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Abstract

Spacecraft materials on orbit are subjected to the harsh weather of space. In particular,
high-energy electrons alter the chemical structure of polymers and cause charge accu-
mulation. Understanding the mechanisms of damage and charge dissipation is critical
to spacecraft construction and operational anomaly resolution. Energetic particles in
space plasma break molecular bonds in polymers and create radicals that can act as space
charge traps. These electron-induced chemical changes also result in changes to the spec-
tral absorption profile of polymers on orbit. Radicals react over time, either recreating
identical bonds to those in the pristine material, leading to material recovery, or creating
new bonds, resulting in a new material with new physical properties. Lack of knowl-
edge about this dynamic aging is a major impediment to accurate modeling of spacecraft
behavior over its mission life. This chapter first presents an investigation of the chemical
and physical properties of polyimide films (PI, Kapton-H®) during and after irradiation
with high-energy (90 keV) electrons. Second, the deleterious effects of space plasma on a
spacecraft component level are presented. The results of this physical/chemical collabora-
tion demonstrate the correlation of chemical changes in PI with the dynamic nature of
spacecraft material aging.

Keywords: space plasma, geosynchronous earth orbit, polyimide, electrical charge
transport, material optical signature, satellite arcing, reflectivity

1. Introduction

When a solid dielectric interacts with plasma, it is subject to a number of different destruc-
tive and non-destructive processes. A charged particle impinging on a surface with sufficient
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energy will penetrate the surface and lose energy into the bulk of the material. The deposition
of this kinetic energy will result in electronic and vibrational excitations. If sufficient energy is
deposited into a single bond to excite it beyond its dissociation energy, the chemical bond can
be broken. The dominant mechanism of energy deposition depends strongly on the mass of
the particle. Massive particles such as heavy ions will impart large amounts of ballistic energy
over a relatively small depth, displacing nuclei in the solid, exciting phonons, and vibrational
transitions sufficient to rupture any chemical bond and create radicals. A less massive particle
such as an electron can be expected to deposit energy primarily in the form of electronic exci-
tation. Sufficient electronic energy deposition will also rupture bonds and create radicals, but
the damage will be deposited over a longer trajectory and the chemical damage will be more
bond-selective. Ions, electrons, and photons incident on a surface will also eject secondary
electrons, initiating charge imbalance near the surface. After the kinetic energy of a charged
particle has been exhausted, the ion or electron can imbed itself into the bulk, creating a local
charge imbalance at the penetration depth of the particle. When considering the interaction of
space plasma with solid dielectrics, it is important to distinguish between energy deposition
and charge deposition [1, 2].

The following chapter will focus on the interaction of electrons, which comprise the most
damaging species in the Geosynchronous Earth Orbit (GEO) environment in terms of energy
deposition [3-5], with dielectric materials such as polymers and solar array cover glass [6].
The results of this plasma/material interaction are characterized in terms of modification of
the materials” optical and electrical properties. It will be shown that these materials change
dramatically in the plasma environment and that these changes can have profound effects on
the performance of spacecraft components.

The thermal plasma in GEO (6.6 Earth radii, or R;) is predominantly quasi-neutral plasma
consisting of atomic hydrogen ions (replenished mainly by the solar wind and ionized by
Lyman-alpha radiation from the Sun) and electrons. It is typically at a very low-density
(0.1-1 cm™) but high plasma temperature (typically 4-10 keV). During geomagnetic storm
conditions, the plasma temperature can increase dramatically (to 16-30 keV), as magnetic
reconnection in the magnetotail accelerates trapped electrons, and the accompanying ions.
The second population of particles exists at GEO in the highly non-thermal outer radiation
belt. These highly energetic electrons (0.1-10 MeV) form a toroidal belt extending out to about
60,000 km (10 R,) from Earth, with a maximum intensity typically at about 3-5 R, at the
equator. Thus, although GEO orbit is beyond the distance of maximum intensity, it is well
within the limits of the outer belt, and satellites orbiting within it are subjected to significant
penetrating electron fluxes, as can be seen in Figure 1 [3-5].

The exterior of spacecraft is typically comprised of materials that regulate temperature by
reflecting visible sunlight and radiating infrared radiation. Among the most common of
these materials is multi-layer insulation (MLI), which usually consists of many thin layers
of aluminized (or silvered) polymers such as Kapton® (polyimide or PI). Tenets of modern
spacecraft design dictate that radiation-sensitive electronics be positioned in the bulk of
the spacecraft in a shielded conductive “Faraday cage”. These Faraday cages can only be
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Figure 1. Plot of mean annual electron flux (>100 keV electrons) orbit averaged, experienced by a satellite in a circular
geocentric orbit as a function of altitude and maximum latitude (inclination for prograde orbits, a supplement of
inclination for retrograde orbits). Representative orbits are shown as dashed lines for reference, as are the positions of
the moon, International Space Station (ISS), and several other satellites. Figure based on AE9 V1.5 mean radiation belt
model, [7] with mean solar wind values outside AE9 coverage from data collected by the Electron, Proton, and Alpha
Monitor on the Advanced Composition Explorer (ACE EPAM) [5, 8].

penetrated by electrons of energy > 2 MeV, while electrons of > 0.25 MeV energy can fully
penetrate the MLI layers [3]. However, surface materials are subject to deterioration by
electrons of even 0.1 MeV, which have the greatest flux due to the steep outer belt electron
spectrum, and are typically stopped within the outermost polymer layer [5]. In addition
to damage caused by energy deposition, non-penetrating electrons deposit charge in the
material.

The material properties of greatest interest to spacecraft engineers are those that influence
temperature and differential charging. Surface temperature is dependent on the selectivity
of the surface, defined as the ratio of incident light absorbed (absorptivity, a; heating) to
radiated infrared flux (emissivity, ¢; cooling). Any change in color or surface roughness will
change one or both of these quantities, and lead to a change in equilibrium temperature.
Unfortunately, both quantities may be changed by polymer degradation due to radiation.

Optical properties of materials are also important for surveillance and health-monitoring
purposes. Satellites at GEO are not spatially resolvable with ground-based optics, even with
adaptive optics techniques. Therefore, the observable quantities are brightness, position, color
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(or reflected spectrum), and polarization. Any change in these quantities may lead to satellite
misidentification, or be indicative of a change in satellite health.

Spacecraft charging is the potential a spacecraft or spacecraft component will assume as a
result of the balance of incoming charged particles from the environment and particles
removed via material conduction or electron emission. Interaction with space plasma can
result in potential gradients between different spacecraft components (differential charging)
of thousands or even tens of thousands of volts, which can seriously affect the operation of the
spacecraft. Differential charging is most pronounced in GEO where the environment is domi-
nated by electrons and the flux of mitigating ions is relatively low. Material properties also
affect the charging behavior of a spacecraft. For instance, secondary electron emission and
photoelectron emission tend to discharge surfaces, so spacecraft charging is very sensitive to
these material properties. Also, dielectric materials can lose surface charge to interior chassis
“ground” by electron conduction; this property also changes as the dielectric interacts with
the ambient plasma. This is important due to the fact that in the presence of space plasma,
electric arcs can jump from a negative surface to a positive surface if the potential difference
between them is great enough. Depending on the amount of energy stored in the “surface
capacitance,” these arcs can lead to contamination of adjacent surfaces, radio frequency inter-
ference, sharp current transients and electronic upsets, and in the worst case can develop into
“sustained arcs” that can destroy entire solar arrays or other electrical circuits.

In general, charge buildup anywhere on or in the spacecraft can lead to arcing. Changes in
surface and bulk conductivity, secondary electron emission, and photoemission will lead to
changes in the local electric fields and therefore, changes in the susceptibility of spacecraft to
arcing. Unfortunately, although these electrical properties are known to change with radia-
tion exposure, the magnitude of the changes is poorly characterized at present.

In the laboratory materials degradation tests reported here, the incident electrons are 90 keV
electrons unless otherwise noted. This energy is chosen because the outer belt non-thermal
electron flux is highest at lower energies, so they are most important from an energy deposi-
tion standpoint. Finally, 90 keV electrons can easily be produced by commercial electron guns
and are less dangerous from an X-ray production standpoint than higher energy electrons.
High-energy ions can also produce material degradation, but the fluxes of these particles in
GEO are much lower than for electrons [5, 7].

2. Space weather simulation facility

A spacecraft on orbit interacts with the ambient plasma environment, comprised of electrons,
photons, and ions in a vacuum, in a number of different ways. For example, the surface of a
spacecraft can develop a large potential relative to the spacecraft chassis due to non-penetrat-
ing charged particle deposition. Additionally, highly energetic photons [ultraviolet (UV) and
vacuum ultraviolet (VUV)] and charged particles deliver high levels of radiation with sufficient
energy to break chemical bonds to the craft, surface materials in particular. This energy deposi-
tion leads to chemical bond breakage and reformation and radical formation [9]. These chemical
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changes manifest themselves as changes to a number of different physical properties including
absorptivity and emissivity, electrical conductivity, and mechanical properties of the materials.
Because it is not experimentally convenient to study on orbit spacecraft in situ, the spacecraft
charging and instrument calibration laboratory in the space vehicles directorate of the US air
force research laboratory have constructed a space weather simulation chamber, nicknamed
Jumbo, in which electron and VUV photon damage can be inflicted on a variety of spacecraft
materials and the effects of this damage can be quantified. The results of these simulated space-
aging experiments can be used to refine existing models for spacecraft differential charging [10],
predict, and characterize anomalous satellite behavior, identify space debris, and even be used
to diagnose the health of satellites on orbit from ground-based observations.

The Jumbo space weather simulation chamber consists of a 6" long, 6" diameter cylindrical
vacuum chamber, energetic particle sources, and various probes used for material charac-
terization [11]. Pressures of < 107 Torr can be achieved from the atmosphere in ~1 h using a
combination of mechanical pumps and a turbo- and/or a cryopump. In GEO, the electromag-
netic radiation most likely to damage polymer materials is the Lyman-a line of hydrogen
at 121.6 nm. These VUV) photons have enough energy (~10 eV) to break bonds in polymer
materials. In order to mimic Lyman-«a line of hydrogen, the chamber is equipped with four
Krypton lamps (Resonance Ltd.) with emission lines at 123.6 and 116.5 nm, providing approx-
imately 10 suns of VUV radiation. The prime electron source is a Kimball physics EG8105-UD
electron flood gun with a range of 1-100 keV. This electron gun is used both for material aging
(high-energy, deeply penetrating electrons) and for charging of materials (low-energy, shal-
lowly penetration electrons) in order to perform SPD experiments from which material bulk
conductivity/resistivity can be derived [12].

In addition to the particle sources, which are used to age common spacecraft materials; jumbo
is equipped with a number of probes, which are used to characterize physical characteristics
of the chosen material before, during, and after irradiation. The primary characterization tools
used in vacuo are an integrating sphere with fiber optic coupled external light source and
spectrometer, which is used to characterize optical changes and a non-contact electrostatic
voltmeter, which is used to investigate material charge transport characteristics using the
SPD method.

Optical transmission/reflectance spectra are recorded using an in-vacuum integrating sphere
so that the measured quantity is the directional hemispherical reflectance (DHR). For each
measurement, an ASD FieldSpec Pro spectroradiometer operating over a 350-2500 nm range
collects first a white reference spectrum from a piece of in-vacuum calibrated Spectralon®. The
electron beam is then temporarily extinguished and the motion system moves the integrating
sphere to a sample carousel where it measures samples as they are rotated into the measure-
ment position [13].

The SPD method utilizes charge injection via a low-energy electron beam to induce an electric
potential near the surface of the material. To perform an SPD experiment, the front surface
of the material is dusted by a beam of 5 keV electrons for 1-2 s immediately, after which the
non-contact voltmeter is positioned 1-2 mm from the surface and begins to record the sur-
face potential of the dielectric. After the charged body induced by the beam has reached the
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grounded backplane, the dissipation of surface potential is primarily determined by the loss
of electrons from the material and is directly proportional to the material conductivity. SPD
measurements were performed in darkness to eliminate the possibility of optically enhanced
conductivity and photoemission. Since SPD is measured immediately following the charging
electron beam, persistent radiation-induced conductivity (RIC) is still active [14]. However, it
is only in effect between the surface and the penetration depth of the electrons, which for the
case of 5 keV electrons in polyimide is less than a micron [3]. This minimizes the effect of RIC,
which is assumed to be negligible for the bulk of the material in this measurement.

In addition to in-vacuo characterization, a portable vacuum pumped window is used to trans-
port aged materials to a commercial UV/visible transmission/reflection spectrometer (Perkin-
Elmer Lambda 950) and a Fourier transform infrared reflection spectrometer (Surface Optics
SOC-400T). The portable vacuum window was designed to enable characterization of air sen-
sitive materials using existing bench-top instruments without subjecting the space-weathered
samples to unnecessary air exposure. Post-irradiation air exposure has been shown to modify
certain materials” chemistry extensively and on a very short time scale (minutes) [15].

3. Effect of space plasma on satellites

3.1. Electrostatic charge and discharge

Interaction of space plasma with materials on orbit has been shown to drastically and perma-
nently change spacecraft materials’ charging properties. There is strong evidence that Galaxy
15, a GEO communications satellite, was incapacitated for 8 months due to arcing caused by
the space environment, [16] even though in its 5 years of previous flight it had experienced
similar environments several times with no ill effects. Charging in the auroral streams or
when satellites exit eclipse can cause arcing on solar arrays, single event upsets in electronics,
or as in the case of ADEOS-2, arcing in power lines leading to a complete loss of power [17].

Different parts of a satellite have different susceptibilities to charge accumulation. For exam-
ple, a space-like test of a four-cell GPS-like solar array showed that most arcs occurred on the
SCV10-2568 room-temperature vulcanization rubber (RTV) used to glue the cells and wiring
to the Kapton substrate or near solar cell edges or corners. Each arc discharged about the cov-
erglass area of the array. From these results, it is hypothesized that at least some of the arcing
that occurs on GPS satellites on orbit are from the RTV and that some of the contamination
that degrades the GPS solar array performance over time comes from arcs on the RTV as well
as from the arcs from silver interconnects [18].

The likelihood of electronic discharge on a satellite on orbit is a function of the differential
potentials that develop throughout the craft. That potential is dictated by the balance of incom-
ing charge from the environment and charge that is removed via conduction and secondary
electron emission. Since incoming charge cannot be controlled, the only way to predict what
electric potential a material will adopt is to control the rate that charge is removed.
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Figure 2 is a plot of the SPD rate as a function of polyimide resistivity [12]. When that decay
rate exceeds the orbital period (1 day for GEO) the material can gather charge for the entire
mission and the likelihood of discharge increases. The red and green stars in Figure 2 show
the resistivity of pristine polyimide and polyimide that has been radiation damaged, respec-
tively. The irradiated material has become far less susceptible to charge accumulation, which
is important to take into account in the design of spacecraft and the characterization of anom-
alous spacecraft behavior.

Charge transport characteristics of materials exposed to space plasma are defined by their
fundamental material properties; in particular for insulators, density, and energy distribution
of electron trap states within the band gap. Under the approach described by Dennison and
Hoffmann, [20] as materials are bombarded with a flux of penetrating high-energy radiation,
energy is shared with many bound (valence) electrons within the material, which are excited
into energy levels scattered in the conduction band. These excited electrons quickly thermal-
ize to shallow localized trap states just below the conduction band edge. Next, electrons can,
among other processes, (i) be thermally re-excited into the conduction band, leading to thermally
assisted charge transport, and termed radiation-induced conductivity (RIC); [21] or (ii) hop to an
adjacent trap, termed thermally assisted hopping conductivity or dark current (DC) conductivity
[22]. In addition, as a material age, more traps are generated [23].

Figure 3 Presents a representative charge—discharge curve of electron-irradiated PI material
during and after bombardment with non-penetrating electrons. This curve can be divided
into three regions: (I) charging section driven by the balance of electron deposition, secondary
electron generation, RIC and DC conductivity; (II) pre-transit discharge section dominated by
the RIC and DC conduction, as is the time regime when the deposited charge body is travers-
ing the material but has not made contact with the grounded backplane; (III) post-transit
discharge section dominated DC conduction.
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Figure 2. The plot of charge decay time versus resistivity value for PI. The red star indicates the resistivity of pristine PI
and the green star that of laboratory-aged Kapton-H®. Figure adapted from [19].
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Figure 3. Representative charge/discharge curve of PI material bombarded with a non-penetrating electron. Shaded
areas represent the three regions of the charge/discharge curve. See text for further details.

Theoretical models developed over the past several decades allow the extraction of many
material parameters from a material’s charge/discharge curve, including the density of
trapped states (region I), trapping and de-trapping rates, and effective electron mobility
(region II), and dark resistivity and conductivity of the material (region III) [24-28].

In particular, the charging part of the charge/discharge curve (region I) may be modeled with
the following equation developed by Sim [24]:

qe d Nt R(E ) } Sc ]h Tonset<1 - Gyield) t 1-m
‘/S(t) - €O g,, {1 B dh R(Sb) 1 a exP %(1 - 771) [1 a (1 * Tonset) :| (1)

Here q_ is the charge of an electron, C; ¢ and ¢_are the permittivity of free space and relative
permittivity of the chosen material, respectively; ], is the electron beam flux, nA/cm? d is a
the number of electrons emitted per

sample thickness, cm. The secondary electron yield, O i
incident electron, may be estimated based on the measurements and models of Song et al.
[29]. The range, R (g,), is the maximum distance an electron of a given incident energy can
penetrate through the material before all kinetic energy is lost and the electron comes to rest.
Free parameters for Eq. (1) are the density of states, N; capture cross-section s ; characteristic
onset time for the current decay to occur, t__;and a power parameter m, with 0 <m <1.

onset”

The pre-transit discharge section (region II) may be described using a model based on original
work of Toomer and Lewis [25] supplemented by Aragoneses et al [26].
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where d is the sample thickness, um; V_ is the initial surface potential; R is the parameter
describing charge transport dynamics; r_and r, are the probabilities of charge per unit time to
be released from the trap and to be re-trapped in different trapping center, respectively, s; A
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is a dispersive term, taking into account the disordered structure of polyimide; , is the carrier
mobility between traps, m* V™' s7'; a, and f3 are fitting parameters. It is assumed that a fraction
a, of the charges are initially placed in the surface traps, from where they move to the bulk at
a certain rate a, s™. The remainder of the deposited charge (1-a,) is injected directly into the
bulk immediately after the discharge.

The post-transit region of the surface potential decay curve (region III) starts when a charged
body has reached the grounded back plane. This can take place within a fraction of a second
for high conductivity polymers or years in the case of low conductivity polymers such as PTFE
(Teflon®). After the front of the charge, body has reached the grounded backplane the dissipa-
tion of charge is primarily determined by the loss of electrons from the material. This region is fit
by Eq. (3), from which a decay time and the dark resistivity of the material may be derived [30]:

— b

decay) m Tdecay

Tdecay (3)

Qdark = €€,

VS(T

where T, is charge decay time, seconds; m and b are fitting parameters; ¢, and ¢ _are permit-
tivity of free space and relative permittivity of the PI material, respectively. The conductivity
of the material is then calculated as inversely proportional to the resistivity of the material,
1/Q-cm.

3.2. Material changes

Interaction of PI with highly energetic particles of space plasma will modify its chemical
structure. The extent of this modification is a function of several simultaneous kinetic pro-
cesses, namely, damage (interaction of material with highly energetic particles, resulting in
broken chemical bonds), healing (formation of bonds identical to those damaged, returning
the material to its pristine state), and scarring (formation of new chemical bonds in the dam-
aged material, which are different from those in the pristine material) [15]. Often, macroscopic
properties are measured making it difficult to distinguish healing from scarring; hence we
refer to the sum of healing and scarring as recovery.

Figure 4 Shows the photographs of a radiation-damaged PI sample taken immediately after
irradiation with 90 keV mono-energetic electron flood gun to the dose of 5.6 x 10’ Gy and a
pristine PI control sample. This energetic dose is equivalent to that experienced by PI during
approximately 8 years in GEO orbit [3, 5, 7]. The damaged sample has a deep brown color,
which differs from the characteristic amber color of pristine PI. From Figure 4, it is clear
both electron damage and subsequent exposure to air have a significant effect on the optical
properties of PIin the visible spectrum.

The effect of damaging radiation on the optical properties of the irradiated material is evident
from the transmission spectra of radiation-damaged PI, as shown in Figure 5. The red-shift
of the absorption edge indicates an effective shrinking of the PI's “band gap” to ~1.8 eV in
the damaged material due to the emergence of radiation-induced electronic states. Compared
to the measured “band gap” of Kapton of 2.3 eV, these states are energetically shallow [31].
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Figure 4. Photographs of pristine reference Kapton (left) and a radiation damaged Kapton sample (right) taken after an
electron dose of 5.6 x 107 Gy. Right picture was taken after 2 min of air exposure.
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Figure 5. Transmittance spectra of pristine and radiation damaged PI samples.

Fourier-Transform Infrared (FTIR) spectroscopy was used to understand the underlying
chemistry of radiation-induced damage in PI material. FTIR probes chemical bonding by
exciting vibrational transitions within the polymer. Changes in the position and intensity of
the IR absorption “fingerprint” of damaged material will offer insights into what chemical
bonds are being modified during the radiation-induced degradation. PI has a complex IR
signature with each peak corresponding to a specific vibration within the monomer. Several
characteristic vibrational assignments have been identified [32-34] and are summarized in
Table 1.

Figure 6 presents FTIR spectra of pristine and radiation-damaged and subsequently air
exposed polyimide. Measurements were made in a portable vacuum sealed CaF, window,
with an absorption cutoff at 1200 cm™. Comparison of the FTIR spectra reveals two interest-
ing radiation-induced changes in the IR fingerprint of the damaged film. First, the absorption
at the wavelength associated with the carbonyl out-of-phase stretch increased after electron
bombardment. This suggests first that existing carbonyl moieties were not preferentially bro-
ken due to the electron bombardment. A significant reduction in the absorption associated
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Assignment Absorption (cm™) Characterization

O(phenyl) 1004 Phenyl ring deformation
v(C-N-C) 1117 Imide stretch

v(C-0-C) 1261 Bridging C-O-C stretch
O(C-N-C) 1380 Imide stretch

v(phenyl) 1465 Phenyl ring C-C stretch

Cc=C 1515 Aromatic C=C stretching
v(phenyl) 1601 Phenyl ring C-C stretch
v(C=0) 1675 Out-of-phase carbonyl stretch
v(C=0) 1753

Cyclic anhydride 1890-1940 Cyclic anhydrides, presented in not fully cured polymer

Table 1. Vibrational assignments of polyimide.

with phenyl ring C-C stretch after electron bombardment suggests that ether breakage is
accompanied by rupture of the phenyl rings in the monomer, possibly leading to the forma-
tion of a new pi-bonded carbon structure containing the new carbonyl. It is important to note
that because this sample had been exposed to air after damage but before the investigation,
the damage products evident from the FTIR spectra result from the sum of both damage and
material recovery [35].

To evaluate the effect of space plasma on the charge transport properties of PI, bulk conduc-
tivities of radiation-damaged samples were evaluated. Figure 7 compares bulk conductivities
of PI samples irradiated with a dose of 5.6x10” Gy and recovered in the air (top panel) and
under vacuum (bottom panel). The initial post-irradiation conductivity of the two damaged PI
samples was nearly the same [5 x 107 (QQ-cm)™] and [8 x 107" (CQ2-cm)™']. However, air exposure
of radiation-damaged PI resulted in rapid recovery, within 3 h, of the irradiated material’s
conductivity from its initial value to that of pristine Kapton [2 x 102° (Q)-cm)™], whereas the
vacuum recovery of radiation-damaged PI retained the same value for over 3 weeks (504 h)
after the damaging process.

From Figure 7 it is obvious that air exposure has a significant effect on charge transport
properties of the radiation-damaged PI material. This illustrates the necessity of in-vacuum
characterization techniques with minimized air exposure to the irradiated material. Still,
observation of air recovery process of radiation-damaged PI may provide some insights into
the chemistry driving the aging and recovery process.

The conductivity of two radiation damaged PI samples (dose of 5.6 x 107 Gy) as a function
of cumulative air exposure time is plotted in Figure 8. After irradiation, Samples 1 and 2
were stored under vacuum and only exposed to air during conductivity measurements. Both
samples recovered to nearly the conductivity of pristine Kapton after 250 and 400 h (vacuum
and air exposed), respectively. However, when conductivity is plotted purely versus air
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Figure 6. Absorption spectra of reference (pristine) and radiation-damaged with a dose of 5.6 x 10" Gy PI samples.
Lower values on the ordinate indicate more absorbed light in the polymer. Notice increased absorption at the carbonyl
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exposure, as shown in Figure 8, it is apparent that the healing process proceeds primarily
under exposure to the atmosphere. It has since been reported that the enhanced conductivity
of electron-irradiated PI is stable under vacuum conditions [35].

To further investigate the effect of damaging radiation on PI, including the concentration and
nature of free radicals, EPR measurements were performed on electron irradiated PI material.
Radical concentrations are reported as arbitrary units and scaled according to relative peak-
to-peak intensity. A reference sample (pristine PI) showed no EPR signal indicating that the
number of unpaired electrons was below the detection limit in pristine PI, as was expected.
However, a strong initial EPR signal was measured in the damaged material that decayed
with exposure to air (Figure 8).

The fact that the conductivity of radiation-damaged PI decays on the same time scale as the
concentration of radicals suggests that these properties are interconnected. These correspond-
ing time scales are also suggestive that the concentration of radicals plays a critical role in the
transport of electrons through the bulk of the material. It is reasonable to assume that creation
and decay of radicals in the material will modify the density and energetic distribution of
electron trap states in the bandgap of PI [36-38]. This is further supported by the UV/Vis
spectroscopy that shows the development of energetically shallow traps in the bandgap of
damaged PI, as seen in Figure 5.

Moreover, charge transport in disordered materials like PI occurs via incoherent hopping
among transport sites [22, 38, 39]. Bulk conductivity is influenced by both energetic and
geometric disorder. That is to say, the facility with which an electron can travel through a
disordered material in the presence of a strong electric field is dependent on both the ener-
getic distribution of transport sites within the material and the geometric distribution of
the transport sites. The latter dependency arises due to the variation of intersite electronic
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Figure 8. Resistivity (inverse of conductivity) for two samples and EPR signal of radiation-damaged PI film plotted as a
function of cumulative air exposure time.
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wavefunction overlap arising from the positional and orientational distribution of these hop-
ping sites [38]. It is our hypothesis that the radical sites created due to bond-specific rupture
during electron bombardment can act as electron hopping sites, which are not present in the
pristine material.

Finally, it has been commonly assumed that exposure to air would be deleterious to under-
standing how materials recover in a vacuum. However, since PI is very stable under normal
conditions a small amount of air exposure is accepted as necessary and largely unavoid-
able in the majority of studies that have been published [40—42]. Data presented here show
that air exposure dominates the post-irradiation chemistry of PI and that even limited air
exposure (less than 10 min) will cause dramatic and unwanted effects that will obscure
experimental studies. This fact illustrates the necessity of in-vacuum characterization meth-
ods as well as a careful examination of material handling techniques when reviewing the
literature.

4. Deleterious effects of plasma interactions with spacecraft

While interactions with space plasma can sometimes change material properties in a ben-
eficial way (see succeeding section), these interactions also often have deleterious effects on
spacecraft performance, often related to a change of electrical potentials on either internal or
surface materials. If the local electric field becomes larger than some threshold value, electro-
static discharges (sometimes called arcs) will occur. Spacecraft arcs have been seen to have
the following effects:

1. Large and rapid current spikes, which can cause latchups or even destroy sensitive elec-
tronic components.

2. Transients in spacecraft power.

3. Electromagnetic interference (EMI), which can interfere with communications, and so on.

4. Contamination of surrounding surfaces, which can affect optical transparency (usually
thermal, but maybe solar cell current output) and electrical properties.

5. Short-circuits between individual solar cell junctions, causing the loss of power from indi-
vidual cells.

6. Sustained arcing between adjacent solar array strings or from solar array strings to space-
craft ground, which can lead to permanent short-circuits and power loss in one or all
strings (total loss of power).

Due to these and other issues, efforts are usually made to prevent arcs by choosing appropri-
ate materials and power system engineering. Elaborate computer codes are used to see where
and when spacecraft charging is likely to occur and to adjust surface and interior materials
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where arcing susceptibility is found. If material properties change dramatically due to the
space radiation, however, these models are invalidated, as they rely on pristine material char-
acteristics, and unwanted surprises are likely to occur.

Unexpected, unexplained slow and pernicious power loss has been consistently observed in
GPS satellites [43]. Although the loss was quickly determined to be due to the contamination
of the solar array surfaces, a seemingly exhaustive search for sources of the contamination
turned up no suspects. Confronted with the challenge, engineers decided to oversize the solar
arrays by 25%, such that the deteriorated solar arrays would still provide adequate power at
the end-of-life. This was an expensive and difficult solution because it led to increased space-
craft weight and volume, important launch considerations. Recently, it has been discovered
that GPS solar arrays have been undergoing extensive arcing and gradually contaminating
their own surfaces, decreasing the amount of sunlight that can reach the active parts of the
solar cells [18, 43]. The arcing had gone undetected because of heavy filtering of electrical
transients in the power system. Ground-based testing has shown that the power loss can
be explained by the contamination produced by thousands of solar array arcs seen on orbit.
In this case, a change in material properties due to the space plasma environment led to an
unexpected and deleterious result.

As with changes in human DNA, changes in spacecraft materials properties may be ben-
eficial but are usually not. If, however, the materials properties changes can be quantified
and predicted, engineering can achieve a survivable spacecraft throughout its anticipated life.
In the case of GPS, understanding the cause of solar array power degradation is leading to
designs that can prevent the cause of the degradation, and in the end, provide a more reliable,
cheaper, lighter, and smaller satellite that can still fulfill its mission.

5. Modification of material optical signatures after exposure to a
space plasma environment

In general, it has been found that the space environment fundamentally changes spacecraft
materials [15, 44—46]. The nature of particles primarily responsible for the damage is depen-
dent on the orbit; in GEO, high-energy electrons are the primary damaging species in terms
of energy deposition into the bulk of the material [5]. This energy deposition breaks chemi-
cal bonds within the material, resulting in the creation of new electronic transitions in the
material. These new electronic transitions manifest themselves in altered optical and physical
properties, such as color change and electrical conductivity.

Over the last decade, astronomical reflectance spectroscopy has been proposed to charac-
terize the material properties of artificial space objects, such as satellites, rocket bodies, and
human-made debris [47, 48]. In this application, reflected light is collected from a remote
target illuminated by a continuous source, the Sun. The reflected light produces a spectrum
whose shape and absorption features are indicative of a specific material composition. Since
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each material has a unique spectral fingerprint, it may be unambiguously identified if its
spectral features are well differentiated.

One example of applied optical characterization of materials in space is the assessment of high
area-to-mass ratio (HAMR) objects, consisting primarily of spacecraft MLI. Several layers of
MLI have comprised of aluminum sputtered polyimide. It has been shown that after electron
irradiation the hemispheric reflectance spectrum, the sum of all diffuse and specular reflectance
of a surface under diffuse illumination, of this aluminized PI changes considerably. This change
in reflectance is due in part to the change in absorbance of the polymer portion of the material.
Since the PI is backed by a thin reflective aluminum layer, the light that would otherwise pass
through the PI is instead reflected back into the spectrometer. Pristine PI is fairly transparent
between 500 and 700 nm the absorption edge at 500 nm is what gives Pl its characteristic amber
color. The damaged material’s new electronic structure results in resonant absorption of lower
energy photons, which results in a shift of the absorption band edge to around 730 nm. This
phenomenon manifests itself as a darkening of the material in the visible spectrum [15, 49].

Because the change in optical absorption is greater at some wavelengths than others, the ratio
of one spectral band to another, known as a color—color plot, can be used to characterize
the extent of space plasma exposure experienced by spacecraft material. Figure 9 shows the
evolution of the color—color plots of two different aluminum sputtered PI layers of MLI after
various electron exposures. The color—-color plots were generated using the passbands associ-
ated with the " and i’ filters defined by the Sloane Digital Sky Survey [50-53]. For a more
detailed description of the experiment, refer to reference [13].

Conceivably, the magnitude of change of these color—color indices is great enough to enable
identification and/or characterization of space debris clouds. Knowledge of the origin of these
debris clouds can be used to facilitate space debris remediation [54, 55].
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6. Conclusion

As the population of man-made objects in space grows ever more rapidly, understanding
the interaction of space plasma with commonly used materials becomes only ever more
important. Clearly, knowledge of the different facets of this interaction can be used to the
advantage of aerospace scientists either as a diagnostic tool or as guidelines that can result
in more efficient and robust spacecraft design. Further, detailed knowledge of how space
plasma interacts with materials in Earth’s orbit will guide the development of next-generation
spacecraft materials.

While the information presented in this chapter is not exhaustive, it serves to illustrate the
broad variety of chemical and physical changes that can occur when a given material inter-
acts with space-like plasma. The examples presented here were chosen due to the ubig-
uity of polyimide and solar arrays on existing spacecraft. The simulated GEO environment
(high-energy electrons) used to study these interactions is a first-order approximation for
the rather more complicated GEO environment. Although electrons are the primary dam-
aging species in GEO in terms of energy deposition, a more representative space weather
simulation would include protons and UV photons in order to study synergistic damage
processes that occur during the interaction of materials with a more complicated charged
particle environment [5].
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