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1.0 Abstract

The Origins, Spectral Interpretation, Resource tifieation, and Security—Regolith Explorer
(OSIRIS-REX) spacecraft launched on September 86,2Deginning a seven-year journey to
return at least 60 g of asteroid material from @H) Bennu to Earth. During the outbound-
cruise, Doppler tracking of the spacecraft obseevachall but measurable acceleration when the

sample return capsule (SRC) was first placed idighin Subsequent analysis determined that



outgassing from the SRC is the most likely causete acceleration. This outgassing received
combined engineering and scientific attention bseait has potential implications both for
spacecraft navigation performance and for contatoineof the collected samples. Thermal
modeling, laboratory studies of SRC materials, amohitoring of the acceleration are all
consistent with KO as the main component of the outgassing. Desticam-flight campaigns
continued to expose the SRC to sunlight until theekeration dropped to the acceleration noise
floor. Any residual amounts ofJ® outgassing are not considered to be a hazardreggrds to
mission operations or pristine sample acquisitidhe sample stow procedure has been updated
to ensure that no direct line of site exists betway residual outgassing and the samples during
future operations. Similar outgassing of the Stat(6RC probably also occurred. No adverse
contamination of Stardust samples was observeddhald be associated with this process.
Future missions that use similar reentry vehiclesukl consider procedures to test for and, if

necessary, mediate such outgassing after launch.
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2.0 INTRODUCTION

2.1 Mission Overview

The Origins, Spectral Interpretation, Resource tifieation, and Security—Regolith Explorer
(OSIRIS-REX) asteroid sample return mission is NAS#ird mission in the New Frontiers
program. The primary objective of OSIRIS-REX is dorvey near-Earth asteroid (101955)
Bennu and return a sample of its regolith to Easth that we can study its physical,
mineralogical, and chemical properties; assess résource potential; and refine our
understanding of it as an impact hazard [1]. Behas a very low albedo and is a spectral B-
type asteroid likely related to carbonaceous chiexlf2,3,4,5], meteorites that record the
history of volatiles and organic compounds in thdyeSolar System. Bennu is so small (500 m
diameter) that the solar pressure on the spacesraih the same order of magnitude as the
gravitational attraction to Bennu. Given the néegbrecisely control navigation around Bennu
[1,6] and to collect and return a sample free afcegraft outgassing materials [7], a detailed

understanding of the outgassing that can exertrastthon the spacecraft and potentially



contaminate the sample is required.

2.2 Overview of the Spacecraft and Sampling Acquisition and Return System

OSIRIS-REX was launched on September 8, 2016 agdnbihe approach to Bennu on August
17, 2018. After an extensive survey of the asterging a number of onboard instruments,
sample collection is scheduled for July 2020. Timecscraft will leave Bennu in 2021 and return
the samples to the Utah Test and Training Rangd R)Dn September 24, 2023 [1].

The OSIRIS-REXx spacecraft bus contains the spdtetracture and all supporting subsystems
for the operation and control of the vehicle. @e tz deck of the bus (Figure 1) are the five
science instruments responsible for the remotehsgrampaign at Bennu [8,9,10,11,12] also on
the +z deck is the Sample Acquisition and Retureefxsbly (SARA) which supports the Touch
and Go Sample Acquisition Mechanism (TAGSAM) anel 8ample Return Capsule (SRC) [13].

The SRC used by OSIRIS-REX is nearly identicaht® @ane developed by Lockheed Martin for
the Stardust comet sample return mission (Figurfl2)14,15]. Updates to the Stardust SRC
design include differences in the ballast, addedhtamoination witness plates, and

accommodations for TAGSAM rather than the Stardamstogel paddle. The OSIRIS-REX

heatshield and backshell are made from the sameriadatused for the Stardust SRC.
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Figure 1. The OSIRIS-REx spacecraft. The SR&ndific instruments, and TAGSAM are all
mounted on the +z deck at the top of the figureagenfrom Fig. 9 of [1]).
[Editor — the figure above do@®t need to be printed in color in the print versidrtihe paper.]



SLA backshell

Figure 2. The OSIRIS-REx SRC. The white upper ponent is the PICA heatshield. The tan
lower component is the SLA backshell. StowCam aeduhis image after launch. StowCam
monitors the insertion of the collected sample thio SRC [13,16].

[Editor — the figure above do@st need to be printed in color in the print versibnhe paper.]

The heatshield consists of a graphite-epoxy mateoaered with a thermal protection system
that uses Phenolic-Impregnated Carbon Ablator (RBl@#e same material used on the Stardust
heatshield. PICA is a lightweight material develdpto withstand high temperatures and
mechanical stress [17]. The principle behind al@aheat shield technology is to create a
boundary layer between the heatshield’s outer serdad the extremely hot shock gas generated
in and around the capsule during reentry. Thisnbaty layer is created as the shield slowly
ablates away, which generates gaseous reactiongisothat flow out of the shield and keep the
shock layer at a separation distance. This cordigan reduces the overall heat flux experienced
by the outer shell of the capsule. Development@moduction of the PICA for both the Stardust
and OSIRIS-REx missions was carried out by FibeteMals Inc.

The backshell of the SRC is also covered with tlapnotection material, but because it resides

in the wake of the hot gas flow, less protectiorerguired. It uses a cork-based material known



as SLA 561V, originally developed by Lockheed Maiffior the Viking missions to Mars in the
1970s and since used on many missions, includmd/drs Landers Phoenix and InSight.

3.0 DETECTION, MONITORING, AND MITIGATION OF OUTGASSING

The acceleration due to SRC outgassing was notipated prior to launch. The following
describes the conditions that led to the inititassing detection, and the steps taken to monitor

and mitigate the outgassing.

3.1 Initial Detection

During the outbound cruise phase between launchapptbach to Bennu, the operations team
placed the spacecraft in specific attitudes thatespond to events across the mission duration.
The purpose of these activities is to test the espadt response as a means to prepare for the
actual events later in the mission. One sucheesht, called an SRC “toe dip” event, was an
opportunity to test the thermal response of thespaft to a specific attitude and solar range
that corresponds to what the SRC will encounteEatth return in September 2023. The
spacecraft initiated the SRC toe dip event on Fatyr@2, 2017 and maintained the attitude for
more than 21 hours (75000 sec). The OSIRIS-RExgaten team noted an unexpected
acceleration in the —z spacecratft direction, caleet with the entire duration of the SRC toe dip.
This event was the first extended exposure of tR€ $o the Sun since the launch of the
spacecraft. The magnitude of the accelerationakasit two orders of magnitude larger than the
minimum observable acceleration (i.e., the accieteranoise floor), and about one order of

magnitude larger than accelerations due to sothatian pressure on the spacecraft.

The prime candidate for the source of the accetgravas outgassing from the SRC. The

correlation between the onset of the acceleratimhthe exposure of the SRC to the Sun, and the
direction of the acceleration (~180 degrees froendhentation of the SRC), made outgassing an
early, and testable hypothesis. Outgassing rasedral potential concerns for the mission, the
severity of which depends on both the amount oenatoutgassed and its composition. These

concerns include:



(1) Potentially unpredictable trajectory perturbat during proximity operations at Bennu,
when our knowledge of and capability to predict 8gacecraft’'s position are very

sensitive to small accelerations

(2) Potential contamination of the collected samgparticularly problematic if the

outgassing material is organic)

Other sources of water ice existed on the spadedsat are expected to be depleted, and
originally would not contain enough water to catise repeated and prolonged accelerations
observed during the toe-dip attitude. Rizk e{¥8] observed bright streaks in images acquired
during the OSIRIS-REx Earth Trojan survey; theypmse the most likely explanation for the
streaks is a population of water-ice particlesasdel from the spacecraft deck. That portion of
the deck had been shaded and cold during cruiskwas warmed to higher-rate, water-ice
sublimation temperatures for the first time durithg survey. The outgassing described here,
also thought to be primarily water, is sourced fribra SRC and likely was released entirely in
the gas phase. The presence of residual watevnidde spacecraft is not surprising; indeed
spacecraft outgassing is a well-known phenomemospine cases well characterized by onboard
mass spectrometers (e.g. [19]).

3.2 Monitoring and Mitigation

As a result of the first two unexpected accelemayents, and because outgassing was the
suspected root cause, the OSIRIS-REXx operationsiavigation teams planned a campaign of
repeated in-flight activities that placed the SRGunlight for extended periods.

This campaign occurred between October 2017 anctiM2018 when the spacecraft attitude
periodically tilted the SRC towards the Sun. Titeviaried from 20 degrees to 45 degrees;
higher angles exposed more of the SRC to sunligigure 3 plots the modeled accelerations,
derived from Doppler tracking data between the spadt and the NASA Deep Space Network,
from the initial outgassing observations througk fimal outgassing event. Each outgassing
maneuver occurred at different solar ranges ant different spacecraft attitudes relative to



Earth (which affects the observed Doppler sign@)though these factors introduce variability
into the modeled acceleration, the outgassing eviecctude different solar ranges for a given
spacecraft attitude, providing data to solve f@ two effects independently. The overall trend
for the accelerations is a definitive decrease, Hra modeled acceleration from the last
outgassing attitude is below the minimum observabieeleration, demonstrating that the effect
reached an unmeasurable, and thus safe, level raxinuty operations around Bennu.

Unmodeled accelerations at this level do not impaetrations.
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Figure 3. The discrete data points are modelederet®ns due to outgassing. The different
symbols correspond to different sun-point attitudiethe spacecraftThe dashed black line is
approximately the minimum observable acceleratibhe data point at the earliest calendar date
shows the first observation of outgassing, followgdwo additional data points in March 2017
that confirmed the initial detection. Subsequesdidated outgassing campaigns continued to
deplete the outgassing effects, and the modelezlaaation from the final outgassing event was
below the minimum detectable threshold, indicatimgt the effect had reached an unmeasurable,
and thus safe, level.

[Editor — the figure above doest need to be printed in color in the print versibnhe paper.]

4.0 OUTGASSING EVALUATION

4.1 Spacecraft Operations Team Evaluation

During nominal cruise activities, the spacecraftigh-gain antenna shades the SRC from the

Sun. In this geometry, temperatures for the hégdtslare< 170 K, and temperatures for the



backshell are< 200 K. This attitude has been in place for thgonity of the outbound cruise,
except for occasional excursions to other attitudash as the Earth-Trojan search [1]. In those
other attitudes, the SRC either remained shadedhsrexposed to the Sun for very short times.
For the SRC toe dip attitude, the SRC was tiltedddgrees towards the Sun, which put the
heatshield, and a small portion of the backshelllirect sunlight for an extended period—the
first such extended exposure since launch. Fidgutkistrates the nominal cruise and SRC toe
dip attitudes.

The extended exposure of the SRC to sunlight ise®#he temperature of both the heatshield
and the backshell; the outgassing from the SRCdct@ from one or both items. Initial
candidate outgassing materials included adsorbedsgtheric HO and silicone from the SRC
coatings. Because outgassing rates depend on raw@e thermal modeling of the SRC
provided a basis for constraining which materialgld be outgassing during the toe dip. Figure
5 illustrates the predicted heatshield and backséedperatures during the initial toe dip event.
Peak temperatures of the heatshield reached ~1WHKilz peak temperatures of the backshell
reached ~100 °C. The enhanced temperature ofatiesbell compared to the heatshield is due
to several sources, including reduced view faabospgace relative to the heatshield (reducing
radiative cooling), greater thermal load from thacecraft top deck, added flux from reflections
off the spacecraft top deck, and because the beltksirface color is lower albedo than the

heatshield (see Figure 2).



SRC shaded SRC exposed
from Sun by HGA to Sun

(a) View from Sun, normal cruise (b) View from Sun, “toe dip” attitude

Figure 4. (a) The spacecraft seen from the Surowéctring the nominal cruise attitude. In this
attitude the SRC is shaded by the spacecraft'sgagh antenna (HGA). (b) The spacecraft as
seen from the Sun vector during the SRC toe dipchwbxposes the heatshield and part of the
backshell to the Sun.

[Editor — the figure above do@st need to be printed in color in the print versidnhe paper.]

SRC heatshield SRC backshell

To Sun (+x)

Figure 5. Expected temperatures for the SRC heddisfieft) and backshell (right) at the initial
SRC toe dip attitude on February 22, 2017. In lwalvs, +x is towards the Sun. (In the right-
hand view, the +x axis points out from the page slightly up.) During the nominal cruise
attitude, the +z axis is perpendicular to the Samg is shaded by the spacecraft's high-gain
antenna; during the toe dip attitude, the +z axiigped 45 degrees towards the Sun, directly
illuminating part of the SRC and backshell (Figdje

[Editor — the figure abovdoesneed to be printed in color in the print versidthe paper.]



The thermal modeling demonstrates that the temyreston both the heatshield and backshell
were insufficient to induce silicone outgassing, were more than sufficient to cause outgassing
of HO. Figure 6 plots the sublimation rate of purgOHice in a vacuum, following the
methodology of Andreas [20]. The plot demonstradkes strong sensitivity of the sublimation
rate to temperature. Increases of only a few adsgseibstantially increase the sublimation rate
by factors of ~2 to 10, depending on the startemmgerature [21]. Though sublimation from
pure HO ice is not directly analogous to sublimation frtme SRC, the behavior of pure®i

ice at room temperature (the temperature rangeriexged by portions of the heatshield)
demonstrates the well-known mobility of the matemavacuum, and KD ice must be even

more mobile at higher temperatures (experiencelimiortions of the backshell).
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Figure 6. The sublimation rate of pure water ioejacuum, using the methodology summarized
in Andreas [20]. The solid line is for the temgara range of the published fit [110 K to 273

K]; the dashed line is an extrapolation of thatchion to the predicted maximum SRC

temperatures during the toe dip.
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Given that temperatures were sufficient to caug® Kublimation from the SRC, the next

investigative step was to determine whether trappggd in the SRC could cause the derived
acceleration. A simple treatment of this quesisoto use conservation of momentum. Consider
a reference frame in which the spacecraft is dtpes-outgassing. After the outgassing, the
spacecraft experiences a momentum change thatbawesjuivalent to the momentum carried by

the sublimated bO. This is expressed as

MycVse = My Vy (1)
wherem,,. andvg,. are the mass and velocity of the spacecraft, otispé/, andm,, andv,, are

the mass and velocity of the sublimategCH

The mass and velocity of the spacecraft after @sigg are reasonably well constrained,
whereas the mass and velocity of any sublimatgd &e not. The amount of.@ resident in
the heatshield could be 100 g to nearly 400 g. dim®unt of HO in the backshell is also
uncertain, but because of the much lower mass okdbell material, the backshell would
contribute at most only tens of grams of additiowater. To estimate the water velocity, we

assumed a theoretical maximum limit velocity fog ublimating gas, with

1

2y RTy\2
Vw = Viimit = ( -1 0) (2)

where » is the ratio of specific heat® is the specific gas constant, amg is the total

temperature at zero velocity. Fp= 1.33, andR = 461.5 J kg K™, Figure 7 plots the exit

velocity of a water molecule from the warmer pantaf the SRC. A typical value is ~1000 m/s.
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Figure 7. The idealized exit velocity of sublimatifl,O molecules over the predicted surface
temperature range of the warmer portion of thedteaid.

[Editor — the figure above do@®t need to be printed in color in the print versidrihe paper.]

The derived acceleration from the outgassing ewernesponds to a total velocity changer
to the spacecraft of ~1.4 x ¥0n/s. HO trapped in the SRC must be sufficient to supbiy t
velocity change to the spacecraft, as well as ttiditianal velocity changes during the
subsequent outgassing campaign. Using conservafionomentum, the estimatet to the

spacecraft from the sublimating®l is

Avge = 2T )

Msc

Figure 8 plots the theoretical maximumhv that water stored in the SRC could generate by
outgassing, assuming, = 1000 m/smsc = 1743 kg, and that, could vary from 0.1 to 0.4 kg.
Even at 100 g of water, the total idealizadis several orders of magnitude above the estimated
Av from the toe dip attitude and the subsequent sgigg activities. The actudlv will be less
than the idealized amount because (i) the estingtblimation velocity of the ¥0 molecules is

a theoretical maximum, and (ii) although the neteéeration was primarily in the —z direction,

not all HLO molecules left the SRC surface in the +z directidAccounting for these factors



reduces thefv capacity of outgassing® by up to a factor of two, but that still is a fatiént
amount to cause the observed trajectory pertun&tid hus, HO stored in the SRC was a viable

reservoir of outgassing material that could havecsd the spacecraft as observed.
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Figure 8. The idealized, total possible change pacecraft velocity Avs) due to HO
outgassing, as a function of the mass e®OHm,) stored in the SRC. The total posside
exceeds the observeflv, demonstrating that # outgassing from the SRC is a viable
explanation for the unexpected acceleration dutiegoe dip campaign.

[Editor — the figure above do@®t need to be printed in color in the print versidrhe paper.]

Because the SRC temperatures during the toe dip twerlow to cause silicone outgassing, and

because of the absence of another reservoir ofrialatie outgas, the spacecraft team concluded
that the outgassing of 4 from the SRC was the most likely explanation tfee unexpected

acceleration.

4.2 Laboratory Tests to Constrain the Outgassed Materials

We examined the potential scientific implication§ tbe outgassing in parallel with the
spacecraft team’s evaluation described in the ptsvisection. Members of the science team
carried out laboratory tests of sample heatshield backshell materials to search for and

characterize outgassing products released whem tmasgerials are warmed. In particular, a



series of laboratory heating experiments were @adrdut on samples of both materials in the
Astrochemistry Laboratory at NASA’'s Ames Researemi@r.

Three types of samples were studied:

Sample type #1 - OSIRIS-REx PICA. Individual saesplvere ~1.5 cm x 1.5 cm x 5 cm in
dimension and had a visible layer of clearcoatfpamone of the ~1.5 cm x 1.5 cm faces.

Sample type #2 - InSight SLA. Individual samplesrev1.5 cm x 1.5 cm x 2 cm and had an
aluminum plate on one of the 1.5 cm x 1.5 cm faces.

Sample type #3 - OSIRIS-REx SLA. Individual samspleere ~1.5 cm x 1.5 cm x 1 cm and
had an aluminum plate on one of the 1.5 cm x 1.5ames. Infrared reflection spectra taken
from the side opposite the aluminum plate confirntied presence of clearcoat on that

surface.

We used a Bio Rad Excalibur Fourier-transform irdda(FTIR) spectrometer to obtain 6000 to
600 cmi' infrared reflection spectra at a spectral resofutif 1 cn from the original surfaces of
all three sample types. In the case of the OSREZ-samples, we obtained spectra from both
coated and uncoated surfaces. We also obtainethisimfrared spectra from these types of
samples after heating to 110 °C. We took all esthspectra (both pre- and post-heating) for

comparison with the infrared spectra of gases sel@auring sample heating.

4.2.1 Testing for the release of volatile gases

We tested each of the sample types for their reledsolatile gases at temperatures of 50 °C
and 110 °C. We did this by placing full blocks @hch sample type into a test chamber,
evacuating the chamber of air, heating the chanaet collecting any released gases. The basic

steps of the procedure for each material were lasivs:

(1) Samples (an entire block of PICA, or three kfoof each of the SLAS) were placed in a
small aluminum test chamber and the chamber wésdsea

(2) The chamber, which was connected to a vacuassdine, was then pumped out at room
temperature overnight. The samples all releassdsgduring this period, but the rate of

release dropped steadily with time. By the nextnmimy the glass line was usually at the



lower limit of its normal evacuated pressure (10¢ Inbar), although closing and later
opening of the valve that isolated the test chanfoen the glass line made it clear that the
materials in the test chamber were still outgasslagly, even at room temperature.

(3) The test chamber was next isolated from thesgleme vacuum system and connected to a
pre-evacuated 2-liter glass bulb cooled by LN

(4) Heat tape was then used to heat the chambB0 t&C. This process typically took 15
minutes. Once the chamber reached 50 °C it wastamaed at that temperature for 2 hours.
Released gases were collected in the glass buibgdiine entire heating period. During this
period, the bulbs should have collected nearly 1@®%ny released gases that condense at
the temperature of LNfor example, HO and CQ). In addition, because the bulbs represent
>90% of the volume of the system in the collecti@mfiguration, they should also have
collected=90% of any non-condensable gases present (for dea@p Ny, CO, etc.).

(5) At the end of 2 hours, we sealed the samplenblea and we sealed and removed the glass
sample bulb. We then replaced this bulb with a,@w-evacuated glass sample bulb, also
cooled by LN.

(6) We re-opened the test chamber valve, openedalve on the new bulb, and turned up the
power on the heat tape to heat the chamber to €10 This process typically took 25
minutes. Once the chamber reached 110 °C, it veaistained at that temperature for 1 hour.
Released gases collected in the second glass butigdhe entire heating period.

(7) At the end of 1 hour at 110 °C, we sealed tmentber and glass sample bulb and removed
the glass bulb. The chamber was allowed to comdm temperature.

(8) We removed the heated samples from the teshlobiaand stored them separately from the
original unheated samples. No visible change wassed by the heating in any of the
samples.

(9) We subsequently mounted the glass sample ithgheir captured gases on a cryo-vacuum
system whose sample chamber was placed in the beamFTIR spectrometer.

(10) We measured the pressures in each of the buthss time. They were:

OSIRIS-REX PICA (sample type #1), 50 °C, pressuB2=mbar
OSIRIS-REX PICA (sample type #1), 110 °C, pressured mbar
InSight SLA (sample type #2), 50 °C, pressure =rbar
InSight SLA (sample type #2), 110 °C, pressure & hibar



OSIRIS-REX SLA (sample type #3), 50 °C, pressugel=mbar
OSIRIS-REX SLA (sample type #3), 110 °C, pressu88=-mbar
All samples released more gas in 1 hour at 11ha@ tn 2 hours at 50 °C. Also, the SLA
samples released more gas per volume of materal e PICA by roughly a factor of 4
(discussed in more detail in secti2.1.3.
(11) We cooled the sample window at the end ottlyestat to ~25 K, and a portion of the gases

in each bulb was condensed onto the window so wkl@abtain their infrared spectra.

4.2.1.1 OSIRIS-REXx PICA (Sample Type #1):

The infrared spectra of the gases released fromA BIi€ing both the 50 °C and 110 °C heatings
are dominated by #D, as demonstrated by the prominent O-H stretchih@-H bending, and
libration modes at 3260, 1650, and 770 ¢cmespectively, and overtone/combination modes at
2435 and 2200 ch[22,23] (Figure 9). Gases released at both teatpess also contain a small
amount of CQ, as evidenced by the fundamental C-O stretchird) @fC-O bending mode
features near 2335 and 645 tmespectively, as well as some weaker overtonecantbination
modes [24,25]. The lack of any substantial “damgh-OH” features in the 3 spectrum in the
3660 to 3710 cih range indicate that infrared-inactive moleculeshsas N or O, are not
abundant in the samples [26] — i.e., the adsorlzs@gare not adsorbed air. Many very weak
features are evident in the 1700 to 900 aegion, with more features being apparent in th@ 1
°C spectrum than in the 50 °C spectrum. An expdnaew of this spectral region is shown in
Figure 10 for samples from both the 50 °C and 11 ®éatings.
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Figure 9. The mid-infrared spectra of gases retb&san PICA at 50 °C and 110 °C show that
the dominant components arg@Hand CQ. The presence of only very weak “dangling -OH”
features in the 3660 to 3710 ¢mange indicate that Nor O, are not abundant in the samples
and that the gas is not adsorbed air.

[Editor — the figure above do@®t need to be printed in color in the print versidrtihe paper.]
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Figure 10. An expanded plot showing the weakeufestin both the 50 °C and 110 °C samples
in the 1800 to 1000 ciregion. The overall dip in this spectral regisndue to the H-O-H
bending mode of bD ice. Features are evident in the 50 °C samplb@8, 1474, and 1406
cm®. These features are also apparent in the 110peé€trsim, albeit more weakly, and are
joined by additional features at 1685, 1523, 14A3/6, 1315, 1266, 1246, 1187, 1167, 1127,
1109, 1093, and 1005 ém These features do no match those from the @iigCA or PICA

clearcoat (either heated or unheated), and thance¢s) are currently unidentified.
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4.2.1.2 InSight and OSIRIS-REXx SLA (sample typesé¢2:3):

For both the InSight SLA and the OSIRIS-REx SLAlyod,0 and traces of C{are evident in

the 50 °C and 110 °C releases. Figure 11 showmfitaged spectra of the gases released by the
OSIRIS-REx SLA samples. No substantive additideatures are apparent in the spectra from
any of the SLA samples. Again, the lack of stralaagling -OH features in the 3660 to 3710
cm’® range indicate that infrared-inactive moleculeshsas N or O, are not abundant in the gas

sample—i.e., the adsorbed gases are not adsonbed ai
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Figure 11. The mid-infrared spectra of condensexkgaeleased by OSIRIS-REx SLA when
heated to 50 °C and 110 °C. The features ¢gd Hominate the spectra. The only other
identified molecule present is GO The spectra of the materials released by thgimSLA
samples show the same features.
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4.2.1.3 Amounts of volatile gases released durlgGand 110 °C heatings

The amount of material released from each heatirntgeosamples can be calculated using the
ideal gas law and the measured sample bulb presancevolumes. The amount of gas released
per volume of the PICA and SLA samples can themdtermined by dividing the amount of
collected gas released by the heatings by the wlahthe heated samples. The results are
summarized in Table 1. In general, SLA releaseS tiffies as much gas per cubic centimeter as
PICA at 50 °C and ~5 times as much gas per culntroeter as PICA at 110 °C.

These numbers apply only to the gases capturechgluhie 50 °C and 110 °C heatings.
Considerable additional gases were released dtin@gvernight room-temperature pump-out
that preceded the heating tests. Adsorbed airka@llikely dominated this gas. If the SRC



cooled quickly after launch, it might have retairgmme of these gases and they would have

been available for subsequent outgassing as well.

Table 1 — Amounts of gas released during 50 °Cla@d°C heatings

Sample Heating Temperature (°C) Released gas (molecules per
cubic centimeter of sampfe)

OSIRIS-REX PICA 50 1.5x 16°
(sample type #1)

OSIRIS-REXx PICA 110 3.7 x 16
(sample type #1)

InSight SLA 50 5.5 x 1¢°
(sample type #2)

InSight SLA 110 1.8 x 1¢f
(sample type #2)

OSIRIS-REx SLA 50 4.9x16°
(sample type #3)

OSIRIS-REXx SLA 110 2.1 x 1¢f
(sample type #3)

!In all cases “molecules” can be taken to be largghonymous with “molecules of,B.”

4.2.2 Tests for the release of refractory gasdséicandense at room temperature

The above tests are only informative for releasaskeg that remain in the gas phase at room
temperature. To look for possible refractory gasdsased at 110 °C that recondense at room
temperature, we heated samples in the presendenoinam foil used as witness plates on which

outgassing material could condense. We only choig these tests for material associated with
the clearcoated surface layers of sample typesnd1#8. The steps for executing these tests

were as follows:

(1) The surface layers associated with clear-coaeveut away from the ends of a block of



OSIRIS-REXx PICA (sample type #1) and OSIRIS-REx SkAmple type #3) using a clean
razor blade. The covering layer on the PICA waslgaeen, but there was no visible
evidence of a layer on the OSIRIS-REx SLA. Howevke presence of a coating on the
SLA was confirmed using infrared reflection spestapy.

(2) The two samples were each placed in a glasplsanbe that could be vacuum-sealed with a
Teflon stopcock.

(3) A rolled cylinder of pre-baked aluminum foil svdropped into each tube with the samples.

(4) The glass sample tubes were both evacuated afid sealed.

(5) The glass sample tubes were placed in an ogatett to 110 °C for 1 hour before the oven
was turned off and the samples allowed to cool.

(6) Once they cooled to room temperature, the sarytles were removed from the oven and
opened so the aluminum foil witness plates couldebgoved.

(7) Infrared spectra were obtained from the sudagkethe aluminum foil witness plates and

ratioed to background spectra of a bare aluminuhstfandard.

No infrared spectral features were seen on theialumfoil witness plates—i.e., there was no
evidence for the presence of any materials thaeweleased at 110 °C from the clearcoat and
underlying material that subsequently recondensgal the aluminum foil witness plates at room

temperature.

4.2.3 Summary of laboratory test results

The OSIRIS-REx SLA releases onlg® and traces of COvhen heated to both 50 °C and 110
°C. There is no indication that organics or otlmare complex molecular species are released
during heating to these temperatures. In additioere is no evidence that heating to 110 °C
releases any refractory materials from SLA or tlearcoat on the SLA that would be expected
to be re-deposited on room-temperature surfacésis,Tthe outgassing of SLA does not appear

to constitute a concern with regards to contamomadf Bennu samples.

As with the SLA, the primary material outgassedrfroeated samples of PICA is®| followed
by smaller amounts of GO PICA releasesmall amounts of additional, currently unidentified

material(s), possibly organics. These materia¢s rapostly released at 110 °C although even



smaller amounts of material are released at 50 F@rtunately, whatever these materials are,
they are both of low abundance and sufficientlyatitd to remain in the gas phase at room
temperature—i.e., these are contaminants that wootdbe expected to linger on surfaces at

room temperature.

The full histories of the tested samples are nofl established. This ambiguity raises the
possibility that these additional materials coudd &t least in part, contaminants picked up since
manufacture during the past handling or storagbede non-flight samples and that a portion of
these contaminants may not be present in the aftigial materials. In this respect, provided
there is no heterogeneity between the non-fligltt fight materials, the materials measured in
our samples may represent an upper limit to whatlshbe on the SRC. However, in the

absence of actual flight materials, this is notrgoteed.

The combined heatings to 50 and 110 °C releasexd 50 molecules per cubic centimeter from
OSIRIS-REx PICA and 2.6 x ¥dmolecules per cubic centimeter from OSIRIS-REx Sthat

is, the SLA releases 5 times as much gas per cabitmeter as does the PICA. Again, this gas
is almost entirely KD in both cases. As noted earlier, these amountsoti include gases lost

during the overnight room temperature pump-out phhateded the heating tests.

These results suggest that we do not need to beepwmu about sample contamination
associated with outgassing during any maneuveishtbat the SRC to 110 °C. However, it
would be best if TAGSAM were not exposed duringhsoatgassing events if it substantially
cooler than room temperature, because this opengas$sibility of temporary re-condensation of

released gases.

5.0 COMPARISONS WITH THE STARDUST SAMPLE RETURN CAPSULE

The materials thought to be responsible for thgasging measured from the OSIRIS-REx SRC
are the same ones used in the Stardust SRC. alauSt spacecraft did not have constraints that
limited the SRC exposure to the Sun. On OSIRIS;REEcxause the instruments share the same

+z spacecraft deck with the SRC, and because ofm#ie/ solar keep-out zones for the



instruments, we could not expose the SRC to fullight. Instead, we tilted the +z spacecraft
deck towards the Sun at an angle that exposed wiuttre SRC heatshield to sunlight, while
preserving the safety constraints on the instrusaenhus, the Stardust SRC likely also
outgassed similar materials during its flight ton@& 81P/Wild 2. Unlike OSIRIS-REX, the

Stardust SRC experienced direct solar exposuretsinnominal cruise attitude, so likely

experienced outgassing early in the mission inrth&l days to weeks after launch. In addition,
the Stardust spacecraft used uncoupled thruster&titude control, so the minimum threshold
for unmodeled accelerations was much higher tharOf8IRIS-REX, meaning outgassing may

not have been visible in the Doppler data.

During its cruise phase, the images provided byStaedust optical navigation camera degraded
in a manner that suggested that some portion afjities became coated with a condensate. The
degradation was later removed when the camera W@ased to warm, suggesting that the
deposited material was relatively volatile and mmonsistent with KHD. The source of this
material was thought to be outgassing from a tearggrtrapped atmosphere in the spacecraft
after launch. Though there was no direct line ightsbetween the Stardust SRC and the
navigation camera, it is possible that some ofcthredensates were sourced from water released
by the SRC.

Reassuringly, if the Stardust SRC did undergo singltgassing, it had no observable effects on
the samples returned from Comet 81P/Wild 2. Anemsive contamination control and
assessment study of the samples returned by theéuSteSRC identified no detrimental effects

on the samples that were associated with it orcditg components [27].

6.0 CONCLUSIONS

During the OSIRIS-REX spacecraft’'s outbound cruiBeppler tracking measured a small
acceleration when sunlight illuminated its sampum capsule (SRC). The behavior of the
acceleration suggested that outgassing from the 8&Cthe most likely cause. This outgassing
was of concern because it could cause unpredictedjlectory perturbations during proximity

operations at Bennu and because the outgassingiamteould contaminate the samples



collected from Bennu. Thermal modeling, laboratsiiydies of SRC materials, and monitoring
of the acceleration on the spacecraft are all stersi with the outgassing of,@ from the SRC
as the primary cause of the accelerations. Thgassing likely comes from both the SRC
heatshield and backshell.

In-flight campaigns exposed the SRC to sunlightilutite acceleration dropped to the
acceleration noise floor. At this point, any resil amounts of KD outgassing are not

considered to present a risk in terms of missioarajons or sample contamination. As an
additional precaution, the sample stow procedurs wadated to ensure that no direct line of
sight will exist between any residual outgassingd e samples acquired at Bennu.

Similar outgassing of the Stardust SRC probablyuoed during that mission; no adverse
contamination associated with this process wasrebdeon Stardust samples. Future and
current missions that use similar reentry vehidbsuld consider procedures to test for and
mediate outgassing after launch.
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Table 1 — Amounts of gas released during 50 °C and 110 °C heatings

Sample Heating Temperature (°C)  Released gas (molecules per
cubic centimeter of sample)
OSIRIS-REx PICA 50 1.5x 10"
(sample type #1)
OSIRIS-REx PICA 110 3.7x 10"
(sample type #1)
InSight SLA 50 55x 10~
(sample type #2)
InSight SLA 110 1.8 x 10~
(sample type #2)
OSIRIS-REx SLA 50 49x 10°
(sample type #3)
OSIRIS-REx SLA 110 2.1x 10
(sample type #3)

' In all cases “molecules” can be taken to be largely synonymous with “molecules of

HO.”
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SLA backshell
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SRC shaded SRC exposed
from Sun by HGA to Sun

(a) View from Sun, normal cruise (b) View from Sun, “toe dip” attitude
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Suggested Highlights for Qutgassing paper:

* OSIRIS-REX accelerated slightly when sunlightitsitsample return capsule (SRC)
* Qutgassing from the SRC is the most likely canfdbe acceleration

» Thermal modeling, lab studies, and spacecraftitmong are all consistent with J@
outgassing

* Qutgassing of remaining,B® is not a hazard to mission operations or prisiaraple
acquisition

* Similar outgassing of the Stardust SRC probaldy accurred



Data Statement:

Datathat appearsin Figures 1, 2,3, 4,5, 6, 7, 8,9, 10, and 11 are provided as
supplementary files.

For Figures1, 2, 4, 5, 6, 7, and 8, the datawill consist of simple .jpg file as these figures
are either images or show plots derived from simple equations given in the text of the
manuscript.

Datafor Figure 3 will be provided as atext file that contains the (x,y) coordinates of the
points plotted in the figure.

Datafor Figures 9, 10, and 11 will be provided as text files that contain the (x,y) pairsin
the spectra shown in these figures.



