5 1.1 + 0.09 0.24 * 0.06
0.1 10 0.12 + 0.01 0.45 + 0.02 0.26 + 0.02 —--mom-

*Mass loss rates in mg min-1 em-2 x 100

TABLE IV.- MASS LOSS RATES RELATIVE TO KAPTON
(mass loss rate divided by Kapton rate)

Pressure RF Kapton Polyethylene FEP Teflon HOPG Graphite
(torr) (watts)

2 100 1.0 3.4 0.17 0.12
2 50 1.0 8.5 30 000 eemeeee-
0.4 50 1.0 4.0 0.6  —e--ee-
0.1 100 1.0 5.1 1.6 0.09
0.1 10 1.0 3.6 2.1 emeeee-
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TABLE V.- MASS LOSS RATES RELATIVE TO 2 TORR, 100 WATTS CONDITION
(mass loss rate/2 torr, 100 watt rate)

Pressure RF Kapton Polyethylene FEP Teflon HOPG Graphite
(torr) (watts)
2 100 1.0 1.0 1.0 1.0
2 50 0.04 0.1 0.7 = —eeeeen
0.4 50 0.5 0.6 1.8 e
0.1 100 0.4 0.7 4.2 0.4
0.1 10 0.08 0.08 L ———
TABLE VI.- FLOWING AFTERGLOW MATERIALS REACTIVITY DATA
Material Rel. rate Mass Loss Rate* Reaction Efficiency*
(mass loss) (mg em-2 min-1) (cm3 per atom)
Kapton 1 (2.9 + 0.3) x 10-4 2.6 x 10-27
Polyeth. 4.1 (1.2 £ 0.2) x 10-3 2.2 x 10-26
FEP Teflon 0.07 (2 £ 5) x 10-5 < 10-28
Mylar 2.4 (7.0 £ 0.05) x 10-4 4.1 x 10-27
Tedlar 5.9 (1.7 + 0.24) x 10-3 1.7 x 10-26
Graph. (HOPG) 0.2 6 x 10-5 2 x 10-28
Graph. (Pyro) 0.07 2 x 10-5 0.5 x 10-28

* Average atom flux

= 1 x 1020 atoms em-2 min-1
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ATOMIC OXYGEN STUDIES ON POLYMERS

W. D. Morison, R. C. Tennyson, J. B. French, T. Braithwaite
University of Toronto, Institute for Aerospace Studies

M. Moisan and J. Hubert
Université de Montréal

ABSTRACT

The purpose of this research investigation was to study the effects of atomic
oxygen on the erosion of polymer based materials. This report describes the
development of an atomic oxygen 'neutral' beam facility using a 'SURFATRON' surface
wave launcher that can produce beam energies between 2 and 3 eV at flux levels as
high as ~10!7 atoms/cm?-sec. Thin film dielectric materials were studied to
determine recession rates and reaction efficiencies (Re) as a function of incident
beam energy and fluence. Accelerated testing was also demonstrated and the values
of Re compared to available space flight data. In addition, SEM photomicrographs
of the samples' surface morphology were compared to flight test specimens.

INTRODUCTION

The space environment is characterized by the presence of charged particles,
various atomic species (in low concentrations), "vacuum", micrometeoroids,
radiation, temperature extremes and man-made debris. To some degree, all of these
factors influence the design of satellites, depending upon the orbital altitude. Of
particular concern -is the presence of atomic oxygen, the concentration of which is
shown in figure 1 (ref. 1) along with other atomic species and charged particles.
The operation of many satellites, the Space Shuttle and the future U.S. Space
- Station, in Tow earth orbit (LEO), presents a major design problem since it is well
established that atomic oxygen seriously erodes many of the commonly employed
spacecraft materials (see ref. 2, for example). Although the concentration values
shown 1in figure 1 may appear to be insignificant compared to the particle
concentration at the earth's surface (~101°/cm®), the actual flux of atoms impinging
on an orbiting vehicle is quite high because of the satellite orbital velocity of ~8
km/sec (corresponding to an incident atomic oxygen energy of ~5 eV. Figure 2 (ref.
3) presents a plot of the incident flux as a function of altitude and solar
activity. For reference purposes, the space shuttle altitude is indicated,
corresponding to a flux of between 10!% ~ 10! (atoms/cm?-sec).

To qualify materials for spacecraft applications, it is necessary to assess

*Financial support for this research was provided by the Auburn University Space
Power Institute, Subcontract No. 86-207, issued under their Prime Contract No.
N60921-86-C-A226 with the U.S. Naval Surface Weapons Center (Dalgren, Va.) and the
Ontario Centre for Advanced Materials under Grant No. TP2-325.
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their sensitivity to atomic oxygen, as measured by their reaction efficiency (Re)
at orbital conditions. This is defined to be the volume of material lost per
incident oxygen atom. Up to this point in time, limited flight test data at LEO
conditions 1is available (see ref. 4). Consequently, it 1is imperative that
ground-based systems be developed that can accurately simulate the neutral atomic
oxygen environment in LEO. Such a system is described in this report together with
comparative test data on mass 1loss rates, reaction efficiencies and surface
morphology changes. Many of the materials tested in this simulator are compared to
flight test data to ascertain the "validity" of the simulation. It will also be
demonstrated that "accelerated testing" 1is possible, in that it yields erosion
results consistent with flight data.

UTIAS ATOMIC OXYGEN (AO) BEAM FACILITY

A schematic of the UTIAS AO facility configuration is presented in figure 3.
This system is comprised of three major components (see photographs, fig. 4): a
microwave induced plasma torch, a sampler-skimmer interface, and a vacuum chamber
with the associated support electronics. The plasma torch is used to generate a
stream of essentially neutral oxygen atoms seeded in a helium gas carrier. The
sampler-skimmer system strips off a portion of the lighter carrier gas from the
plasma and produces a diverging AO beam which is then directed into the connecting
vacuum chamber. The chamber, in the form of a glass 'cross', maintains candidate AO
bombardment samples at approximately 107 torr, to approximate low earth orbit
spacecraft surface conditions.

SURFACE WAVE LAUNCHER (SURFATRON)

There are various ways of producing plasmas with microwave (>300 MHz) power.
The device used at UTIAS (fig. 5) is referred to as a ‘'SURFATRON' because it
operates by propagating an electromagnetic surface wave along the plasma column.
With such a device, a wave is excited at a given location along a cylindrical vessel
containing the gas to be ionized. Providing the wave power flow is large enough, as
this wave propagates, its energy is used to sustain the plasma column. It is called
a surface wave because most of the power flows axially, very close to the surface of
the dielectric vessel that contains the plasma column. This situation corresponds
to the wave field decreasing radially, away from the plasma column, 1in an
exponential-like fashion.

The surface wave is a natural propagation mode (an eigen-mode) along a plasma
column. The efficient transformation of the microwave power into the plasma is a
consequence of the use of this mode.

There are essentially two distinct elements in the SURFATRON surface wave
launcher: the launching gap — a small interstice of circular symmetry through which
the electric field leaks out toward the plasma — and an impedance matching system.
In terms of an equivalent circuit, the gap can be represented by a capacitance and a
resistance, and the impedance matching part 1is generally equivalent to two LC
circuits (ref. 5). When properly designed and tuned, the two circuit components
cancel out any imaginary component at the launcher input part and permit impedance
matching of the launcher-plasma assembly and the transmission line. This ensures
optimum power transfer from the generator (ref. 6).
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PLASMA CHARACTERISTICS

The microwave generated, atmospheric pressure helium plasma has been studied
and characterized in terms of excitation temperature, gas temperature and electron
density (ref. 7).

The SURFATRON is normally operated with a metered 98.5% helium/1.5% oxygen gas
supply and is powered by a 200 Watt, 2450 MHz Microtron microwave power supply. The
plasma is located in a 2 mqm ID x 4 mm 0D alumina (AL23) discharge tube. The power
is set at 195 W and the total input flow rate is maintained at 3¢/min. Under these
conditions, the excitation temperature is on the order of 2800 K, the degree of
dissociation of 0,, as determined by mass spectrometer measurements, is
approximately 64 percent, and the fraction of oxygen in the excited state is less
than 1.2 percent (ref. 8).

SAMPLER-SKIMMER SYSTEM

The helium/oxygen plasma is discharged at atmospheric pressure and allowed to
expand supersonically toward the sampler-skimmer system. This system (fig. 6)
consists of two nickel sampling/skimming orifice cones which are separated by an
evacuated, water-cooled interface chamber. As the plasma discharge impinges upon
the sampler cone, a portion of the central plasma core is drawn into the interface.
Further, rapid expansion of the discharge takes place in the interface toward the
skimmer core. A fraction of one percent of the flow through the sampler is stripped
out by the skimmer cone and passed into the test chamber. The skimmer throughput is
a largely mono-energetic, slightly divergent beam of helium, atomic oxygen and
molecular oxygen, with a mean free path in excess of 1 metre. The interface
pressure and the sampler-skimmer geometry govern the rate of molecular flow through
the skimmer and consequently, the pressure in the test chamber and the atomic oxygen
,flux at the target.

Over a period of time, erosion of the sampler cone was observed, as manifested
by an increase in interface pressure. An extensive series of measurements of
the increase in orifice diameter ( were made as a function of system time.
The results of these tests are given in %ﬁgure 7. This data was necessary to permit
accurate calculations of the atomic oxygen flux, as detailed in the Appendix.

TORCH ALIGNMENT

Clearly, the key to conducting a successful experiment 1is the ability to
produce repeatable results. Results from early operation of the facility suggested
some difficulty associated with the alignment of the torch and the sampler-skimmer
interface.

The optimum system alignment should maximize the amount of atomic oxygen in the
beam. Since slight misalignment of the system leads to entrainment of room air into
the chamber, an alternate approach is simply to minimize the amount of room air
being entrained. Since room air is the system's only source of nitrogen, this is
easily accomplished by tuning the mass spectrometer to the NE peak, and adjusting
the SURFATRON's position until the peak height is minimized. The N,* peak
minimization method proved viable, as A0 damage to samples became consistently
better correlated. It was then realized that the total chamber pressure would also
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be minimized along with the partial pressure of the nitrogen. This fact allowed a
more precise alignment, as the Bayard-Alpert gauge is much “smoother" and easier to
read than the mass spectrometer. When coupled to a digital voltmeter, the
Bayard-Alpert gauge permitted the system to be aligned to a fine tolerance.
Subsequent tests demonstrated that this alignment procedure reduced scatter to
approximately 4% (ref. 9).

VACUUM SYSTEM AND ELECTRONICS

The test chamber, a 15 cm diameter x 25 cm diameter 'Visiflow' glass cross
(figs. 3, 4), incorporates fixtures to hold both control and test samples,
Bayard-Alpert and Penning type gauges for pressure measurement, and an Aerovac AVA-1
mass spectrometer for beam analysis. An Edwards 250/200M ‘'Diffstak' pump extracts
gas fn?m the chamber at a rate of 2300 2/s to produce system pressures on the order
of 107 torr.

A time-of-flight chopper system is currently being installed for beam energy
surveys. These features allow complete monitoring of changes in beam properties
such as atomic oxygen flux, energy, average molar mass, and degree of oxygen
dissociation, as the system gas flow and geometry parameters are varied.

CHARACTERISTICS OF THE ATOMIC OXYGEN BEAM

The enclosed Appendix contains a detailed gas flow analysis for the AO
facility.

BEAM ENERGY

From equation (18) (Appendix), it is clear that for a given molar mass of gas,
measurements of the plasma temperature will define the peak oxygen atom energy.
Since nozzle beam systems produce beams with relatively narrow velocity

distributions (ref. 10), the peak energy will correspond closely to the average
value.

Figure 8 shows plots of beam energy (E) versus molar mix for various
plasma temperatures. As the constituents of the gaseous m1xture (He/O /Ar) are
varied, corrections to the plasma temperature must be made. The resu1t1ng
"adjusted" experimental curve is shown in figure 8,

Because the beam is diverging slightly from the sampler-skimmer interface,
intermolecular collisions in the test chamber are very infrequent. As a result, the
energy distribution within the beam should remain undisturbed, except for a
broadening associated with the beam divergence and the correspond1ng reduction in
t he atomic oxygen flux.

ATOMIC OXYGEN FLUX

From the Appendix, the atomic oxygen flux at some distance x.

is given by
equation (13), i.e., !
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3.45x1018
(10.65 + x;)

op = (atoms/cm? -sec)

for X; ? 7.86 cm.

For the positions defined by 3.93 < x; < 7.86 cm, the significant beam blocking
effect of the sample produces multiple atomic oxygen strikes and enhances the
effective flux such that

27
apg = —0IAT 3,93 < x; < 7.86 cm

(10.65 + X'l) *

This phenomenon produces highly accelerated erosion rates for samples in this
region. Figure 9 depicts the flux variation described by the above functions and
shows the relative testing 'acceleration factor', based upon the ratio of the
simulator flux to the nominal atomic oxygen flux in low earth orbit (250 km, ~3x 1014
atoms/cm-s). Figure 9 clearly shows that acceleration factors, nominally in the
range 3 to 275, are achievable with the present facility configuration.

BEAM EROSION PROFILE

The variation in flux across the beam diameter was assessed initially by
profiling exposed samples using a Sloan Technology Corporation DEKTAK 3030 surface
profile measuring system. This device uses a diamond tipped stylus to scan the
surface of a sample in 2000 steps, with a vertical resolution of 20 um. Figure 10
shows a plot from the DEKTAK. Because of the irregular surface profiles, it is
difficult to obtain an accurate measurement of the volume of material eroded.

RECESSION RATE PROFILE

One parameter used to assess the erosion effects of atomic oxygen is the
recession rate (R.), which is a measure of the depth of material removed per unit
time (cm/s). When a thin film is completely eroded, the recession rate is known
exactly at the edge of the hole, and is given by,

R. = h/t

where h = thickness of film (cm) and t = exposure time (s). If a series of
identical films is exposed to the same beam for varying periods of time, a recession
rate profile can be produced. The plot of R. versus hole radius should not only
give the recession rate distribution, but shouﬁd also depict the beam profile in
terms of the cross-sectional variation in flux. Figure 11 shows recession rate
versus hole radius for a 2.29x10-3 cm (0.9 mil) Kapton -H film. The profile has
been extended out to r = ~1.0 cm although examination of the samples suggests that
the maximum effective beam radius is approximately 0.575 cm. Note that, except for
vertical scaling, the profile of figure 11 is consistent with the profilimeter
results in figure 10.
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EXPERIMENTAL RESULTS

SENSITIVITY TO BEAM ENERGY

A set of experiments was undertaken to determine if the reaction efficiency was
dependent upon the incident AO beam energy. Because of the present upper limit on
energy for the UTIAS A0 simulator, it was necessary to demonstrate that material
mass loss rates comparable to those obtained in space flight tests could be
achieved.

From equation (18) (Appendix), it 1is shown that the beam energy can be
controlled by changing the molar mass (Mmix) of the gas mixture and the plasma
temperature. For the UTIAS system, the temperature change that occurs with varying
Mnix 1S given in figure 8. By varying the concentration of the gas mixture
( e/bZ/Ar) it was possible to obtain a sensitivity curve of reaction efficiency as a
function of beam energy for Kapton, as shown in figure 12. Note that reaction
efficiency for Kapton can be calculated from equation (16) (Appendix) once the mass
Toss rate is determined. It is quite apparent that a threshold exists for Kapton
reaction efficiency near 1.5 eV. For comparison purposes, the space flight value
(ref. 2) of 31072 cm3/atom is plotted at 5 eV. Similar results were also obtained
for Mylar.

SENSITIVITY TO BEAM FLUX

Tests were conducted on Kapton-H film using a 2.2 eV atomic oxygen beam for
different flux levels. The mass loss versus exposure time curves are presented in
figure 13. It can be seen that at the higher flux values (> 10l6 atoms/cm? -sec)
there is a transition region in which the material mass loss rate response changes.
This is particularly evident for the curve at 10!6 atoms/cm2-sec. It was found that
beyond this transition region, at flux levels <10l6 atoms/cm2-sec, the mass loss
rates approached a constant. For Kapton-H film, Am/At =~ 0.075 (mg/sec).
Substituting this value into equation (16) (Appendix) yields a reaction efficiency
for Kapton of R, = 2.99x1072% (cm3/atom).

SEM photomicrographs of the Kapton samples' surface morpho]o?y are presented in
figure 14, for different exposure times, at a flux of & ~ 8.3x10l6 (atoms/cm2-sec).
It is quite apparent that the surface characteristics are changing with fluence.
This 1is particularly evident when one compares photos (a) and (b) in the transition
region discussed above.

ACCELERATED TESTING

One of the major applications of ground-based simulators is the potential to do
accelerated testing. Clearly, the validity of such a procedure rests on the
assumption that for constant fluence tests (F = & x time), the same material
reaction efficiency will be obtained. Experiments were conducted with Kapton-H
film, at different flux levels, at exposure times beyond the transition range. Two
test samples, (A) and (B), are compared (see figure 13) in the following table:
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Sample* Beam Area & t F Am/At R
(cm?)  (atoms/cm2s) (s) (atoms/cm?s) (mg/s) (cm37atom)
A 1.995 8.3x 1016 2,700 2.24x 1020 .395x10-3 3.06x10-24
B 1.765 1016 21,600 2.16x 1020 .075x10-3 2.99x10-24

1.42 (gm/cm3)

pel
1}

It can be seen that the same value of R  is obtained, providing the tests are
conducted at fluences beyond the transition range. Furthermore, comparing
photomicrographs for samples (A) (figure 14(b)) and (B) (figure 15), shows a
remarkable match in surface morphology. Thus it seems reasonable to assume that
accelerated testing is valid for assessing material sensitivity to atomic oxygen.

MATERIAL REACTION EFFICIENCY

Using the procedures previously described, a series of tests were conducted on
the materials 1listed in table 1. Comparisons with LEO flight data reported in
reference 2 are also included. Note that the results have been "normalized" to
Kapton as a reference material. To convert the data to Re values, assume

R, (Kapton) = 2.99x10-2% (atoms/cm?-sec). In general the results are in reasonable
agreement with flight data. However, it should be noted that some uncertainty
exists in the flight data because of errors in estimating the incident flux.

Figure 16 presents some SEM photomicrographs for several of the thin-film
materials. These results provide a further basis for comparison with flight samples
for given fluences.

CONCLUSIONS

An AO beam facililty has been developed based on a microwave powered SURFATRON
device that can produce AO energies up to 2.2 eV, at flux levels as high as 8x 101 6
(atoms/cm? -sec). This system operates continuously and can yield target diameters
up to 4.9 cm.

Reaction efficiencies (R_.) have been measured for a variety of materials and
good correlation with LEO f]igﬁ% data has been obtained. It has been demonstrated
that accelerated testing can be employed to yield the same value of R, for a given
fluence. SEM photomicrographs exhibit "identical" surface morphof%gy for the
accelerated test comparisons. Other notable observations include an energy
threshold that must be achieved to obtain values of R, consistent with flight tests,
and that a start-up transition region exists at certain flux levels in which
material mass loss rates differ from longer term exposure values.
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TABLE 1 - MATERIAL REACTION EFFICIENCY (Re) COMPARISON WITH LEO FLIGHT DATA

(REF. 2)
Material 3LEO Flight Data AO Simulator
Re (cm’ /atom) Ra/ (Re )kapton Re/(Ra)kapton
Kapton-H 3x 10-24 1 1
Polyethylene 3.7 1.23 0.987
Mylar 3.4 1.13 1.360
Tedlar 3.2 1.07 1.260
Pyrolytic Graphite — — 0.318
HOPG* —_ — 0.478
Carbon 0.9%1.7 0.30~0. 57 —_
Teflon FEP <0.05 <0.017 0.019

*Highly Oriented Pyrolized Graphite
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Fig. 15 SEM Photomicrographs of Kapton® -H Film at 5000X, 7° tilt
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Fig. 16 SEM Photomicrographs at 5000X, 7° tilt
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APPENDIX - GAS FLOW ANALYSIS FOR AO BEAM FACILITY

It has been shown (refs. 8, 9) that the gas flow rate through the sampler
orifice is described by

Lt
G., = n*a*A* = (—g—JZ Y-l haA
sa v+l 0%"o

(molecules/sec)
where vy

= 1.62, n, =

molecular density at orifice (molecules/cm3), a
sound (cm/s), and A = orifice area (cm?).

(1)

Since

0 speed of
a, = 11.736x103 /T/M

(cm/s) (2)
where T = absolute gas temperature (K), M = average molar mass (amu), and
Tref _ 7.339x1021
Ny = n =1 (molecules/sec) (3)
T T
1
where n = Lochschmidt number = 2.687x10!9 atoms/cm?, and Traf = 273.16 K. ]
2
Also A = %’Dsa’ Dy, = orifice diameter
so that 0
Gy, = 3.833«1025 S8 (4)
Y™
If the flow into the chamber through the skimmer orifice is neglected, the pressure
in the interface can be determined from
19 where PX = interface pressure (torr)
GSa = 3,24x10 PXSX (atoms/sec) SX = pump speed (%/sec) ( ‘
For nozzle beam systems (refs. 8, 9), the flow through the skimmer orifice and into
the test chamber is given by
where Q
Gsk = 0.631 GSQ,

solid angle subtended by skimmer orifice
= Agp/xg?

(6)
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02 D y = skimmer orifice diameter = 0.04826 cm

‘H:sk S

and Ay = . ) . (7)
4 Xs = sampler skimmer spacing = 0.754 cm

so that G.. = 1.231x1021 molecules/sec and By = 2.498< 1019 molecules/sec. The flow

of oxygen atoms in the chamber is given by

where a« = degree of dissociation of 0,

20t
G = (&4 e Goy,
AQ (1| )B sk 8

fraction of plasma-source 0, in beam

The degree of dissociation is determined from mass spectrometer measurements of the
beam. Analysis of the relative change in oxygen peak heights, originally presented
by Lam (ref. 8), was modified to include a correction for room air entrained by the
nlasma. Mass spectrometer data are also used to quantify the change in gas stream
composition that results from room air entrainment. The parameter B expresses the

amount of plasma-source oxygen in the beam relative to the total molecular flow
through the skimmer orifice.

For the sampler-skimmer geometry defined above, and for a 0.985 He/0.015 0,
plasma, the mass spectrometer data yields: a« = 0.632 and B = 0.0092 so that
GAO = 1.78<1016 (AO/sec). An average volumetric erosion rate can be determined from

mass loss measurements on a sample, following exposure to the atomic oxygen beam,
as

V= Am/tp (cm3/s) (9)
where Am = mass loss (g), t = exposure time (s), and p = specific gravity (g/cm3).

The reaction efficiency (Re) for the material can then be determined from Gpg and V
as

R, = Y (cmd/atom) (10)

Alternatively, the material reaction efficiency may be determined from GAO and a
study of beam diameter as a function of distance from the sampler orifice:
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If A

= target area (beam area) = nd12/4 at a distance x
the system yields the following expression for target beam

, it has been found that
éiameter

di = 0.081 (10.65 + Xi) (11)
and so
At = 5,15¢1073 (10.65 + xi)z, Xj > 7.86 cm (12)
Then the atomic oxygen flux at the target is
o = CAO _ _ 3.45x10!8
A0 T 3
t

(atoms/cm?-s) for x; » 7.86 cm
(10.65 + x1-)2
The atomic oxygen fluence (F) is computed simply from the flux and the exposure time
as

18
F=dpgt= 3.45<10°7t (atoms/cm?)
(10.65 + x;)2

(14)
The material recession rate (Rr) is determined from the volumetric erosion rate V
by

At (10.65 + x;)2

The material reaction efficiency can be computed in an equivalent fashion as
R
Ry = I = 5.62x10-17 AM (16)
A0 pt
The average energy of the oxygen atoms can be evaluated from
M
0
E = % KT 3 (17)
ix

where k = Boltzmann constant
Mg, = oxygen atom molar mass
so that

8.24x107> (eV/K), T = average plasma temperature (K),
16 amu, M i, = average molar mass of plasma input gas
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E = 3.296x10-3 rT_ (eV) (18)
1X

The value of M ix is fixed by the input gas stream (and slightly altered by the
influence of f“e dissociated oxygen), so that a valid measure of the plasma
temperature yields the oxygen atom energy directly.

In practice, the expression shown below and in figure 14 is used to determine
the plasma temperature:

4

D
_ 12 sa
Tﬂ“i "= 1.40¢<10 _—ET—TZ (19)
Px Sx
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ATOMIC OXYGEN EFFECTS ON CANDIDATE COATINGS FOR
LONG-TERM SPACECRAFT IN LOW EARTH ORBIT

E. H. Lan and C. A. Smith
McDonnell Douglas Astronautics Company

J. B. Cross
Los Alamos National Laboratory

ABSTRACT

Candidate atomic oxygen protective coatings for long-term low Earth orbit
(LEQO) spacecraft have been evaluated using the Los Alamos National Laboratory
O-atom exposure facility. The coatings studied include Teflon, A1203, sioz,
and SWS-V-10, a silicone material. Preliminary results indicate that sput-
tered PTFE Teflon (0.1 pm) has a fluence lifetime of 1019 O-atoms/cm?, and
sputtered silicon dioxide (0.1 pm) , aluminum oxide (0.1 pm), and SWS-v-10, a
silicone, (4 um) have fluence lifetimes of 102° to 1021 O-atoms/cm?. There
are large variations in fluence lifetime data for these coatings. Further
investigations are under way to determine the failure mechanisms.

INTRODUCTION

The low Earth orbit (LEO) environment is known to react with many space-

craft materials, especially organic polymers.is? Samples retrieved from Space
Shuttle flights after being exposed to LEO had mass loss as well as surface
morphology changes. The primary constituent of the LEO environment at Space
Shuttle altitudes, atomic oxygen, is suspected to be the principal cause of
the erosion of materials because of its high oxidative ability, flux

(101> atoms/cm?-sec) and collision energy (5 eV) for a spacecraft traveling
at 8 km/sec.

Spacecraft for long duration missions such as the Space Station must
utilize materials that can withstand the environment without undergoing sig-
nificant changes in material properties. Reactive materials must be coated
with a protective coating if they are to achieve longevity in LEO. A variety

of protective coatings, such as ion-beam sputter-deposited thin films,3 sili-

cones and Teflon‘ have been proposed and developed for extended use in LEO.

Some of these coatings have been tested on Space Shuttle flight experiments,
but Space Shuttle flight data provide only limited information on the feasi-
bility of long-term use of these materials in LEO. Space Shuttle flight
experiments provide relatively small fluence exposures (1020 O-atoms/cm?) in
comparison to the exposure a spacecraft such as Space Station will experience
during 20-30 years in LEO (1022 - 1023 0-atoms/cm?).! It is, therefore, nec-
essary to evaluate materials using ground-based simulation facilities which
can perform accelerated testing at flux levels up to 1017 O-atoms/cm2-sec.
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INSTRUMENTATION

The Los Alamos National Laboratory O-atom source®’® uses a CW plasma pro-
duced by focusing a high power co, laser beam in a hydrodynamic expansion
nozzle that has an oxygen/rare gas mixture flowing into it. The resulting
temperature of the plasma is about 15,000° K. Using argon or neon as the rare
gas, the percentage dissociation of molecular oxygen into atomic oxygen is
about 85%. The facility is capable of producing atomic oxygen fluxes of
up to 1017 0-atoms/cm?-sec, energies of 1-5 eV, and total fluences of
1022 o-atoms/cm?.°

TECHNIQUE TO EVALUATE COATINGS

A technique to evaluate candidate coatings for atomic oxygen resistance has
been developed, which uses silver oxidation as an atomic oxygen detector.’
Silver oxidizes to silver oxide in the presence of atomic oxygen, and the
electrical resistance of the oxide is dramatically higher than that of pure
silver. Coatings of known thicknesses are deposited on top of a thin (250 A)
silver film and as atomic oxygen penetrates or diffuses through the coatings,
the measured electrical resistance increases. The technique has been demon-
strated to be highly sensitive to atomic oxygen and can also provide quanti-

tative measurements of atomic oxygen flux.® A schematic of the sensor is
shown in figure 1.

Samples are mounted on a sample manipulator and accurately placed perpen-
dicular to the O-atom beam axis. Electronic instrumentation was arranged so
that continuous in-situ resistance measurements can be obtained during atomic
oxygen exposure. Figure 2 shows the resistance-measuring circuit for the
actinometers. A constant current is supplied to the silver films and resis-
tance data is obtained through voltage measurements. A high impedance
voltage-to-frequency converter feeds a multichannel analyzer, which stores the
voltage measurements as a function of exposure time. The data is then fed to
a computer for data analysis.

SAMPLE PREPARATION

The actinometers were coated with PTFE Teflon, Al,0;, SiO,, and silicone
SWS-V-10 materials. The PTFE Teflon was sputtered using a Teflon target at
the NASA-Lewis Research Center. The thicknesses of the PTFE Teflon coatings
were 800 A and 1250 A, as determined by performing profilometry on separate
witness samples. The Al,0; and S$iO, coatings were sputtered using Al,0, and
Si0O, targets at the MDAC-HB facility. The Al,0; and SiO, coatings were 950 A,
as determined by performing ellipsometry on witness silicon wafer samples. We
estimate the measured thicknesses of all the sputtered coatings to be within
+10%. The SWS-V-10 silicone coating was brushed on at NASA-Marshall Space
Flight Center. The thickness of the brushed coating is estimated to be between
4 and 10 um. For data analysis of these samples, we will assume that the
coatings had a thickness of 4 um.
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O-ATOM BEAM FLUX CALIBRATION

The time history of oxidation of 250 A thick bare silver films when exposed
to the O-atom beam can be used to calculate the oxidation rate in monolayers/
second, which can then be converted to a beam flux in atoms/cm?-sec. The
oxidation rate and beam flux were calculated using the assumptions that: 1)
the sticking probability of O-atoms on bare polycrystalline silver is unity
over the entire range of oxide formation, 2) the nearest neighbor distance
(NND) in polycrystalline silver is 2.9 A, the same as that for the silver face
centered cubic structure, and 3) the 0, molecules in the beam (about 15%) do
not react with silver to form silver oxide. The flux is then calculated from:

Oxidation rate (monolayers/sec) = Thickness of Ag film (A)
Time of oxidation (sec) x NND (A/monolayer)

Beam flux (atoms/cm?-sec) = Oxidation rate x No. of Ag atoms/cm?-monolayer,

where No. of Ag atoms/cm?-monolayer = 1.2 x 1015, as determined from the NND.

In these experiments, when bare 250 A thick silver films were placed 15 cm
from the nozzle, the estimated atomic oxygen flux was 1 x 1017 atoms/cm?-sec.
With the exception of Teflon, all of the coatings were exposed to an O-atom
beam (using an O,/Ar mixture) having a kinetic energy of 1.5 eV (Teflon 3 eV)

and a flux of 1 x 1017 atoms/cm?-sec (Teflon 6 x 106 atoms/cm?-sec).
RESULTS

An example plot of the electrical resistance/conductance of silver under-
lying a protective coating as a function of O-atom fluence is provided in
figure 3. The shapes of the resistance/conductance vs. fluence graphs,
however, do vary from coating to coating as well as from sample to sample of
the same coating. Please see Table I for a summary of the results obtained
for the coatings studied.

PTFE Teflon:

ESCA analysis of the sputtered PTFE Teflon coatings before exposure showed
that their atomic concentration was 45% C and 55% F. Two PTFE Teflon-coated
actinometers (800 A and 1250 A) were exposed to an O-atom beam (using an 0,/Ne
mixture) having a 3 eV kinetic energy and 6 x 1016 atoms/cm?-sec flux. Visual
examination of the beam spot on the actinometers after O-atom exposure
indicated that the Teflon was eroded away. Bulk Teflon has been tested in the
LANT, O-atom beam and profilometry measurements after exposure indicate there
is erosion of Teflon through reaction with atomic oxygen. The PTFE Teflon
tested at 3 eV kinetic energy gave a reaction efficiency of 0.22 x 1024
cm3/atom for the 800 A sample and 0.82 x 10-2% cm3/atom for the 1250 A sample.
Previous exposure of a 800 A thick PTFE Teflon-coated actinometer to a flux of
9 x 101> atoms/cm?-sec at 1.5 eV kinetic energy (using an O,/Ar mixture) gave

a reaction efficiency of 0.13 x 1072¢ cm3/atom. The fluxes used in the Teflon
exposures were reduced because of reduced gas flows in the nozzle.
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Al,05:

Auger analysis of the Al,0; coating before exposure showed an atomic con-

centration of 33% Al, 65% O, and <2% C. SEM photographs of the coating up to
a magnification of 20,000X did not reveal any obvious porosity. Two Al,03-

coated actinometers, both of 950 A, were exposed to an O-atom beam (using an
0,/Ar mixture) having a 1.5 eV kinetic energy and 1.0 x 10!7 atoms/cm?-sec
flux. Complete oxidation of the underlying silver occurred after a fluence of
1.0 x 1020 atoms/cm? for one sample, whereas complete oxidation of the under-

lying silver occurred after a fluence of 8.3 x 1020 atoms/cm? for the other
sample. Analyses of the Al,0; coating after exposure are under way.

si02:

Auger analysis of the S5i0, coating before exposure showed an atomic concen-

tration of 35% Si, 58% O, 5% N and 2% C. SEM photographs of the sputtered
coating up to a magnification of 20,000X did not reveal any obvious porosity.
Three SiO,-coated (950 A) actinometers were exposed under the same conditions

as the Al,0; samples. Complete oxidation of the underlying silver occurred
after fluences of 1.2 x 1029 atoms/cm?, 7.3 x 1020 atoms/cm?, and 11.0 x 1020
atoms/cm?. Visual inspection of the SiO,-coated actinometers after the test

runs indicated that the coating was still intact, and erosion of the coating
as observed in the exposed PTFE Teflon samples did not occur.

ESCA and Auger analyses were performed on the $i0O, coated silver strip
after O-atom exposure and only a small percentage of silver (about 2%) was
present on the sample surface. Auger elemental depth profile of a Si0O,-coated
actinometer after exposure to a 11.0 x 102° O0-atom/cm? fluence is provided in
figure 4. The profile confirms that the $§i0, coating was not eroded away.
There is a layer of Si0O, on the surface, and silver does not appear until part

of the coating is sputtered away. The profile does show, however, silver over
a broad depth range, which may be due to the high surface roughness of the
alumina substrate (>1 pum) and/or diffusion of silver into the coating.

SWS-V-10 Silicone:

The three SWS-V-10 silicone-coated actinometers (4 Um thickness) tested
under the same conditions as the Al,0; and SiO, samples showed complete

oxidation of the underlying silver after fluences of 1.8 x 1020 atoms/cm?,

4.9 x 102° atoms/cm?, and 6.0 x 1020 atoms/cm?. Visual inspection of the
silicone samples after exposure indicated that the coating was also intact,
although the underlying silver had oxidized. Further analysis of these
samples will be performed by NASA/MSFC.

DISCUSSION
The oxygen atom source provides, in addition to atomic oxygen, a flux of

visible and infrared photons. With the exception of the PTFE Teflon-coated
samples, which did not experience a temperature rise during the course of the
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test runs, all of the other samples, aluminum oxide, silicon dioxide, and
SWS-V-10 silicone, did experience sample heating. A thermocouple placed on
the side of the sample substrate, but not in the beam spot, indicated that the
substrates reached temperatures of up to 100° C by the end of the exposures.
Readings from another thermocouple that was placed directly in the beam spot
indicated that the beam spot temperature was another 20° C higher. The rate
of temperature rise was not controlled.

Measurements of the vacuum UV (VUV) intensities® produced by the plasma
have been taken using a vacuum monochrometer with a CsTe solar blind and
bialkali photomultiplier tubes. The 1.5-eV (O,/Ar) beam produced VUV intensi-~
ties about 3 times higher than that produced by solar radiation, while the
3-ev (0,/Ne) beam produced VUV intensities about equal to solar VUV. The
inorganic coatings (SiO, and Al,0;) are not likely to be affected by the VUV
radiation, but organic coatings such as Teflon and silicones may degrade to
the point where atomic oxygen has an enhanced reactivity with the photoproduct
backbone of the polymer.

Auger analysis (figure 4) and visual inspection after exposure indicated
that the $i0, coating was intact, although the underlying silver had oxidized.

Diffusion of O-atoms into inorganic thin film coatings, therefore, may be a
significant process that warrants additional attention. Since Auger analysis
after exposure also revealed a broad distribution of silver in the thickness
of the coated area, diffusion of silver into the coatings may have also
occurred. Temperature effects could be significant in both of these
processes.

The test results of the sputter-coated actinometers reveal a large scatter
in the data (see table I), even though the coatings were coated during the
same run and should be of the same thickness. Some of the parameters that
would contribute to scatter in the data include temperature, coating con-
tinuity, coating impurities, and substrate surface roughness. Since the
surface of the actinometers used in these experiments had roughness on the
order of microns and the sputtered coatings were only about 0.1 Hm in thick-
ness, it is unknown whether continuous uniform coatings were protecting the
actinometer surfaces. The quality of the coatings in terms of chemical com-
position and codeposited impurities is another factor to be considered in
assessing their ability to protect reactive substrates. For future spacecraft
parts, if thin film coatings are to be used, the ability to apply the coatings
consistently on a large-scale basis and to certify the coating quality will be
éssential to ensure the substrate protection for the life of the spacecraft.

Of the coatings we tested to date (0.1 pm of sputtered Teflon, Al,0;, and
Si0, and 4 pm of silicone), none of them have provided protection for the full
atomic oxygen fluence of 1022 to 1023 atoms/cm? expected for long-term space-
craft such as Space Station. Our results indicate that the coatings of the
above-specified thicknesses may provide protection for O-atom fluences of 1
to 102! atoms/cm?. It is unclear at this point whether increasing the thick-
ness of the coatings will proportionately increase the total O-atom fluence

that these coatings can withstand. Future work will emphasize the fundamental
mechanisms responsible for the interaction of these materials with O-atoms.

020
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Of particular interest are thin film inorganic coatings and the relationship
of diffusion-limited kinetics to the atomic oxygen kinetic energy.
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TABLE I. - SUMMARY OF COATINGS RESULTS

Coating Thickness Fluence Lifetime (Atoms/cm?)
PTFE Teflon 800 A 6.0 x 101® (Reaction Efficiency of 0.13 x 10724
cm3/atom)
800 A 3.5 x 1019 (Reaction Efficiency of 0.22 x 10724
cm3/atom)
1250 A 1.5 x 1013 (Reaction Efficiency of 0.82 x 10724
cm’/atom)
Al,0, 950 A 1.0 x 1029
950 A 8.3 x 1020‘
sio, 950 A 1.2 x 1020
950 A 7.3 x 1020
950 A 11.0 x 1020
SWS-V-10 4 pm 1.8 x 1020
4 um 4.9 x 1020
4 pm 6.0 x 1020
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Figure 1. The O-atom actinometer pattern used in which
constant current is supplied to each strip
and voltage is then measured using the same
contacts (see also figure 2). The actinometers
were parepared by first imprinting gold leads
onto an alumina substrate. Silver was then
vacuum evaporated,onto the substrate to a

thickness of 250 A.
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Figure 3. Plot of electrical resistance/conductance of silver
underlying a protective coating (950 A $Si0,) shows the
variation of log(electrical resistance) and log(electrical
conductance) as a function of O-atom fluence. The shapes
of the silver electrical resistance/conductance vs.
fluence graphs do vary from coating to coating and from
sample to sample of the same coating.
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Peak to Peak - Arbitrary Units

Figure 4.

Approximate Depth (Angstroms)

Auger elemental depth profile of Si, O, Ag, and Al in a
Si0,-coated silver actinometer after an O-atom exposure
fluence of 11.0 x 10°° atoms/cm? shows that the SiO,

coating was not eroded away. The actinometer has an
alumina substrate, which accounts for the presence of Al.
The depth is only an approximation, because it is based on
an estimated sputtering rate.
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PYRO SHOCK SIMULATION:
EXPERIENCE WITH THE MIPS SIMULATOR

Thomas J. Dwyer and David S. Moul
GE Astro Space Division, Valley Forge, PA

ABSTRACT

The MIPS (Mechanical Impulse Pyro Shock) Simulator at GE Astro Space Division
is one version of a design which is in limited use throughout the Aerospace indus-
try, and is typically used for component shock testing at levels up to 10,000 re-
sponse g's. Modifications to the force input, table and component boundary condi-
tions have allowed a range of test conditions to be achieved. Twelve different
designs of components with weights up to 23 Kg (50 Lb) are in the process or have
completed qualification level shock testing in the Dynamic Simulation Lab at GE
Astro in Valley Forge, PA. This paper presents a summary of the experience gained
through the use of this simulator, and presents examples of shock environments that
can be readily simulated at the GE Astro MIPS facility.

INTRODUCTION

The MIPS has been used successfully on numerous programs in the past three
years at GE Astro. In general, all testing done to date has been successfully com-
pleted with all pre-test objectives satisfied. Achieving the desired Shock Response
Spectrum (SRS) for 12 different component designs requires a dedicated and innova-
tive test staff, as well as a thorough understanding of the MIPS facility.

The GE Astro MIPS test setup is illustrated by Figure 1. Components are
mounted to a 122 cm x 183 cm x 1.3 cm (4" x 6' x 1/2") thick 7075-T6 aluminum
plate, which rests on a 7.6 cm (3") thick foam pad. The shock is generated via the
impact of a pneumatic actuator which is rigidly attached to a moveable bridge. The
bridge is secured to the table frame at the desired position, which typically
places the impact point within 15 cm (6") of the component. Instrumentation loca-
tion varies depending on the test objectives, but the usual control point is less
than 5.1 cm (2") from the component on a line between the impact point and the
test specimen. A typical triaxial accelerometer response for the control point is
shown in Figure 2, along with the time history of the shock pulse.

The data to date indicates that the MIPS test environment is relatively con-
sistent from test to test. Because pyrotechnic shock results from an explosion
and is a high frequency phenomena, the actual pyrotechnic shock environment tends
to vary considerably from firing to firing. However, comparison of the SRS for all
axes indicates that the MIPS results are relatively repeatable. Although there are
some exceptions, the MIPS shock environment tends to have less than 10 percent
variation from test to test, which is a considerable achievement for these types of
environments,

The MIPS at GE Astro has been used to perform shock qualification testing on a
wide variety of components. The majority have been flange mounted black boxes with
weights up to 23 Kg (50 Lb) but the fabrication styles have ranged from laser
welded housings to cast aluminum boxes. The housing fabrication method determines
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the stiffness of the structure and affects the response of the MIPS table. One de-
sign was constructed of several stacked modules and another included a free-standing
antenna. Specific devices instrumented and monitored during test have included
printed wire boards (PWB's), gyroscopes, relays and passive dampers. Modifying the
boundary conditions of the table determines the response of the table to the shock
input, thus allowing a wide range of components to be successfully tested. Several
environments that have been simulated are illustrated by Figure 3, with Shock
Response Spectrum (SRS) levels of over 40,000 response g's obtained for specific
setups.

DYNAMIC MODELS

The use of dynamic models is necessary to prevent damage to flight hardware
during setup of the MIPS table. Fine tuning the table to achieve the proper shock
response spectrum can often require up to 80 shocks. With different shock profiles
and various size boxes, each configuration becomes a unique technical challenge.
Since the control point is on the table, the dynamic models must be designed to
simulate the effect the box has upon the table. Box weight and mounting style are
the most important factors affecting the response of the table to the shock input,
but the effect of cables must also be evaluated for each case. The response of a
good dynamic model can be within 2 dB of the flight unit as shown in Figure 4.

The box weight can be simulated with separate masses distributed in such a
manner as to correspond to lumped masses within the component. Such lumped masses
include power supplies and circuit boards. Figure 4 shows the generic dynamic model
design developed at GE Astro for dual flange mounted components. Aluminum blocks
are currently used for these masses, and the design has been standardized to allow
these blocks to be used in several different dynamic models.

The mounting style is the most critical factor that must be simulated. For
flange mounted components, the effect can be duplicated via use of thin rails. The
weights, which are sized to provide the proper mass distribution, are attached to
the rails at locations between the bolts holding the rails to the shock table. The
rail should be of a similar material and thickness to the flange. The effect of
structural gussets on the component flange may be neglected for shock response
simulation, since only the immediate flange will effectively respond to the .0005
second shock pulse.

The effect of cables depends on the quantity and type of the cables. Properly
suspended, flexible cables need not be simulated. Rigid and semi-rigid coaxial
cables have been found to have a low frequency effect and should always be simulated
with the dynamic model. The cable attachment to the model should duplicate the
stiffness of the prime mounting configuration.

CASE HISTORIES

For the successful use of the MIPS Simulator, the operator needs to develop an
understanding of the nature of the shock response, as well as an appreciation of the
effect that various boundary conditions have upon the table. 1In general, these
modifications to the boundary conditions affect either the impact area or the table
supports. The following guidelines have been developed at GE Astro and each

particular setup employs a combination of these variations to achieve the desired
SRS:
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Variation Resul tant

Paper (cardboard) under striker,..... Damps high frequencies

Steel plate under striker Increases high frequencies

Clamp table edges to frame Shifts resonance lower

Support table on wood blocks Damps high frequencies

Jackstand under impact point Reduces low frequencies

Component on transition plate Attenuates all frequencies

Bags of lead shot on table Damps high frequencies

Lower striker height Evenly attenuates entire spectrum
Reduce ram pressure Unevenly attenuates entire spectrum

The striker has a rounded aluminum head, which can be replaced with various
profiles to acquire the proper impact. Buffering the impact point with paper or
cardboard limits the high frequency 'ringing' of the table, but, as seen in
Figure 5, equivalent thicknesses of paper and cardboard affect the low frequency end
of the SRS differently. Combinations of paper and cardboard are often used to
achieve the desired damping. Steel, on the other hand, will increase the high
frequency content of the spectrum.

The use of a jackstand beneath the impact point reduces the deflection of the
MIPS plate. This deflection results in an increased low frequency component to the
SRS. Varying amounts of back pressure upon the jackstand will preload the table
and can be used to eliminate undesirable low frequency responses. The air pressure
driving the ram also has an effect upon the low frequency response of the table as
shown in Figure 5. Increased ram pressure deflects the table to a further extent,
and will add a 'DC' effect. Ram pressure is adjusted in accordance with jackstand
preloading to achieve the desired response.

Clamping the plate edges to the table will effectively shorten the table length
and will shift the table resonance accordingly. Supporting the plate on wood
(aluminum) blocks above the foam changes the boundary condition from free-free to
simply supported. Variations to these and other boundary conditions have allowed
the operators of the MIPS at GE Astro to meet every program specification.

Specific case studies typify some of the common problems and solutions for the
operator of the MIPS table:

Components A & B are typical aerospace black boxes consisting of multiple
mechanical and electrical components coupled with numerous printed wire boards
(PWB's) supported within the rigid containers. Integration of passive viscoelastic
damping treatments into the design of spacecraft component mounting structures
(including PWB's) significantly improves spacecraft reliability. An additional
benefit is increased damping in orbit which reduces response to onboard disturb-
ances. Constrained Layer Damping Assemblies (CLDA's) are typically applied in
strips running lengthwise across the board with a Viscoelastic Material (VEM)
sandwiched between a stiff constraining layer and the board surface. The CLDA is
placed to maximize the strain energy in the VEM, although this is not always pos-—
sible due to PWB component mounting. All PWB's within Components A & B have CLDA's,
as well as several other critical box surfaces. A typical PWB with CLDA is shown
in Figure 6. A unique Component B feature is that boundary conditions were applied
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to several of the PWB's by strips of flexible silicon rubber pads forming the
interface between the container bottom and PWB surfaces on some boards.

During the vibration and shock testing, the boxes were internally instrumented
for the purpose of determining the internal dynamic environment resulting from the
shock application and the effectiveness of the passive damping treatment used to
reduce the response of PWB's. The input to the components was characterized by
triaxial locations less than 7.6 cm (3") from the component mounting flanges, and
the internal and external component responses were measured with microminiature
accelerometers. The PWB accelerometers were positioned near the center of the
PWB's to measure the vibration normal to the board. The remaining accelerometers
were located on the covers and structural bulkhead. A triaxial location was in-
cluded at the upper corner of the component near the application of the shock to
evaluate the amplification of the overall box structure. Additional detailed in-
formation is listed in Reference [1].

The general test geometry is illustrated in Figure 7. Two shock applications
were applied for each condition illustrated in Figure 7, with functional tests
both before and after the shock applications, and no anomalies were detected in
any test.

The data summarized in Table 1 and Table 2 provides a definition of the en-
vironment within the components resulting from the MIPS simulation of the pyro-
technic environment. They indicate relatively high SRS levels for electronic parts
mounted on the PWB's on the order of 1-2000 g's. The PWB's do provide a signifi-
cant attenuation of the MIPS plate environment which ranged from 6000 - 13,000 g's,
and the component structural environment (3000-7000 g's). This attenuation is
expected in view of the relatively low resonant frequency of the PWB's. The
PWB's having the lowest resonant frequency typically have the lowest SRS, while
PWB's with the higher resonant frequencies had the higher SRS. Responses in these
boxes are thought to be typical for similar application throughout the industry
and can be scaled for other shock environments by analysts wanting to determine
PWB response characteristics for their application.

Component C utilized a box design which consisted of a heavy, cast aluminum
container. This design required the mounting bolts to have an excessive grip to
pass through the thick flange. To compound the problem, the customer required the
use of titanium mounting bolts during test. Since the modulus of titanium is
lower than steel 1.1 x 10" PA versus 2.0 x 10" PA (16.5 x 109 psi versus
29 x 106 psi), the extra grip length and the bolt size (#8) were a concern. As
feared, after a number of setup runs with a dynamic model, several bolts deformed
and one bolt snapped at the mounting plane. The use of titanium bolts required
a higher ram pressure to achieve a similar shock response as high strength steel
bolts. It is believed that the titanium, with a lower elasticity, stiffened the
table much more effectively with the component than the steel. The steel bolts
would elongate slightly under the shock impulse and would tend to be more for-
giving than titanium. The test was successfully completed when the mounting holes
were enlarged to accommodate #10 bolts, which were also titanium.

Component D testing was the first attempt to use a transition plate for the
MIPS table. Currently, each component is mounted directly to the MIPS plate,
which requires an ever increasing amount of holes. Concentrated hole patterns in
the plate affect the boundary conditions of the plate, which in turn add a new un-
known to the setup. A transition plate for each component would have mounted to a
common bolt pattern in the table, thus maintaining the integrity of the setup. The
transition plate for Component D was designed to fit an existing hole pattern which
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surrounded the component mounting pattern. A 1.3 cm (0.5") thick aluminum plate
was used for the adapter. This method was successful, but the setup was difficult
due to the effect of this secondary plate. While the MIPS table design was driven
by the need to have the plate 'ring' near the crossover point, this secondary
plate had its own resonance which made shaping the shock response difficult. For
this reason, it was decided to continue with the original method of mounting
directly to the large MIPS plate.

Component E was a small passively damped device which required testing in
three orthogonal axes. Normally, the MIPS requirement is for the shock to be
solely in the plane of the component mounting surface. This test was accomplished
by mounting the device in a metal cube, which could be rotated to achieve the
three planes. The cube was fabricated from solid steel to provide maximum trans-—
missibility of the shock impulse. The device was not only instrumented with
teardrop accelerometers, but also contained mirror cube mounts for collimator
readings. Although this method would not be feasible for large components, it has
proven to be an alternative for small components requiring three axis shock.

Component F was unique in that it sustained catastrophic internal damage and
mounting feet deformation during prior pyro shock testing at another facility.
That facility (Figure 8) is quite different than the MIPS facility, thus affecting
the path taken by the shock wave from the impact point to the unit. In addition,
in the previous test, the flight unit itself was used during system setup with some
67 hits made during the calibration resulting in probable unit over testing. To
resolve the question of whether the component failures resulted from being over
tested/over exposed or whether the design was susceptible to normal axis shock,
another unit was tested at the GE Astro MIPS facility.

The shock spectrum illustration in Figure 9 was applied to the component.
The axis definition and instrumentation details for this test are given in Table 3.
The control accelerometer was located within 5.1 ecm (2") of the mounting foot, and
a second reference triaxial accelerometer location was approximately 17.8 cm (7'")
laterally from the central control as indicated in the figure. All response
accelerometers on the component were bonded to tape which was secured to the
(flight) unit.

The test sequence consisted of applying three consistent shocks with a dummy
in place of the flight unit for calibration, and then a single shock to the flight
unit. The procedure was repeated when the unit was rotated 90 degrees. The
normal axis input, as measured by station 1 norm, is shown in Table 3 for the XZ
test and the YZ test. The three lines in the vicinity of the solid response curve
represent the desired levels with +3/-6 dB limits indicated. It is clear that in
no band did the response exceed either the +3 or -6 dB limit.

Results of the pyro shock test are summarized in Table 3 with peak time
history values tabulated. The unit was exposed to an approximate SRS peak input
of 5000 g's in both tests and, upon examination of the test data presented in
Table 3, it is clear that the component responses were grossly different between
the two test methods. For an approximate normal axis input of 3300 g's, responses
at the top of the component for the MIPS test were on the order of 2500 g's,
whereas responses with the other Impact Facility illustrated by Figure 8 were
some 12,000 g's. It is obvious that the unit as tested on the MIPS assembly
experienced grossly lower response levels than experienced on the other test
apparatus. The primary difference is due to the path the energy takes before
reaching the component and a 200 Hz component response that was magnified by a
system resonance with the Impact Facility in the same frequency band. It was
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concluded that the MIPS setup is a better representation of the actual environment
that the unit will experience in flight and imposes far less structural risk due
to the test assembly than the Impact Facility.

CONCLUSION

The MIPS facility provides a unique capability for repeatable shock testing of
large components. The manipulation of the boundary conditions allows a wide range
of test specifications to be met. Peak levels of 40,000 response g's have been
reached with the bare table. The MIPS pyro shock simulator at GE Astro has been
used to successfully qualify a variety of components for flight use. Achieving
the desired Shock Response Spectrum for different size boxes is a matter of skill
and experience, but will always remain an art. This paper presents a few of the
'tricks of the trade' necessary to succeed in using the MIPS. The information
presented herein was gathered through the testing of twelve different components.
Each component required, on the average, approximately 80 setup shocks on a
dynamic model to achieve the proper shock spectrum. As the database grows with
each new component, and as communication between MIPS users increases, the setup
time and cost can be dramatically reduced.
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TABLE 1:

Location

Input - Norm
Input - Long
Input - Lat

Box Corner
Box Corner
Box Corner
PWB ~ 5
PWB - 6
PWB - 7
PWB - 8
PWB - 9
PWB - 10
PWB - 11
PWB - 12
PWB - 13
TABLE 2:
Location

Input - Norm
Input - Long
Input - Lat

Box
Box
Box
PWB
PWB
PWB
PWB
PWB
PWB
PWB
PWB
PWB
PWB

Corner
Corner
Corner

[
HEROOOoO~NOUL S

= o

ACCELEROMETER LOCATIONS AND RESPONSES FOR COMPONENT A

Station

NN NP
N RN X

HOoOwoo~NoNnU &~

=

ACCELEROMETER 1LOCATIONS AND RESPONSES FOR COMPONENT B

Station

1X
1y
1z
2X
2Y
2Z
4%
4y
47
5X
6X
7X
8X
9X
10X
11y

XY Axis ~ Peak SRS

()
Hit 1 Hit 2
12,930 12,623
6,083 6,131
1,694 1,902
3,406 3,362
5,921 5,761
4,341 4,179
873 928

3,771 -
1,086 1,280
1,514 1,654
980 1,248
1,174 856
427 650

XY Axis - Peak SRS

()

Hit 1 Hit 2
4,000 4,000
4,000 4,000
850 900
2,100 2,250
1,000 900
- 1,950
550 550
1,100 1,200
350 300
275 300
450 375
450 450
375 360
260 270
450 500
250 260
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ZY Axis - Peak SRS

€:9)

Hit 1 Hit 2
1,706 1,808
6,314 6,280
10,629 10,560
4,728 4,623
5,522 5,524
3,147 3,289
393 458

— 557
763 650
1,207 1,371
938 1,043
1,771 1,867
1,918 2,007
532 1,096

ZY Axis - Peak SRS

(g)
Hit 1 Hit 2
4,000 4,000
3,600 3,600
650 750
2,250 2,250
900 900
1,700 1,650
500 550
550 800
1,000 1,050
125 130
170 180
150 135
95 165
150 110
14 18
500 650



TABLE 3:

Location

Control - Lat
Control - Long
Control - Norm
Box Corner

Box Near Impact
Top Near Impact
Top Center

Top Away Impact
Box Far End

ACCELEROMETER LOCATIONS AND RESPONSES FOR COMPONENT F

Station

1X
1Y
1z
27
3X
47
5Z
62
7Y

FIGURE 1:

TABLE

XZ Axis - Peak SRS

(8)
MIPS Other
800 -
4,900 -
3,400 3,363
1,900 -
500 —
3,400 5,443
3,300 11,954
2,900 5,443
1,800 -
ACTUATOR

&

ZY Axis - Peak SRS

(2)
MIPS Other
3,400 -
800 -
3,200 3,363
1,700 -
1,100 —
2,900 5,443
2,500 11,954
2,300 5,443
850 -

ACTUATOR BRIDGE

TEST SPECIMEN

MOUNTING PLATE

GENERAL CONFIGURATION OF MIPS SIMULATOR
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MULTIPLE INPUT/OUTPUT RANDOM VIBRATION CONTROL SYSTEM

James F. Unruh
Southwest Research Institute

ABSTRACT

A multi-input/output random vibration control algorithm was developed based on
system identification concepts derived from random vibration spectral analysis
theory. The unique features of the algorithm are: 1) the number of input excitors
and the number of output control responses need not be identical, 2) the system
inverse response matrix is obtained directly from the input/output spectral matrix,
and 3) the system inverse response matrix is updated every control loop cycle to
accommodate system amplitude nonlinearities. A laboratory demonstration case of two
inputs with three outputs is presented to demonstrate the system capabilities.

INTRODUCTION

A1l products are subjected to vibration during their lives, either as a result
of the manufacturing process, transportation or in-service environments. The
capability of the product to withstand this vibration environment and to provide the
desired reliability becomes a major design factor in high-technology applications
where designs are constrained by severe environments, limited space envelopes,
weight constraints and cost. These designs are often beyond the state-of-the-art in
analysis procedures, and one is forced to simulate the product's environment to
determine its reliability. To accurately estimate in-service reliability, it then
becomes necessary to develop a simulation program which accurately reproduces field
environments.

In the most general sense, a field vibration environment will consist of motion
with six degrees of freedom. Presently available experimental hardware and control
systems are limited in their capability to simulate this environment. Most tests
are performed using uniaxial random excitation and repeating .the excitation along
three mutually perpendicular axes. The primary concern is that the mean-time-
between-failure (MTBF) rates determined from uniaxial tests do not represent in-
service MTBF rates. One problem is determining the duration of testing along each
axis of a uniaxial test and the respective test level adjustments to account for
physical coupling actually experienced in the field. Because of these
uncertainties, the MTBF obtained from uniaxial test can only be considered an
estimate of the in-service MTBF. For aerospace product development where product
weight can have considerable influence on overall system performance, the need for
reliable design evaluation is critical. A secondary consideration is the cost of
three test setups to complete the simulation cycle in a uniaxial test.

To satisfy these shortcomings, it will be necessary to develop test facilities
that simulate the field environments using multi-axis excitation. In the words of
MIL-STD-810 (Ref. 1), the latest revision of the military's environmental test
procedures, the test should be 'tailored' to measured field vibration. This will
require multi-axis vibration systems with control of each axis and their
interaction.
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The objectives of the present study were to develop a multiple-input/output
random vibration control algorithm based on system identification concepts derived
from random vibration spectral analysis theory and to evaluate the usefulness of the
algorithm via a laboratory-based demonstration.

A number of researchers have described in various detail the historical
development of multi-axis/actuator control systems [Refs. 2-4]. Fisher at Lawrence
Livermore Laboratory was one of the first to integrate a control theory and the
required hardware to demonstrate system capabilities and Tlimitations to perform
multi-shaker vibration simulation [5]. The digital control system utilized a cross-
coupling compensation matrix for signal control in the dc to 500 Hz frequency
range. The major limitations of the system was the orthogonal axis excitation and
the restriction that the number of response points must equal the number of
excitation points.

Several multi-axis shaker systems are in present use; however, a number of them
employ independent actuator control without cross-axis compensation. One exception
is the facilities at Sandia National Laboratory [6-8] which has two-shaker random
vibration control system with software capable of controlling up to four shakers.
The control algorithm is based on determination of the inverse system frequency
response matrix, which requires that the number of inputs and outputs must be
identical. No capability exists for updating the system transfer function matrix
directly during the control process, however, an incremental correction matrix is
used to improve control.

There are several desired characteristics of a random vibration control
algorithm that are believed to be important in simulating field vibration
environments, they are: 1) Provide true stationary random excitation with near
Gaussian amplitude distribution and signal crest factor (peak to r.m.s.) control;
2) Full control of cross-coupling between all output responses; 3) Number of input
signals and number of output responses need not necessarily be the same; 4)
Maintain loop equalization time to within a small fraction of total test time (say,
less than 10%); and 5) Provide sufficient dynamic range and frequency bandwidth to
meet simulation tolerances. Only when multi-axis testing becomes a reality can the
degree of importance of each of these characteristics be determined.

In the sections to follow, a random vibration control algorithm is described
that removes many of the tlimitations of existing algorithms, the software/hardware
implementation of the algorithm is described, and an example of test results using
the system are given to point out its capabilities and limitations. Several
additional examples are given in Ref. 9.

CONTROL ALGORLTHM FORMULATION

The development of the random vibration control algorithm views the simulation
problem as one of system identification. The approach uses the spectral analysis
techniques discussed in Ref. 10. For the purposes of discussion, consider the two-
input/three-output simulation problem shown in Fig. 1. Physically, the "system"
represents the dynamic response between voltage signals input into the vibration
exciters, denoted as x1(t) and Xo(t), and the response accelerations of an item
attached to the exciters, denoted as y1(t), ¥o(t) and y3(t). The finite period (T)

Fourier transform of the kth sample record is denoted as X?(f,T), i=1, 23
and Yg(f,T), j=1, 2, 3, respectively. The signal Fourier transforms are used to
construct one-sided input/output cross-spectral densities as
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63 J(F) = 1M 2 E DXK(ET) - YS(FT)] (1)

with input auto-spectra,

5oy 2 1iM2 0 ke 1% o oK
Sop(F) = 1im £ E IXS(F.T)” =+ X§(F.T)] (2)

The output auto-spectra G;;(f) js constructed in a similar way. The operator E is

the mathematical expectation, and when averaged over N sample records of length T,
the one-sided spectral density functions take the general form
N

(M) = L EDGEDT - v (3)

where the * denotes the complex conjugate operator. The signals are assumed to be
stationary random and, therefore, a finite number of samples, N, may be used to
estimate the desired cross- and auto-spectra.

The system frequency response function, [ny(f)], is defined by

Y(F)r = [H, (F1X(F) (4)

where the brackets { } denote the vector of response or input Fourier spectra. The
inverse frequency response function, [IXy(f)]. is defined as

X(F)} = [IXy(f)]{Y(f)} (5)

where the two system matrices are generally considered to be the inverse of each
other. Such a concept is only valid when the number of input channels equals the
number of output channels, which is not the general case considered in present
development. To estimate [Ixy(f)], we use the concept of mathematical expectation

applied to Eq. 5 after post multiplying by the conjugate transpose of {Y(f)}, which,
after some algebra, results in

Ca* * -1
[1,(F)] = [6 (116, ().

(6)

Thus, the system inverse response matrix is the product of the system input/output
cross-spectral matrix and the inverse of the system output spectral matrix. It is
important to note that when the system outputs are fully correlated, the output
spectral matrix is rank deficient and the usual inverse is not defined. When this
occurs one could drop control of one of the responses, combine two responses in an
average or least squares way or define a pseudo inverse. The present algorithm
employs a pseudo inverse as described by Greville [11]. The pseudo inverse routine
produces the true inverse for rank sufficient matrices while producing unique
inverses for rank deficient matrices. Due to extraneous noise at the output of most
physical systems the pseudo inverse is often not necessary.

The relationship between the input auto-spectra and output auto-spectra is
derived in a similar way as

* T
(6, (F)] = [L (A6, (AL (] (7)
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Given a required output auto-spectra [Ryy(f)], which is generally an envelope

of multipte field measurements, the required input auto-spectra is defined by
Eq. (7) as

*

(6, (F)] = [T (OIR, (FIT, (7). (8)

The control problem becomes that of defining {X(f)} such that the [Gyy (F)] of

Eq. (8) is realized. If the input signals were statistically independent random
signals, there would be no output cross-coupling control other than that fixed by
the physical exciters and test item arrangement. Thus, it becomes necessary to
introduce cross-coupling control. This is accomplished by considering a coupling
matrix [A(f)] such that

{X(f)} = [A(F)]{S(F)}, (9)

where the [A(f)] matrix is lower triangular (upper triangular elements are all zero)
and the input {S(f)} vectors are mutually independent white noise sources (unit
r.m.s. amplitude with random phase). Upon post multiplication of Eq. (9) by the
conjugate transpose of {X(f)}, and taking the mathematical expectation, there
results an expression for the coupling elements in [A(f)],

[ACF) 116 (F) A (F)T = [6, (F)]. (10)

Since the input {S(f)} vectors are mutually independent white noise, their spectral
matrix [G¢o(f)] is a unit diagonal matrix. A solution for the coupling elements in
[A] is givén on page 262 of Ref. 10.

A flow chart is given in Fig. 2 which summarizes the major tasks of the control
algorithm. To insure test item safety during control signal shaping, an incremental
buildup to the full level drive has been introduced as denoted by the constant a and
increment A a. As can be seen in Fig. 2, system amplitude nonlinearities are
compensated via iteration by updating the system inverse response matrix [Ixy(f)]

every control loop. Maximum control is often achieved within two to three loop
cycles as will be discussed in the results section.

Overall spectral error Eyy is generated for each output by computing the mean

and standard deviation of the difference in logarithmic levels between the desired
level Ryy and the measured level ny across the frequency spectrum. The maximum

high and low values are also monitored. If control appears to be adequate, with
less than a 2 to 3 dB mean variation, or improvement does not seem to be occurring,
then individual spectrum plots are made to visually inspect the overall spectral
matching achieved. The mean and standard deviation error estimates are useful for
reducing the time consuming graphics data display during loop build up to the final
drive level. Final judgment on acceptable drive levels are always made based on
graphical inspection of the data.

SOFTWARE /HARDWARE IMPLEMENTATION

The hardware configuration used to implement the control algorithm was
configured from two main stand alone processors. The drive signal generation and
overall 1loop control 1is carried out via a 32-bit virtual memory laboratory
computer. The laboratory computer generates the drive signals via a digital-to-

142




analog (DTA) interface and supplies control signals to a multi-channel fast Fourier
transform (FFT) analyzer. The multi-channel FFT analyzer is capable of digitizing,
Fourier transforming, and sample averaging up to 8 channels of data while
maintaining time correlation. The input drive signals are sampled simultaneously
with the output response signals so as to maintain correlation of all input and
output signals. The various sample-averaged cross-spectral densities required by
the control algorithm are transferred from the FFT analyzer to the 1laboratory
computer via direct memory access (DMA). The transfer of one channel pair of auto-
and cross-complex spectra (400 line) requires approximately 50 milliseconds. A two-
input/four-output system requires transfer of 14 channel pairs of information, thus
requiring approximately 0.7 seconds. The spectra transfer generally requires far
less time than the sample averaging time required for a confident data sample when
considering random error.

Drive Signal Generation

As previously stated, the approach taken to generate the required input drive
signals is to consider the shaker inputs to be a combination of statistically
independent random, stationary Gaussian signals {S;}, i=1,2,3 ...M. In which case,

the required drive signals {Xj}, j=1,2,3 ...N can be related to the ideal signals

{S} via a lower triangular coupling matrix [A]. The initial drive signals are
generated first in terms of their spectral content; namely, unit amplitudes exist
from the lowest frequency, fL, to the highest frequency, fH, of interest for output

control. Using a uniformly distributed random number generator, the phase of each
spectral component is generated with random variation from component to component.
To be consistent with the FFT analyzer, a maximum of 400 spectral 1lines exist
between zero frequency and the analyzer cutoff frequency. The analyzer cutoff
frequencies, fc, are predefined and selected such that f, <_ fc. As such, the

Fourier spectrum of the drive signals initially consist of unit amplitude random
phase components in the analysis range fL to fH. Finite length time histories of

the initial <ignals are then obtained via the inverse Fourier transform of each
independent signal.

In order to capture a number of independent random sample averages of the
system response, sequences of the time histories must be continuously generated. If
the same time series for a particular channel is repeatedly generated, the output
wave form becomes pseudo-random and not acceptable for environmental simulation. To
form acceptable drive signals, sequences of the same signal were randomly delayed by
approximately 25 percent of the signal period and summed for output. It was found
that if the signal time delay were fixed and not randomized, the resulting signals
showed marked periodic components with unacceptable coherence bhetween "independent"
drive signals, as is shown in Fig. 3. However, when introducing the randomized time
delays, acceptable signals such as shown in Fig. 4 resulted. It was found that the
random phase relationship between the original independent drive signals {S} could
only be maintained when introducing the coupling matrix in the following partitioned
form (as for a two-input system):

) 00 A 0 {_S_l,_?_] (1
Xo1'Xop®  HAypiAgnt TS,
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Time histories are generated for the Xll’ X21 and X22 signals individually where Xll
and Xpq maintain identical random phase shifts and random time lags as specified by
the original generation of S;, and X5, that of S,. The desired time history drive
signals corresponding to the specified coupling (the A matrix) are then

Xl(t) = Xll(t)
and (12)
Xz(t) = X21(t) + Xzz(t).

Additional important characteristics of the drive signals are that they be
stationary and that the signal crest factor can be controlled. Stationarity is
measured by the variation in signal mean and r.m.s. level as time progresses. For
the present algorithm, the zero mean and r.m.s. variation are less than 1 percent.
Control over peak-to-r.m.s. level 1is accomplished by introducing signal peak
folding. A1l data points exceeding the desired peak value are folded back into the
signal, not clipped at the peak value. Thus, signal peaks when folded become local
valleys which tend to raise the signal r.m.s. level. Crest factor control in the
range from 2.0 to 4.5 is readily accomplished.

Output Spectra Specification

In order to accommodate various levels of output control specification which
presently exist for equipment under qualification and provide a means to evaluate
the importance of all elements in a specification, the following specifications for
the Ryy spectral matrix were developed.

1) Full Ryy Specification: where auto-spectra are specified by spectrum

frequency and magnitude break point pairs and cross-spectra are specified
by spectrum frequency, magnitude, and phase break point values.

2) Auto-Spectra and Coherence Specification: where auto-spectra are specified
by spectrum frequency and magnitude break point pairs and cross-spectra are
specified by frequency and coherence break point pairs. Herein, the cross-
spectra magnitudes are generated from the definition of spectral coherence,

Yij ~ GTT%‘T (13)

and the phase of Ryy is taken as that of the measured ny.

3) Auto-Spectra Only: where auto-spectra are specified by frequency and
magnitude break point pairs. The cross-spectra magnitude and phase are
generated from the measured ny in proportion to the magnitude of the

specified Ry via:

Y

..+ R..
R,, = —1 JJ)%

1] . L
(644 * 635

(R

" Gij (14)

For existing test specifications such as MIL-STD-810C/D, only the output auto-
spectra may be known. If field measurements were made without specification of
cross-spectra, one may be much better off to accept the cross-axis coupling of the
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test setup rather than attempting to invoke a physically unrealizable specification
for which control would be impossible or which may drastically alter the service
life of the test ijtem.

TYPICAL RESULTS

Several types of exciters, exciter arrangements, and test item configurations
were used to evaluate the proposed control algorithm and its limitations as reported
in Ref. 9. The algorithm evaluation process will, of course, continue as the system
is employed for equipment qualification purposes, and the author is confident that
much is to be learned as opportunities arise for its use. The following example
i1lustrates the general capabilities of the control algorithm.

Multi-Resonant Beam

In order to study the control of sharp structural resonances a small cantilever
beam was driven using two small voice coil shakers. Three accelerometers were used
to record the beam response. The two-input/three-output system is schematically
shown in Fig. 5.

The cantilever beam exhibited damping of less than 0.3% critical, which is
uncharacteristic of built-up structures in which damping levels of 2 to 5% are more
representative. Thus, the low damped beam provides a harsh test of the control
algorithm to control resonances. The initial drive signals to the exciters are
shown in Fig. 6 as being independent random signals in the frequency range from 5 to
250 Hz. The initial beam response to the drive signals and the desired output
magnitude specifications are shown in Fig. 7. Due to the sharp resonances in the
beam, exhibiting distinct phase between outputs, only the cross-axis coherence was
specified since the excitors were of marginal power and, thus, not likely powerful
enough to change system phasing. The coherence between output channels 1 and 2 was
set at 0.50, as was that between channels 2 and 3. The coherence between channels 1
ana 3 was set to 0.20. Control after three loop iterations resulted in the output
spectra shown in Fig. 8. As can be seen, the primary beam resonance was well-
controlled, as was the second beam resonance at outputs 2 and 3. Since output 1 was
at an anti-node of the second beam resonance, sensitivity to the second mode was
high at that location as is shown in Fig. 8a. The second beam resonance occurs
around 90 Hz and with a critical damping ratio of 0.003, its half-power point
bandwidth would be approximately 0.54 Hz. Thus, with a control bandwith of 0.625 Hz
(250 Hz/400 lines), reasonably good control of the mode was realized. Control of
the cross-spectra was reasonably good, however, not as good as the auto-spectra
shown in Fig. 8.

Aircraft External Store Vibration Simulation

The aircraft external store used to evaluate a two-input/four-output
control configuration is shown in Fig. 9. The external store is a dummy test item
with an overall length of 193.3 cm (76.12 1inches). Major bulkheads are at Missile
Stations (MS) 30.38, 55.06 and 66.125. The bulkheads provide for exciter attachment
and free-free missile suspension via elastic bungy cords (2 Hz vertical). The test
item is fitted with add-on damping material to raise modal damping values to 0.02
minimum. A dynamic modal analysis of the test item in the frequency range from 10
to 500 Hz revealed an abundance of normal mode resonances as shown in Table 1. It
was felt that this multi-modal structure would provide a good evaluation of the
proposed control algorithm.
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Input excitation to the test item was provided by two electrodynamic modal
shakers attached at MS 30.38 and MS 66.125. The shakers were aligned normal to the
missile longitudinal axis and 45 degrees to the vertical (see Fig. 9). The
acceleration response control points are located at MS 55.06 and MS 30.38 with one
vertical and one horizontal transducer at each location. Response channels 1 and 4
are the horizontal responses and channels 2 and 3 the vertical responses.
Field data were not available for the test item and, therefore, the control
specification was a flat response in the frequency range from 20 to 500 Hz on each

output with magnitude 1074 g2/Hz. The bandwidth of resolution was set at 1.25 Hz
which should provide marginal resolution to control a 2% damped 100 Hz mode (half
power point bandwidth of 4.0 Hz).

The output response specification for channels 1 and 3, along with the recorded
responses after the initial broadband excitation and after three control Tloop
cycles, are shown in Fig. 10. As can be seen by the data given in Fig. 10a,
channel 1 response was initially dominated by the fuselage first and second
horizontal modes; nevertheless, the control algorithm performed reasonably well.
Similar trends were seen in the other responses as well as is shown in Fig. 10b for
the channel 3 response. Close examination of the hay-stack response in the area of
460 Hz in channel 3 response shows the incompatibility of the control specification
relative to the location of the excitors and response accelerometers. In this case,
it was impossible to drive response 4 (not shown) in the horizontal direction to the
desired level while maintaining vertical response to within limits in the frequency
region of the third fuselage vertical bending mode at 462.5 Hz. For the most part,
the control algorithm performed well, except at these incompatible areas. It is
expected that measured field data would not reflect these incompatibilities if the
exciters were placed at the store-to-aircraft attachment points and field data were
recorded at the specified output locations.

Throughout the evaluations discussed above, 20 sample averages were used to
obtain the results shown. In many cases, 5-10 averages would have been adequate
during signal development. A higher number of averages, on the order of 200, are
appropriate for random data analyses of the final drive signals to establish
statistical confidence {10]. Control Toop time is highly dependent on the frequency
range of interest and the graphical display of results. Twenty sample averages at a
maximum frequency of 62.5 Hz requires 128 seconds; while for an analysis out to
2000 Hz, the sample average time is only 4 seconds. Thus, in the former case, 10
seconds for control analysis time is insignificant while in the latter case it is
measurable. In either case, the time to record graphical data to a hardcopy device
is significant. Such intermediate output records can, of course, be avoided after
developing confidence in the algorithm.

CONCLUSIONS AND RECOMMENDATIONS

Based on the limited experience gained with the control algorithm thus far, the
following conclusions and observations are made:

1) It appears that the control algorithm, as implemented, will allow different
numbers of input and output channels. This feature can be useful in
various practical test situations, dincluding assurance of uniform
excitation for a test item.

2) The algorithm updates the system inverse response matrix every control loop

cycle which accommodates system amplitude nonlinearities and allows
compensation for system degradation during life time simulation.
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3) Full control of cross-coupling between all output responses can be invoked
with the present algorithm. However, it appears that the extent to which
control is achieved is highly dependent on the physical arrangement of the
exciters.

4) Analysis bandwidth is an important parameter in controlling test item
resonances. The 400-1ine analysis used in the present system appears to be
marginal, with 800 to 1000-1ine analysis being preferred.

5) The dynamic range of the present system is set by the FFT analyzer, that
being the 12-bit analog-to-digital converters. It is recommended that 16-
bit resolution be used to insure sufficient dynamic range especially for
random signal control where crest factors of 3 to 4.5 are required.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and
calculations were made in U.S. Customary Units.

fL,fc,fH low, center, and high frequency, Hz

t time, sec.

X; input voltages of the ith channel, volts

Yj output accelerations of the jth channel, g

A(t) lower triangular coupling matrix

E mathematical expectation operator

E Overall output spectral error, gz/Hz

G¥¥(f) one-sided input/output cross-spectral density, volt-g/Hz

Gix(f) one-sided input auto-spectral density, vo1tsZ/Hz

Glé(f) one-sided output auto-spectral density, gZ/Hz

H;;(f) system frequency response function, g/volt

Ixy(f) system inverse frequency response function, volt/g

N number of sample records

S(t) independent random white noise sources, volt

T finite period of time, sec.

XE(f,T) kth sample record of finite period Fournier Transform of
X;(t), g-sec

Yg(f,T) kth sample record of finite period Fournier Transform of
Yj(t), g-sec

Yij spectral coherence (Eq. 13)

* complex conjugate operator
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Table 1. External Store Natural Frequencies

Mode No. Frequency Mode Description
(Hz)
1 15.0 1st Symmetric Wing Vertical Bending
2 52.5 Symmetric Wing Torsion
3 57.5 Coupled Tail/Wing Horizontal
4 97.5 Ist Fuselage Vertical Bending
5 102.5 1st Fuselage Vertical Bending
6 107.5 1st Fuselage Horizontal Bending
7 120.0 2nd Symmetric Wing Vertical Bending
8 202.5 2nd Fuselage Horizontal Bending
9 227.5 2nd Fuselage Vertical Beding
10 390.0 Wing Panel Mode
11 410.0 Wing Panel Mode
12 435.0 2nd Fuselage Horizontal Bending
13 462.5 3rd Fuselage Vertical Bending + 2nd Wing
Y, Y, Y3 Responses

System

X4 X2 Input Voltages

Figure 1. Two-Input/Three-Output System
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THE FLIGHT ROBOTICS LABORATORY

Patrick A. Tobbe, Marlin J. Williamson, and John R. Glaese
Control Dynamics Company

ABSTRACT

The Flight Robotics Laboratory of the Marshall Space Flight Center is described in
detail.  This facility, containing an eight degree of freedom manipulator, precision
air bearing floor, teleoperated motion base, reconfigurable operator's console, and
VAX 11/750 computer system, provides simulation capability to study human/system
interactions of remote systems. This paper describes the facility hardware, software,
and subsequent integration of these components into a real time man-in-the-loop
simulation for the evaluation of spacecraft contact proximity and dynamics.

INTRODUCTION

The Flight Robotics Laboratory of the Marshall Space Flight Center provides
sophisticated simulation capability in the study of human/system interactions of
remote systems. The facility consists of a four thousand square foot precision air
bearing floor, a teleoperated motion base, a dynamic overhead target simulator
(DOTS), a remote operator's reconfigurable station, various simulation mock-ups, and
a VAX 11/750 computer system for real time operation.

The motion base is an air bearing vehicle, with limited capability in six degrees
of freedom, which may serve as a controllable chaser craft or as a target vehicle.
This vehicle contains six pressurized air tanks for pneumatic power of its thirty-two
thrusters.  This provides a means of remote operation and control.

The dynamic overhead target simulator (DOTS) is an eight degree of freedom
(DOF), heavy duty electric manipulator capable of traversing over the entire air
bearing floor. The system is composed of a precision overhead X-Y crane to which a
six degree of freedom robot arm is mounted. The VAX 11/750 computer is used in real
time to convert tip position and orientation commands into crane position and arm
joint velocity commands. These commands are generated through inverse kinematic
relationships and digital control laws housed on the computer. An elaborate real
time safety algorithm is also driven by the computer to perform collision avoidance,
end effector force/torque limiting, joint position and rate limiting, and
communications checks.

The remote operator's workstation consists of hand controllers, two monitors, and
a large screen display.

The tip commands for the manipulator are generated by a position model on the
computer. This position model is simply a set of equations which model the hardware
;—_%;E_I)E;formcd by Control Dynamics Company for NASA Marshall Space Flight
Center, Contract #NAS8-36570
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that the facility is configured to simulate. For example, in order to perform studies of
contact dynamics between two orbiting spacecraft, a position model consisting of the
equations of motion for the two craft acted on by thruster, gravitational, and contact
forces is used.

However, this facility is not limited to contact dynamics studies. With the correct
position models, the facility may be used to simulate space station construction tasks
in zero gravity or for the testing and training of personnel flying remotely piloted
vehicles.  These studies also investigate such human factor concerns as light and
camera positions on the vehicle, control system sensitivity, and transmission time
delays. Since the manipulator control law is implemented on the computer, it is a
simple matter to use the facility as a testbed for new robotic control algorithms.

In the fall of 1988, the facility will be configured to perform real time, man-in-
the-loop docking studies of the orbital maneuvering vehicle (OMV) with a moving
target. This test series will make use of the manipulator, VAX 11/750, and the remote
operator's work station. A FORTRAN 77 simulation consisting of the real time position
model and arm controller, as well as dynamic models of the arm, actuators, and
sensors, will be used to predict the results of the tests. These hardware models have
been generated and incorporated into the simulation. The model parameters will be
updated as the facility hardware becomes available for testing.

The purpose of this paper is to describe the hardware and software which will be
used in these docking studies. It will explain the integration of these components
and efforts taken to validate the facility.

FACILITY CONFIGURATION

Currently, the facility is being configured to perform real time, man-in-the-loop
docking studies of the OMV with a moving target using the three point docking

mechanism. The active half of this mechanism is simply a set of three
clectromechanical jaws mounted on the verticies of an equilateral triangle. The
passive half of thic mechaniem is a <et of three bars or "towel racks", similarly

mountéd, which the jaws will grapple. The active haif will be mounted to ihe arm
while the passive half will be fixed at some location in the facility.

Shown in Figure 1 is a block diagram of the facility configuration. A pilot at the
remote operator's workstation views a screen generated by a camera located on the
end of the arm. The position and orientation of the camera with respect to the
docking mechanism would be such that it duplicates the flight hardware
configuration. The pilot then issues of commands for the OMV control system
through a set of joysticks at the workstation. The output of the joysticks is fed into
the computer for use in the position model.

The position model for the OMV docking studies consists of a computer simulation
of two rigid vehicles, the target and chaser, in a circular orbit. The vehicles are
modeled in the simulation using Hill's and Newton-Euler equations (ref. 1). The
target is acted on by gravity and vehicle contact forces and torques. The chaser is
acted on by gravity, vehicle contact, and control system thruster forces and torques.
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Figure 1 Faéility Configuration

A forcef/torque sensor on the end of the arm senses contact, gravity, and small
inertial forces and torques due to the motion of the arm, The output of the sensor is
filtered to generate vehicle contact forces and moments for use in the equations of
motion. The position model then produces the relative position and orientation of the
chaser docking mechanism with respect to the target docking mechanism.
Manipulator tip position and orientation commands are formulated such that the
relative position and orientation of the docking mechanisms of the facility will
match those produced by the position model.

The manipulator tip commands are now used by the inverse kinematics routine to
produce commanded joint positions. The commanded joint positions, along with joint
encoder feedback, are used by the digital control algorithms to calculate joint rate
commands for the local rate servo systems mounted on the arm.

The safety algorithm also uses commanded joint and tip positions for real time
collision avoidance. Safety envelopes are defined about the arm and various mock-
ups on the floor. These zones are described by equations and never allowed to
intersect.  Safety also uses the output of the force/torque sensor to limit the reaction

of the end effector. Encoder and tachometer feedback are used to limit joint position
and rate.

The local controllers on the arm initiate the desired motion to mimic the relative
motion of the orbiting spacecraft.
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FACILITY HARDWARE DESCRIPTION

The DOTS is presented in Figure 2. It is a 6-DOF arm suspended from an industrial
X-Y overhead crane. The crane's bridge spans the width and travels the length of the
air bearing floor. The crane's trolley travels along the span of the bridge (covering
the width of the air bearing floor). These two joints are controlled with localized
position control systems. These control systems are composed of PID controllers and
electronic distance meters (EDM). The design of the PID controllers is automated via
the set-up software associated with the position control systems. Each of the position
control systems for the crane also have a rate loop closed about the joint with DC
pulse-width-modulated servo drives and DC motors. These servo loops are also found
on the remaining arm joints.

The control algorithm implementation in the real time software regulates the
rate commands for the 6-DOF arm. This arm is composed of five rotational and one
translational degrees of freedom. Starting at the base of the arm attached to the
crane, the waist rotation joint allows continuous rotation about an axis perpendicular
to the floor via a slip ring. Using the rated speed of the motor selected to drive this
joint and its gear ratio, the continuous joint speed is 1.3 rpm.

Figure 2 Dynamic Overhead Target Simulator (DOTS)
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The next joint encountered is the shoulder pitch. This joint has a + 50° range
with respect to an axis parallel to the floor. A maximum continuous speed of 7.7 rpm
is achieved. Two linear actuators (worm gear and motor) are used to drive this joint.
A counter weight system offsets the loads seen by these actuators.

Farther up the arm, the lone translational joint is encountered. Its maximum
continuous speed is 13.2 cm/sec (5.2 in/sec) with a range of 2.62 m (10 ft.).

The wrist assembly at the end of the arm is composed of three degrees of freedom;
wrist yaw, pitch, and roll. The wrist yaw and pitch are linearly actuated with wrist
pitch having two actuators (similar to the shoulder pitch).  These joints are also
limited to + 50° travel and a maximum continuous rate of 0.2 rpm. The wrist roll has
no limit in range due to a slip ring. Maximum continuous speed is 10 rpm for this
joint.

Each joint is instrumented with 12-bit encoders and tachometers. The encoders
record relative joint position. These values are read by the main computer system
through the programmable serial communications device. Here, the values are
transformed into a physical measurement of the joint positions.

The tachometers located at the motors (1:1 motor to tachometer shaft ratio) are
integral parts of the servo loop systems. To get a reading of joint speed, the
tachometer voltages are filtered (to reduce noise) and scaled (to match A/D input).
Once filtered, digital measures are taken by a 12-bit A/D device. The main computer
system reads these values via the programmable serial communication device. The
integer values read are converted to real values and scaled to reform the tachometer
voltages. The voltages are related to shaft speed by the voltage constants. Shaft
speeds are transformed through kinematic relationships to a measured joint speed.

The programmable serial communication device used to read the tachometer and
encoder settings is also used to send the rate commands to a D/A, which in turn
gencrates voltage reference signals for each rate loop on the arm. It also writes the
position commands to the position control systems for the overhead crane.

The payload capability of the arm is 454 kilograms (1000 pounds) with a center if
gravity offset of 46 centimeters (18 inches) from the wrist roll axis.

The forceftorque sensor mounted at the end of the arm has a capability of 44,482
newtons (10,000 pounds) and 6779 newton-meters (60,000 inch-pounds). The
accuracy is one quarter percent of full scale.

FACILITY REAL TIME SOFTWARE DESCRIPTION

All of the real time software to be used in this test series will be housed on the
VAX 11/750. An executive routine coordinates the input/output operations between
the computer and the crane/arm sensors and actuators, force/torque sensor, and
operator's console.  This routine also calls the inverse kinematics, joint controller,
safety, and position model modules. It generates output for a test conductor's
terminal screen in the form of commanded and sensed tip/joint positions and error
messages. It is being modified to generate additional output to a currently undefined
device. The real time simulation cycle time goal is 33 milliseconds. The position
model has been described in the Facility Configuration section.
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DOTS Controller

The DOTS controller, highlighted in gray in Figure 3, is simply the collection of
the inverse kinematics, joint controller, and safety routines. An implicit assumption
made in this algorithm concerns the bandwidths of the crane and the arm joints. It
i1s assumed that the bandwidths of the arm Joints are significantly higher than those
of the overhead crane. The crane is commanded to move within an offset distance of
the position model output. The arm tip is then commanded to move 2 distance cqual to
the difference between the commanded position model output and the current crane
position. In this way, as the crane slowly approaches its commanded position, the
arm joints will "backoff” to keep the tip at the desired location. This will effectively
match the bandwidth of the system to that of the arm within a limited range of
motion.  This algorithm will also tend to drive the arm to a "home" configuration
which avoids joint singularities.

As seen in Figure 3, the output of the position model are the tip coordinates Xpm,
Ypm, and Zpm in a lab coordinate frame and the transformation matrix [LT]pm
describing the orientation of the arm tip with respect to the lab frame. Xpm and Ypm
coincide with the overhead crane degrees of freedom. Offsets in X and Y are
subtracted from these commands to keep the arm extension in the "home" position at
the middle of its travel. The resulting commands are compensated by a second order
filter with a 1 Hertz break frequency. The filtered commands, Xccom and Yccom are
then passed to the localized position control systems which drive the overhead crane.

~
A A~ o~

The sensed crane positions and rates, Xe, Ye, Xo, and Y. are fed back to the computer.
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The arm X and Y tip position commands, X, and Ya, are calculated by subtracting
the sensed crane positions from the outputs of the position model, Xpm and Ypm. The
inverse kinematics generates a set of six arm joint position commands, qcom. The
digital control law produces a set of joint rate commands, com, based on the
differences of the commanded joint positions, qcom, and sensed joint positions, q.

The safety module uses the sensed arm joint position and rates, g and q and the

overhead crane sensed positions and rates, X, Yc, X, Y, and the output of the
force/torque sensor, F and T, to perform collision avoidance, joint position and rate
limiting, and arm tip reaction force and moment limiting.

Inverse Kinematics

As previously stated, the inverse kinematics routine generates a set of six arm
joint positions to produce a desired tip position and orientation. Since this is real
time software, it was very desirable to find a closed form solution and avoid any
numerical solution techniques. Care must also be taken to generate a set of equations
with a unique solution in order to eliminate 180 degree joint rotations for small
changes in the commanded tip position and orientation.

Using the Denavit-Hartenberg notation, seven coordinate frames were located
from the base of the arm to the point on the tip to be controlled (ref. 2). This notation
places the degree of freedom between the i'th and the i'th+1 coordinate frames along
the z axis of the i'th frame. The position vector of the origin of the i'th+1 frame with
respect to the i'th frame is along a coordinate axis of the i'th frame. The
transformation matrix between the i'th and i'th+1 frames was easily derived for the
seven frames. The product of these six matrices is then equal to the transformation
matrix of the position model.

The vector from the base of the arm to the tip of the end effector is written as the
sum of the vectors between the seven coordinate frames. This vector, when

expressed in frame 1 coordinates, is equal to the commanded tip position, Xa, Ya, and
Zpm of Figure 3.

The transformation matrix between the frame at the base of the arm and the
frame at the tip of the arm, as well as the position vector locating the arm tip with
respect to the base of the arm, have now been described as a set of equations in terms
of joint degrees of freedom. These equations were then manipulated into a set of
equations which produced joint positions as a function of the output of the position
model and known arm dimensions.

in ntroller

The control algorithm for the DOTS is implemented on the main computer system
via several series of digital filters. State variable techniques are used to implement
each filter. Each joint (degree-of-freedom) is controlled separately. That is, each
joint has its own series of digital filters. Currently, the filters are designed to an

uncoupled plant. Each joint is isolated and linearized at nominal operating points
prior to designing filters for that joint.

The digital control filters are composed of a first order filter series (first order
polynomials over first order polynomials) and a series of second order filters (first
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order over second order polynomials). The series are implemented so that the output
of the i'th filter is the input to the i'th+1 filter and so on. The filters are serially
connected with the last first order filter output being the input to the first second
order filter. The input to the filter series (first, first order filter) for the overhead
crane are the position commands generated by the inverse kinematic module. The
output of these two filter series will be the position command to be sent to the local
PID controllers for each crane axes. The other filter series will have position error
(commanded minus measured position) as inputs. These filters are designed so that
the output will be the desired joint rate in terms of a voltage to be applied to the servo
controllers.

The user specifies the coefficients of each filter in the associated series as well as
the number of first and second order filters in that series. The gain specified for the
series is the product of the individual filter gains in the series and the design gain.
This implementation also allows for only first order filters in the design or only
second order filters in the design or just a gain to represent the design. With the
current designs, the overhead crane axes were limited to a 1 Heriz bandwidth and the
arm joints have bandwidths on the order of 3 Hertz.

Safety

The safety software performs collision avoidance, force/torque limiting, joint
position and rate limiting, and reasonableness checks on the integrity the sensor
output. A failure in any of these tests will cause the simulation to stop and generate
an error message on the test conductor's terminal.

To prevent undesirable collisions between the arm, simulation mock-ups, and the
facility walls, floor, and ceiling, safety zones are defined in terms of planes, spheres,
and shapes called cylindroids. A cylindroid is a cylinder with hemispherical ends.
The facility walls, floor and ceiling are defined by planes. The arm is protected by a
set of spheres and cylindroids which envelope it. A sphere is defined by locating its
center and specifying a radius. A cylindroid is defined by locating the centers of the

hemispheres and specifying a radius. The simulation mock-ups, which are held
stationary, are also protected by user defined spheres and cylindroids. The collision
avoidance problem then reduces to finding the minimum distance between the

center of sphere and a plane, the centers of two spheres, the cenicr of a sphcic and
the axis of a cylindroid, the axis of a cylindroid and a plane, and the axes of two
cylindroids. These distances are then compared to the radii of the spheres or
cylindroids to determine if the zones overlap. The locations of the spheres and
cylindroids protecting the arm must be calculated in real time using encoder
feedback and geometrical relationships which describe key points on the arm.
Obviously, the zones must be large enough to allow for the system time delay and
joint braking distances. The collision avoidance routine works on commanded
positions to minimize the size of the zones. In order to allow contact necessary for
docking studies, user defined zonmes may be turned off with respect to the sphere
protecting the payload of the arm.

Force/torque and joint position/rate limiting is easily accomplished using
appropriate sensor feedback. The integrity of the encoders and tachometers is tested
in the following way. The encoder readings for consecutive cycles are numerically
differentiated to produce an average joint rate. The tachometer readings of motor
shaft rates, also for consecutive cycles, are averaged and transformed to joint rates.
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If the difference of the calculations is larger than a specified band, the simulation is
stopped.

There is also a limit on the magnitude of the error between commanded and
sensed joint positions.

VALIDATION EFFORTS

A series of test are in progress to validate the facility. These tests begin with the
check out of the communications software between the main computer system, the
programmable serial communications device, sensors, and remote operator's console.

The motor and servo drives and controllers will be tuned to generate desirable
responses. Rate step responses for each joint will be obtained to measure the motor
and tachometer voltage constants, sensor parameters, joint friction, and mass
properties.

The information obtained in the hardware characterization tests will be used in a
numerical computer simulation of the facility. The simulation will be exercised to
predict open loop responses and tune up the digital control filters.

Closed loop position step responses will be measured and compared to similar
numerical simulation results to verify the joint controllers. At the same time the
safety codec will be exercised.
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Upon successful completion of the joint controller and safety tests, simple
springs will be used as docking mechanisms to validate the position model in end to
end tests.

The numerical simulation of the facility is shown in Figure 4. It consists of the
real time position model and DOTS controller software coupled with mathematical
models of the manipulator, sensors, and actuators. The local PID controllers for the
overhead crane are modeled as digital PID controllers (ref. 3) and generate voltage
outputs for the servo drives. The commanded arm joint rates, com , are converted to
voltages and processed through a model of a 12 bit D/A for the servo systems. The
motors are modeled as typical DC armature controlled motors neglecting second order
effects (hysteresis) (ref. 4). Using voltage outputs from the servos, the motor models

generate torques, 1r and T¢, which are used by the dynamic model of the

manipulator. The equations describing the manipulator were derived from a
Lagrangian formulation assuming a connection of rigid bodies. These equations are
not limited by small angle approximations. The manipulator dynamics module

produces a set of joint positions and motor shafts rates for input to the sensor
dynamics module. The sensor dynamics module generates output based on models of
the encoders and tachometers with the 12 bit A/D quantization effects. The integer
values of the joint positions and motor shaft rates are then converted to real numbers
in the input/output routine preceding the DOTS controller.

Currently, this simulation is being updated to include a contact dynamics model of
the docking mechanism and quantization effects of the force/torque sensor.

CONCILUSIONS

The Flight Robotics Laboratory is currently undergoing validation testing. It will
provide real time, man-in-the-loop simulation capability for the study of
human/system interactions.  The facility can be used for contact dynamics studies,
remotely piloted vehicle tests, lighting and camera placement evaluations, and
simulation of space station construction tasks.

Future test programs iuciude ithe verification of an awomaiic rendezvous and
docking system and capture systems for tumbling satellites.

Late next year, the air bearing floor will be expanded. The motion base will be
integrated for use with the manipulator and VAX 11/750 computer system.
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SPACE STATION DOCKING MECHANISM DYNAMIC TESTING

Thomas G. Howsman* and John R. Glaese**
Control Dynamics Company

Abstract

A prototype docking mechanism for the Space Station has been designed and
fabricated for NASA. This docking mechanism is actively controlled and uses a set of
electromechanical actuators for alignment and load attentuation. Although the
mechanism has been extensively modeled analytically, a series of dynamic tests will
be performed for validation. These dynamic tests will be performed at the NASA
Marshall Space Flight Center's 6-DOF Motion Simulator. The proposed tests call for
basic functionality verification as well as complete hardware-in-the-loop docking
dynamics simulations.

Intr ion

Over the past 25 years, the American space program has used only two basic classes of
docking mechanism. Namely, the "probe-drogue" type, and the "clear pass-through"
type.  The probe-drogue concept was utilized on the Gemini, Apollo and Skylab
projects.  The pass-through concept was successfully used on the Apollo-Soyuz Test
Project (ASTP) and is the type of docking mechanism being considered for Orbiter to
Space Station docking.

The Space Station docking mechanism, shown in Figure 1, is the first fully actively
controlled docking mechanism to be used by the United States. The active mechanism
uses a set of eight electromechanical actuators to perform such tasks as capture, load
attenuation, and alignment/retraction. In the typical docking scenario, two sets of
latches are used. A set of "quick-acting capture latches" are used to quickly secure
the two halves of the mechanism together after the initial contact. After all relative
mation between the Orbiter and the Space Station has been dissipated, a set of 16
“structural latches" mechanically lock the two mechanism halves together.

The size of the docking port, as well as the performance capabilities of the
mechanism have been modified over the past two or three years. The prototype
geometry used by McDonnell Douglas, who designed the system for NASA, is shown in

Figure 2. This geometry reflects the requirements of the docking mechanism as of
1985.

*  Staff Engineer, Member AIAA
** Senior Staff Engineer, Member AIAA
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Analytical contact dynamics models of the docking mechanism were incorporated
into several multibody simulations so that the effectiveness of various control
schemes could be measured. A "good" docking mechanism can be defined as one
which has a large capture envelope, minimizes the contact and attenuation loads, and
can complete the docking sequence time initial contact to structural latch quickly.
The analytical contact dynamics tools developed for the docking mechanism were

essentially the only means of judging the performance of various controllers
proposed for the mechanism.

As a means of validating the docking mechanism, a set of dynamic tests will be
performed on the prototype mechanism. These tests will take place at NASA's
Marshall Space Flight Center's 6-DOF Motion Simulator. It is expected that these tests
will verify much of the analytical work previously mentioned, and at a minimum the
tests should provide insights to certain modeling deficiencies which are
unobtainable elsewhere.

Analytical i

Before evaluation of various candidate controllers of the docking mechanism could
begin, two basic tasks had to be completed. The first was the establishment of a
capture envelope, i.e. misalignments, inside of which the mechanism must
successfully dock. The second task was the analytical formulation of the forces and
moments gencrated by contact of the two mechanism halves, i.e. a contact dynamics
model.

The capture boundaries shown in Table 1 have been generated primarily by man-in-
the-loop proximity operation simulations located at JSC. (Ref. 1) The values listed in
Table 1 essentially reflect the accuracy to which the pilot can control the Orbiter
during a rendezvous with the Space Station.

Before developing the contact model for the docking mechanism, a review of
previous work was made. Bodley applied Hamilton's principle to the probe-drogue
contact problem. (Ref. 2) However, the significantly more complex geometry of the
current docking mechanism (as compared to probe-drogue) make the use of
Hamilton's principle rather unattractive. TRW developed a general contact model
around 1970 (Ref. 3) which attacked the problem by modeling the geometry of one
body as a set of nodes which may contact a surface on another body. Since either
half of the "pass-through" docking mechanism has a great deal of surface area
which may contact the other half, a very large number of points would be required
for a high fidelity contact model. Thus, it was decided to formulate a contact model
specifically for the mechanism under consideration, rather than modify a previous
model.

The basic approach to formulating the contact model was to consider each type
contact that could occur with the mechanism separately. (Ref. 4) The three basic
types of contact that can occur with the "pass-through" type docking mechanism are:
1. docking ring to docking ring, 2. docking ring to guide, and 3. guide to guide.
Instead of using a set of Lagrange multipliers to enforce geometric constraints, a
"soft-constraint" (Ref. 5) method was employed. The soft-constraint method, which is
analogous to penalty methods used in finite element analyses, places a reacting force
at the point of contact whose magnitude is proportional to the penetration distance.
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This is similar to the action of the Lagrange multipliers; however, with the soft-
constraint method there are no Lagrange multipliers to be calculated.

Once the contact model was formulated, coded, and checked-out it was placed in a
multibody simulation for use in parametric studies of control law parameters. A
detailed discussion of the control law development is beyond the scope of this paper,
however, the results of the study are germane. It was found that if the 8
electromechanical actuators were controlled in such a way that they effectively
represented a 10 Ib/ft axial spring, capture is assured if the minimum closing
velocity is kept above 0.05 ft/sec and the misalignment is within the envelope
specified in Table 1. A small amount of viscous damping (rate compensation) was
given to each individual actuator through its own analog control loop to enhance the
capture performance, e.g reduce the amount of “chattering” the mechanism
undergoes during the capture phase.

Dynamic Test Strategy

While the analysis of the docking mechanism has been indispensable as an aid to the
design of the mechanism and its controllers, only a dynamic test can verify the
functionality of the system. Of course, if the test results agree with the analytical
predictions then the models can be used with confidence as predictive tools in other
studies. A serics of five tests are planned for the mechanism at MSFC. The first four
tests are basically the system checkout tests, while the final test actually puts the
mechanism through a number of complete docking sequences.

The first test to be run at MSFC is a latch test. The purpose of this test is to insure the
quick-acting capture latches arc functional.  The second test is a control system
function test wherein the docking ring on the active mechanism half is commanded
to various positions from the control computer. The third test to be performed is the
capture mode response test. For this test, the active mechanism will be placed into
the capture mode from the control computer. The effective spring provided by the 8
clectromechanical actuation should be 10 1b/ft in this model. The value will be
verified. Test four is a mate and latch test, the purpose of which is to verify that the
mechanism is stable after the capture latches have been thrown. If a stability
problem is detected a frequency response test will be performed to identify the
problem.

The final test is actually a series of full contact dynamic tests using the MSFC 6-DOF
motion simulator. A total of 64 cases will be run, each of which have different
misalignments between the mechanism halves at contact. The 64 cases have been
selected such that they explore the envelope represented by Table 1. The 6-DOF
simulator has the capacity of representing the dynamics of the orbiting bodies in
near proximity. This capability will be discussed in detail in the next section.

Test Facility Description

The dynamic testing to be performed with the prototype Space Station docking
mechanism will be performed at the Marshall Space Flight Center's 6-DOF Motion
Simulation Facility. The basic layout of this facility is illustrated in Figure 3. The
active half of the docking mechanism will be mounted to the 6-DOF table, and the
rigid half will be attached to the force/torque sensor which is mounted to the ceiling.
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The 6-DOF facility basically works in the following way. The software residing in the
VAX contains a dynamic representation of the orbiting vehicles. The software is
aware of the contact forces acting on the two vehicles at all times, and is therefore
able to compute what the relative position and orientation of the vehicles should be.
This relative position data is converted to actuator lengths and sent to the 6-DOF table
which attains the correct position by moving the 6 hydraulic actuators in concert.
The forces and moments generated by contact between the two bodies are measured
by the force/torque sensor from which the rigid half of the docking mechanism is
suspended. The output of the force/torque sensor is continuously fed into the VAX,
thus closing the loop between interacting contact forces and relative motion between
the two vehicles.

The 6-DOF software requires the mass properties of the two vehicles, which will be
those of the Space Station and the Orbiter for the tests being discussed. The initial
conditions that the 6-DOF requires will be generated for each of the 64 dynamic test
cases discussed in the previous section.

The analog signals generated by the 6-DOF system, such as force/torque sensor output
and actuator lengths, can be made available to a bank of strip-chart recorders. All
data processed by the VAX, e.g. relative positions and orientations, can be output to a
standard plotting package for review after a test is complete.

Conclusion

A "pass-through" type of docking mechanism has been designed for use during
Orbiter to Space Station docking operations. The half of the mechanism that is
carried on the Shuttle is actively controlled, using a set of 8 electromechanical
actuators to provide the necessary alignment and load attenuation capabilities.

Although the mechanism has been the subject of a great deal of analytical modeling,
a dynamic test of the mechanism is needed to verify its capabilities. These dynamic

. . . - ANAST o o L ar T oLt T a1l MThin wnn M
tests will he per’:cr""...ed at the MNKC'e A-120F Vioiton dnnulatioi x‘auut_v. This rcal-time

simulation facility has the capability of simulating the dynamics of a pair of orbiting
vehicles which are undergoing contact
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RIGID HALF MECHANISM
ATTACHED TO SPACE STATION

ACTIVE HALF MECHANISM
ATTACHED TO ORBITER

FIGURE 1. Proposed Space Station Docking Mechanism.
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FIGURE 2. Geometry of Docking Mechanism.
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SPACE SIMULATORS FOR LASER OPTICS

Frank H. Gardner
Tenney Engineering, Inc.

I am going to describe different approaches that are being utilized in the
testing of laser optical systems. One of the most crucial areas in the testing
phase is the stability of the laser optics that is mounted inside the space
simulator.

In each case the individual user has his own ideas as to how to approach
setting up the space simulating facility and how it should be utilized.

In all of the cases we are going to discuss, you will notice that the
customers all utilize different high vacuum pumping systems and different tempera-
ture simulation thermal systems, as well as different ways that they mount the
laser optical system to provide what they feel is the best possible stability.

FIRST SLIDE

This shows a comparatively large space simulation facility that is 6' in
diameter x 6' deep. The reason for the large size of this facility is the fact
that this particular customer is mounting a Newport table inside the space simulator
with the legs going through the bottom of the chamber via special vibration
isolation connections.

The vacuum system for this chamber utilizes a turbomolecular pump with a
valved system, as well as roughing pump of the mechanical type with a molecular
sieve absorber and a main foreline valve. This enables the customer to obtain
high vacuums in the 10 ' torr range, and as a safety when they do their actual
testing, they shut the pump off and close the valve to the roughing pump and the
turbomolecular pump. This eliminates any possible vibration transmition to the
chamber. All vacuum piping contains vibration isolation bellows as a safety.

The chamber is furnished with a multitude of windows all around the chamber
for easy viewing by the customer, and all of the windows are provided with special
covers. An inside shroud is designed for operation with a flooded nitrogen system,
providing only the extreme low temperature that can be obtained utilizing liquid
nitrogen.

From the customer's liquid nitrogen storage tank a nitrogen pump provides
the liquid to the shroud connection, which has liquid nitrogen control valves tied
into a liquid nitrogen temperature controller. It is a once-through system dis-
charging, through insulated piping, out of building.

This is an extremely costly system, not only because of the large chamber
required to hold the Newport table, but also because of the high cost of the special

179



bellows assembly need for the penetration of the Newport table leg assembly. The
large chamber requires a bigger pumping system and a large cryogenic shroud assembly,
adding to the cost. The advantage is the laser system is mounted directly to the
Newport table, providing for direct vibration isolation.

SECOND SLIDE

This shows a smaller thermal vacuum system, again with windows and covers,
but with a mounting fixture such that the chamber and its mounting fixture sit
directly on a Newport table. Thus the isolation is provided not only for the test
item, but for the chamber itself. The chamber in this case only has to be sized
for the laser test item.

The chamber vacuum system in this case is a cryopumping system with a main
valve and a mechanical roughing pump with its valve. Again, as in the previous
condition, when the customer is ready to do his testing, the pumps are shut down
and the valves are closed. For the 10 to 15 minute testing required, this short
time period without the vacuum system operating has almost no effect on the vacuum
level,

A shroud is provided inside the chamber that is both cooled and heated with
a mechanical refrigeration system. This refrigeration system is of the cascade
type, cooling a secondary brine which also has a heater in the circuit for the
heating of the brine. A special brine circulating pump is provided in a closed
loop condition for circulation of the conditioned brine through the shroud. This
provides the chamber with a thermal conditioning system giving a temperature range
of from -73°C to +125°C. The refrigeration system is also provided with valves in
the line, so that it too may be shut down during actual testing to help eliminate
any external vibration.

The chamber and the Newport table with the control panel are all mounted
inside a clean room facility, whereas all of the machinery, the roughing pump, and
the cryopump compressor are mounted on an external framework outside the clean room
facility.

With a brine thermal system, temperature control of *.5°C is able to be
maintained. A temperature microprocessor programmer, with built-in control functions
and logic for operation of the refrigeration/brine thermal system, enables accurate
stabilization control on the shroud, as well as very accurate ramp rates and
cycling all automatically controlled. To further automate the operation, the
vacuum system contains a Granville Phillips microprocessor ionization gauge with a
digital Convectron gauge, allowing for automatic programming of the vacuum system
from roughing to high vacuum, automatic opening and closing of vacuum valves, as
well as shut-down of the roughing system when the cryopump is in full operation.

THIRD SLIDE

This shows a small thermal space simulator, again with windows and cover
plates, except that this chamber sits directly on the Newport table. It utilizes
a cryopump with a main valve, as well as a mechanical forepump with a valve. The
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refrigeration system is all mechanical and is actually the same refrigeration
system package that was utilized for the chamber shown in Slide 2.

This customer utilizes one or the other of his two chambers, but never both
chambers at the same time. This is being done because of two different laser
systems that are being tested independently, each of a different configuration,
and the space chamber system is required to be shipped with the laser system.

The chamber again is mounted inside the clean room, with all machinery ex-
ternal of the clean room area, and during actual testing, the vacuum system and the
thermal system are shut down, and the main valves are closed off to the chamber.

This thermal space simulator also incorporates a thermal microprocessor

programmer, as well as a vacuum microprocessor, for complete automation of both
thermal ramping and cycling and vacuum automation of operation.

FOURTH SLIDE

This shows a space simulator, again with windows and cover plates, that is
mounted on an isolated foundation, not a table. This unit also utilizes a cryopump
with a main valve, a mechanical roughing system with a valve, both of which are
shut down and provided with quick disconnects that are utilized during the actual
testing.

The thermal system is a conditioned recirculated gaseous nitrogen system.
It consists of a high pressure blower, electric heaters, and liquid nitrogen in-
jection valves. A hermetic enclosure encapsulates not only the blower and heaters,
but also the blower motor, eliminating all seals with their inherent problems.
The enclosure and piping are pressurized with gaseous nitrogen and recirculated via
the blower. The gaseous nitrogen is cooled via the injection of liquid nitrogen
and heated via the electric heaters in the enclosure. This provides a thermal
system with a temperature range of -300°F to +300°F (-185°C to +150°C). Since we
aire recirculating a gac, not a2 liquid, we musi vrovide large diamcter inter-
connecting piping and shroud tubes, to minimize pressure drop. Control is provided
via the injection of liquid nitrogen and the energizing of the electric heaters.
Shut-off valves and quick disconnects are provided.

All of the machinery is mounted remote of the chamber in a completely separate
area, and this customer not only shuts off the valves to the chamber, but utilizes
the quick disconnects to remove the lines to the chamber, so that no vibration can
be transmitted from the external equipment to the chamber while tests are being
accomplished.

A remote control console contains all instrumentation for the space chamber
facility. Microprocessor digital-type instrumentation for both the thermal system
and for the vacuum system are provided, as well as recording capabilities for both
temperature and vacuum. An umbilical cord connects the instrumentation to the
chamber proper.
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CONCLUDING REMARKS

Regardless of the size or configuration of the space chamber, the basic
shell of the chamber is manufactured of type 304 stainless steel that is heliarc
welded, with the inside of the shell polished to a number 4 finish. All of the
shrouds are manufactured of deoxidized copper sheet that has tubes welded to the
exterior, and designed with the proper circuiting and headering for the heat trans-
fer medium that is to be circulated. The outside of the shroud is then polished,
with the inside treated and provided with a black finish having an emissivity of
.9 or better. Copper is utilized for the shroud because of its high thermal
conductivity and its ease of manufacture.

All completed units are thoroughly pre-tested for vacuum and thermal
conditions with the space chamber empty of a test item and without the isolation
system.

_ In all of the above cases the chamber is under a deep vacuum of a minimum of
10 torr or better, and all of the testing is accomplished within a 10 - 15
minute period. In all of the cases the 15-minute period is short enough so that
there is no appreciable deterioration of either vacuum or thermal conditions while

tests are being accomplished and with all of the machinery shut down or disconnected
from the chambers.

Each customer feels very strongly that he has completely isolated any
vibration being transmitted to his test item.

All of the above units are currently in operation successfully from the
customer's point of view, and the ultimate determination of which type of approach

for the design of the facility must be made by the customer, not by the manufacturer.
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DEVELOPMENT OF A TWO AXIS MOTION SIMULATION SYSTEM
FOR THERMAL/VACUUM SATELLITE TESTING

David Henderson, Bert Popovich, Louis DeMore, and Joe Elm
Contraves Goerz Corporation

ABSTRACT

4 two-axis motion simulation system for thermal/vacuum testing of large satellites,
in a space simulation chamber, has been developed. Satellites as large as 3000
kilograms with a 4-meter diameter and a 5-meter length can be tested. This motion
simulator (MS) incorporates several unique features which result in a less
complicated design with improved performance when compared to previous satellite
motion simulators. The structure is welded aluminum and, with the exception of the
slip ring, completely vented to the simulated space environment. The use of aluminum
and large diameter direct drive motors produces structural resonances greater than 7
Hz and allows a passive cooling system to be used. A vented structure, which greatly
simplifies the design and manufacturing tasks, 1is possible because AC servo motors
and position transducers are used which have no corona or brush wear problems. The
slip ring module 1is hermetically sealed and maintained at atmospheric pressure to
eliminate corona from its exposed rings and brushes. Other components including the
thermocouple multiplexing system, bearing lubrication, motors, and transducers are
fully compatible with the high vacuum environment. Finally, the control system can
produce motion with arc-second precision via local or remote computer interfaces.
This cost effective solution fully meets the thermal/vacuum test requirements for
axis stiffness and alignment, solar source shadowing, system reliability, position
and rate accuracy, outgassing, corona, temperature stability, and data transmission.

INTRODUCTION

A two-axis motion simulation system has been designed and manufactured by Contraves
Guerz Corporation (CGC) for testing satellites in a large thermal/vacuum space

Space Research Organization for use at their Satellite Center in Bangalore, India
and will be operational in 1989. Figure 1 is an artist’s concept of the motion
simulator mounted inside the space simulation chamber.

THERMAL/VACUUM TEST REQUIREMENTS
Space Simulation Chamber

As shown 1in Figure 1, the space simulation chamber consists of a vertical cylinder
with an intersecting gorizontal auxiliary chamber which can achieve vacuum levels
for testing of 5 x 107~ millibar. The internal LN, shroud diameter of the vertical
cylindrical chamber, is 8 meters and the MS ro%ates within this swing diameter.
These shrouds, and shrouds mounted on the MS arms, are painted black and cooled to
100 degrees K to maintain a uniform cold space background. Finally, the solar
simulation beam enters through the horizontal auxiliary chamber and illuminates the
satellite which is being supported by the MS.

Satellite and Motion Simulator
The satellite, attached to the spin axis shaft, is shown in Figure 1 as a horizontal

cylinder 4 meters in diameter and 5 meters in length, with a specified weight of
3000 kg. The satellite geometric center is aligned with the chamber centerline and
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the centerline of the solar simulation beam. In addition to the orientation shown,
the satellite can also be supported with its cylinder axis perpendicular to the MS
spin axis, vhich requires the swing clearance to be 3.2 meters from the top of the
tilt axis. In both orientations the MS is capable of rotating the satellite about
the spin and tilt axes to accurately simulate orbital motions with a minimum of
interference to the solar simulation. Connectors for more than 1000 instrumentation

channels are mounted on the spin axis shaft, providing signal transmission
capabilities as summarized in Table 1.

SPIN AXIS SATELLITE

ASSEMBLY

A-7610A

SOLAR
SIMULATION
BEAM

I— TILT AXIS
ASSEMBLY

*L* STRUCTURE

2“/— COUNTER
(PEDESTAL)

WEIGHT

LN, SHROUDS
ON M.S.

VACUUM CHAMBER

LN2 SHROUDS
ON CHAMBER

Figure 1. Artist’s Concept of Motion Simulator

TABLE 1. SATELLITE SIGNAL TRANSMISSION REQUIREMENTS

Pressurized Slip Ring Assembly

DC Lines 350
Direct Thermocouple Channels 50
Co-ax Slip Ring Channels (up to 400 Mz) 15
RF Rotary Joint Channels (Up to 8 GHz) 2

Thermocouple Multiplexing System

Number of Channels 640

Accuracy +1 degree C

MOTION SIMULATOR DESIGN PHILOSOPHY

To develop this two-axis motion simulator CGC integrated its experience in producing
inertial guidance test equipment and range tracking instruments with requirements
for thermal/vacuum testing of a large satellite. Typically, inertial guidance test
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equipment and range tracking instruments require high stiffness structures,
precision bearings, precise axes alignments, direct drive motors, and arc second
resolution rotary transducers. In addition, the control system must produce a wide
variety of high accuracy motion scenarios, including Earth rates and independent
axis operation, through manual or remote computer control. Finally, the payload
mechanical and electrical interfaces are critical and must provide stable mounting
flanges, clear line of sight, and signal-power transmission via slip rings.

This MS for thermal/vacuum satellite testing requires all of these capabilities and
combines them with the need to operate in a space simulation chamber while
supporting a satellite the size of a truck. For this project, CGC's previous
experience with "off-the-shelf" brushless AC motors, resolvers, and Inductosyns* and
their supporting control electronics meshed very well with high vacuum operation.
Thus, the general approach was to vent as much of the MS as possible to the high
vacuum and avoid the complexities and cost of pressurizing and sealing the MS’s
internal volume. As a result, the principal design challenges of this project were
supporting this large payload, while minimizing the solar source shadowing, and
achieving compatibility with, and reliability in the high vacuum and thermal
extremes of the space chamber.

MOTION SIMULATOR DESCRIPTION SUMMARY

The MS assembly is shown in Figure 1 with its major components labeled. The overall
simulator weight, 1less the satellite, is 30,000 pounds and the lowest structural
resonance is 7 Hz. The spin axis is supported on top of the "L" shaped MS structure
with its rotating axis horizontal and intersecting the chamber center. Attached to
the structure, opposite the spin axis, is a counterweight which minimizes the
overturning moment that the tilt axis and mounting stand must support. The tilt axis
supporting the satellite, spin axis, and "L" structure also intersects the chamber
center. Table 2 is a performance specification summary of the tilt and spin axes.

TABLE 2. PERFORMANCE SPECIFICATION SUMMARY

Spin Axis Tilt Axis
Rotational Limit Continuous +180 degrees
Position Resolution 0.0001 degrees
Position Accuracy +0.003 degrees
Rate Resolution 0.0001 degrees/second
Rate Accuracy 0.0005 percent of setpoint
Rate Drift Essentially Zero
Maximum Rate +10 RPM +1.0 RPM

Spin Axis

A cross-sectional drawing of the spin axis is shown in Figure 2. This axis is
capable of continuous rotation up to +10 RPM by using a 500-line slip ring assembly
wvhich transmits electrical signals from the rotating shaft to the stationary
housing. The slip ring assembly is maintained in a atmospherically pressurized and
sealed module. The dynamic seal is a ferrofluidic unit and the electrical
feedthroughs are molded epoxy in stainless steel fittings. With the exception of
this slip ring module, the entire MS is completely vented to the space chamber
environment. Rotating inside the spin axis shaft is one-half of the thermocouple
multiplexing system.

*Trademark of Farrand Inc., Valhallen, New York.
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The spin axis supports the large cantilevered satellite using an aluminum structure
and wire race cross roller bearings lubricated with a fluoroether grease. A direct
drive AC servo motor drives the axis, and a separate modular readout package
provides rate and position feedback for the servo control and motor drive systems.
The readout package contains an Inductosyn*, two resolvers, and a DC tachometer. All
of these components, except the tachometer, are brushless non-contacting
transducers. During times when the axis must be stationary, a pin and bushing stow
lock is provided. Finally passive cooling and active heating are used to maintain
safe operating temperatures.

An additional feature of the spin axis is that it can be operated as a stand alone
unit. A complete set of in-line connectors is provided at the mounting flange. Thus,
this assembly can be mounted on a separate support stand in the chamber to provide
single axis test simulations.

Tilt Axis

A cross sectional drawing of the tilt axis is shown in Figure 3. It has a limited
rotational freedom of +180 degrees and can rotate at a maximum speed of 1.0 RPM. A
simple twist cable passes all electrical signals from the rotor to stator and a
cushioned stop prevents excessive over travel and damage to the flexible cable. This
axis 1is essentially the same design as the spin axis assembly except the rotors and
stators are reversed. That is, the same bearings and grease, motor, readout package,
stow lock , and temperature control system are used but the housing rotates and the
shaft is stationmary. This approach simplified the design process and enhances
commonality for training, spares, and maintenance. Figures 4, 5 and 6 show the spin
axis and tilt axis assemblies in various stages of manufacture.

Control Console

The servo control console is located in the system control room. In addition to
providing independent control for each axis of the motion simulator, it also
contains the safety interlock status chassis, temperature control system chassis,
and the receiver chassis for the thermocouple multiplexer (MUX).

Closed loop feedback control is achieved by using the position and rate information
from the readout transducers to generate torque commands to the motor drive console.
Positions can be commanded with a resolution of 0.0001 degrees and angular rates
with a resolution of 0.0001 degrees per second using manual keyboard entries or an
R5-232 computer interface. A separate digital display for each axis provides, at the
operator’s choice, real-time position or rate information. Safety interlocks
including engaged stow locks, overtravel, and power amplifier faults are displayed
on the interlock chassis. The computers, which control the entire thermal/vacuum
test process, can command the MS and determine the status of all safety interlocks.

Motor Drive System

A motor drive console is located in a separate room away from the sensitive
instrumentation, and has its own isolated power supply. This isolation prevents
interference from the high-pover pulse-width-modulated (PWM) signals, which drive
the AC servo motors.

The motor drive console receives torque commands from the servo controller and
povers the AC servo motors using a PWM high current, high voltage signal. Position

*Trademark of Farrand Inc., Valhallen, New York.
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Figure 5. Tilt Axis Assembly with AC Brushless Motor Uncovered

192




Figure 6. Completed Tilt Axis Assembly

information is received from the resolver on each axis to electronically commutate
the motor.

IMPORTANT DESIGN CONSIDERATIONS
Structural Stiffness vs. Solar Source Shadowing

An important compromise inherent in developing the motion simulator was the
structural stiffness versus the solar source shadowing. A large structure is the
most effective way to support the payload, but this interferes with the solar
simulation beam. This interference, or shadowing, can be minimized only by reducing
the structure’s cross-sectional area, which results in lover stiffness.A smaller and
more compliant structure has lower resonances, which may be excited by fluid flow in
the shrouds or vibrations ih the mounting platform. In addition, low simulator
structural resonances may couple the satellite structural resonances and make it
more difficult to compensate the axes control systems resulting in a low gain/low
bandwidth servo 1loop. Finding an acceptable compromise to this problem is further
complicated by the asymmetry of the "L" shaped configuration and the cantilevered
satellite mass.

It should be noted that a major contributor to solar source shadowing is the spin
axis assembly. However, its diameter is determined by the space requirements for the
satellite instrumentation (slip ring, MUX and connectors). Thus, the diameter of the
spin axis shaft and housing was fixed prior to completing the FEM analysis.

A compromise solution was developed with ANSYS* 4.2B, a finite element modeling

*Trademark of Swanson Analysis Systems.

193



(FEM) software package. The design goal was a MS with its lowest resonance at 7 Hz
and a minimum cross sectional area shadowing the solar beam. As a secondary goal,
the overall weight was to be as low as possible.

The final FEM meets these requirements. This half symmetric model is constructed of
shell and beam elements (structural walls, fasteners, etc.), spring elements
(bearings), and point mass elements (payload and non-structural components). The
satellite is modeled at the intersection of axes as a 3000 kg mass and its
corresponding inertia. Finally, two important assumptions for this analysis are
that the satellite and mounting stand have very high stiffness.

Figure 7 is an ANSYS plot of the lowest predicted mode shape and frequency, and
clearly shows the "up and down" vibration of the satellite and its associated 7.44
Hz frequency. To achieve this result several decisions were made. The bearings are a
cross roller wire race configuration with a 48-inch pitch diameter. This type of
bearing has excellent stiffness using modest preload and low friction. In addition,
cross roller bearings are self-preloading which, in conjunction with the split
races, makes them less sensitive to temperature changes. Aluminum is the structural
material, not stainless steel, because it allows thicker walls to be used while
achieving the equivalent mass and sectional stiffness properties. This
characteristic allows aluminum to avoid the buckling problems of stainless steel

ANSYS  4.2B

FEB 17 1987
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Figure 7. First Made Symmetric Boundary Conditions
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with fever stiffeners. In addition, aluminum’s high thermal conduction and capacity
fit well with a passive cooling scheme, which is discussed in a later section. The
upvard sloped arms are configured to minimize the unsupported length of the vertical
pedestal while meeting the satellite clearance requirements. Finally, the diameter
of the pedestal, which shadows the solar beam, is the minimum size that meets the 7
Hz requirement. Figure 8 shows the pedestal and support arms ready for assembly.
Figure 9 shows the support arm assembled on tilt axis.

Figure 8. Pedestal Ready for Assembly

Satellite Data Transmission
The two-axis motion simulator provides for the transmission of all of the satellite

signals necessary for thermal/vacuum testing. The specifications for these satellite
signals are summarized in Table 3.

TABLE 3. SATELLITE DATA TRANSMISSION SPECIFICATIONS

Category Quantity Specifications
Single-Shielded Lines 250 100 V at 100 mA

Direct Thermocouple Channels 50 Copper-Constantan

10 Amp Power Channels 10 100V at 10A

5 Amp Power Channels 35 100V at 5A

Co-axial Channels 15 DC to 400 MHz

RF Rotary Joint Channels 2 DC to 8 GHz and 2 to 8 GHz
Multiplexed Thermocouple Channels 640 Copper-Constantan

Satellite signals connect to the MS via a set of vacuum-qualified connectors located
at the spin axis shaft. Over 50 connectors are mounted radially on the outside of the
shaft. The signals are passed through the continuous rotation spin axis via a
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pressurized slip ring assembly. Vacuum feedthroughs are used to interface to the
pressurized vessel containing the slip ring. An additional set of connectors is
provided at the mounting flange of the spin axis enabling the spin axis to be
operated as a stand alone assembly. The satellite signals pass through the limited
rotation tilt axis by way of a flexible twist cable. Another set of connectors is
mounted at the base of the MS. These connectors are identical to the connectors
located at the spin axis mounting flange enabling the same external cables to be used
vhether testing is performed with the two-axis MS or spin axis by itself.

Figure 9. Support Arm Assembled on Tilt Axis

The key components of the satellite data transmission system are the slip ring and
thermocouple multiplexer. Both are manufactured to CGC’'s specifications by outside
vendors. This slip ring is shown in Figure 10 and has over 500 lines. This large
number of lines requires a dual concentric drum configuration to fit within the spin
axis shaft. Silver-teflon* brushes and silver rings are fully compatible with both
pressurized and vacuum operation. This feature allows slip ring operation, at low
voltages, if the module seal fails. Finally, a two channel high frequency rotary
joint is nested inside the slip ring.

The thermocouple multiplexing system (MUX) transmits 640 channels of temperature
information using only a few slip ring circuits. The analog thermocouple signals are
converted and combined into a digital signal inside the spin axis shaft. This digital
information 1is transmitted, using the slip ring, to a receiver in the console and is
available through an RS-232 computer interface. This method eliminates measurement
errors introduced by the thermo-electric junctions of the connectors, rings, brushes,
and solder joints.

*Trademark of Dupont
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Figure 10, Picture of Slip Ring Assembly

Outgassing and Leak Rates

Low outgassing and low leak rates are important requirements for successful
thermal/vacuum testing. Excessive amounts of outgassing gnd leakage will prevent the
chamber from reaching its required pressure of 5 x 107~ millibar. In addition, the
escaped material contaminates the satellite, optics, and chamber. No quantitative
specification 1is given for total MS outgassing because of the inherent meassurcment
difficulties. To limit outgassing, an alternative contamination control plan, devised
in consultation with the vacuum system engineer, is used. Rather than specifying the
total outgassing rate, it is controlled by specifying the MS design configuration,
materials selected, and the manufacturing processes used. In contrast, thg slip ring
leak rate can be measured directly and is limited to less than 5 x 10 -, millibar
liter/second.

Outgassing
These steps are taken to limit outgassing:

° All welds, bolted joints, and interfaces are vented to avoid virtual leaks. This
is achieved by proper placement and interruption of weld beads, tapping holes

through, and using vented screws.

° Castings are not used to avoid the porosity and corresponding virtual leakage
vhich results when the chamber pressure is cycled.

. Where possible, all surface finishes meet 63 RMS which limits absorption and
facilitates cleaning.
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° The primary structure is MIG welded aluminum. Stainless steel is used for some
small components. Carbon steel is not used.

° All organic materials used in the MS are evaluated using SP—R—OOZZA(3) criteria
for thermal vacuum stability (TVS). Generally all materials have less than 1.0%
total weight loss (TWL) and 0.1% volatile condensable material (VCM).

° The bearing grease is a prefluorinated polyether compound with molybdenum
disulfide which exceeds SP-R-0022A TVS criteria.

° A vacuum backout is used to clean and precondition the motors, resolvers,
tachometers, and MUX prior to assembly.

° The MS components are completely cleaned, prior to assembly, using soap, water,
and alcohol. Assembly is completed in a controlled access clean area.

Leakage

The only source of leakage from the MS is the pressurized slip ring assembly.
This module is maintained at room ambient pressure, irrespective of the chamber
pressure, by a vent line to the atmosphere. The dynamic seal, between the rotating
and stationary components, 1is a permanent magnet ferrofluidic seal which provides
extremely low leakage combined with high reliability, and zero maintenance. The
electrical feedthroughs are molded epoxy and all static seals are either viton "Q"
rings or copper gaskets. The final assembly is leak tested to verify hermeticity.

TEMPERATURE CONTROL

Temperature control is a critical requirement for the MS reliability. The safe
operating temperature range is 280 to 310 degrees K. Many variables in thermal/vacuum
simulation make this temperature range difficult to maintain. The MS produces heat in
its motors and bearings. The solar simulation beam shines on the spin axis and
pedestal. Small heat fluxes can also occur, via conduction, at the satellite mounting
flange and the base support stand. Finally the LN, shrouds attached to the chamber
walls and mounted to the MS can vary in temperatufe from 100 degrees K to ambient,
causing wide variations in radiant heat transfer.

The traditional solution to this thermal control problem is to place heat exchangers
on the MS and pump a thermal exchange fluid through a closed loop at an externally
controlled temperature. This method, while effective, has the disadvantage of
potential leaks and high operating and maintenance costs.

To avoid these problems, a thermal control system using passive cooling and active
reheat was developed. This "semi-passive" system uses conduction links to the LN
shrouds, mounted on the MS, to remove heat at a constant rate of approximately 1506
watts. Electric heaters, RTDs, and electronic controllers provide four zones of
active reheat control.

A semi-passive thermal control system is possible because of several important MS
features. A multilayer insulation blanket, wrapped around the MS exterior, isolates
it from LN, shroud’s and solar beam’s radiative thermal loads. The thick walled
aluminum structure effectively distributes the cooling and heating loads to minimize
temperature gradients. The large thermal mass of the aluminum also ensures that, even
wvhen the shrouds provide no cooling, the maximum temperature rise is only one degree
K per day. In addition, the interior surfaces of the shafts and housings are coated
with a high emissivity paint to increase the thermal radiation coupling between the
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rotating and stationary components. This paint combined with the conduction of the
bearings minimizes temperature gradients between the rotors and the stators.

The efficiency of the bearings and motors is a critical factor in the success of a
semi-passive thermal control system. The bearings generate heat in direct proportion
to their friction and the expected value for each axis is less than 500 ft-1lbs. Just
as important, however, is the ability of the round wire races to flex in their
housings. This characteristic ensures that even under high loads, which may cause
eccentricities, the bearing friction remains unchanged. Finally, the high efficiency
AC servo motors produce only 90 watts of power at their maximum expected duty cycle.
Unlike traditional motors with brushes, the heat load is produced in the stationary
windings and is easily dissipated into the large diameter housings.

Corona Protection

Since the MS is almost entirely vented to the vacuum environment and since
operational scenarios were identified that could drive the environment into a regime
where corona might occur; the elimination of corona within the MS was a critical
design requirement. The slip ring assembly; which contains the highest risks for arc
over, is the only electrical element that is completely sealed. All other electrical
elements such as motors, axis rate and position sensors, and connectors are designed
to operate within the vacuum environment without arc discharge. The final
configuration 1is a robust, simple design without the need for costly, large rotating
seals.

Arc-over,is most likely to occur at intermediate pressure (typically between 100 torr
and 10~ torr) where the air can become ionized and then be able to pass a high
current. The breakdown voltage is directly proportional to the gas pressure and the
distance between the electrodes. "Typical" Paschen curves of this phenomena are shown
in Figure 11. The curve is a plot of breakdovn voltage versus the product of
electrode distance and gas pressure. The "work function" parameter; which is a
measure of electrical resistance, demonstrates the dependence of the curve on
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electrode material and the type of gas used in the system. As an example, the minimum
breakdown voltage for silver electrodes in pure helium is approximately 200 volts.
Various techniques and designs have been employed throughout the design of the motion
simulator to reduce the probability of corona onset.

To the extent possible, the operating voltage of all electrical systems has been set
below 200 volts. The thermal control system, axes sensors, and data multiplexer
operator well below 200 volts. Only the spin and tilt axes motors operate above this
voltage; the motors will intermittently reach a voltage of 300 volts (RMS). The
motors are AC synchronous (brushless) motors with permanent magnet fields. This motor
design eliminates the need for brushes and commutator which are common to DC motors,
or motor slip rings that are common to AC motors with separately excited fields. By
eliminating brushes, commutators, and motor slip rings, the most likely sources for
arc discharge have been eliminated. The remaining elements in the system that have
potential for arc-over are the motor wiring, cables, connectors, and terminations.
Techniques have been described in the literature (1), (2) that have been used to
eliminate corona; the electrical design of the MS follows these techniques, e.g.,

° Cables and connector with large differences of potential are kept segregated.

° All cables and motor external wires are Teflon insulated.

° Grounded shields are used over the insulation of high voltage cables.

° Exposed conductors at the interface of connection receptacles and plugs are
eliminated.

o Connections are vented to eliminate trapped gas.

Corona onset is best described as a statistical phenomena. To prevent the occurrence
of corona, the most 1likely conditions for its existence must be eliminated. Every
attempt has been made to accomplish that in the design of the MS.

Precision Motion Control

The motion control techniques utilized on the MS were originally developed for the
inertial guidance test industry. The instrumentation is configured in the CGC Modular
Precision Angular Control System (MPACS) and provides a closed-loop, multi-mode servo
system for each axis.

Each axis incorporates "direct drive" concepts to maximize motion performance. Each
axis is driven by a direct-coupled AC servo motor and incorporates a DC tachometer
velocity transducer, resolver position transducer, and direct-coupled Inductosyn
position transducer. Through the use of the shaft-mounted Inductosyn and motor,
non-linearities and low frequency resonances associated with other drive systems
(e.g., gear drives, belt drives, chain drives, hydraulic drives, etc.) are
eliminated. This permits the configuration of high gain, high bandwidth servos to
provide accurate motion control. .

The Inductosyn position transducer (Figure 12) is utilized in the primary modes of
position and velocity control. This device is actually a high-accuracy 360-speed
resolver used to measure axis position. The stator of the Inductosyn contains two
wvindings which are mechanically arranged so that the inductive coupling between the
SIN winding and the rotor varies sinusoidally over one degree of rotor travel. The
coupling for the COS winding varies as the cosine over one degree of rotor travel.
These two windings are excited by precision current sources within the MPACS

200




<
Ipcos (27 ft) Ip sin (27 1) §
S S E
STATOR 8in (3600) cos (360 )
(INPUT)
MAGNETIC
FIELD
COUPLING
_>|3_:°|._ Vo="sin (wt + N§)
PRECISION COPPER TRACES PLATED ON STEEL PLATES
ROTOR ACCURACY THROUGH AVERAGING
(OUTPUT)

PHASE PROPORTIONAL TO Ny SHAFT ANGLE

CONSTANT AMPLITUDE OUTPUT

Figure 12. Inductosyn Position Transducer

The amplitudes and phases of these signals are accurately controlled by amplitude and
phase servos within the MPACS. The output of the Inductosyn rotor is a constant
amplitude sinusoid of frequency "f", whose phase varies through 360 degrees with
respect to the sin reference signal for each mechanical degree of axis motion. The
resolver mounted on the axis is wutilized in the same manner to provide another
phase-modulated feedback signal which varies through 360 degrees of phase for each
complete ventilation of the axis.

The MPACS instrumentation system receives the feedback signals from the resolver and
Inductosyin and converis them to a dlgltal format for use by the enceding and conrrol
systems.

Control System
Position Mode (See Figure 13)

The MPACS controls axis motion primarily through the use of a position servo. In
the Position control mode, the Inductosyn and resolver feedback signals are utilized
to drive the axis to a commanded position input. Analog "low resolution error" (LRE)
and "medium resolution error" (MRE) position error signals are generated from the
resolver feedback signals. These signals represent the difference between commanded
and actual axis positions. An analog "high resolution error" (HRE) signal is
generated from the Inductosyn feedback. The Position control mode uses a dual-mode
servo control mechanism. A '"coarse" position loop responding to the resolver
generated MRE signal moves the axis to the vicinity of the terminal position. In this
mode, the MRE signal acts as a velocity command to an inner velocity loop using
tachometer feedback. A clamping circuit is included to limit this velocity command to
a preset value. In this manner, the slev rate between positions may be controlled.
When the axis approaches the terminal position, control is transferred from the
"coarse" 1loop to the "fine" position loop utilizing the Inductosyn generated HRE
signal. "Bumpless" transfer is accomplished by monitoring the MRE, HRE, and HRE rate.
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Transfer to the "fine" loop occurs only when:
® the MRE indicates a position error of less than 0.2 degrees.
. the HRE indicates a position error of less than 0.02 degrees
. The rate of change of the HRE is less than 3 deg/sec

Satisfaction of these tests transfers control to the Type III "fine" position
servo. The tachometer velocity loop utilized in the "coarse" loop is eliminated in
the "fine" 1loop. This allows increased stiffness and small signal bandwidth. With

this type of control, MS positioning accuracies of 10 arc seconds and repeatabilities
of 1 arc second are readily achievable.
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Figure 13. Position Mode Diagram

Precision Rate Mode (See Figure 14)

Axis velocity control is obtained in the Precision Rate mode. This mode is also
implemented using the Type III fine position servo detailed in the Position mode
description. This implementation provides the generation of highly accurate
velocities, and eliminates the "ripple" error inherent in tachometer based velocity
loops. 1In this mode, precision velocities are produced by incrementing the position
command at a rate based upon the commanded velocity. The position command is
incremented in steps of 0.0001 degrees; hence, an axis velocity of 1 deg/sec requires
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10,000 increments per second. Since the position loop is a Type III servo, it is
capable of responding to this command with no following error.

The direct-coupled nature of the axis components permits the configuration of high
gain, high bandwidth servos. This, in turn, provides the ability to reject
disturbance torques due to friction, load imbalance, motor cogging, etc. The result
is precision rate performance accurate and stable to 0.0005%. Furthermore, the rate
generator  producing the position increment pulses is crystal controlled. By
synchronizing this crystal oscillator with the timing crystal of the satellite data

acquisition system, it is possible to obtain satellite parameter measurements which
are fully correlated with axis position.

Encoding System

The digitized, phase-encoded signals from the resolver and the Inductosyn on each
axis are wutilized by axis encoders within the MPACS to provide real-time axis
position readouts. Each encoder contains separate circuits to encode the "coarse"

position from the resolver and the "fine" position from the Inductosyn. These outputs
are correlated to provide a 7-digit position readout available for visual display or
computer interface.

Each encoding circuit is structured as a phase-locked loop. A high-speed digital ring
counter is driven by a 0-24 MHz voltage controlled oscillator (VCO). This counter is
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used to generate a square wave over a complete counter cycle. This square wave is
phase-detected, and compared with the square wave signal derived from the
phase-encoded Inductosyn feedback.The resulting error signal is compensated and fed
as an input to the VCO. The result is a digital ring counter which cycles
synchronously with the Inductosyn feedback. The value in this counter at the zero
crossing of the sin reference to the Inductosyn is loaded into a second counter.
Hence, this value represents the phase shift between the sin reference and the
inductosyn feedback which is 1linearly related to the axis position. The second
counter is also clocked by the VCO output; therefore, it tracks axis motion and
provides a digital measurement of axis position.

An equivalent circuit processes the resolver feedback in the same manner. The two
digital values are combined to form a 7-digit position measurement.

This system is capable of encoding axis positions accurate to 1 arc second, with a
resolution of 0.36 arc seconds (0.0001 deg). The use of a Type II servo in the

phase-locked loop permits zero tracking error for static positions and constant
velocities.

Motor Drive System (Figure 15)

The MS utilizes AC servo motors for axis actuation. These 3-phase permanent
magnet motors are driven in a '"vector control" mode by high-power pulse width
modulation (PWM) amplifiers. These amplifiers operate by measuring the axis position
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Figure 15. Brushless AC Servo Drive Block Diagram
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using a resolver. From this measurement, the drive computes the coordinates of the
three-phase sinusoidal motor currents required to produce optimum torque. The
magnitude of these currents is then adjusted as a function of the torque command
magnitude and direction. This process is repeated continuously within the drive. The
result is 1low torque-ripple brushless motor drive system which responds to torque
commands from the servo electronics.

SUMMARY

This two axis motion simulator fully meets all requirements for thermal/vacuum
simulation. Large satellites can be tested with minimal solar source shadowing and
sufficient structural stiffness to achieve resonances greater than 7 Hz. The motors
and transducers are directly coupled devices which eliminates the inherent
instabilities of gear drive mechanism. Over 1000 channels are available for satellite
data transmission via slip rings and thermocouple multiplexing system. Corona risk is
eliminated by wusing brushless motors, special connectors, and pressurizing the slip
ring assembly. Except for the slip ring, the balance of the motion simulator is
completely vented. This greatly simplifies the design and manufacturing process and
the risk of leakage. Leakage from the slip ring is eliminated using ferrofluidic
seals and epoxy feedthroughs. All components exposed to the vacuum meet SP-R-0022A
requirements for thermal vacuum stability to limit outgassing. Temperature control is
achieved using passive cooling and active reheating vhich eliminates the need for
expensive and unreliable fluid heat exchangers. Precision motion control with
arc-second resolution and zero drift is achieved using Inductosyns, MPACS controller,
and a pulse width modulated three phase motor amplifier. Motion commands, are
accepted manually or using remote computer control. The end result is a two-axis
satellite motion simulation system which provides an extremely accurate, flexible,
reliable, and cost effective solution for thermal/vacuum space simulation testing.
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Jeffrey C. Livas
Massachusetts Institute of Technology

Boude C. Moore
California Institute of Technology

ABSTRACT

A laser interferometer gravitational wave observatory (LIGO) is being developed with
sensitivities which will have a high probability of detecting gravitational waves from astro-
physical sources. Detectors are also planned by others in Europe and eventually in space.
A major component of the proposed LIGO is a total of 16 km of 1.2 m (48 inch) diameter
tube at a pressure of less than 10™8 torr. It will be of 304L stainless steel procured directly
from the steel mills with the initial hydrogen content specially reduced. (Target is 1 ppm
by weight.) Projections of the outgassing rates of hydrogen and of water vapor as a func-
tion of time will be given and the uncertainties discussed. Based on these, a preliminary
analysis of the vacuum system will be presented.

INTRODUCTION

The development of laser interferometric gravitational wave detectors is proceeding at
the prototype level in several countries: France, Germany, Italy, Japan, United Kingdom,
and the United States. Plans to build a full scale detector in each of the countries are
being considered; the result would be an international network of detectors capable of
doing useful astronomy with gravitational waves. The network would open a new window
on the universe complementing the existing windows in the optical, infrared, radio, and
X-ray bands and add to our understanding of the cosmos as did the opening of the radio
window in the 1930’s and the X-ray window in the 1960%. A particularly interesting
possibility would be the direct observation of black holes.! Descriptions of the physics

of gravitational wave detection and recent prototype developments have been described
elsewhere.1:2

In the United States, a collaboration of Caltech and MIT scientists, funded by the
National Science Foundation (NSF), is planning the construction of two separate full-scale
detectors under a single management (the LIGO project). At least four spatially separated
detectors are required to unambiguously determine the location of a source; the two in the
U.S. will provide a solid foundation on which to build the international network. Two
detectors are also needed for a cross-correlation analysis to eliminate false signals caused

*This material is based upon work supported by the National Science Foundation
under Grant No. PHY-8803557.
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by environmental noise at each separate detector. Since many of the theoretically predicted
sources of gravitational waves emit at frequencies below 10 Hz where ground motion and
gravity gradient noise reduce the sensitivity of earth-based detectors, there are plans to
construct space-based detectors.

The objective of this study is to ensure that the technical requirements for the vacuum
system are met with minimum cost. A similar study has been published for the detector
planned in the United Kingdom.* A classical approach to reduce costs of pumping systems
is to bake and thereby reduce the gas load. For the LIGO project, the cost and time for
baking the system are significant. It is therefore useful to determine if the requirements
for the vacuum can be met without baking. A brief description of a proposed detector
is presented together with the vacuum requirements. The outgassing characteristics of
stainless steel will be shown for hydrogen and for water vapor. Based on these, a conceptual
design of the vacuum system will be presented.

FACILITY DESCRIPTION

The LIGO Project proposal is for a single observatory consisting of two detectors,
separated by a continental baseline. Each LIGO detector consists of two lengths of vacuum
pipe connected to form the two arms of a right angle. (This geometry takes advantage of
the polarization of the gravity wave and reduces the demands on the frequency stability
of the laser.) Laser beams travel back and forth between mirrors in each arm. Each arm
will be four kilometers in length and 1.2 meters (48 inches) in diameter. Components
of the laser interferometer will be contained in chambers located at the junction of the
arms, at their midpoints, and at their ends, as illustrated in Fig. 1. Thus the same beam
tube design can be applied to the four identical 2 kilometer sections between chambers. A
sketch of a 2 kilometer section and its vacuum system is shown in Fig. 2.

The iaser interferometler measures changes in the distance between the two masses
in each arm and then compares the changes in the two arms.! To indicate the level of
difficulty of the measurement, these changes are expected to be on the order of .004 of the
diameter of a proton for the LIGO detectors. Vibration from vacuum pumps or equipment
could obviously interfere with this measurement.

The arms must be evacuated so that scattering of the laser beam by the residual gas
molecules is reduced. However the acceptable levels of pressure (which increase with arm
length) can be achieved with existing technology. If all the gas were hydrogen, then a
pressure of 1.3 x 107% Pa (1 x 1078 torr) would be acceptable. Similarly, if all the gas were
water vapor, 1.2 x 1077 Pa (9 x 10719 torr) would be acceptable. An important feature
of these requirements is that they need not be met immediately on facility completion.
The laser interferometers are in a state of development, and are not expected to reach
the planned sensitivity for some time. Initial operations may be conducted at somewhat
higher pressures without limiting the observations.



Considered as a vacuum system, the LIGO is unusually large. Each of the eight 2
kilometer beam tubes (four at each site) has a volume of 2.3 x 108 liters, and a surface
area of 7.7 x 107 cm?. Because of its large size, the cost of baking the system, as is often
done to reduce the gas load, would be very high. Again because of its size, the option of
using vacuum melted steel to reduce outgassing would be prohibitive.

Gate valves are provided at each end of the 2 kilometer sections so that the vacuum
chambers can be brought up to atmosphere for access to the laser interferometer equipment,
while the beam tubes remain under vacuum. It is planned that these tubes will not be
exposed to the atmosphere after the initial pumpdown and leak testing.

STAINLESS STEEL OUTGASSING — HYDROGEN

The most difficult gas to remove in a stainless steel vacuum system is the hydrogen. In
fact, it has only been reduced, not eliminated, in efforts to date. Messer and Treitz® report
an outgassing rate of 10~* Pa L/s-cm? (10717 torr-L/s-cm?)or 300 molecules/s-cm?, after
high temperature (875K) bake in a vacuum oven. Such low levels are not economically
feasible on a large chamber, but a rate of 1.3 x 1071° Pa L/s - ¢cm? (1072 torr- L /s - cm?)
is often achieved.®

Typically, 99% or more of the residual gas in a baked system is hydrogen.® The source
of this gas is atomic hydrogen dissolved in the bulk material during the manufacturing
processes. This diffuses out to the surface, combines into molecular hydrogen and is
released into the gas phase. The diffusion is greatly accelerated at high temperatures.
A quantitative description of this process has been given by Calder and Lewin.®

where:
Q = outgassing rate, torr liters/cm? second

Co = initial gas concentration in the metal, standard torr liters/cm?, uniformly dis-
tributed

D = diffusion coefficient, cm? /second

d = wall thickness, cm

t = time, seconds

K = permeability constant (= 1.2 X 1072® torr!/2 L/cm - s at room temperature)

Py = partial pressure of atmospheric hydrogen* (= 5.3 x 1072 Pa (4 x 10~* torr))
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To use this formula, it is necessary to know the values of C, and D. Values for C,
given in the literature vary from 1.1 to 4.5 parts per million (ppm) by weight.®7 A half
dozen random samples recently tested were found to have concentrations between 1.5 and
3.7 ppm. These appear to be small differences but they cause a very large change in the
degassing time of unbaked systems, as will be shown below.

The other value required is the diffusion coefficient, D. The value used in the calcula-
tions below is 5 x 107 '4cm? /second at 27C. This value was extrapolated® from measure-
ments by Eshbach, et al® taken on 304 stainless steel at much higher temperatures. The
value is uncertain, due to the large extrapolation, and also due to changes which have been
observed in iron over this temperature range. Alpha iron® has shown much lower rates at
room temperature than would be extrapolated from high temperatures. Thus if there is
an error in the diffusion coefficient it may be in the direction of less outgassing.

The outgassing rate at 27C according to Equation (1), as a function of time since
manufacture, is shown in Fig. 3 for levels of initial hydrogen concentration of 0.5, 1, 2,
and 4 ppm by weight. The wall thickness is assumed to be .4 cm (.155 inch) thick (a
value suitable for the LIGO application). The outgassing rate will decline from the time of
manufacture rather than time under vacuum, since the internal concentration is so much
higher than the equilibrium due to ambient hydrogen. Initially, the outgassing rate declines
as 1/+/t, and the concentration at the center of the chamber wall is unchanged. After
sufficient time, about 30,000 years, this center concentration begins to fall, and then the
outgassing rates fall exponentially. Finally they reach a constant level due to permeation
of atmospheric hydrogen through the wall, There may be additional permeation as a result
of the water vapor in the air.

The important part of the curves in Fig. 3, for this problem, is expanded in Fig. 4.
The time to reach any specified rate varies as the square of the initial concentration. The
8:1 range of concentrations plotted becomes a 64:1 range in the time required to reach a
given rate.

This estimate of the rate of hydrogen outgassing as a function of time and of initial
concentration will be used below in the conceptual design of the LIGO vacuum system. It
will also be a guide for the future procurement of steel for the facilities.

STAINLESS STEEL OUTGASSING - WATER VAPOR

Water vapor is relatively simple to remove from a vacuum system. After bakeout, it
is frequently reported to be unobservable. For practical purposes, it can often be ignored
as a residual gas in a baked system.

However, in an unbaked system most of the initial outgassing is water vapor.” The
initial rate is observed to decrease as 1/t and its magnitude will vary with the surface
cleaning procedures used. We found no data for degassing times greater than 100 hours”1°
for unbaked systems. Dayton’s” review gives a rate of 1.9 x 107° Pa L/s - cm? (1.4 x
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10~7 torr- L /s - cm?) after one hour. The outgassing rate can be expressed as:

Q= Q1 x (t1/t) (2)
where:
@ = outgassing rate
Q. = outgassing rate at time ¢; (= Dayton’s value at 1 hour)

t = time

As t becomes large the outgassing rate is expected to become less than given by this
expression,’ else the quantity outgassed would exceed the quantities observed. Further
evidence for this view is provided by outgassing experiments at higher temperatures, to
be discussed below.

The simplest model of gas sorption on a surface is that of an average sojourn time
which is a function of the heat of adsorption.!! The surface coverage is then:

S=Qr (3)

where:
S = quantity of gas adsorbed per cm? of surface
@ = quantity of gas adsorbed or desorbed per cm? per sec.

7 = average sojourn time on surface, in seconds

Frenkel’s equation (1924) for the variation of sojourn time with temperature!! is:

where:
T = sojourn time on surface, as defined above

7o = time of oscillation of adsorbed molecules, normal to surface, assumed = 10713
seconds!!

H = heat of adsorption, cal/mole
R = gas constant = 1.9872 cal/mole K

T = temperature, Kelvin
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The heat of adsorption, H, has been given as 22 to 25 kcal /mole for water on metals.1?
In a recent desorption experiment!® a 304 stainless steel cylinder was heated at a rate of
0.2 degrees Kelvin per second. Two desorption peaks were reported, one at 22 and the
other at 25 kcal/mole. The corresponding temperatures were 55C and 93C.

This measurement of outgassing rates at higher temperatures can be used to estimate
the rate at room temperature. If a surface holding a quantity S,, of adsorbed gas is
allowed to desorb, starting at time t = O, then from equations (3) and (4) it follows that
the outgassing rate would be:1?

Q="Ter (5)
where:

Q, t, and 7 are as defined above,

S, = quantity of gas adsorbed on the surface at the time { =0

The plot in Fig. 5 shows the exponential decay for four values of the heat of desorption,
H: 22, 23, 24, and 25 kcal/mole. These have been normalized to Dayton’s” estimate of
the outgassing rate after one hour under vacuum. The extrapolated 1/t function has also
been shown. It is clear that the average sojourn model does not explain the initial 1/t
outgassing observed.

In an attempt to resolve this discrepancy, Dayton’ suggested that the 1/t function
could be a result of the water being desorbed from the surface with a spectrum of energies
rather than any single value, reflecting the complexity of a real surface. To illustrate this
approach, the outgassing rates of the four groups of molecules, with the heats of desorption
shown above, were added in a weighted fashion at each point in time. The details of the
weighting are given in the Appendix. The result is shown in Fig. 5, and it is seen to follow
the 1/t function for a few hundred hours and then decay exponentially. The subsequent
large gap between these two functions demonsiraies ilie uncertainty of the outgassing rate
for times greater than 1000 hours.

To summarize this water outgassing discussion, no observations of unbaked systems
have been found in the literature for times greater than 100 hours. A rough estimate can
be made based on outgassing at higher temperatures, but the accuracy of this estimate is
open to question at this time.

CONCEPTUAL VACUUM SYSTEM DESIGIN

A conceptual design of the vacuum system for a 2 kilometer beam tube is shown in
Fig. 2, and its performance over time is given in Fig. 6. Ion pumps are used for low
vibration. (Other pumps will be used to reduce the pressure from atmosphere but they
will be turned off during laser interferometer operation.) Seven pumps are spaced at 250
meter intervals. Their operational pumping speed is assumed to be 2000 L/s for hydrogen,
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and 1000 L/s for water vapor. The ends of the tube are assumed to be open to the vacuum

chambers, where additional pumps and gas load result in the same pressures as in the
tube.

The ratio of the peak pressure (halfway between the pumps), to the minimum pressure
(at the pumps) is 1.08 for hydrogen, and 1.11 for water vapor.!* The average pressure is
the important parameter for beam scattering, so this is shown in Fig. 6. The average is
1.05 of the minimum pressure for hydrogen, and 1.074 for water vapor.

The hydrogen is plotted for an initial concentration of 1 ppm of this gas within the
walls of the vacuum system. The time required to reach the design pressure for hydrogen is
8 months from the time of manufacture, here assumed to be 1000 hours before pumpdown.

The water vapor plots are limits. It can be seen that a completely unbaked system
may be quite feasible, but in the absence of direct experimental data this is not certain.
Experiments to provide this information are underway.

SUMMARY

The vacuum levels required for the LIGO are well within the state of the art. However,
the unusually large size of the vacuum vessels dictates that every effort be made to minimize
the system’s initial and operating costs. The 2 kilometer beam tubes will be permanently
under vacuum. They may not need to achieve the vacuum design goals immediately. These
conditions suggest that the possibility of an unbaked system be examined.

For the most difficult task, reducing the hydrogen partial pressure, the unbaked system
is feasible; the required pressure can be achieved in an acceptable time. The partial
pressure of water vapor, on the other hand, can only be estimated within limits until more
outgassing data is obtained. Experiments to provide this information are now underway.

APPENDIX

Four groups of molecules adsorbed on a surface have been defined with heats of ad-
sorption of 22, 23, 24, and 25 kcal/mole. The magnitude of each group has been adjusted
so it fits Dayton’s outgassing rate at one hour. These groups have been plotted on Fig. 5.

These four groups are now weighted and combined as follows:
D(t) = Azy(t) + A23(t)/B + Aa4(t)/B® + Ays(t)/B®

Q(t) = K D(t)
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where:
Agz(t) = outgassing rate of 22 kcal/mole water at time t. Asgz (t) thru Ags (t), similar
Q(t) = outgassing rate at time t. Q; = rate at 1 hour
D(t) = weighted sum of outgassing rates
D, = D(t) at 1 hour

B = constant. B = 3 is plotted

This sum is shown in Fig. 5.
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Fig. 1 Artist’s conception of a LIGO detector installed at one of the two sites.
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THE TWO AXIS MOTION SIMULATOR FOR THE
LARGE SPACE SIMULATOR AT ES.T.E.C.

Kurt A. Beckel and Joop Hutchison
European Space Research and Technology Center (ESTEC)

ABSTRACT

The Large Space Simulator at ESTEC has recently been equipped with a Motion
Simulator capable to handle test articles of 5 tons mass and having a volume of
7m in diameter and a length of 7m. The Motion Simulator has a modular set-up, it
consists of a Spinbox as basic unit on which the test article is mounted and
which allows continuous rotation (spin). This Spinbox can be used in two
operational configurations:

o Spin axis vertical to 30° inclination when mounted on a Gimbalstand;
o Spin axis horizontal when mounted on a Turntable - Yoke combination.

The Turntable provides rotation within * 90°. This configuration allows to
bring a test article in all possible relative positions vis-a-vis the sun vector
(which is horizontal in this case).

The Spinbox allows fast rotation between 1 - 6 rpm or slow rotation between
1 - 24 rot./day as well as positioning within # 0.4° accuracy. The Spinbox is
provided with a slipring having considerable transmission capacity, totally some
480 direct channels ranging from low level DC (thermocouples) till UHF and power
channels with an overall rating of 310 Amps in total. Additional multiplexing of
thermocouple lines is possible.

The Moiion Simulator in both configurations is shrouded sn rhat no warm
spots are visible from the test volume. It is specially designed for quick
installation and removal. Provision is made for a later implementation of a
Levelling System allowing precise levelling when tested satellites are carrying
heat pipes.

INTRODUCTION

In order to give the new Large Space Simulator at ESTEC the full operational
capabilities it was necessary to install an appropriately large Motion Simulator.
This facility should be capable to accept test articles in size and mass
corresponding to the possibilities of the Space Simulator. In addition it should
provide the highest possible flexibility, it should allow simple installation and
removal and stay within minimum costs.
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In early 1985 prestudies began and the technical requirements were defined.
A modular concept was chosen. The basic unit is the Spinbox on which the test
article is mounted via a test adaptor. It allows continuous rotation at normal
spinning speed as well as at very low speed for the simulation of geostationary
orbits. The Spinbox is provided with a Slipring having considerable transmission
capabilities for electrical signals and power. Altough the Spinbox is designed to
operate in any position in respect to the gravity vector, two basic
configurations have been chosen as follows:

o Spin axis vertical to 30° inclination when mounted on a Gimbalstand
(Figures 1 and 5);
o Spin axis horizontal when mounted on a Turntable - Yoke combination

(Figures 2 and 6).

In the latter configuration the Turntable can be positioned within % 90°
thus allowing to bring the test article on the Spinbox in any relative position
vis-a-vis the sun radiation. Both configurations are built up on the existing
seismic structure inside the vacuum chamber. A shroud subsystem exists for both
configurations shading the test article from unwanted thermal radiation.

The facility performance requirements are summarized in Tables I and II.
Contracts for design and manufacture of the 4 main subsystems namely the Spinbox,
the Turntable, the Gimbalstand and the Slipring were placed in late 1985/early
1986; the procurement of the other items, the integration at ESTEC, the system
engineering and management has been provided by the ESTEC engineering services.

The installation of the Motion Simulator was completed in December 1987, the
acceptance test followed in January 1988, the acceptance review took place in
February 1988. Immediately after that, a flight unit of an ESA Astronomy
satellite (Hipparcos) was installed on the Motion Simulator and the first
operational test using this equipment was successfully completed one month later.

DESCRIPTION OF THE DIFFERENT ITEMS OF THE MOTION SIMULATOR

SPINBOX

A schematic cross-section of the Spinbox is given in Figure 3. The hollow
shaft provides room for the installation of the Slipring including the necessary
clearance for the cooling air around the Slipring. The bore in the shaft has a
diameter of 328 mm. Since the interior of the Spinbox is at ambient pressure, a
rotary seal consisting of 3 individual graphite embeded teflon lip-seals is
installed.

The first interseal volume after the ambient is backed up by a vacuum line,
the pump of which is installed under the vacuum chamber. Also the second
interseal volume is connected to a vacuum line which, however, is only pumped in
emergency cases. The shaft is guided by means of a cross-roller bearing which
came out in a preceeding detailed study as best compromise between deformation
requirements and volume constraints. The bearing is inside the air compartment of
the Spinbox and has the necessary gearing on its inner ring.
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It is driven via a pinion on the cyclodrive by two servo motors, one for fast and
one for slow motion. A clutch separates the slow motor from the cyclodrive when
the fast motor 1s in operation. A break prevents rotation of the shaft when the
motors are stopped.

All the potentional high energy dissipating units: motors, cyclodrive,
bearing and seal are connected to a water cooling system. In addition, cooling
air circulates in a controlled way inside the Spinbox. This air flow backed up by
the electrical heaters also keeps the Spinbox at a sufficient temperature level
in cold test phases to avoid condensation. A dome on the spacecraft side of the
Spinbox is provided with the necessary vacuum feedthroughs for the signal and
power lines. It is noticable that the dome on the spacecraft side as well as the
backcover of the Spinbox are easily interchangeable. This was already necessary
during the first operational test with the Motion Simulator as will be explained
in the paragraph of the Slipring.

A final remark shall be made on the rotary seal. Because initial doubts were
existing regarding the reliability and lifetime of friction based seals, a study
was performed about the feasibility to install a magnetic seal. Altough the
magnetic seal has an ideal performance, high reliability and practically
unlimited lifetime it was refrained from the utilisation of this type of seal
because the pressure difference acting on the seal in combination with its
diameter (600 mm) required a gap clearance between shaft and housing at the seal
so small that it was not practical for manufacturing and could not be safely
maintained with a loaded Spinbox.

YOKE

For the configuration with horizontal spin axis the Yoke is interfacing to
the Spinbox on the top side and to the Turntable on the bottom side (see Fig. 2).
The Yoke is a box type structure of high torsion and bending stiffness. The box
inierior is vented to the wvacuum. A heater system keeps the Yoke at a certain
minimum temperature. On both sides of the Yoke runs a tube of 210 mm diameter.
These tubes are connected to the air compartment of the Spinbox on one side and
to a central air compartment in the lower part of the Yoke which in turn mates to
the interior of the Turntable on the other side. One tube contains all Slipring
lines, the other contains all Spinbox housekeeping lines. The two tubes also
serve as outflow for the Spinbox cooling air.

TURNTABLE AND ROTARY CABLE GUIDING DEVICE

A schematic view of the Turntable and the rotary cable guiding device is
shown in Figure 4. The Turntable is built up of a massive tubular support
structure. Its inside is at atmospheric pressure. The lay-out of the drive is
similar to that of the Spinbox. For reasons of keeping sparepart costs down the
following elements are identical to those of the Spinbox: main bearing, fast and
slow motor and cyclodrive. The rotary seal is also of the same build-up as on the
Spinbox only the seal diameter is considerably larger (1390 mm). Also in this
case the main bearing is in the air compartment.
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Its inner rotating ring is fixed to a circular plate which interfaces to the
Yoke. In its centre this plate has a large circular hole allowing the two
cablebundles coming from the Spinbox through the tubes of the Yoke to pass. The
Turntable rests on a massive baseplate which is fixed to the seismic structure.
The same baseplate is also required for the Gimbalstand and therefore normally
stays in the chamber. It is connected via a tube of 570 mm diameter to the bottom
flange of the chamber. The interior of this tube again is at ambient pressure.
Inside this tube is another centric rotating tube placed which is resting on a
system of rollers supported by the baseplate. It is driven via an upper mating
tube fixed to the rotating part of the Turntable.

The interspace between the outer and the inner tube carries the (stationary)
housekeeping lines of the Turntable, the inner tube carries the 2 cable bundles
coming from the Spinbox. The inner (rotating) tube protrudes through the chamber
bottom flange into the room under the chamber. There it mates to the rotary cable
guiding device located under the vacuum chamber.

This rotary cable guiding device is necessary to assure an orderly bending
of the 2 cable bundles coming from the Spinbox when the Turntable is rotated. It
consists of two large chains supporting the two cable bundles. The chains are
guided in a controlled manner throughout the full operational range of the
Turntable.

GIMBALSTAND

The Gimbalstand consists of a massive framework supporting the Spinbox. The
inclination of the Spinbox is provided by a drive unit mounted on one side of the
Gimbalstand. The drive unit is a sealed compartment at ambient pressure. It
houses the servo-controlled drive motor acting via a wormgear onto the
Gimbalstand inclination axis.

In the case of the Gimbalstand configuration the two cable bundles coming
from the Spinbox are routed via 2 x 2 vacuum tight flexible umbilicals ending on
their lower end to a dome located under the Gimbalstand and mating to the
baseplate. By this means a direct air connection of the Spinbox and the facility
exterior is provided as has been realised in the Yoke configuration.

The Gimbalstand also serves as a maintenance stand for the Spinbox outside
the chamber. In this mode 360° rotation is possible. In order to avoid an
override over the 30° position when located in the chamber (which would destroy
the umbilicals and LN, lines) special safety devices have been installed. Below
the Gimbalstand a room of 360 mm is left free allowing the later implementation
of a levelling system for accuracte levelling when tested satellites are carrying
heat pipes.
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SLIPRING

In the baseline configuration the Slipring has an overall length of 1080 mm
and a diameter of 302 mm. It consists of totally 54 discs carrying up to 12 rings
on both sides. A controlled air stream flows over the outside of the Slipring
maintaining a controlled temperature environment and carrying away excessive
heat. An inside bore of 75 mm diameter provides room for other rotary feedhroughs
e.g. waveguides.

During the first operational test a special rotary feedhrough for two
venting lines leading to the satellite under test had to be installed. In all
these special cases the baseline length of the Slipring will be exceeded. It was
therefore necessary to foresee a possibility to extend the Spinbox on the
satellite side as well as on the opposite side providing the necessary additional
room. It is foreseen to equip the Slipring in the future with a digital
multiplexing device for thermocouple signals.

SHROUD SYSTEM AND MOTION SIMULATOR THERMAL CONTROL

In order to minimise heat exchange with the environment all parts of the Motion
Simulator located inside the vacuum chamber are covered by easily removable and
remountable multilayer insulations. To prevent excessive cooling down in cold
test phases, electrical heater foils are installed at critical locations. Spinbox
and Turntable have in addition their own internal water and air temperature
control systems which are microprocessor controlled from the control console.

All parts of the Motion Simulator inside the chamber are covered with flat
shrouds. In the configuration Gimbalstand, the Spinbox shroud not only shields
the Spinbox but also serves as protection of the test article from thermal
radiation of the Gimbalstand and the unprotected areas of the seismic structure.

The Yoke carries two shrouds: one on its inclined middle part and a
horizontal shroud on its lower part. In order to allow the Turntable rotation,
the 1in and outgolng LN, lines to the Yoke shrouds are passiug via a spiral type
up and offwinding device which is attached to the under side of the Yoke lower

shroud. All shrouds are connected in serie in order to assure uninterrupted LN,
flow.

DATA, POWER AND HOUSEKEEPING TRANSMISSION LINES

The lines coming from the test article enter the rotating part of the
Spinbox via vacuum feedthroughs located on the dome. In both configurations they
pass from there on entirely in ambient environment to the outside of the vacuum
chamber. The housekeeping lines stay entirely in ambient environment on their way
to the facility exterior. This constitutes a considerable costsaving factor
taking into account the prices for vacuum feedthroughs and vacuum suitable
cabling. Furthermore, a great number of additional leak sources are eliminated.
Connectors for the Slipring lines and the Spinbox housekeeping lines are located
at the Spinbox and below the chamber before entering the rotary cable guiding
device.

225



CONTROL CONSOLE

A Control Console located in the control room allows to control and monitor
all active and passive parts of the Motion Simulator. For operation under ambient
conditions of the Spinbox, Turntable or Gimbalstand in the storage / maintenance
area and inside the chamber a local panel is provided which can be connected at
test floor level and storage floor level. When this local panel is connected it
is impossible to operate the Motion Simulator from the Control Console in the

control room.

HANDLING AND STORAGE HARDWARE

Due to the complexity of the system and the requirement of quick
installation and removal a substantial amount of special hardware had to be

provided.
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TABLE I.- MOTION SIMULATOR PERFORMANCE DATA

GENERAL CHARACTERISTICS

o} Test volume
o Max. test specimen mass
o) Max. Moment of Inertia I, = Iy =1,
o Max. unbalance
o Max. overall leakrate
SPINBOX
o FAST MOTION
Continuous rotation (both directions)
- Velocity
- Velocity accuracy
- Max. acceleration/deceleration
o SLOW MOTION
Continuous rotation {(both directions)
- Velocity
- Position accuracy
o POSITION MODE
Rotation in both directions
- Speed
- Position accuracy
TURNTABLE

POSITION CONTROL ONLY

- Rotation angle

- Position accuracy

- Positioning velocity

- maximum angular acceleration/
deceleration
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7000 mm diameter
5000 kg
8000 kg.m2
200 kg.m
1,5 . 1072 pbarl/sec

1 -6 rpm
t 3% of selected speed
+ 1,0 rad/sec?

1 - 24 rot/day
£0,4°

30° - 60°/min
£0,4°

+ 90°
£ 0,4°
max. 60°/min

+ 1.0 rad/sec2




TABLE II.- MOTION SIMULATOR PERFORMANCE DATA (cont'd)

GIMBALSTAND

o Rotation angle : Vertical to 30° inclination
o Position accuracy : +0,1°

o Position velocity : 1 - 60°/min

o Max. angular acceleration/deceleration : 1,0 rad/sec2

SLIPRING CHANNEL OVERVIEW

TYPE NO. OF NO. OF SEPARATE NO. OF
CHANNELS SHIELDS GROUNDINGS

BASELINE: Low level 216 12

1 Amp/100V D.C. 144 8 4

5 Amp/100V D.C. 33 3

100 KHz 60 60

10 MHz 20 20

VHF 8

UHF wide band * 2
OPTION : Waveguide 2

UHF narrow band 2

TOTALS 485 103 4

* Replaced by UHF narrow band for option.
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FIG. 5 - MOTION SIMULATOR IN VERTICAL SPIN AXIS CONFIGURATION DURING
ACCEPTANCE TEST. SPIN AXIS 30° TILTED.




FIG. 6 - MOTION SIMULATOR IN HORIZONTAL CONFIGURATION
DURING ACCEPTANCE TEST.
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INDIAN LSSC FACILITY

A. S. Brar
High Vacuum Equipment Corp.

V. S. Prasada Rao
Bharat Heavy Plate & Vessels Ltd

R. D. Gambhir and M. Chandramouli
ISRO Satellite Center

ABSTRACT

The Indian Space Agency has under-
taken a major project to acquire in-
house capability for thermal and vacuum
testing of large satellites. This large
Space Simulation Chamber (LSSC) facility
will be located in Bangalore and sched-
uled to be operational in 1989. The
facility is capable of providing 4 meter
diameter Solar Simulation with provision
to expand to 4.5 meter diameter at a
later date. With such provisions as
controlled variations of shroud tempera-
tures, and availability of infrared
equipment as alternate sources of ther-
mal radiationm, this facility will be
amongst the finest anywhere. This paper
presents the design concept and major
aspects of the LSSC which is currently
under construction.

INTRODUCTION

A Large Space Simulation Chamber
(LSSC) with 4-meter solar beam expand-
able to 4.5 meters is being erected at
ISRO Satellite Center, Bangalore, India
with projected completion in late 1989.
This facility, upon completion, will be
used for the purpose of solar simulation
tests, thermal-vacuum tests, infrared
mode thermal balance tests, and vacuum
temperature tests on satellites.
Besides these, the chamber may be used
as vacuum temperature envelope for
deployment tests of panels/antenna,
Thermal cycling of solar panels,
optical tests, and dynamic balancing of
various space craft hardware.

SYSTEM DESCRIPTION

The baseline configuration of the
LSSC consists of two-part 304 SS
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chamber; the 9-meter diameter vertical
main chamber and 7-meter diameter
horizontal auxiliary chamber. The
horizontal chamber is juxtaposed onto
vertical chamber which will accept the
test satellite mounted on a vibration
isolation support platform via a
motion simulator. The auxiliary cham-—
ber houses the collimating mirror, and
the spout with chamber window provides
interface with the lamphouse. The
lamphouse houses lamp modules, transfer
optics and the douser in a protected
environment. The vacuum chamber is
lined with shrouds through which
nitrogen is circulated to attain tem-
perature in the range of 100K to 373K.
The entire facility is operated from a
centrally located control console.
There are six normal modes of the LSSC
operation, and are described as follows:

Vacuum Mode:

This is for the purpose of dynamic
balancing and other mechanical tests
wherein the chamber shrouds remain at
ambient, and the pressure is selectable
at 1 mbar and 1072 mbar. The main
chamber shrouds are designed to be re-
movable in order to gain larger working
envelope in this mode.

Vacuum and Cryogenic Mode:

This mode is for the purpose of
thermal tests in the infrared mode or
eclipse situation wherein the chamber

pressure is held less than 103 mbar,
and the shrouds are held at 100K by

means of recirculating subcooled LNj

Solar Simulation Mode:
In this mode the solar simulator
is 'ON' under high vacuum conditions




with shroud temperature 100 K similar to
the Vacuum and Cryogenic Mode.

Vacuum—-Temperature/Thermal Vacuum Mode:
This mode is for thermal vacuum
testing and bakeout wherein the shrouds
can be maintained at any programmed tem-—
perature for any interval of time in the

range of 173 K to 373 K under high vacuum

conditions of less than 102 mbar. The
Constant density GN» dense gas circula-
tion system is provided to attain the
desired temperatures.

Solar Simulation Calibration Mode:

This mode is for intensity distri-
bution of the solar beam wherein the
solar simulator is turned on under ambi-
ent temperature and pressure in the
chamber.

Mirror Degas Mode:

In this mode, the collimating
mirror housed inside the auxiliary cham-
ber is heated/cooled from ambient to
393 K and back to ambient by means of
GNp dense gas circulation system at the
rate of 5K/hr. with the chamber shrouds
lagging behind the mirror temperature.

DESIGN DESCRIPTION

The following provides some of the
salient design features of various com-
ponents/subsystems of the LSSC.

Chamber:

The design of the chamber is in
accordance with ASME Sec. VIII/BS 5500.
The 9-meter main chamber accommodates
the test payload. The 7-meter auxiliary
chamber housing the collimating mirror
and the spout for solar beam entry is
juxtaposed onto the main chamber. The
4-meter cutout for the main entry and
provision for top loading of the test
payload onto the motion simulator plat-
form by means of an overhead crane are
also provided in the main chamber. The
chamber shell is made of 304L stainless
steel, and all external stiffeners are
A-36 steel, with inner surface polished
to reduce contamination and minimize
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heat
tion

in-leak. Provisions of illumina-
inside the chamber are made, oper-
able under vacuum conditions to facili-
tate mechanical tests as well as CCTV
monitoring operations.

Shrouds:

The shrouds are made of 304L stain-
less steel, single-embossed platecoil
design. They are selected for ease of
weldability and very low outgassing
characteristics. Their outer flatside
is electropolished to reduce emissivity
thereby reducing heat in-leak from
chamber walls, and the inner embossed
side is glass-beaded and painted with
flat black paint Sikkens 463-6~5. The
shrouds are designed for maximum opera-
ting pressure of 100 psi, and can handle
100 KW internal load in conjunction with
the LNy subcoolers. The shrouds are
divided into 42 active flow controlled
zones for temperature control of main
and auxiliary chamber shrouds.

LNy & GN9 System:

The LNy system is designed for heat
dissipation of 100 KW inside the main
chamber, with localized flux of ZKW/MZ.
The LNy is circulated in sub-cooled
condition by means of independent cen-
trifugal pump systems for the main and
auxiliary chamber shrouds.

The GNp system utilizes centrifugal
blowers, maintaining constant density
over entire working temperature by means
of the active pressure control. The
system is designed for 15KW heat load in
the main chamber with localized heat flux
of 1.4 KW/M2. It is also capable of
programmed warmup or cooldown of the
shrouds in the temperature range of 100 K
to 373 K at the rate of 1K/min.

Vacuum System:

A helium cold gas cryopanel, loca-
ted in the 4-meter port of the main
chamber, is used as the primary high
vacuum pump with free Ny pumping speed
in excess of 250,000 1/sec. The helium
cold gas refrigerator/liquifier is




capable of supplying 92 watts/39 liters
of LHe per hours from a single RS-
compressor with LNy precooling. Two 48"
cryopumps, each with nominal pumping
speed for Ny of 55,000 1/sec. with cham—
ber shrouds at ambient are also provided.
In addition, two 2200 1/sec. turbomolec-
ular pumps, are installed to handle light
gases, and to form a part of the pressure
reduction system for use in conjunction
with the RGAs. The main roughing system
comprising a pair of identical skids, are
equipped with roots-type blower cascades
backed with the sliding vane mechanical
pumps. These roughing systems can pump
down the chamber from ambient to 1 mbar
in under 1} hours.

Solar Simulator:

The solar simulator consists of
lamp modules, transfer optics and douser,
all housed in a protected environment
inside the lamphouse, and the main cham~
ber window located in the spout along
with the collimating mirror located in-
side the auxiliary chamber.

There are eleven 20-KW Xenon lamp
modules for use with 4-meter beam size,
which may be increased to fourteen 20-KW
Xenon lamps to expand the beam to 4.5
meters. In either configuration the
inteusity range of (.65 KW/M* to 1.7
KW/M2 is provided with intensity uni-
formity of £ 47 in the reference plane
at the center of the main chamber.

The collimating mirror is fabrica-
ted as a mosaic of 55 hexagonal mirrors
positioned onto the mirror support
structure supported inside the auxiliary
chamber on a kinematic mount. The
mirrors are made of an aluminum alloy,
diamond turned and subsequently alum-
inized and anti-reflection overcoated
for protection. The mirrors and the
support structure are held at ambient
temperature except during the mirror
degas mode.

Lamp modules, transfer optics and
lamphouse panels are cooled by close-
loop D.I. Water System exchanging heat
with the facilities refrigerated water
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supply.

Motion Simulator:

The motion simulator, fabricated
from aluminum alloy, is designed to be
installed on top of vibration isolation
platform inside the main chamber. It is
a two axis mount, providing tilt capa-
bility of * 180° and adjustable spin
rate from 0 to 10 rpm with drift less
than 0.05 rpm as accumulated over any
24-hour period. The simulator is de-
signed to handle paylecads up to 3,000 kg
with static unbalance-up to 100 N.M.
and physical size of 4-meter diameter
X 4.5 meter long.

The motion simulator is
with shrouds to provide the
perature as the surrounding main cham-
ber shrouds, while its main structure
is maintained at near ambient tempera-
ture for satisfactory operation of
critical mechanical components, such as
bearings, etc. The MLI blankets are
utilized to thermally isolate the
support structure from the motion simu-
lator shrouds to affect the required
design criteria.

equipped
same tem-—

Data Acquisition & Instrumentation

Control System:

Ine 1LodL, Tesr Tac1 ITTy 18 A com=—
plex system consisting of the chamber
vacuum system, shrouds and nitrogen
circulation system, solar simulator
and motion simulator along with auxil-
iary facilities, like LNy storage, etc.
Each system has some parameters which
require monitoring, processing and con-
trolling in order to achieve the de-
signed function. In addition, the
space craft flight model, and sub-
systems within it require subjecting
them to various tests within the cham-
ber. In view of these requirements a
computer based instrumentation control
and data acquisition system has been
implemented.

The overall system architecture in-
cludes the utilization of a 32-bit
microprocessor as the primary host, and
another such machine as the back up



host. The test satellite data acquisi-
tion is handled by four 16-bit monitor
RTUs to provide capability for 1024 TC,
256 V, 256 I, 64 RTD, and 32 Strain data
monitoring. Also forming a part of
motion simulater is a 600 TC channel
multiplexer located on the spin axis of
the motion simulator. Four 1l6-bit
Control RTU are employed to handle 128
infrared heaters, each handling 64 TC,
32 T and 32 V, The ninth 16-bit RTU is
used to handle signals from thermal,
vacuum, and auxiliary facilities systems.

The individual PLCs controlling
thermal, vacuum and auxiliary facilities
are connected directly with the host via
the data highway. The PID loop control-
lers for shroud and mirror temperatures
communicate with the host via RS-232C
links, and with their dedicated processor
through RS-422 links. The PLCs/micro-
processors for the solar and motion
simulators are also linked directly with
the host.

Two operator terminals and four user
terminals together with various numbers
of dot matrix printers, line printers,
video hard copiers, winchester, car-
tridge, mag tape and floppy drives con-
stitute the peripheral equipment.

The PLCs along with the control and
instrumentation and mimic panels are lo-
cated in free standing control console
which also provides the alarm and status
of the total LSSC facility.
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SUMMARY

The salient design concepts of the
Indian LSSC, expected for completion
in late 1989, will rank it amongst the
best test facilities anywhere. It is
equipped with solar, motion and infra-
red simulation capable of testing
satellites up to 4 meters in size.
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THERMAL/STRUCTURAL DESIGN VERIFICATION STRATEGIES
FOR LARGE SPACE STRUCTURES

David Benton
The Analytic Sciences Corporation

INTRODUCT ION

As space missions become increasingly ambitious, requirements for larger
and more precise structures have collided with demands for greater cost
effectiveness and more routine operations. This has led to a search for
alternate methods of verifying that key design/performance requirements
have been met. This search has resulted in increasing reliance on
analysis with less experimental verification. If this is to be done
without a large increase in technical risk, it is necessary to integrate
testing and analysis, looking at them as alternate means of reaching the

same end, each with its own peculiar advantages and disadvantages.

The substitution of analysis for test has been enthusiastically pursued
in the area of large space structures due to the difficulty of accurately
simulating the flight environment of the very large structures under
consideration. This applies to two principal areas: thermoelastic
behavior and dynamic performance. This paper examines methods of
verifying thermal and thermoelastic performance. The options available
for ground thermal testing are summarized, and correspounding analytical
methods are enumerated. Finally, alternate paths which combine test and
analysis to arrive at a verified thermal/structural design are traced.

Options for reducing test requirements by testing smaller assemblies
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and/or testing in simplified environments are outlined. A generic large

deployable structure is examined in light of these consideratioms.

GROUND THERMAL TESTING OPTIONS

Common thermal testing options are listed in Table I. Thermal test
environments are selected with one of three goals in mind. One goal is
to simulate the operational environment as closely as possible.
Alternatively, the goal can be to impose appropriate environmental
conditions which facilitate correlation of analytical models against test
results. Both of these serve to verify the thermal design of the system
under test. A third goal is to demonstrate the ability of a design
("qualification testing") or a particular item ("acceptance testing”) to
withstand expected temperature extremes. This last goal 1s often
combined with an attempt to verify the thermal/structural design.
Thermal/structural design of space structures must control the
thermoelastic behavior of the structure. The design parameters include
conductive heat paths, radiative exchange properties, active heater
control, and structural design parameters. Generally, structural
parameters are driven by nonthermal design requirements. The flight
thermal environment includes direct solar radiation, planetary reflected
solar radiation (“"albedo"), planetary emitted IR radiation, and on-board
heat loads.

Thermal testing goals are determined by the thermal/structural design
verification approach. With one approach, the design is verified if the
test article does not respond with unacceptable temperatures or
distortions. Ideally, this approach requires very little analysis.
However, the results are valid only insofar as the test environment is an
accurate simulation of the flight environment and the test article
conforms to the flight hardware. The alternate approach does not require
an accurate simulation of the flight environment or precise duplication
of the flight hardware configuration. In this approach an analytical

model of the test article in the test environment is correlated against
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actual test results. The resulting "test-validated model" is then
modified to reflect the operational environment. This modified
analytical model is then used to generate predictions of flight
performance. In this case, the test environment is generally defined to
bound "worst case” conditions of maximum temperature, minimum
temperature, and/or temperature gradients predicted for flight. This
relatively simple test environment is typically much easier to create on

the ground than is a full simulation of the flight environment.

The test environment consists of heat sources and sinks. These can be
convective, conductive, or radiative. A convective source or sink is
simply temperature-controlled gas (dry air, Ny» etc.) in a (non-vacuum)
thermal chamber. They cannot usually be used to generate large
gradients. Conductive sources and sinks include temperature-controlled
fluid loops, heaters contacting the test article, test article internal
dissipation, and any supporting fixtures attached to the test article.
Usually conductive heat leaks are minimized by test fixture design.
Radiative sinks and sources are important in a vacuum environment since
there is no convective heat transfer. Radiative sinks include shrouds
which view but do not contact the test article. The shrouds themselves
are temperature controlled by heaters and/or fluid loops. Shrouds become
cfiniticn whenever their temperarure exceeds ilue Leaperatire
of the test article. Other radiative sources are IR lamps and solar
simulation lamps. When shrouds alone are used, the flight environment is
reduced to an "equivalent sink temperature” for the shroud. When IR
lamps are available, or heaters can be attached directly to the exterior
of the test article, an "equivalent sink heat rate” flux is used. In
both cases accounting for solar radiation requires accurate knowledge for
the test article's thermo-optical properties. Solar simulation lamps are
used to directly simulate solar fluxes. These are commonly employed for
geometrically complex test items where considerable doubt exists as to
the solar flux levels resulting from reflections and shadowing between
different parts of the test article. Internal electrical dissipation can

be simulated by heaters if the actual electronics are not in place.

243



Costs increase rapidly with greater fidelity of the text environment to
the actual flight environment. Nonvacuum thermal tests are the least
expensive, but are incapable of creating realistic gradients because of
high convective heat transfer rates. Thermal vacuum tests cannot
simulate the spectral and reflecting/shadowing characteristics of the
radiative flight environment without solar simulation lamps which greatly
increase cost. At any given level of test fidelity, increasing the test

article's size results in increased cost.

Data collected during thermal tests includes temperature, strain,
displacement, heat fluxes and power usage, and test article function/
performance data. Function/performance data requirements are specific to
| each test article and can include both electrical and mechanical function
data. Radiative heat flux is measured with radiometers. With heaters or
electronic equipment, current flow is measured to determine heat rates.
Temperatures are measured with thermocouples or thermistors. Strain
gauges are used to measure local thermoelastic strain. Thermoelastic
deformations are measured by mechanical or optical means. Depending upon
the resolution required, photogrametry or interferometric optical methods
can be used. In some cases large-scale thermoelastic deformations can be

inferred from local strain measurements,

COMBINING TEST WITH ANALYSIS

Both thermal tests and analytical models can be considered in terms of
input and output, as illustrated in Figure 1. Ideally, the relationship
between input and output is the same for test and analysis. If this is
true for the range of inputs seen during flight, analysis and test are
interchangeable for use in predicting flight performance. In reality,
there can be a significant discrepancy between analytical and empirical
(test) performance. Analysis is generally less expensive and time
consuming. Test is usually more representative of actual flight
performance. Thus, the trade-off is between lower cost (analysis) and
lower risk (test), keeping in mind that perfect tests are as impossible

as perfect analyses.
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Thermal analysis of a space structure actually involves a number of
interrelated analyses, listed in Table II. A typical analysis flow is
shown in Figure 2. Listed in Table III are types of thermal tests which
have inputs and outputs corresponding to various analyses. If analysis
alone is used for thermal/structural design performance verification,
thermal testing is required only to qualify the structure and its

components to the appropriate temperature and vacuum conditions.

It is often useful to test large structures as subassemblies, using
analysis to extrapolate the performance of the total system. This is
especially attractive if the heat flows between subassemblies are small
or well defined. Some structures are periodic assemblies of identical
subassemblies, allowing a single subassembly test to be readily

extrapolated to the entire structure.

DESIGN VERIFICATION OF A LARGE DEPLOYABLE TRUSS BEAM

A deployable truss beam which 1s representative of future large space

structures provides an instructive example,

GENERIC DEPLOYABLE TRUSS BEAM

A number of deployable truss beam structures have been described in
References 1 and 2. These structures consist of a series of collapsible
bays. Generally, these beams have a slenderness ratio (deployed length/
deployed diameter) between 30 and 50 and an extension ratio (deployed
length/stowed length) of about 20. The are deployed by a mechanism which
extends each bay in turn and latches the joints. Reversing the process
retracts the beam. For the purposes of this example, a 100 meter bean
can be postulated, as shown in Figure 3. This structure could be used to
deploy an experiment package from the Space Station. The beam and
deployment mechanism can be easily designed to deploy a single bay

vertically in a one gravity environment.
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The thermal design must accommodate the requirements of the experiment on
the truss beam tip. Thermal control of the truss beam structure is
achieved passively with coatings. The deployment mechanism uses heaters
plus insulation and coatings. This thermal/structural design is driven
by three requirements. The first requirement is to survive the thermal
environment without unacceptable degradation. The second is to reliably
deploy and retract the truss beam in the flight thermal environment.
Finally, thermal distortions must be minimized to avoid compromising the

experimental data.

THERMAL/STRUCTURAL DESIGN VERIFICATION APPROACH

Verification of the thermal/structural design requires a combination of
analysis and test due to the size of the deployed structure. The
verification approach is summarized in Figure 4. Flight temperature
predictions can be made from analytical models for both stowed and
deployed configurations. A structural model can then be used to predict
component stress levels due to thermal loads, as well as structural
distortions. These analyses rely upon testing of individual elements
(such as tubes and joints) and material samples for properties data. Xey
structural assemblies are proofloaded to levels incorporating the thermal
loads. A single bay is cycled to the predicted extremes of temperature
and stress. Because of the periodic nature of the beam structure, the
behavior of a single bay is representative of the entire beam. Combined
with thermal qualification testing of the materials and mechanisms, this
test verifies that the structure will not degrade unacceptably in the

flight thermal environment.

Verification of the deployment kinematics under flight thermal conditions
involves the effects of both local and global thermal distortions. To
evaluate local thermal effects, representative joints and mechanism
devices are cycled through their full range of motion at predicted
temperature extremes plus margin. This verifies performance of truss

beam joints and the deployment devices. To verify deployment and
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retraction under global thermal loads, the entire assembly undergoes a
thermal-vacuum deployment and retraction test as shown in Figure 5. This
adds confidence to the analytically predicted performance of the beam and
the deployment mechanism. Although this test is relatively expensive,
failure of the beam to deploy would be a costly failure. In addition,
the heat exchange within a complex collection of devices such as the
deployment mechanism is difficult to predict accurately. Because of the
periodic nature of the beam structure, deployment of a single bay is
sufficient to verify the kinematics. The beam is deployed in worst-case
hot and cold environments, then the worst side-to-side gradient is
imposed by adjusting shroud temperatures on opposite sides of the beam.

These worst—case temperatures are those predicted by analysis.

Thermoelastic distortion predictions for the deployed beam cannot be
directly verified by ground test because of vacuum chamber size
limitations and gravity effects. Reliance is placed upon analysis plus
measurenents of the coefficient of thermal expansion of individual
structural elements., Additionally, predicted temperature extremes and
thermoelastic stress levels are used to cycle individual structural
elements to determine the change in the thermoelastic properties of the

elements after exposure to flight environment.

CONCLUSIONS

Requirements for space structures of increasing size, complexity, and
precision have engendered a search for thermal design verification
methods that do not impose unreasonable costs, that fit within the
capabilities of existing facilities, and that still adequately reduce
technical risk. This requires a combination of analytical and testing
methods. This results in two approaches. The first is to limit thermal
testing to subelements of the total system or to test the system only in
a compact configuration (i.e., not fully deployed). The second approach

is to use a simplified environment to correlate analytical models with
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test results. These models can then be used to predict flight perfor-
mance. In practice, a combination of these approaches is needed to

verify the thermal/structural design of future very large space systems.
REFERENCES
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TABLE | - TERMINOLOGY AND INPUT/OUTPUT DATA

FOR TYPICAL THERMAL TESTS

Type of Test

Input Variables

Output Data

THERMAL (THERMAL CYCLE) -
Test article immersed in a
temperature-controlled dry gas
bath

THERMAL VACUUM - Test
article in a vacuum environment
with spatially uniform heat
sources and sinks

THERMAL BALANCE - Test
article in a vacuum environment
with spatially and temporally
non-uniform heat sources and
sinks

SOLAR THERMAL VACUUM -
Test article in a vacuum
environment with spatially and
temporally non-uniform heat
sources including simulated
solar flux and heat sinks

Test article bulk temperature(s)

Temperature(s) of the sink and/or test article

External heat fluxes ("Q -test™) or sink
temperatures ("T-test")

External sink temperatures and solar fluxes

Functional and survival data

Functiona! and survival data

Test article temperature(s),
especially gradients

Test article temperature(s) and
incident fluxes

TABLE Il - ANALYTICAL THERMAL MODELS

OF SPACE STRUCTURES

Typicai General

Type of Model Input Data Output Data Purpose Program
Radiation Exchange » Geometry «Internal radiation exchange TRASYS
*Surface properties factors
Heat Rate *Exterior ggometry «Nodal heat fluxes and TRASYS
Exterior surface properties boundary conditions (BCs)
«External environment
*Radiation exchange
factors
«Internodal conductances *Steady-state nodal SINDA MITAS
Thermal Balance *Nodal heat fluxes and temperatures
BCs Transient nodal
*Radiative exchange temperatures
factors
«Internal heat sources
» Nodal heat capacities
Thermoelastic +Structural BCs «Displacements NASTRAN

*Element temperatures
*Element pre-loads
+Element stiffness
-Element coefficient of

*Rotations
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TABLE Il - CORRESPONDENCE BETWEEN TEST AND ANALYSIS

Corresponding
Type of Test input Data Output Data Analytical Model(s)
Thermal - Vacuum External (uniform) sink tem- | Functional and survival data Thermal balance (with
(Uniform heat sinks perature or test article tem- simplified heat fluxes
and sources) perature and BCs) + radiation
exchange
Thermal Balance External (non-uniform) sink | Test article temperatures Thermal balance +
(Non-uniform heat temperatures and BCs (transient and/or steady- radiation exchange
sinks and sources) state
Solar Thermal- External sink temperatures | Test article temperature Thermal balance +
Vacuum and solar fluxes (transient and/or steady- radiation exchange +
state) heat rate

If temperature-induced distortions are measured, then the thermoelastic analytical model is included
among the corresponding analytical models

STRUCTURE
CONFIGURATION

TEST
ARTICLE
RESPONSE

TEST
RESULTS
(OUTPUT)

DATA
REDUCTION

TEST

TEST CORRELATION DATA

PREDICTED
FLIGHT
PERFORMANCE
________________ 4
| TEST
| ANALYSIS

ANALYTICAL
ANALYSIS |—»(PREDICTIONS
(OUTPUT)

ANALYTICAL MODEL
CONFIGURATION

O—- DATA (INPUT/OUTPUT)
[:] — TEST/ANALYSIS

FIGURE 1. INPUT/OUTPUT RELATIONSHIP BETWEEN ANALYSIS AND TEST
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FIGURE 3. GENERIC DEPLOYABLE/RETRACTIBLE TRUSS BEAM
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FIGURE 4. DESIGN VERIFICATION STRATEGY FOR GENERIC DEPLOYABLE TRUSS BEAM
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IRIS THERMAL BALANCE TEST WITHIN ESTEC LSS

Piero Messidoro and Marino Ballesio
AERITALIA SAlpa Space Systems Group

J. P. Vessaz
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ABSTRACT

The IRIS thermal balance test has been successfully performed in the ESTEC Large Space Simulator to qualify the ther-
mal design and to validate the thermal mathematical model. Characteristics of the test were the complexity of the set-up
required to simulate the Shuttle cargo bay and allowing IRIS mechanism actioning and operation for the first time in the
new LSS facility. Details of the test are presented, and test results for IRIS and the LSS facility are described.

INTRODUCTION

IRIS (Italian Research Interim Stage) is the first European launcher to complement the NASA Space Shuttle System
with an expendable, spinning solid upper stage, capable of placing satellites into orbits with cnergy requirements beyond
the Shuttle basic capabilities. The system consists of the Airborne Support Equipment (ASE) and the IRIS Spinning Stage
(ISS).

The IRIS sysiein is being developed by an Italian industrial team led by the AERITAVIA Space Systems Group. The
program is being financed by the Italian government through CNR/PSN (National Research Council/National Space Plan)
and is now approaching the end of phase C/D.

The IRIS system verification philosophy is based on a three-model approach. One of the models is the Structural/Ther-
mal Model (STM) which was subjected to the structural and thermal test campaign (thermal balance, modal survey, acous-
tic, spin and deployment, and static tests).

In order to qualify the thermal design and to validate the thermal mathematical models, the system has been tested in two
configurations:

# ASE/ISS mode, simulating the IRIS system within the Orbiter cargo bay,

#ISS only mode, simulating the ISS system during the coasting phase after deployment from the Orbiter.

The ASE/ISS mode thermal balance test was performed at the beginning of 1987 in the Large Space Simulator (LSS) at
ESTEC-Holland, and was the first test in this new facility.

To facilitate installation of the test article and its operations, and to provide representative Shuttle cargo bay interfaccs, a
multipurpose IRIS Test Support Hardware (ITSH) was developed by ESTEC and bolted directly to the "seismic structure"
of the LSS.

This paper summarizes the characteristics of the IRIS thermal balance test in the LSS. It provides a description of the
test article, set-up and facility; a report of the test sequence and events; and a presentation of the test results from both the
IRIS and LSS facility point of view.
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IRIS SYSTEM

CONFIGURATION

IRIS (rcf. 1) is a system to launch satellites, with a maximum mass of 900 kg, from the Space Shuttle (fig.1). It takes the
form of an upper stage of the family comprising Boeing 1US, McDonnell Douglas PAM D and PAM A and it covers the
lower mass range suitable for scientific satellites and small communications/broadcasting satcllites.

The IRIS system consists of two main modules:

ean Airborne Support Equipment (ASE) that is mounted in the Space Shuttle cargo bay. It supports the deployable

stage and the payload during ground operations, as well as during launch and ascent up to the on-orbit scparation. The
ASE is a reusable module with all subsystems needed to fulfil the mission requirements;

ean IRIS Spinning Stage (ISS) that is the deployable and expendablc part carrying the payload to be launched. The ISS

is spin stabilized and has a solid rocket motor to provide the necessary impulse for payload insertion into transfer orbit.

The reusable ASE consists of a cradle in the form of a truss structure for mounting the deployable stage and its payload
inside the Shuttle cargo bay. The cradle takes up 1/8 of the cargo bay length, measures 4.5 m wide, 4.5 m high and 2.1 m
deep. It supports the deployable stage through the spin table (at the base of the solid rocket motor) and two restraints at-
tached to the deployable stage payload attach fitting (PAF). The spin table can provide rates between 45 and 100 rpm to
the ISS/satellite assembly.

On the cradle are mounted all the avionics which interface with both the Orbiter and the ISS, controlling IRIS functions
and monitoring the health status of both IRIS and the satellite. A power supply controls and distributes power to all ASE
subsystems, to the ISS and payload until deployment. The on-board computer is responsible [or the operating sequence
with delivery of commands to the various subsystems.

The cradle also supports the sunshield, which is environmental protection consisting of multilayer insulation of Beta-
cloth and aluminized Kapton sheets. The sunshield has a fixed part as well as movable "clamshell” type scgments that are
opened to allow the ISS deployment. The movable scgments are driven by an aeronautical type wiring mechanism with re-
dundant motors and electronic control units.

The thermal environment is controlled using a full insulation approach. In fact, the cradle is also enveloped by multilayer
insulation. This means that IRIS is completely insulated with respect to space. The internal environment is thcrmostatically
controlled using ambient heaters attached to the cradle. This solution also provides suitable environmental protection to
the ISS module and to the payload.

The ISS consists of a high performance solid rocket motor using a Kevlar case. The case, on one side, interfaces with the
spin table and, on the other side, interfaces with the PAF, which is a truncated cone adaptor supporting a honeycomb plat-
form on which are placed all the electronics necessary to fulfil mission requirements of the 45 minute coasting phase. Bat-
Leries and power control units control and distribute power to all ISS subsystems; the nutation control subsystem controls
the coning of the composite, after deployment; and the electrical sequencing units command and control the prepro-
grammed mission sequence ualil final payload separation.

TEST PROGRAM

As described in ref. 2, the verification of the IRIS system is based on several methods such as: test, analysis, similarity, in-
spection and review of design.

In particular, the test program is the most important part of the overall verification activitics oriented to demonstrating
that the IRIS design fulfils the performance requirements (qualification) and that the flight hardware/software is identical
to the qualified one, free of workmanship defects and is ready to be flown (acceptance).

The models required to carry out the IRIS test program respectively at equipment, subsystem/module and system levels
are outlined in fig. 2 with an indication of the relevant test activities.
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In particular, the system structural/thermal qualification is performed on a dedicated model (STM) by mcans of the fol-
lowing tests:

- thermal balance (completed in April 1987)

- modal survey (completed in October 1987)

- acoustic (completed in January 1988)

- spin & deployment (completed in July 1988)

- static (to be completed in December 1988).

The STM is thermally representative of the IRIS system in its operational configuration, including flight standard struc-
tural and thermal parts and thermally representative dummies of the electronic equipment, the solid rocket motor and the
payload.

THERMAL BALANCE TEST DESCRIPTION
TEST PHILOSOPHY

The purpose of the IRIS thermal balance test was to qualify the thermal design and to validate the mathematical model.

From a thermal design point of view it was necessary to verily the adequacy of the concept of full insulation (MLI all
around IRIS) together with the multilayer insulation composition (verify number of internal aluminized layers). In addi-
tion, the behaviour of the ambient heaters had to be checked. The heat transfer from these heaters to the surroundings is
via thermal radiation, whereas normally the heater foils are attached directly to the surfaces to be heated.

From a mathematical model point of view it was necessary (o verify the model approach of the cradle truss structure, am-
bient heater representation and the MLI conductivity value.

To achieve these objectives, the most relevant flight phases were identified (see ref. 3). These were the pre-deployment
quiescent phase with the flight heaters thermostatically controlled (400 W and 800 W), the worst hot and cold deployment
phases with the opening of the sunshield; and a final recovery phase.

In addition to these phases (all transient) two steady state test phases had to be identified in order to:

correlate more easily some aspects of the thermal mathematical model (radiative and linear conductors, geomeltrical de-
scription, etc.),

idantifis winll daflmoad ctncting matnte fae tha tranciante
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As a general criteria it was attempted to be as close as possible to the flight temperature levels.

The above considerations led to the test sequence shown in fig. 3.

TEST FACILITY AND SET-UP

a) Test Facility

The test was performed in the Large Space Simulator (LSS) of the European Space Research and Technology Center
(ESTEC) located at Noordwijk, the Netherlands, The commissioning of this facility took place in 1986 and it was officially
inaugurated on January 14, 1987 at which time the IRIS-STM test preparation was underway at ESTEC. The LSS is un-

doubtedly the foremost installation of its kind in Europe (see ref. 4). This installation is composed of the following main
parts:

e LSS Chamber
The chamber, with an overall volume of 2150 m3, consists of two parts:

- the "main chamber", a vertical cylinder 10 m diameter and 15 m heigh,

- the "auxiliary chamber" with a horizontal cone/cylinder 11.5 m diameter and about max. 15 m long,
The two vessels are interfaced by a nozzle 8 m in diameter. The configuration is illustrated in figure 4.
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oShrouds

The inner surface of the main chamber and the nozzle are completely lined with shrouds. The surfaces facing the speci-
men are painted black and the remaining surfaces arc polished. The auxiliary chamber is equipped with baffle (disc)
shrouds. Liquid nitrogen is circulated in all shrouds. The achieved temperature during the test was 85 K with a tempera-
ture distribution of about 5 degrees celsius.

eoVacuum System

The full, high-vacuum pumping system was used during the test. It is composed of:

- 2 multivane pumps

- 3 root pumps

- 4 turbo molecular pumps

- 1L He cryopump for N2

- 2 cryopancls

The achieved vacuum was 7 x 10™ Pa with the following profile:

100 Pa (1 mbar) in 2 hours 30 minutes; 3 Pa in 6 hours; 7 x 10-3 Pa in 12 hours; 10™ Pa in 18 hours.

oSun Simulator

The lamp house of the sun simulator is equipped with 19 Xenon lamps of 20 kW each. Its transfer optic is put in a nitro-
gen environment to avoid ozone production and corrosion. A quartz window 1.08 m in diameter and 82 mm thick provides
the interface between the vacuum chamber and the lamp house. The light beam coming from the lamp house is projected
onto a collimation mirror 7.2 m in diameter that is suspended at the rear of the auxiliary chamber, and from there illumi-
nates the test volume with a 6 m diameter parallel beam in the reference plane.

The sun simulator was used at two levels of sun intensity:

- 400 W/m? achicved with 4 lamps,

- 1420 W/m? achieved with 13 lamps.

The measured intensity distribution inside the test volume during the pre-test was within 7%.

The test volume is defined by a cylinder 6 m in diameter and 5 m long centered with respect to the axis of the main cham-
ber.

eData Handling Facility

The Data Handling Facility consists of two independent systems:

- the thermal data handling system dedicated to handling data [rom the test subject during thermal testing,
- the facility data handling system dedicated to data handling for thermal test facility control.

The thermal data handling system can provide data acquisition, reduction and presentation of a maximum of 1032 analog
sensors and 128 digital scnsors. The safety of the test article is assured by the generation of messages and alarm signals
when sensors or derived values exceed pre-defined limits. Warning messages and signals are also issued on the basis of ex-
trapolated values.

The reliability of the data handling system is assured by:

- a dual computer system where cach computer checks the other
- a dual sensor measurement system

- high rcdundancy on peripheral equipment

- continuous monitoring of tasks under software control.

Data presentations, on color graphic monitors, terminals and printers, are available in the customer areas and, il necded,
anywhere inside or outside ESTEC through the public telephone network (the latter was not used during this test).

By monitoring detailed facility parameters, the facility data handling system provides, both the test operation team and
the customer, with fast up-to-data and accurate information on the performance of the facility.

Data are acquired directly from temperature, pressure, flow, solar intensity sensors ctc. as well as through digital com- ‘
munication links with the LSS subsystems.

Early warning capabilities, integrated into the system to detect and analyse deviations from the nominal conditions at the
carlicst momcent, cnsure a safe and rcliable operation of the facility at all times.
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Spacecralt sensor information can also be included in the carly warning capability. Performance data and warnings are
presented in the facility control and data handling areas only.

During the test, 676 sensors were used as follows:

- 473 thermocouples installed on IRIS itself

- 34 thermocouples installed on the ITSH

- 31 voltage measurement channels from calibrated resistances to measure current of flight heaters and guard heaters

- 131 virtual sensors

- 25 power supplies for the infra-red lamps on the ITSH.

b) Test Set-Up

The test article was placed on a dedicated structure called IRIS Test Support Hardware (ITSH) (see ref. 6). This struc-
ture allows the test article to be centered within the LSS test volume with the sunshield facing the collimation mirror.,

The test sct-up also included an additional sct of 6 shrouds connected to the liquid nitrogen system of the facility; a Space
Shuttle cargo bay simulator; and a gravity compensation system for the opening and closing of the sunshield segments. All
these complementary elements were fixed to the ITSH structure. The test set-up is illustrated by the photographs in figures
5,6and 7.

e IRIS Test Support Hardware (ITSH)

A special multipurpose structure has been designed to allow thermal tests on large items in the LSS with a representative
Space Shuttle interface. ITSH was developed primarily to allow two different IRIS test configurations: in a horizontal posi-
tion for the thermal balance test described here, and in a vertical position for a thermal vacuum test of the IRIS flight
model.

Because of its modular concept, this structure is particularly flexible in use and allows easy adaptations for various test
configurations and project specific requirements. The ITSH is illustrated in figure 8.

¢ IRIS-STM Thermal Balance Test Configuration

In this configuration the ITSH permits the mechanical coupling with split bearings among the five IRIS trunnions (two
main fittings, two stabilizer fittings and one keel fitting) onto the stable platform of the LSS chamber, and makes it possible
to center the test article in its horizontal position within the solar beam.

The Space Shuttle cargo bay was simulated by means of a cargo bay simulator equivalent in size and thermal properties.

To allow opening/closing of the sunhield, a Gravity Compensation Unit (GCU) is also provided.

¢ Cargo Bay Simulator

The cargo bay simulator is used to simulate the solar trapping phenomena that occur belween the cargo bay walls and the
cradle walls,

The cargo bay simulator consists of a light structure holding multilayer insulation of seven layers of Double-sided Alum-
inized Mylar (DAM) separated by polyester netting material. The insulation is covered on both sides by Single Aluminized
Kapton (SAK) and, on the insidc facing the test article, by Nomex polyester.

eAdditional Shroud System

Suitable cryogenic shrouds cooled by LN are installed under the sunshield plane to avoid the radiative heat exchange
between the ITSH base structure and the test article.

eSunshield Gravity Compensation Unit

The Sunshield Gravity Compensation Unit (GCU) unloads the hinges of the sunshicld segments during the test actua-
tions by supporting them in the center of gravity. The GCU allows the automatic adjustment of the compensation weight
and of its position with respect to the supporting rails.

eScalfoldings

To the basic test structure one can easily attach scaffoldings, working platforms as well as access bridges and tclescopic
stairs to reach the test article during installation and preparation activities in the test facility. All these elements are de-
signed to be installed and removed quickly by two people.

257



eThermal Control
For temperature control of the ITSH, 28 infrared lamps (500 W) were fixed to the legs and the base frame of the struc-

ture and 7 foil heaters were attached where infrared lamps could not be mounted. Eight additional infrared lamps were in-
stalled on the LSS stable platform. During the test the ITSH temperature was maintained at about - 50 degrees celsius.
The power used was only 1 kW during the test and about 8 kW during the recovery phase.

o Other ITSH uses

The ITSH is also designed to be used for the IRIS flight model thermal vacuum test. This requires some modifications of
the split bearings support legs and additional shroud elements. However, duc to the modular concept of the ITSH, it is
easily achieved at a minimum of cost.

In the mean time ITSH has also been used for the European Retrievable Carrier (EURECA) thermal balance test with
minor adaptations to the basic ITSH elements.

The test set-up was completed by means of photovoltaic cell sensors to automatically control and measure the solar flux;
a power supply and control unit to feed the IRIS dummy boxes; a sunshicld special test equipment to remotely actuate and
control the mechanism; and an observation camera system to control the actuation of the sunshield from outside the cham-

ber.
TEST PREDICTIONS

The thermal mathematical model (see fig. 9) used for the test predictions was basically the onc already used in the analy-
sis campaign for the thermal control design definition.

Changes were made to take into account the IRIS test configuration and the test boundary conditions.

The following items of the STM in the thermal configuration were not flight standard:

- the elc'ctronics, except for a few exceplions, were thermal dummies

- the motor was empty

- the bolt cutters were inert

- a dummy payload simulating the mass (900 kg) of a nominal payload was included.

The thermal vacuum chamber and the test fixture configuration were considered in the thermal mathematical model. The
main implementations are the following:

- The introduction of a cargo bay simulator. This represented a compromise between the worst hot and cold conditions
for IRIS in the Space Shuttle cargo bay. The front and the bulkheads were semi-circular; so it was possible to experien-
ce worst cold conditions in the cargo bay (high radiative link with spacc). The simulation of worst hot conditions was
permitted by maintaining reduced gaps between the test article and the cylindrical part of the cargo bay simulator. This
configuration allowed sun trapping to be simulated.

The large collimation mirror was considered in the pre-test thermal mathematical model for two reasons: the large di-
mensions (vicwfactor between mirrors and test article around 0.05); and the temperature during the test that was main-
tained at + 20 C for contamination rcasons. It was represented in the thermal mathematical model by a disc (7.1 m in
diamcter) having the thermo-optical properties of the mirror,

The chamber was modelled as a sphere of radius 18 m centered on the IRIS axes. It was considered a boundary with
the following propertics: absorptivity and emissivity equal to 1, temperature of 100 K. The true absorptivity and emissi-
vity of the shroud is 0.9. However, due the large size of the chamber with respect to the ASE, multiple reflections can
be ignored.

- The trunnions were made adiabatic by the application of guard heaters on the test fixture side of the attachment inter-

face. All linear conductors beiween ASE and the cargo bay have therefore been deleted.
In order to perform the test successfully and safely, a sct of pre-test temperature and power level predictions were re-
quired. All the test phases were analysed except the pump down/cool down and warm up (ref. 5).
The thermal analysis predictions for the two steady states allowed the determination of the ambient heater power level to
reach the correct mean temperature range inside the IRIS: 100 W for phase 2 and 60 W for phase 5.

258




The analyses for the two slow transients gave the duration of the two test phases: 25 hours for phase 3, and 23 hours for
phase 6.

The analyses for the two deployment phases allowed the evaluation of the thermal behaviour of the operative electronics,
particularly the flight-standard ones. To better appreciate the temperature trends the deployment phases were longer than
planned in flight.

The analysis for the recovery phase gave an indication of the length of phase required.

It has been found that the general level of temperatures within the ASE is very sensitive to variations in the parameters:
solar intensity, flight heater power and MLI conductance. A sensitivity analysis was therefore performed in order to assist
in the adjustment, during the test, of the power levels to meet the test objectives. Under the same conditions a double or a
half thermal conductance of the MLI gave a variation in tcmperature of +10° C.

TEST EXECUTION

The test required an intensc test preparation and pre-test period of about three months.

Bcfore the proper test execution could start, the following pre-test activities were performed:

- sun simulator calibration two wecks before test article arrival

- calibration (e.g. thermocouples, sun simulator cells)

- pre-test of the ITSH to verify the leak tightness of the specific shrouds, to monitor the cool down of the structure and
to check the effectiveness of the heaters; to perform the leak test during video filming and window observation; to
check the proper operation of the LSS in the test configuration. This pre-test revealed defects in painting of the ITSH
specific shrouds. Repainting was done and the shroud panels successfully retested in time.

The test itself was carried out during February, 1987. The test started on the morning of February 20 and terminated at
night on February 27 following the phases as specified in the applicable procedure (ref. 7). The only exception was the
deletion of phase 8: "earth facing recovery" because during the previous preparatory phase, with sunshield closing, a failure
occurred and the movement stopped at 1/4 of the run.

The failure was due to the unexpected change in the size of a bearing of the GCU system wheel when exposed to the sun
flux. In fact, the sunshicld closed as soon as the temperature decreased.

Apart from this failure, the test was considered satisfactorily executed from both points of view: LSS performance and
IRIS behavioui, as caicnsively described withinref, 2 and 9,

During the execution of the test, standard mass-spectrometric measurements were performed to monitor the quality of
the LSS vacuum. Seven sensors were placed inside the facility during the test to control organic contaminant (hydrocarbon

equivalent and ester equivalent). The measured values were less than 1.3 x 107 gcm'z.

TEST RESULTS

The test results confirmed a high level of confidence in the ASE/ISS thermal design.

Generally the tempceratures of the test were in accordance with the predicted ones.

In the two steady states the internal environment of IRIS was as predicted (temperature level around 15° - 18° C). These
results mean that the design of the thermal blankets and the concept of full insulation are acceptable and allow adequate
control.

The results from the two slow transients showed that the duration of the 2 phases are 25.5 hours for phase 3, and 21 hours
for phase 6. The differences from the prediction are very small: 2% more and 8% less in time respectively. This result con-
firms the design of the MLI. Moreover, it shows that the ambient heaters work properly and that the thermostat set points
are adequate. The location of these thermostats (on the ISS annular plate) is acceptable.

The considerations that arise from the evaluation of the results of the two deployment phases are in accordance with the
above statements.
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During the hot dcployment phase, when the sunshield was open, some items reached relatively high temperature valucs.
They are: the cylindrical structure that connects the SRM and the spin table; the springs; and the clamp band of the sepa-
ration subsystem. The temperature was around 40° C. This problem led to the reconsideration of the requirements for
these items. The temperature excursion, however, was considcred acceptable, because the test conditions of this phase

werc conservative,
As already explained, it was not possiblc to have information on the recovery time from the hot excursion, owing to the

sunshield failure during the closure phase.
Taking into account all of the above considerations, the thermal design of IRIS is considered qualified (see ref. 8).
Suitable test correlations have been performed to compare the test resuits with the post-test predictions which were up-
daled by introducing actual test boundary conditions (shroud temperatures, heat dissipation, measured thermo-optical
properties, power on/off times, etc.). The coirelation criteria (dclta temperature predicted/measurcd less than 1.5° C,
standard deviation less than 3° C) were reached for all IRIS internal nodes requiring only a few mathematical model modi-
fications. An example of the statistical histogram for phase 2 is shown in fig. 10. Dctails of the correlations are contained in

rel. 10,

CONCLUSIONS

The exccution of the Thermal Balance Test allowed the achievement of the stated goals. The thermal design of IRIS has
been qualified. The thermal mathematical model has been updated and validated, and is now ready to be used for IRIS
payloads.

The cargo bay simulator allowed the creation of the in-cargo bay boundary conditions. This approach gave suitable re-
sults, together with the overall test concept.

This first operational test with the LSS was carried out without problems. The facility performed well and good results
were obtained, in particular, concerning the stability and uniformity of the solar intensity in the test volume. The facility
showed a very good elficieacy which resulted in low operational costs.

Interesting facility information was collected for later improvements.
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Fig. 1 - IRIS in the Space Shuttle
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Fig. 4 - Lay-out of the Large Space Simulator (LSS)
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Fig. 5 - ITSH with dummy load frame inside the LSS

Fig. 6 - Test set-up front view
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Fig. 7 - Test article installation in the LSS
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Fig. 9 - IRIS Thermal Mathematical Model

Fig. 10 - IRIS Phase 2 Histogram as elaborated by a statistical program
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THE INSTRUMENT TEST DEWAR:
TESTING SATELLITE INSTRUMENTS AT 1.5K

Laura J. Milam
NASA/Goddard Space Flight Center

ABSTRACT

The Instrument Test Dewar (ITD) is a cryogenic facility designed and
built to test Cosmic Background Explorer (COBE) Satellite instruments at
1.5 K. The facility provides a high vacuum and thermal environment wi th
payload thermal, electrical and optical interfaces. There are two concentric
vacuum spaces which are not hermetically sealed. The instrument vacuum space
is 81.28 cm x 243.84 cm and is cooled by an LHe shroud. The guard vacuum space
surrounds an LN2 shroud. There are two separate cryosorption pumping systems
and a mechanical LHe pumping system. Two data acquisition systems provide
payload and housekeeping data. There have been various problems with the
facility, and changes and improvements have been made to assure optimum test
conditions. COBE instrument testing has been completed on structural, thermal
model hardware and the protoflight units.

INTRODUCTION

The Cosmic Background Explorer (COBE) is an in-house project at the
Goddard Space Flight Center. The purpose of the satellite is to study the Big
Bang Theory of how the universe was formed. Two of the three COBE instruments
are cryogenically cooled. The Far Infrared Absolute Spectrophotometer (FIRAS)
is a liquid helium cooled interferometer and the Di ffuse Infrared Background
Experiment (DIRBE) is a liquid helium cooled filter photometer. Both
instruments are housed together in the Cryogenic Optical Assembly (COA) which
is cryogenically cooled in the inside of a flight liquid helium dewar. COBE
project requirements for development of instruments dictated the need for a
test facility capable of testing at 1.5 K, but there was no test facility with
this capability.

The Instrument Test Dewar was built speci fically to simulate the COBE
flight dewar and to provide a 1.5 K vacuum envi ronment for the COBE
instruments (see figure 1). The facility was developed by the Goddard
Cryogenics Technology Section and was built by Janis of Massachusetts. The
facility was turned over to the Simulation Test Section to complete COBE
instrument testing. The facility is housed in a Class 10,000 clean room where
strict contamination conditioning and moni toring is maintained. The COBE
instruments can be tested together as the Cryogenic Optical Assembly (COA) or
can be tested individually. Six tests were completed at various stages of
hardware development including a thermal structural unit, thermal unit and a
protoflight unit.
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SYSTEMS DESCRIPTION

GENERAL

An external shell surrounds two concentric vacuum spaces inside of which
is a liquid nitrogen (LN2) reservoir and a liquid helium (LHe) reservoir. The
ITD is 3.35 m (11 feet) high by 1.52 m (5 feet) diameter. The instrument test
space is 81.28 cm (32 inches) by 243.84 cm (96 inches) high (see figure 2).

The dewar weighs 4,500 pounds without cryogens and approximately 5,270 pounds
with cryogens.

VACUUM

High Vacuum System

The Instrument Vacuum Space (IVS) and the Guard Vacuum Space (GVS) are
two concentric vacuum spaces but are not hermetically sealed. Each space has
its own roughing pump and cryosorption pump. The cryosorption pumps are good
to a static pressure of less than 1 x 10E~4 torr. When the cryogens are added
and the dewar is cold, a pressure of less than 1 x 10E-7 torr is achieved.

LHe Pumping System

A mechanical pumping system is used to lower the pressure above the
4.2 X LHe to lower the temperature to approximately 1.5 K. The mechanical
pumping system consists of a Roots blower in tandem with a rotary vane pump.
The LHe bath temperature can be adjusted slightly by throttling valves.

fDUNCTENT N
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Liquid Nitrogen

The liquid nitrogen reservoir (surrounded by the guard vacuum space)
holds 277 liters of liquid nitrogen. The reservoir is initially filled with
LN2 from the house supply and thereafter can be topped off either manually or
automatically from 160 1liter LN2 dewars.

Iiquid Helium

The LHe reservoir surrounds the instrument vacuum space. The reservoir
is filled to its 475 liter capacity from 500 liter LHe dewars. The reservoir
is always backfilled with GHe to atmospheric pressure before LHe is
transferred. The LHe is transferred through a flexible vacuum jacketed (V-J)

line which connects the 500 liter supply dewar dip tube to the ITD internal
fill line.
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THERMAL INTERFACE

The mechanical interface which also serves as the main thermal interface
in the ITD is the Instrument Interface Flange (IIF). The IIF is bolted onto
the bottom flange of the LHe reservoir, and the COA is bolted to the ITIF
during testing. There are also several attachment points at the top of the
LHe reservoir for copper thermal straps which are connected to the payload.

ELECTRICAL INTERFACE

The electrical interface at the I1IF consists of five 196-pin blindmate
connectors wired to nineteen 6l1-pin external connectors. At the top of the
instrument vacuum space there are six 196-pin blindmate connectors wired to
twelve 61-pin external connectors, which provide for additional
instrumentation and housekeeping instrumentation.

OPTICAL INTERFACE

On the IIF there is a blindmate assembly wired to a 12-pin external optical
fiber connector. The ITD has ports which were originally aligned with the COBE
instrument axes at the top of the dewar. These ports can be blanked off or
special optical quartz windows (for laser aligument) may be installed.

DATA ACQUISITION AND CONTROL

The facility is operated from a central control console which houses the
controls and gauges for the high vacuum system, LHe pumping systems and the
cryogen level monitors.

There are two separate identical data acquisition systems for test
moni toring. The systems work independently; one system is dedicated to the
payload and one to internal ITD housekeeping. Each system can read up to 140
channels of 4-lead resistance measurements, 2-lead voltage measurements or a
combination of both. The systems are configured to read 4-lead Germanium
Resistance Thermometers (GRT) or Platinum Resistance Thermometers (PRT) and
either 4 or 2 lead strain gauges. Ten channels of data may be plotted on the
CRT screen. The test data is stored on hard disk, floppy disk and magnetic
tape. During testing hard copies of data can be obtained in real time. The
wait period between scans can be pre-set and varied during the test. Plots of
data can be obtained after the end of the test. The ITD has 18 GRTs and
4 PRTs for housekeeping purposes. The PRTs are accurate from 300 K to 60 K
and the GRTs are accurate from 80 K to 1.2 K. There are four cryogenic
accelerometers installed on the IIF which can be monitored if requested. The
dewar internal cabling consists of Teflon coated manganin wire and stainless
steel coax cable.
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TEST DESCRIPTION

The ITD GVS and IVS are roughed down to 100 micron before opening the
main valves to the cryosorption pumps which pump the system down to a static
pressure of 1 x 10E~4 torr (figure 3). At this time the LN2 shroud can be
filled. 1t typically takes 2 hours to fill the LN2 shroud to 100 percent.

The LN2 shroud is allowed to cool the ITD before starting the flow of LHe.
After LHe flow has begun, it takes approximately 72 hours to fill the LHe
reservoir to 100 percent. A typical cooldown curve from 300 K - 4.2 K is
shown in figure 4. It takes six to eight 500 liter LHe dewars to initially
fill the reservoir. The helium is pumped on by the mechanical pumping system
to obtain the superfluid helium. Superfluid temperatures can be obtained in
24 hours and can be maintained at an average of 72-90 hours depending on power
being dissipated from the payload. A typical cooldown from 4.2 K - 1.5 K is
shown in figure 5. The LHe reservoir can be backfilled with GHe to atmosphere,
refilled and pumped back down to superfluid conditions as many times as
required for the test. The warm-up of the facility is highly dependent on the
payload. It is desirable to begin warm-up when the LHe is pumped out for the
last time, however, it is possible to force any remaining LHe out of the
reservoir. The LN2 is drained out of the LN2 shroud. After all internal
temperatures are above 45 K the facility can be backfilled with GN2 to 1l torr.
The only internal heat source is the payload itself. If the payload can be

turned on it helps to expedite the warm-up. The facility has been warmed to
ambient temperature in 4 days.

DISCUSSION

The facility has been used for instrument testing for the past 4 years.
ALLer eacn [ESI’,; 1mprnvpm¢=,nr,.=: ana cnanges Tor pr()JE(‘_E neeqas were mane o rne
systems. There was one continuing problem with the facility which was solved
this year and that was with iceplugs forming in the ITDs internal LHe fill
line. The ice plugs would form during the changing of the 500 liter dewars and
always just after some liquid had started to accumulate inside the reservoir.
It was suspected that when the V~J line was disconnected from the supply
dewar, some air was cryopumped into the line and would cause a plug inside the
internal fill tube. The plugs were not dangerous but caused delays in the
test and were tedious to break. The problem was solved by having a valve
added to the flexible V-J fill line which connects the 500 liter supply dewar
to the internal fill preventing any air leakage and since the line was
modified no ice plugs have formed. The internal ITD cabling consisting of #28
and #36 teflon coated manganin wire and Type S1 stainless steel coax cable was
replaced in the facility. This was necessary because during two different
tests the project had poor resistance readings, shorts and open circuits which
was determined to be attributed to the dewar cabling. All of the testing in
this state-of~the-art facility was completed successfully. Approximately 6000
test hours were logged over a 4.5 year period.
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SUMMARY

The Instrument Test Dewar is highly unique facility. It is the only

known facility of its kind which can test a full size spacecraft instruments
at superfluid liquid helium conditions. The facility was built to simulate
the COBE spacecraft flight dewar, but now that the facility is no longer
needed for testing COBE instruments it will be maintained and modified as
necessary for future cryogenic satellite instrument testing.
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