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Abstract 
 

Ground- and space-based optical observations of space objects rely on knowledge about how spacecraft materials 
interact with light. However, this is not a static property. Each material’s optical fingerprint changes continuously 
throughout a spacecraft’s orbital lifetime. These changes in optical signature occur because energetic particles break 
bonds within a material and new bonds subsequently form. The newly formed bonds can be identical to the original 
bonds or different, resulting in a new material. The chemical bonds comprising the material dictate which 
wavelengths of light are absorbed. Understanding the processes of material damage and recovery individually will 
allow development of a predictive model for materials’ optical properties as a function of exposure to the space 
environment. In order to characterize the properties, we have exposed samples of polyimide to high energy electrons 
comparable to those found in a geostationary earth orbit in order to simulate damage on orbit. The resultant changes 
in the material’s optical fingerprint were then characterized in the wavelength range of 0.2 to 25 microns. The 
chemical modifications to the material that result in these optical changes have also been identified. After initial 
electron-induced damage, the rate and mechanism of material recovery have been monitored and found to be 
extremely sensitive to the exposure of the damaged material to air. The implications of that fact and experimental 
progress toward complete in vacuo characterization will be discussed.  
 
1. INTRODUCTION 
 
Polyimide materials, often referred to by the trade name Kapton®, are used widely in the spacecraft industry. In 
order to understand the behavior of these materials throughout their mission lifetime, their exposure to ionizing 
radiation such as protons [1-4], heavy ions [5, 6], oxygen plasma [7, 8], ultraviolet light [9], and their combinations 
[10-12] has been extensively studied over past two decades. High energy electrons are a primary source of radiation 
at geosynchronous Earth orbit (GEO), and consequently there are many studies reporting on modification of 
polyimide’s properties under electron irradiation, in particular, conductivity [13-20] and absorptivity [21-23]. 
Changes in absorptivity or reflectivity may have a direct effect on charge accumulation in spacecraft dielectrics, 
since photoemission changes with reflection. Few of the published studies attempt to understand the space 
polymers’ underlying chemical modifications that give rise to these physical changes. Most importantly, a careful 
survey of existing literature shows that the overwhelming majority of studies have neglected the effects of post-
irradiation sample handling. [14, 24-27] 

It will be shown in this paper that in order to understand and predict the optical changes which occur in a material 
while on orbit, the material must be not only exposed to a space-like radiation to induce damage, it must be kept in a 
space-like environment (vacuum) before and during characterization. Exposure of polyimide to a high energy 
electrons will change its chemical structure and physical properties. The nature and extent of these changes is a 
function of several simultaneous processes, namely, damage (interaction of PI 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 damaged material which are different from 
those in the pristine material).  When necessary, the processes of healing and scarring will be referred to collectively 
as material recovery. In order to understand and predict properties of a spacecraft material as a function of time 
spent in a particular orbit, the processes of damage, healing, and scarring must be understood individually.  
 
In this study, characterization of pristine and damaged polyimide has been undertaken using optical transmission 
spectroscopy at ultraviolet, visible, and near-infrared spectral regions (UV/Vis), Fourier transform infrared 
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spectroscopy (FTIR), and conductivity measurements made under ambient and vacuum conditions. It will be shown 
that the post-irradiation behavior of polyimide is extremely sensitive to the environment in which it was stored. It 
will be made clear that exposure of the damaged polymer to atmosphere (air) for even the briefest interval can 
change the results of the characterization dramatically. In order to understand the behavior of polyimides in space, 
they must be studied under space-like conditions. 

2. EXPERIMENTAL 
Exposure to space radiation was simulated by bombarding 75 µm thick polyimide coupons with high energy (90 
keV) mono-energetic electron radiation from the Kimball Physics EG8105-UD electron flood gun in the Spacecraft 
Charging and Instrument Calibration Laboratory (SCICL) at Kirtland Air Force Base in New Mexico, USA [28]. 
The NIST ESTAR database [29] estimates the penetration depth of 90 keV electrons in PI to be 84 µm, which 
significantly exceeds the thickness of the utilized material samples. Exposure of polyimide material to electrons with 
a penetration depth greater than the material thickness ensures that energy is deposited uniformly through the bulk of 
the material and that charge is not deposited. This has been experimentally confirmed by measuring a near-zero 
surface potential of the polyimide material during the damaging process.  

Prior to radiation exposure, a 24 hour vacuum dehydration bake was performed on all samples at 60°C.  Samples 
were then mounted on an aluminum rotating carousel to ensure uniform absorbed dose.  Electron energy was 
deposited at an accelerated dose rate of 94.8 Gy/s, an acceleration factor of approximately 475 over the AE9/AP9 30 
day average value of 0.215 Gy/s[30], allowing the equivalent of 1.3 years of GEO exposure in 24 hours. Chamber 
pressure was maintained at lower than 1 x 10-6 Torr for the entire duration of the radiation exposure. 

To characterize the recovery of damaged PI, we employed three material characterization methods: volume 
conductivity, UV/Vis transmission spectroscopy, and IR absorption/reflection spectroscopy. Depending on the 
measurement, these tests were carried out to post-irradiation times spanning hours (for air recovery) to weeks 
(vacuum recovery). In all cases, air exposure time was carefully logged in order to elucidate the role of the sample 
environment in the recovery processes. 

The optical properties of damaged PI during the recovery process were measured with the visual and near infrared 
(VNIR) absorption/reflection spectroscopy and the directional hemispherical reflectance (DHR) method, performed 
with Perkin-Elmer Lambda 950 UV/VIS Spectrometer (0.2 – 2.5 µm) and Surface Optics Corporation SOC-400T 
portable FTIR spectrometer (2 – 25 µm), respectively. Vacuum measurement of conductivity was performed using 
by monitoring the surface potential of the thin films during bombardment with a ~30 pA/cm2 flux of 5 keV 
electrons and for some time after the beam was extinguished. These electrons are not fully penetrating. They enter, 
are deposited, and therefore charge the material. The total electron exposure during this step is <1000 Gy and the 
electrons do not penetrate deeply into the bulk. We therefore assume aging due to this step is negligible. As with the 
90 keV beam, we monitored flux with a Faraday cup mounted next to the samples. We use previously developed 
models to fit this data and derive pertinent parameters for charge transport such as the bulk conductivity.[31] 
 

3. RESULTS AND DISCUSSION 
Simple observation of damaged polyimide samples provided the initial clues about its post-irradiation optical 
behavior, as shown in Figure 1. The pristine material (left) has a characteristic amber color. Damaged materials 
which had been freshly removed from the chamber were darkened to brown (lower doses) or blackish (higher 
doses). During the time required to transport the material to the spectrometer, or mount it in a second chamber to 
perform conductivity testing, on the order of tens of minutes, the materials lightened noticeably. If, however, the 
material was left mounted in the aging device under vacuum, observation of the polyimide through a transparent 
vacuum window showed that the samples underwent no obvious optical change for several hours after the electron 
beam was extinguished.  
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Figure 1 Each row of the figure is a photograph of the same two polyimide samples. The sample on the left is 
pristine polyimide. The sample on the right is a sample of polyimide which has been aged for the equivalent of 9 
years in GEO orbit after 2, 22, and 59 minutes of exposure to air. The change in the material’s optical absorption in 
the visible spectrum with exposure to air is obvious.   
  
 

In order to characterize the optical fingerprint of electron-damaged polyimide more quantitatively, UV/Vis 
transmission and IR absorption spectra were measured immediately after irradiation. Due to the setup of the 
experimental apparatus, the damaged materials were removed from the vacuum chamber and transported to the 
spectrometers. Exposure to air was carefully logged for both experiments. The change in optical transmission of a PI 
sample aged to 9 year GEO equivalent is shown in Figure 2. The first spectrum was recorded after 6 minutes of air 
exposure (red line) and shows several differences from the transmission spectrum of the pristine material (black 
line). In addition to a small shift in the fundamental band gap, there are two absorption features at 638 and 702 nm 
and an absorption line at 864 nm. The absorption features at 638 nm and 702 nm are not present in the transmission 
spectrum of pristine polyimide, while the absorption band at 864 nm is detectable on the transmission spectrum of 
the pristine material. However, spectra of irradiated polyimide show much stronger absorption at 864 nm.  After 60 
min of air exposure to the radiation-damaged material, the absorption at 864 nm was indistinguishable from that of 
the pristine material. With continued air exposure, the decrease in the optical bandgap and the other two absorption 
features that were observed for the radiation damaged material returned to nearly that of the pristine material.  
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Figure 2 Optical transmission through a 75 µm thick sample of polyimide as a function of exposure to air after 
being removed from the aging vacuum chamber. It can be seen that the transmission spectrum recorded immediately 
after the material left vacuum (red line) differs drastically from the transmission spectrum of the pristine material 
(black line). Additionally, continued exposure to air shows spectra that increasingly resemble that of the pristine 
sample. See text for more discussion.  
 

Figure 3 shows the relative intensity (damaged/pristine) of selected absorption bands of radiation damaged 
polyimide as a function of exposure to air. The IR absorption data of damaged and recovered PI shown in Figure 3 
yield several tantalizing bits of information. First, it appears that certain moieties of the PI monomer are more 
susceptible to electron induced damage. After electron bombardment, an increase in carbonyl (C=O) absorption is 
observed, suggesting that none of the original carbonyls are being lost from the structure. New carbonyl bonds may 
be only formed by breaking one bond of the ether (C-O-C) group. Accordingly, the absorption at the ether stretching 
frequency is reduced immediately after damage and recovers to near pristine levels at the same time scale as the 
carbonyl stretch. Finally, absorption at the frequencies of the phenyl ring after damage shows an initial drop 
followed by a return to pristine levels on the same time scale. This suggests that electron damage causes scission of 
the phenyl rings and simultaneous formation of a new carbonyl functional group containing the ether oxygen. 
Reduction and incomplete recovery of the C-N-C absorption band could be evidence of C-N bond rupture and 
subsequent crosslinking between polymer chains.  
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Figure 3 Upper panel: absorption intensity of selected vibrational bands in polyimide. Lower panel: chemical 
structure of polyimide PMDA-ODA (Kapton®). Electron bombardment leads to an increase in the absorption from 
carbonyl functional groups (yellow dots) and a reduction in absorption from ether functional groups (red dots). As 
the ether is the only non-carbonyl oxygen in the structure, the increase in carbonyl absorption must be due to one 
bond of the ether linkage breaking and the other forming a double bond. Consistent with that interpretation, the 
intensity of the ether absorption band is shown to decrease immediately after aging. In order for one of the ether 
bonds to become a carbonyl, an electron must be donated from one of the phenyl rings to the bond. The decrease in 
the intensity of the phenyl vibration absorption band, coupled with the known scission of phenyl rings under 
electron bombardment to produce radicals[32], suggests that the formation of a new carbonyl is accompanied by the 
breaking of at least one phenyl ring. See text for further discussion. 
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UV/Vis transmission spectra of samples which have undergone different radiation doses are presented in Figure 4. 
Spectra of polyimide samples aged with 9, 18, and 25 year GEO-equivalent doses show differences in the 
magnitude, but not the nature of the optical change. The absorption feature at 864 nm is particularly clear for the 25 
year aged sample. Investigating the optical recovery of each of these samples showed that for larger doses (18, 25 
years), the transmission spectra trend toward pristine values with increased exposure to air, but do not recover 
completely after several weeks. It can be inferred that increased exposure leads to long-term damage.   

 

 

Figure 4 Transmission spectra of polyimide samples exposed to 9, 18, and 25 year GEO-equivalent electron doses. 
The same features are visible on each spectrum, with the magnitude of the changes increasing with increased 
electron dose.  
 
Having shown conclusively that the effects of air exposure to electron-aged polyimide samples must be considered 
in order to accurately model the behavior of these polymers in space, we performed an experiment to investigate the 
behavior of these materials in vacuum. Due to the limitations of our experiment setup, we could not directly perform 
optical characterization in vacuo. Our studies have shown, however, that the recovery of the material’s optical 
behavior in air proceeds along the same time scale as several more easily measurable physical characteristics. In an 
earlier publication[33], we demonstrate that the change in a material’s volume conductivity and bulk concentration 
of radicals recover as a function of air exposure on a time scale identical to that of the optical properties. We 
therefore present the data on material conductivity shown in Figure 5 as an ersatz measurement of optical recovery. 
It can be seen that the recovery of the bulk conductivity of a 9 year GEO equivalent aged sample recovers to near 
pristine levels within 2 hours of air exposure, exactly as do the material’s optical properties. In vacuum, however, no 
change in the conductivity is detectable for several weeks.  
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Figure 5 Measurements of bulk conductivity of 9 year GEO-equivalent electron aged polyimide as a function 
exposure to air (upper panel) and exposure to vacuum (lower panel). It can be seen that the bulk conductivity of 
electron damaged polyimide which is exposed to air returns to near pristine levels within 2 hours after aging, while 
no change in the bulk conductivity of electron damaged polyimide is detectable after 500 hours in vacuum. See text 
for more discussion. 
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4. CONCLUSION AND OUTLOOK 
Polyimide has been exposed to high energy electron radiation in order to simulate the harsh GEO environment. 
After damaging the material, optical and chemical characterization of the material was undertaken using 
spectroscopic methods at ultraviolet, visible, and infrared wavelengths. It has been shown that when attempting to 
simulate the effects of the space environment on the optical and chemical properties of polyimide that even the 
slightest exposure of the damaged sample to air after the damage process and before characterization can lead to 
dramatic changes in the measured properties. This can lead to characterization that is not representative of what a 
material in GEO orbit actually exhibits. 
 
A survey of the existing literature [8, 22, 34-37] (among many others) shows that historically very little attention has 
been payed to the handling of samples between damage and characterization. In order to develop models which will 
allow accurate characterization of materials on orbit and the power to predict a material’s optical signature as a 
function of time, accurate characterization must be performed under fully controlled conditions. One small step 
forward is the development of a “vacuum wallet” which will allow polyimide, or any material of choice, to be aged 
in vacuum, then sealed in a small vacuum chamber under an IR transparent window in order to transport and store 
the material and perform characterization all while under vacuum. A prototype of this mini-chamber is shown in 
Figure 6.  

 
 
 

 
Figure 6 Small “vacuum wallet” for in vacuo electron aging and characterization of polymer samples. Initial testing 
shows that the double o-ring seal maintains vacuum for >2 months. The brass sample mounting surface (center) is 
spring loaded to ensure good contact between the aged polymer and the CaF2 window surface in order to minimize 
multi-surface reflections. Planned upgrades include a small inline pressure gauge in order to characterize the effects 
of pressure quantitatively.  
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The experimental procedures developed here to study polyimide can be used to study a host of materials of interest 
to the satellite detection and characterization community. Optical characterization coupled with chemical analysis 
will pave the way toward a predictive model of material optical aging in space and provide valuable information to 
materials scientists when designing new materials.  
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