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1. INTRODUCTION

Exposure of spacecraft to the energetic charged particle environment of space leads to material 
degradation, or aging. Our knowledge of how a spacecraft material behaves is based almost solely 
on its pristine material properties and does not take into account the fact that these materials age 
continuously when on orbit. This poor understanding leads to decreased satellite lifetime, poor 
space situational awareness (SSA), poor anomaly resolution and decreased system reliability. 
Highly disordered insulating materials (HDIMs) like polyimide (PI, Kapton®) and 
polytetrafluoroethylene (PTFE, Teflon®), are commonly used in the spacecraft industry for their 
insulating properties, mechanical durability, low density and resistance to radiation and atomic 
oxygen damage. These desirable properties are largely an outgrowth of the exceptional chemical 
stability of these polymers. However, damaging radiation fundamentally changes these materials, 
leading to dynamically changing properties that must be understood in order to properly model 
and predict spacecraft behavior.  

Material aging in space is caused by energetic particles or photons bombarding the spacecraft 
surface. The particle primarily responsible for damage is dependent on the orbit. In low Earth orbit 
(LEO) the primary damage source is atomic oxygen (AO) and research has been focused on surface 
degradation [1-5], the materials’ mechanical property changes [6-8], and volatile reaction 
products. [9] This research led to the development of AO resistant materials and protective 
coatings to help mitigate the damage. [10-15] Exposure of dielectric materials to high energy 
electrons, like those present at geosynchronous Earth orbit (GEO), causes changes in their 
electrical and optical properties, in particular conductivity [16-19] and optical absorptivity. [20-
22] Since GEO electrons are fairly high energy (10’s of keV to MeV) the aging is not limited to
the surface of the material, but is also acting on the bulk. It is in this orbital regime that we have 
focused our studies.  

Of particular importance is the alteration of electrical conductivity in aged HDIMs as a result of 
exposure to high energy particles. This effect cannot be overstated; conductivity defines space 
charge accumulation and subsequent electrostatic discharge, leading to insulating material 
degradation and premature material failure. Numerous reports provide an essential background to 
general charge transport [23-26], but they fail to address the chemical aging mechanisms seen on 
orbit. What is clear is that conduction mechanisms will evolve due to exposure to extreme 
environments [27, 28], however, the extent and chemical mode of this change has not been 
adequately addressed. 

Generally, space radiation induced charging of HDIMs is determined by the interplay between two 
key fundamental processes; the charging of the material from electron, photon, and ion 
bombardment, and the discharging of the material via generation of secondary electrons and a 
material’s ability to transport that charge within the material. [29] When immersed in the space 
environment, HDIMs obtain a net charge that is a function of the charging rate and the discharging 
rate. These rates are dependent on the details of the material’s band-gap and the space charge trap 
density or density of states (DOS) that exist within that gap. [30, 31] This process is analogous to 
conduction in doped semiconductors, where the conduction mechanisms are determined by the 
distribution and occupancy of electrons in localized electron trap states above the dark current 
Fermi level. Theory developed to describe charge conduction in doped semiconductors provides a 
basic theoretical framework to understand the role of DOS in HDIMs’ conduction [32, 33]. It 
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follows that the density and energy distribution of space charge trap states plays a key role in the 
conduction process. However, models adapted from semiconductor physics to describe the 
behavior of HDIMs assume a static DOS and do not address the issue of state modification as the 
material ages. 

This work is an investigation into the chemical changes that occur in HDIM materials when 
exposed to simulated GEO electron environments and the relation of these chemical changes to 
charge transport. In particular, we seek to gain a comprehensive knowledge about the nature of the 
trap states in HDIMs and the chemical and morphological structures that give rise to them. 
Several complementary characterization techniques will be utilized to qualify and quantify 
radiation induced chemical changes in the material. Relating the chemical changes of aged 
materials to alterations of charge transport will give insight into the nature of charge transport 
itself and help guide the design of novel technology-enabling materials.  

2. BACKGROUND

This work seeks to understand the two material parameters that are key to our understanding of 
the material lifecycle and its impact on spacecraft design. The two properties that we focus on are 
the electrical conduction and the optical signature (reflectivity, absorption and transmission). 
These two seemingly disparate properties are both fundamentally related to the DOS within the 
bandgap of the material. We also discuss some chemical structures within the material that give 
rise to the defect states that develop in the material during electron bombardment.  

2.1 Conductivity 

When exposed to the space environment, HDIMs obtain a net charge due to electron/ion 
bombardment or photon irradiation. The rate at which this charge builds up is a function of the 
interplay between charge capture and the transport of that charge through the material to the 
spacecraft chassis.[34] Charge transport depends on the trap DOS that exists within the materials’ 
band gap.[30, 35] Models developed to describe disordered semiconductors have proven effective 
in describing DOS effects in electron transport through narrow band-gap materials. These models, 
however, assume a static DOS and do not address the issue of state modification as the material 
ages.[36-38] Though useful, terms borrowed from solid-state physics such as band gap, valence 
and conduction band, etc. are not strictly correct as HDIMs lack a true unit cell.  

As materials are bombarded with high energy radiation, energy is shared with many bound 
(valence) electrons within the material, which can be excited into energy levels in the conduction 
band (black dots in Figure 1), thereby facilitating their mobility. The conductivity of the 
material is therefore enhanced by the radiation energy. This conduction mechanism is 
known as radiation induced conductivity (RIC).[39] These excited electrons provide a significant 
conduction mechanism in HDIMs exposed to high energy radiation, but the electrons quickly 
thermalize to shallow localized trap states just below the conduction band edge (red dots in 
Figure 1). Theory predicts that the conduction mechanisms are determined by the distribution 
and occupancy of these electrons in localized trap states above the dark current Fermi level.[40] 
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Figure 1 The band structure of a highly disordered insulator with a linear (right) and 
exponential (left) distribution of trap states. Ec is the bottom of the conduction band, Ev is the 
top of the valence band, EF is the Fermi level. Traps below EF are shown as full because they 
are active in non-RIC conduction. kBT are the shallow trap states where electrons can be 
thermalized into the conduction band. 

Similar to radiation-induced conductivity of semiconductor materials, a flux of penetrating 
electrons in these shallow traps can: (i) remain in these shallow trap states; (ii) be thermally re-
excited into the conduction band, leading to thermally assisted charge transport, termed radiation 
induced conductivity (RIC) [41]; (iii) decay into deep traps well within the band gap, often 
accompanied by photon emission which is termed cathodoluminescence; (iv) hop to an adjacent 
trap, termed thermally assisted hopping conductivity or dark current (DC) conductivity [42]; or (v) 
decay to low level valence band or trap states through radiative or non-radiative processes termed 
recombination [43]. The occupancy of these states depends on the number of electrons that can 
potentially populate the states, the number of states that can be populated, and the trapping and 
retention rates of the states. This simple conduction model does not take into account the 
generation and/or destruction of traps as the material ages. While it is known that the conduction 
mechanisms will evolve with radiation damage [27], the extent and chemical nature of that 
evolution has not been determined. 

Since the trapping and release of stored electrons is determined by the density and distribution of 
trap states it is possible to probe the material by charging it with an electron beam and monitoring 
the surface potential as it decays to 0 V.[44-46] A schematic of the surface potential which 
develops on HDIM during and after electron bombardment is shown in Figure 2.  The charging 
phase (region I) starts with material mounted on a grounded back plate being exposed to a known 
non-penetrating electron flux and the resultant potential being measured with a non-contact 
electrostatic voltmeter. Since the electron beam is low flux and the electrons are low energy and 
therefore have a much shallower maximum penetration depth, this process will not age the material 
significantly.  

This process is continued until an equilibrium surface potential is reached or the voltage is ~ 80% 
of the material’s breakdown potential. During this phase the surface potential is dictated by the 
balance of secondary electron (SE) yield, the trap DOS and dark current (DC) conduction. The 
discharge phase begins when the electron beam is extinguished and the embedded charge flows 
through to material and slowly bleeds away to ground. This process is monitored by measuring the 
surface potential of the material in vacuum. 
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Figure 2 Schematic of a charge/discharge curve of an electron irradiated insulating material. 
Three regions correspond to (I) charging section dependent on the balance of electron capture, 
secondary electron generation, DOS and DC conductivity. Discharge section is broken into the 
pre and post transit, with dashed lines added to guide the eye. (II) pre-transit discharge section, 
(III) post-transit discharge section with dominating dark current conduction. 

The discharge phase features two distinct parts (regions II and III in Figure 2). The surface 
potential in region II is driven by the complex redistribution of charge within the bulk of the 
material, but there is no net loss of charge as the deposited charge body has not traversed the 
material. This is the pre-transit portion of the discharge. Region III begins when the lead edge of 
the charge body reaches the grounded back plate and is removed from the material. The change in 
surface potential during this post-transit section is a function of electrons leaving the system to 
ground via DC conductivity.  

Models developed over the past several decades enable the extraction of many material parameters 
from a 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). Due to the complex nature of charge-discharge curve, its each region is 
fitted independently, as described below.[31, 32, 41, 46-51] 

Charging (phase I) 

To model the surface charge during the charge up process of electron-irradiated HDMI, the 
charging model developed by A. Sim [31] may be used: 

𝑉𝑉𝑠𝑠(𝑡𝑡) =
𝑞𝑞𝑒𝑒𝑑𝑑𝑁𝑁𝑡𝑡
𝜀𝜀0𝜀𝜀𝑟𝑟

�1 −
𝑅𝑅(𝜀𝜀𝑏𝑏)
𝑑𝑑

�𝑅𝑅(𝜀𝜀𝑏𝑏) �1

− 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑠𝑠𝑐𝑐𝐽𝐽𝑏𝑏𝜏𝜏𝑜𝑜𝑜𝑜𝑠𝑠𝑒𝑒𝑡𝑡(1− 𝜎𝜎𝑦𝑦𝑦𝑦𝑒𝑒𝑦𝑦𝑦𝑦)

𝑞𝑞𝑒𝑒(1 −𝑚𝑚)
� �1 − (1 +

𝑡𝑡
𝜏𝜏𝑜𝑜𝑜𝑜𝑠𝑠𝑒𝑒𝑡𝑡

)1−𝑚𝑚�� 
(1) 

Here qe = 1.602 x 10-19 C is the charge of an electron; ε0 and εr are the permittivity of free space 
and relative permittivity of the LDPE material, respectively; Jb is a beam flux, nA/cm2; d is a 
sample thickness.  The yield, σyield, may be estimated based on the measurements and models of 
Song et al for a 20 keV incident electron beam.[52, 53] For LDPE, the σyield equals 0.3 emitted 

Electron flux log time 
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electrons per incident electron. The range R(εb) is a maximum distance that an electron of a given 
incident energy can penetrate through the material before all kinetic energy is lost and the electron 
comes to rest. For LDPE R(εb)  was estimated to be 8.3 µm.  

Pre-transit discharge region (phase II) 

The Toomer and Lewis model (eq. 2) is utilized to describe the conduction process in HDIM in 
this phase.[54] Assuming the instantaneous charge injection conditions with no surface traps, this 
correspond to two decay processes α1 = 0, and α2 = ∞, it may be reduced to the simpler expression 
(eq. 3). 

𝑉𝑉(𝑡𝑡) − 𝑉𝑉0 =
−𝜇𝜇0
2𝑅𝑅

�
𝑉𝑉0
𝑑𝑑
�
2

� (𝑟𝑟𝑟𝑟 + 𝑟𝑟𝑡𝑡𝑒𝑒−𝑅𝑅𝑡𝑡) �1 − ��𝑎𝑎𝑜𝑜𝑒𝑒−𝛼𝛼𝑛𝑛𝑡𝑡
∞

𝑜𝑜=1

�
2

�
𝑡𝑡

0
𝑑𝑑𝑡𝑡 

(2) 

V(t)
V0

=1-
V0 𝜇𝜇0
2𝑑𝑑2𝑅𝑅

�𝑟𝑟𝑡𝑡𝑡𝑡 +
𝑟𝑟𝑡𝑡
𝑅𝑅

{1 − 𝑒𝑒−𝑅𝑅𝑡𝑡}� (3) 

With no dispersive parameter taken into account and no active surface traps presented, a fitting 
based on eq. (3) predicts only the first several seconds of the pre-transit discharge. To model the 
entire fast discharge region (0.1-100 sec), eq. (3) needs to be integrated using the non-zero 
dispersive term λ to account for the highly disordered HDIM structure. In addition, we assumed 
that a fraction, a1, of the charge is initially placed on the surface traps, from where they move to 
the bulk at a certain rate α. The rest of the charge (1-a1) is injected directly into the bulk 
immediately after the discharge. Then the surface potential of the charged sample decays as 

V(t)
V0

=1-
V0 𝜇𝜇0
2𝑑𝑑2𝑅𝑅

�𝑟𝑟𝑡𝑡𝑡𝑡 +
𝑟𝑟𝑡𝑡
𝑅𝑅

{1 − 𝑒𝑒−𝑅𝑅𝑡𝑡} +
𝑟𝑟𝑟𝑟𝑎𝑎12

2𝛼𝛼
{1 − 𝑒𝑒−2𝛼𝛼𝑡𝑡}�

−
V0 𝜇𝜇0
2𝑑𝑑2𝑅𝑅

�
𝑟𝑟𝑡𝑡𝑎𝑎12

𝑅𝑅 + 2𝛼𝛼
�1 − 𝑒𝑒−(𝑅𝑅+2𝛼𝛼)𝑡𝑡�� − 𝜆𝜆𝑡𝑡𝛽𝛽 

(4) 

Where R = rr+rt; rr and rt are probabilities of charge per unit time to be released from the trap and 
to be re-trapped in different trapping center, respectively; d is the thickness of the sample and µo 
is the mobility of the carriers in HDIM material between traps. The initial values of free parameters 
rr, rt, a, α, and β are estimated from the literature to provide a starting point for the fit. 

Post-transit Discharge Region (phase III) 

After the front of the charge body has reached the grounded backplane, the dissipation of charge 
is primarily determined by the loss of electrons from the material. Treating a thin film insulator as 
a simple capacitor, the charge decay time is proportional to resistivity. As a first approximation, 
the thin-film insulator can be treated as a planar capacitor (with the charged front surface and 
conducting rear electrode acting as the electrodes), which discharges in an Ohmic fashion through 
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the bulk of the insulator to the grounded back plane. In this approximation, the RC-time constant 
or relaxation time, τ, for discharging insulator can be written as: 

𝜌𝜌 =
𝜏𝜏

𝜀𝜀𝑟𝑟𝜀𝜀𝑜𝑜
(5) 

where ρ is the material resistivity, and εo is the permittivity of free space. The relative dielectric 
constant, εr, of nearly all spacecraft insulators lie within a narrow range, 2-5, and is well known 
for most materials; thus, determination of the resistivity follows directly from measuring the 
relaxation time. Therefore, τ is equivalently the relaxation time or the charge storage decay time, 
i.e. the time it takes for the surface charge to drop to 1/e of its initial value. Note that in this simple 
model, decay time is an intrinsic material property independent of surface area or thickness. 

To determine τ one needs only find the time when the surface potential reaches 1/e of its initial 
value. Because we have assumed a discharging capacitor model it is most consistent to use the 
ordinary differential equation for voltage as a function of time 𝑦𝑦𝑑𝑑

𝑦𝑦𝑡𝑡
= − 1

𝑅𝑅𝑅𝑅
𝑉𝑉  which has the solution 

𝑉𝑉(𝑡𝑡) = 𝑉𝑉𝑜𝑜𝑒𝑒−𝑡𝑡/𝑅𝑅𝑅𝑅 where RC= τ, V0 is the initial voltage and t is time. 

2.2. Optical Signature 

In the visible and ultraviolet bands, the main electromagnetic absorption process in dielectrics 
originates from the interaction of light with electrons.[55-57] If the incident photon has a frequency 
such that its energy matches the energy needed to excite an electron to a higher energy state, then 
the photon may be absorbed. The electron may be an ion-core electron or a free electron in the 
solid. If the energy of the incoming photon does not match the required excitation energy, no 
excitation occurs and the material is transparent to such radiation. In nonmetal solids such as 
polyimide, there is a minimum energy separating the highest filled electron states (valence band) 
and the lowest empty ones (conduction band). Electron transitions from band to band constitute 
the strongest source of absorption. In dielectrics, such as glass, quartz, some salts, diamond, many 
metal oxides, and most plastic materials, no excitation resonances exist in the visible spectrum. 
However, this is not the case for polyimide with a band gap of ~ 2.5 eV, well within the visible 
range. This is what gives polyimide its distinctive orange color.  

The situation just depicted is ideal in the sense that we have considered a perfect dielectric material. 
All dielectrics have some degree of disorder ranging from semi-crystalline low density 
polyethylene to fully disordered polyimide. This disorder gives rise to a large density of localized 
electron trap states at energies between the valence and conduction bands. These localized electron 
states are a source of absorption; that is, electrons are excited from the valence band to localized 
states and/or from them to the conduction band. In all cases, the absorption due to defects is less 
than that of the fundamental band edges, but defect-dependent absorption does affect the optical 
properties in a non-negligible way. 

UV/Visible absorption spectroscopy may be used to evaluate the change in the fundamental 
bandgap of irradiated polyimides Moreover, UV/visible transmission measurements can be used 
to study the composition, color, and, most importantly for these studies, the radiation-induced 
defects in a material.  Fourier transform infrared (FTIR) spectroscopy probes chemical bonding by 
exciting vibrational transitions within the molecule. Because every chemical bond has unique 
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vibrational energy states, measuring which wavelengths of IR light are absorbed provides highly 
specific chemical information. This technique provides information on the molecular bonding 
environment, chain conformation, and orientation of specific functional groups of pristine, 
damaged, and recovered PIs. Changes in the position and intensity of the IR absorption 
“fingerprint” of damaged and recovered materials offer further insights into what chemical bonds 
are being modified during the radiation-induced degradation and recovery process. 

2.3. Material Chemistry 

A fundamental understanding of the structure of the bandgap in dielectric materials is critical to 
predicting their response to ionizing radiation, but does not help to mitigate unwanted responses 
and develop the next generation of materials. For this we need to know what chemical structures 
give rise to the localized electron trap states.  

Exposure of dielectrics to a simulated space environment will change its chemical structure. The 
nature and extent of this change is a function of several simultaneous kinetic 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).  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 as depicted in Figure 3. 

Probing the fundamental nature of electronic conduction in HDIM can be accomplished via a suite 
of materials characterization techniques. X-ray photoelectron spectroscopy (XPS) can be used to 
measure the elemental composition and chemical and electronic states of the elements that exist in 
a material. Nuclear magnetic resonance (NMR) uses an effect by which unpaired protons or 
neutrons in atomic nuclei absorb and re-emit electromagnetic radiation. The energy of these 
transitions is dependent on the strength of an applied magnetic field and the magnetic properties 

Figure 3 Schematic of radiation-induced processes in PI. 
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of the atoms under investigation. By studying changes in the absorption/emission wavelength of 
known isotopes of well-studied atoms (chemical shift), information can be gleaned about the 
bonding environment of different atoms within the structure. Electron paramagnetic resonance 
(EPR) is analogous to NMR, but measures the perturbations in an applied magnetic field brought 
about by unpaired electrons. These material investigation techniques, coupled with the 
spectroscopy detailed above, offer extremely detailed insight in the chemical structure, especially 
when delineating changes between pristine and aged materials.      

Analogous to defects in a periodic lattice, electron trap states can be usefully thought of as 
deformations of a homogenous disordered polymer structure that give rise to an energetic 
distribution of electronic states whose energy falls within the band gap of the material. These 
intermediate energy states facilitate electronic conduction by defining allowed electronic 
transitions either from the top of the conduction band or the bottom of the valence band which are 
less energetic than the material’s band gap. A change in the number and energetic distribution of 
these defect states can be reasonably expected to manifest as a change in the material’s bulk 
conductivity. By characterizing pristine and aged materials under space-like conditions and 
correlating this chemical information to the changes in bulk physical properties, the fundamental 
mechanisms of charge conduction may be hypothesized. A detailed understanding of charge 
transport in individual materials will lead to generalized theory of conductivity and enable the 
design of new technology enabling materials. 

3. METHODS, ASSUMPTIONS, AND PROCEDURES

3.1. Facilities 

There are two main test facilities in Spacecraft Charging and Instrument Calibration Laboratory 
(SCICL) that have been adapted to facilitate this work, the Jumbo chamber and the MINiature ION 
chamber (MINION). Jumbo is the largest chamber and has been fitted with electron, ion and 
photon sources that have been designed to simulate aspects the space environment. All materials 
were aged in Jumbo and much of the characterization was also done in this chamber. In the last 
year of this project we discovered that many of the tests we wanted to perform required months of 
time in the vacuum chamber. A high level of automation was implemented to reduce the number 
of man hours required, but these test were still occupying our primary research facility for much 
too long. To overcome this the MINION chamber was brought online to allow long-duration tests 
without disruption of work flow. Both chambers will be described below.  
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3.2. Jumbo Space Environment Simulation Chamber 

The Jumbo vacuum chamber is a 1.8m x 1.8m cylindrical chamber and resides within SCICL in 
the Space Vehicles Directorate of AFRL at Kirtland AFB (see Fig. 4). It has 20 ISO and Conflat 
(CF) ports ranging from 2.75” to 22”and a bevy of mechanical, gas and electrical feedthroughs. 
Jumbo is a completely dry-pumped chamber allowing minimal surface contamination of test 
materials. The chamber is primarily pumped with a two stage Sumitomo Marathon CP-20 cryo-
pump operating at 13 K. The cryo-pump has a  20” aperture and a pumping speed of 582,000 
L/min. It can take the chamber from rough vacuum (10-3 torr) to high vacuum (10-6 torr) in fifteen 
minutes. The cryo-pump is backed with an Alcatel ACG 600 which consists of a dry multi-stage 
roots pump and a roots blower, with a peak pumping speed of 8000 L/min. The ACG 600 can 
rough pump the chamber from atmosphere to rough vacuum (10-3 torr) in thirty minutes. There is 
an additional oil-free 18” Mitsubishi FT3301W turbo-molecular pump, 360,000 L/min, that is 
backed with a 600 L/min Varian tri-scroll dry pump. The Turbo pump, operating on its own, can 
bring the chamber to high vacuum in several hours, but is primarily used when gas is flowing into 
the chamber to avoid saturation of the cryo-pump. Jumbo contains a thermal stage that can be 
cooled to liquid nitrogen (LN2) temperatures and heated to 80oC and is used as a sample mounting 
plate. For typical operations the stage is held perpendicular to the incident beams; however it can 
be swiveled to provide grazing incident angles. While not currently in operation, the stage can be 
used in conjunction with a LN2 cryo-shroud to provide a 360o simulated “cold view-to-space”. 

Figure 6 shows the interior of the Jumbo chamber with internal instrumentation. Jumbo is equipped 
with four automated motion stages used for a variety of measurements. A three axis translational 
stage provides a moveable platform for various sensors and sample holders in Jumbo. These stages 
are automated with Phytron rad-hard stepper motors capable of controlling the location of any 
attached probes or samples with sub-millimeter resolution. Three of the stages are linear; two with 
a 24” range of travel and the third with 18”. The fourth stage is rotational with 0.4o resolution and 
is used with a sample mounting wheel to rotate materials within the beam to normalize exposure. 
This system allows the sample carousel and probes to be moved closer to the location of the 

Figure 4 AFRL at Kirtland Air Force Base in 
New Mexico. 

Figure 5 Jumbo Environmental 
Simulation Chamber. 
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electron, ion and VUV sources. This allows some degree of control over the beam size and flux of 
each of the sources by taking advantage of geometric factors, and will be discussed in greater detail 
later in the section covering the Jumbo’s source capabilities. 

Figure 6 Interior of the Jumbo Chamber showing the internal instrumentation. 

The rotatable sample carousel is capable of holding eight different sample test coupons.  However, 
one position is typically left empty to provide a control. Mounting multiple samples allows an 
increased testing rate and increases the consistency of the measurements made on each sample. 
The rotation of the wheel plays three important roles. First, all samples are exposed to the same 
portions of the electron, ion, or VUV beams ensuring each sample has been exposed to the same 
environment. Second, rotating the materials through the beam insures uniform exposure by 
averaging out spatially varying beam profiles.  Third, instead of bringing a surface voltage probe 
in periodically to measure the samples, we can constantly measure the surface potential of the 
samples as they are exposed. The carousel platform has the capacity to hold any of the diagnostic 
probes such as Faraday cups or Langmuir probes needed to monitor conditions during the test. The 
platform can be mounted anyplace in the chamber, however it is most often mounted to the 3-axis 
stage for greater flexibility. 

Jumbo contains several standard vacuum probes.  There are ion and convectron gauges to measure 
the pressure in the chamber. We utilize the ion gauge as a vacuum interlock for both our electron 
gun and our non-contact surface probe. Jumbo also has a Stanford Research Systems RGA-300 
residual gas analyzer used to identify vacuum contamination and leaks in the chamber and a quartz 
crystal microbalance (QCM) is also available for precise cleanliness evaluation.  Jumbo is also 
equipped with a variety of specialized probes that are used to quantify our various sources and to 
probe the surface voltage of the materials under investigation. 

Jumbo has two Faraday cups. The first is a Kimball Physics model FC-71A used to monitor fluxes 
from the Kimball Physics electron gun. It has a 0.5 cm2 aperture area and a retarding grid capable 
of 1000V in order to identify beam energy. We can both put voltage on the retarding grid and read 
the current output of the Faraday cup with a Keithley model 6487 source/meter. The Keithley 
meter has a detection limit 0.01 pA. However, our ammeter and Faraday cup system is limited by 
the noise introduced from the Faraday cup cabling and the BNC feedthroughs on the chamber. 
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These factors limit current detection resolution to 0.2 pA/cm2. This resolution is well below the 
normal fluxes we use in experiments and does not create much error in our measurement.  

The second Faraday cup is a planar Faraday probe with a 0.5 cm2 collection plate capable of being 
biased to ±500V manufactured by Plasma Controls LLC. This probe allows for easy electron or 
charged species measurements. Positive bias results in rejection of positively charge ions and 
negative bias rejects negatively charged particles. This probe, in conjunction with a Langmuir 
probe, provides excellent plasma characterization.   

Jumbo is equipped with a spherical Langmuir probe capable of measuring plasma potential, plasma 
density, and electron temperature of Jumbo’s plasma source. It is a standard 3.175 cm diameter 
Langmuir probe manufactured by Plasma Controls LLC.  A Keithley 2410 high voltage 
source/meter is used to bias the probe and simultaneously record the current. This system uses the 
pulse sweep technique of measuring the electron temperature and density and is far less sensitive 
to surface contamination than traditional sweep methods. 

There are two different non-contact surface potential probes for Jumbo. Both probes are produced 
by Trek Inc. Trek probe model 370 is capable of -3 to 3kV and has an extremely fast, 50µs/kV 
response to changing surface potentials. Trek probe 341B is capable of -20 to 20kV with a 200 
µs/kV response time. During our charging experiments the probe sits over a stationary sample for 
at least one second before taking the measurement, ensuring that both of our probes have more 
than sufficient time to measure accurately. These probes are critical to our experiments as they can 
accurately measure the surface potential without bleeding any of the charge away. The difficulty 
in using a non-contact probe is that the material-to-probe distance is critical. The probes must be 
3 mm ± 1 mm away from the samples. Mounting the sample carousel so that when rotated the 
sample/probe distance is constant during rotation can be challenging. The in situ cabling was 
placed in Teflon tubing to prevent arcing from the cabling and both the probe holder and tube were 
wrapped in Cu tape to prevent them from charging. Any charging on the insulators surrounding 
the probe or the cabling results in erroneous readings from the non-contact probe and consequently 
must be avoided. 

The energetic particle space environment is a complex and dynamic environment that can range 
in energy and flux over many orders of magnitude. For this reason it is impossible to simulate all 
aspects simultaneously and tradeoffs must be made to arrive at a practical system. We have focused 
on the electron and photon environment of GEO and the electron, photon and ion environment of 
LEO.  

In GEO the light most likely to damage polymer materials is the Lyman-α line of hydrogen at 
121.6nm. This vacuum ultraviolet (VUV) light has enough energy (~10 eV) to break most 
chemical bonds in polymer materials. This is also the region of the solar spectrum most responsible 
for generating photoelectrons as these photons have energy greater than the band gap of most 
insulators. In order to mimic Lyman-α line of hydrogen, four Krypton lamps were acquired from 
Resonance Ltd. Krypton. Three of these lamps are mounted on 2 ¾ inch CF flanges in a circle 
around our high energy electron gun and perpendicular to the chamber axis and sample stage (see 
Fig. 7).With transitions at 123.6 nm and 116.5 nm, Fig. 8, they are an excellent approximation for 
the Lyman-α line.  
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Figure 7 VUV lamps in JUMBO 
chamber. 

Figure 8 Spectrum of Kr VUV lamps. 

These lamps are six inches from the center of the electron gun. A Hamamatsu phototube R1187 is 
used to measure the output of the VUV lamps using a Keithley model 6487 picoammeter. To map 
the uniformity of the spot, the photocathode was mounted on the three-axis translational stage and 
raster scanned over the range of the stages. The three lamps have nearly identical divergence of 
40o FWHM; however they produce different VUV fluxes. The VUV flux is highly dependent on 
the cleanliness of the windows on the VUV lamps. Due to background contamination in the 
chamber, especially silicones, a thin residue forms on the windows when they are in use in the 
chamber. The Jumbo chamber is quite clean and all effort is made to minimize the contamination. 

The solar flux of Lyman-α light is variable in GEO orbit, but the average baseline for photon flux 
is 2.5x1011 photons/cm2/sec.[58] We calculate the equivalent suns (acceleration factor) of our 
lamps by dividing our photon flux by the literature GEO flux mentioned above. Equivalent suns 
at Lyman-α line produced by three Krypton lamps is plotted as a function of time in Fig. 9. The 
lamps were cleaned well and then the chamber was pumped down for three days before these data 
were collected. 

When using the VUV lamps, we clean them each time with aluminum oxide powder; however 
over the course of time (tens of hours) the total output of the lamp drops. Because the formation 
of this thin residue is proportional to the constant vacuum level it is easy to correct for this drop in 
VUV output by monitoring the VUV photocathode during lamp usage. We discussed this decrease 
with the manufacturer of the lamps and they noted that the decrease in output flux we see is smaller 
than they expect, indicating the cleanliness of our vacuum. 

 We are not able to control the divergence of the VUV lamps; however we can move the sample 
wheel in order to adjust the size of the beam and maximize the exposure of the samples to the 
VUV lamps in order to increase the VUV aging factor. 

The map in Fig. 10 corresponds to the closest the sample holder can be placed to the VUV lamps 
with the 3 axis stages. The VUV lamps give a very uniform beam and the small amount of 
asymmetry in the VUV beam is due to the difference in flux from the different lamps. With these 
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fluxes in mind and knowing the approximate VUV decrease due to contamination of the VUV 
window we are able to expose our samples to > 10x GEO fluxes. This is the maximum from the 
VUV lamps, and we can control the RF field in order to decrease the VUV output in a controlled 
fashion. 

The primary electron source in Jumbo is a Kimball Physics EG8105-UD electron flood gun with 
a range of 1keV-100keV. This gun has two main purposes. First, a 20 keV beam acts as a charging 
source by injecting shallow penetration (~5 µm) electrons into thin (25-75 µm) test materials. The 
flux of the electron gun is controllable from pA/cm2 to tens of nA/cm2.  Low fluxes (50 pA/cm2) 
of 20keV electrons are used to simulate a flux that might be seen in GEO.[59] The electron flux 
does vary ~30%, especially after it is initially turned on, but this is overcome by allowing the gun 
to warm up for several hours before making any measurements.  Typical flux stability is shown 
in Fig 11. This flux is in the range that materials would be exposed to in space in GEO. These 
fluxes also charge the samples at a rate that allows the materials to reach equilibrium in several 
hours, a time frame that allows us to capture the subtleties of the charging and to derive the 
underlying physics. The electron beam as it comes out of the gun at 20 keV without 
focusing has a low divergence of <5º. This requires a rastering of the electron gun in order to 
create a broader electron beam to provide a uniform exposure of the materials under investigation. 
Rastering is a systematic perturbation of the electron beam angle by use of electromagnets to 
steer the beam in two dimensions. Appropriate raster settings to create a uniform beam of the 
appropriate size must be experimentally determined for each electron beam energy. It is 
important that the raster scan take place on a fast time scale relative to the sample rotation to 
ensure that there is no aliasing of the electron beam on the rotating sample holder leading to a 
non-uniform exposure. The maximum divergence of the raster scanned beam is 20º and the 
sweep rate has a range of 0Hz to 500Hz. We typically use smaller divergence rastering ~10º in 
order to uniformly expose our samples, Fig. 12. 

Figure 9 Lyman-α intensity falling off as a result of 
contamination on the lamp window. 

Figure 10 Map of VUV intensity, plotted 
as equivalent suns, of all three lamps at 
22” from the lamp window. 
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Figure 11 Electron beam flux at 90keV 
with rastering as a function of time. 

 

Figure 12 Beam Map of 20keV electrons with 
rastering. 

The electron gun is also capable of running in pulsed mode. Although this capability is not 
currently in use, it provides the opportunity to look at materials exposed to highly controlled short 
bursts of electrons. This capability can be used to produce a continuous beam, single pulses of 2µs 
or a pulse train with a maximum frequency of 5kHz.  

To measure the electron beam spot uniformity, maps are made using a Faraday cup mounted on 
the 2 axis translation stage. The position of the faraday cup is controlled with the stepper motors 
recording an average Faraday cup reading at each point. There is an extensive automated program 
capable of moving the translational stages in discrete steps and recording the readings of various 
probes in Jumbo. This allows us to record the flux of various particles as a function of spatial 
location. This is critical to obtaining a precise knowledge of the environment to which we are 
exposing our samples to in Jumbo. The long term stability of the electron gun has also been 
determined by leaving the Faraday cup at a single point and recording the current as a function of 
time. This indicates that the rastering occurs on a time scale shorter than 0.5 seconds, much faster 
than the rotation of our wheel and consequently does not cause inaccuracy in our fluence 
calculations.  

The beam shape is steady over long periods of time including multiple vent cycles of the electron 
gun. Additionally, during material exposure to the electron beam the flux is recorded using the 
Faraday cup. This gives a very accurate measurement of the absolute flux which is critical for 
calculating the amount of aging and is also used in the fitting of charge/discharge curves of 
materials under investigation. 

In addition to using the electron gun to test the charge transport characteristics of materials it is 
also used to age materials. A high energy on the electron gun, 90keV, is used to fully penetrate the 
thin materials we are studying here. Monte-Carlo simulation of energy loss per unit length was 
performed with Monte Carlo N-Particle Code, v. 6.1 (MCNP6.1) [60] in order to accurately 
characterize the electron dose profile in PI. In this simulation, 20 million 90 keV electrons 
impinged on a 76 µm thick Kapton film backed by an aluminum layer of infinite thickness. The 
simulation results presented in Figure 14 show the average energy deposition per electron per 1 
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μm thick Kapton layer. Backscattering and bremsstrahlung were also accounted for in the 
simulation. According to the simulation, the average energy deposited in PI per electron per μm is 
1.08 keV. The continuous slowdown approximation (CSDA) from the NIST EStar database [61] 
predicts an average energy deposition of 0.99 keV/ μm. 

The gun flux is capable of simulating 12 months of dose in an average GEO environment in 4 
hours over our entire sample wheel, with a beam map shown in Fig. 13. This allows for the creation 
of highly aged materials in a short period of time.  

Figure 13 Beam map of 90 keV rastered electron 
beam. 
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Figure 14 Energy deposited in 76 μm 
Kapton by 90 keV electron beam. 

All aspects of Jumbo are controlled with LabVIEW, Fig. 15. The program controls the rotation of 
the sample carousel, controls the various sources in our chamber, and monitors the outputs from 
the various probes. This automation gives the capability to record the surface potential of various 
materials using the surface potential probe while rotating the sample holder and controlling the 
flux of electrons on the materials to determine the extent to which they charge. The control 
software is robust and allows for continuous testing for weeks without human supervision. 

The rotating sample wheel exposes all samples on the wheel to the same environment. To test this, 
we placed three samples of 2 mil polyimide (PI) backed with Al on the sample wheel at different 
positions and exposed them to 20 keV electrons and measured their surface potential as a function 
time. A deep understanding of the physics in play is not necessary to see that all of the samples 
behave in the same manner, Fig. 16. This shows that sample location does not play a role in the 
environment that the samples are exposed to. 
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Figure 15 Front panel of LabVIEW automated 
control program. 

Figure 16 Charge and discharge curves for 
three identical samples of PI mounted at 
different positions on the sample wheel 

3.3. MINION Long Duration Testing Chamber 

The MINION chamber is a 0.91 m diameter by 1.14 m tall vacuum chamber with a total internal 
working volume of ~0.75 m3 shown in Fig 17. This is a fully dry pumped system with a Varian 
TV1001 Navigator turbomolecular pump backed by a Varian Triscroll 600 rough pump.  

This chamber can reach a base pressure of 1x10-6 torr in 30 minutes after vacuum break and mid 
10-7 torr overnight. Samples are mounted on a fixed plate in the chamber and probes are moved 
into place using a single Phytron stepper motor. This motor can move a Trek 370 surface potential 
probe (± 3 kV range) and a Faraday cup mounted at opposite ends of a propeller-shaped bracket. 

Figure 17 The exterior and interior of MINION chamber 
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This chamber is not intended to simulate space radiation, but rather simply charge materials and 
measure the surface potential decay rate. As such it has a 5 keV Kimball EGPS 2017B focusable 
electron gun used for charging materials and one VUV photon source of the same type as described 
above for discharging. All data acquisition and vacuum systems are controlled by LabVIEW and 
have a high degree or automation to facilitate month-long data runs.  

4. EXPERIMENTAL RESULTS AND ANALYSIS

As mentioned in section two, we have investigated the phenomenon of aging from the perspective 
of both charge transport (electrical conductivity) and optical response (absorption, transmission 
and reflection). The results of these investigations will be presented here as well as our 
interpretation of the chemical structure modifications caused by electron radiation damage. 

Although this work has focused primarily on polyimide, low density polyethylene (LDPE) and 
Polyethylene terephthalate (PET, Mylar) were also investigated. Because of the complexity of each 
data set acquired, we have chosen to pursue in-depth studies of PI rather than cursory treatment of 
all three materials. That being said, some data for LDPE and PET will be presented here, however 
there is not enough data for deep interpretation.  

All materials were aged in the Jumbo vacuum chamber and then moved to other facilities for 
characterization. We employed several techniques for understanding the charge transport and the 
chemistry of radiation damaged materials. These include conductivity measurements, UV/VIS 
absorption, FTIR, and EPR.   

4.1. Polyimide 

Transmittance spectra of Kapton-H® films in UV/VIS spectral range measured right after electron 
bombardment with different doses are presented in Fig 18. For all radiation-damaged films 
transmittance was significantly lower compared to pristine material, which correlates with the 
darkening of damaged PI demonstrated in all studied samples and illustrated in the inset to Fig 18. 
Another important change identified on the UV/Vis spectra of irradiated material is the shift of 
fundamental bandgap, as shown in Fig 19. The observed reduction of the PI bandgap may be 
attributed to the population of additional radiation-induced defect states within the bandgap of 
irradiated material. 

The transmittance spectra of electron-irradiated PI with dose of 5.6 x 107 Gy (25 years in GEO 
equivalent) measured after 260 min of air exposure in UV/visible spectral range are presented in 
Fig 20. The transmittance spectrum of reference pristine PI material is also presented. A decrease 
in the optical bandgap observed for the radiation damaged material tends to return to nearly that 
of the pristine material with increased air exposure. It should be noted that transmittance of PIs 
irradiated with lower doses returns to the level of pristine material after prolonged air exposure 
(hours); PI damaged with higher dose does not fully recover even after very long air exposure.  
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Figure 18 Transmittance spectra of reference 
(pristine) PI film and radiation damaged PI at 
different doses. Inset shows photographs of a 
pristine PI (left) and a radiation damaged with 
dose of 5.6 x 107 Gy PI sample (right) after 2 
minutes of air exposure. Changes of the 
material’s optical behavior in the visible 
spectrum are obvious. 
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Figure 19 Change of fundamental bandgap of 
radiation-damaged PI at different GEO dose 
equivalents. 
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Figure 20 Transmittance spectra of radiation-
damaged PI with 5.6 x 107 Gy dose measured 
after (20-260) min of air exposure. 

To quantify changes in the chemical structure of the electron-irradiated PI, IR absorption spectra 
were taken immediately after the samples were damaged with electrons. PI has a complex IR 
signature with each peak corresponding to a specific vibration within the monomer. Spectral 
directional hemispherical reflectance (DHR) was measured for pristine and electron radiation-
damaged PI material with 5.6 x 107 Gy, then absorbance was calculated assuming no light is 
transmitted. Figure 21 shows the IR absorbance spectra of reference (pristine) and electron-
damaged PI with 5.6 x 107 Gy. Air exposure prior to measurements was limited to 12 min, but 
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could not be completely eliminated so it must be assumed that some degree of recovery has taken 
place.   

To help identify specific absorption bands of damaged PI material the second derivative of the 
corresponding absorbance spectrum was taken, as illustrated in Fig 22. Derivative spectroscopy 
allows easier peak identification due to the suppression of broad bands relative to the sharp bands. 
In addition, derivative spectroscopy eliminates baseline shift effects in measured spectra, thus 
improving the accuracy of quantification. Several common absorption peaks were identified; 
phenyl ring deformation σ(phenyl ring) at 945 cm-1, bridging ether stretch ν(C-O-C)  at 1261 cm-

1, phenyl ring C-C stretch ν(phenyl ring) at 1495 cm-1 and 1601 cm-1, imide stretch σ(C-N-C) at 
365 cm-1, and out-of-phase carbonyl stretch ν(C=O) at 1896 cm-1. 
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Figure 21 Absorbance spectra of pristine and 
electron radiation-damaged PI after 20 min of 
air exposure. Inset shows the schematic of 
PI’s monomer with chemical constituents 
highlighted for reference. 
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Figure 22 Top – difference spectrum of 
radiation-damaged and pristine PI material. 
Bottom – the 2nd derivative of difference 
spectrum. Several absorption bands are 
identified. 

The intensity of selected tabulated absorption peak values plotted as a function of time exposure 
to air is shown in Fig 23 for electron radiation-damaged PI material with 5.6 x 107 Gy dose. The 
same analysis with similar results was performed for PIs irradiated with lower doses.  

This analysis indicates that not all pieces of the PI monomer are equally susceptible to electron 
induced damage. After electron-radiation induced damage of PI, 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 can only be formed by breaking of one C-O bond of ether (C-O-
C). 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. Next, 
the absorption at the phenyl ring stretching frequency, ν(phenyl), after damaging is significantly 
lower than that in the pristine material on the same time scale. This is caused by electron induced 
bond rupture which has a high probability of forming one or more radicals which have an electron 
to donate to the new carbonyl bond. As the other components of the molecule return to their pristine 
state, the phenyl absorption also recovers, indicating healing of the phenyl rings. The absorption 
at the phenyl ring deformation frequency, σ(phenyl), is increased compared to the pristine material. 
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Finally, we found that electron irradiation enhances the absorption at the imide stretching σ(C-N-
C) frequency. Radiation-induced bond breakage between nitrogen (N) and carbon (C) could 
change the dipole moment of the remaining C-N bond of imide, and this will manifest itself in 
increased absorption. 

Surface potential decay measurements were performed on radiation-damaged PI in vacuum. To 
monitor vacuum recovery (healing) of the radiation-damaged PI, measurements were performed 
over several weeks with ~ 2 day time intervals. Fig 24 demonstrates the sample normalized 
potential versus time curve for the surface potential decay of electron-irradiated PI. 

The initial values of free parameters rr, rt, a, α, β, and µ0 from Eq. 4 were estimated from the 
bibliography to provide the starting point for the fit.[62] Selected values of free parameters, carrier 
mobility in the damaged PI, as well as probabilities of charge being released and re-trapped in 
different trapping center, are plotted in Fig 25 as a function of vacuum exposure, and compared 
with the corresponding values of pristine Kapton. No significant variation of carrier mobility was 
observed after five weeks of vacuum exposure, suggesting that the radiation-damaged material 
retains its properties in vacuum. Compared to pristine Kapton, carrier mobility and probability of 
charge being re-trapped by different charge trap did not change, whereas probability of charge 
being released from a trap is significantly increased. 

To evaluate the radical concentration of radiation-damaged material, immediately after irradiation, 
damaged Kapton with a dose of 4.0x107 Gy (18 year GEO equivalent) was sealed in a vacuum 
tube and shipped to Hunter College of the City University of New York for the EPR measurements. 
Due to the interaction of nitrogen and oxygen in aromatic rings of Kapton with high energy 
electrons, radicals are formed upon irradiation. Radical concentration in irradiated Kapton was 
measured as ~ 3 x 1017 spins/gram, as shown in Figure 26. An undamaged reference sample 
showed no EPR signal indicating that there are no unpaired electrons present in pristine PI, as was 
expected. However, a strong initial EPR signal was measured in the damaged material, with the 

EPR signal not degrading significantly in vacuum. Oppositely, we showed earlier that the intensity 
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Figure 23 Intensity of selected absorption 
bands of radiation damaged PI with 5.6 x 107 
Gy dose as a function of air exposure time. 
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Figure 24 Normalized surface potential versus 
time. Inset illustrates fitting of pre-transit 
region of potential decay curve to Eq. (4). 
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 of the EPR signal decays with increased air-expose of the damaged material.[64] 

Finally, resistivity of radiation-damaged material was evaluated using volume resistivity 
measurements and surface potential decay curves, as shown in Figures 27 and 28. Considering a 
post-transit region of surface potential decay curves, defined as when a charge body reaches the 
back plane, a decay time and the dark resistivity of the material was derived using Eq. 5. Air 
exposure of radiation-damaged PI resulted in fast recovery, i.e. within 3 hours of irradiation the 
PI’s resistivity changed from 1.2 x 1014 Ω-m to that of pristine PI (4.7 x 1017 Ω∙m), whereas the 
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Figure 25 Selected parameters (µ0 (mobility), 
rr (release probability), and rt (trapping 
probability)) obtained from fitting of Eq. (4) 
to the surface potential discharge curves as a 
function of vacuum exposure. 

Figure 26 Radical concentration of radiation-
damaged Kapton with a dose of 4.0x107 Gy as 
a function of vacuum exposure. 
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Figure 27 Comparison of air- and vacuum-
recovered conductivities of Kapton irradiated 
with electron dose of 5.6 x 107 Gy. Dashed line 
presents conductivity of undamaged (pristine) 
PI. 
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vacuum recovery of radiation-damaged PI retained the same value, ~ 1 x 1014 Ω∙m, even three 
weeks (504 hours) after damage.  

To further probe the effects of air exposure on resistivity of radiation-damaged PI, the volume 
conductivity of three radiation damaged (with dose of 5.6 x 107 Gy) PI samples was measured: 
sample A was stored in air after electron damage; sample B was stored under vacuum and only 
exposed to air during conductivity measurements; sample C was stored in a separate vacuum 
chamber between measurements that could be vented and pumped down more quickly than that in 
which sample B was stored. Sample A demonstrated recovery to a stable resistivity of 1 x 1018 Ω-
m within the first ~150 min of air exposure. Samples B and C recovered to the resistivity of 6 x 
1017 Ω-m after 250 hrs and 400 hrs in vacuum, respectively. The resistivity of samples B and C as 
a function of cumulative air exposure time is plotted in Fig 29. 
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Figure 29 Resistivity (inverse of conductivity) and EPR signal of radiation damaged PI film 
plotted as a function of cumulative air exposure time. EPR normalized to steady state radical 

concentration. 

Further, during the same time period that the resistivity was being measured EPR measurements 
were performed on the damaged material and a pristine reference sample to determine the 
concentration of unpaired electrons in the damaged material. EPR data for the radiation damaged 
PI are also plotted in Figure 29.  

EPR shows that the decay of the radical signal occurred on the same air-exposure time scale as the 
increase in resistivity after initial electron induced damage. This suggests that these radicals are 
involved in the transport of electrons through the bulk of the material. Clearly they are reactive; as 
they react, the resistivity trends back toward its initial value. 

More information about the chemistry occurring in PI during electron irradiation was obtained 
using X-Ray Photoelectron Spectrometry (XPS) measurements.  XPS is only sensitive to the first 
few layers of the material, however due to the nature of the electron energy loss mechanism, it is 
likely that the surface chemistry closely mimics that of the bulk. XPS yields elemental composition 
of the sample as well as bonding information on the individual components. It should be noted that 
all XPS data presented here are assumed to be fully healed in the presence of atmosphere. The two 
most striking XPS results are shown in Figure 30. The XPS shows a decrease in the elemental 
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fraction of oxygen in a sample with a 5x105 Gy electron exposure versus that of the pristine 
material, which then increases with further aging. The measured oxygen is below the fraction 
dictated by the stoichiometry of the monomer unit. This could be due to molecular orientation on 
the surface. It is possible, although unlikely, that this is due to material contamination. Similar 
elemental composition measurements on pristine samples using XPS has been previously seen 
with oxygen representing 15.1% of the composition.[64] The fraction of carbon that is bound to a 
nitrogen or oxygen atom also undergoes an initial drop followed by a recovery to near the pristine 
state. We noted a dramatic increase in chamber pressure during aging and we attribute it to 
outgassing of species that have been created by bonds breaking in the PI. As time progresses the 
chamber pressure drops, indicating decreased outgassing, however it does not return to its baseline. 
This indicates that gas evolution from PI plays an important role in the chemistry of PI. To 
understand the change in elemental composition we draw on two different studies of irradiation PI 
and evolution of gaseous species from these samples. These studies were undertaken with very 
different conditions, both from each other, and from our set-up, but the chemistry they propose is 
consistent with the measurements here. 

Figure 30 XPS results on PI as a function of dose. (left) The elemental fraction of oxygen in the 
PI for three different samples 1mil PI backed by Al, black, 2 mil PI backed by Al, red, and 1mil 
PI backed with Cu tape, blue. The theoretical fraction is shown as a dashed green line. (right) 
The fraction of carbon that is electron poor for the same three PI samples. 

These studies were undertaken with different energetic particles and cover a wide range of 
energies, but the chemistry they propose is consistent with the measurements here. Oxygen is lost 
as CO, CO2, and H2, is evolved from the material.[21] Our XPS results indicate the oxygen that 
has double or triple bonds is preferentially lost versus only single-bonded oxygen , which is in line 
with our theory and the results seen in the IR absorption of 50 µm material. Decreases in oxygen 
to 12% have been previously seen in proton bombardment, and although we don’t see this extent 
of change our results agree qualitatively. [65] Other PI degradation experiments found that with 
760 MeV Kr ion bombardment the major gas species evolved from the system were mainly hydro- 
deficient chain fragments of the form of CxH2x-y (x varies from 1 to 6, for each x, there are several 
y). It is likely that both of these mechanisms play a role in the degradation chemistry, but that the 
relative importance of each varies with dose.  

Approved for public release; distribution is unlimited.
23



It is important to reiterate that the XPS data shown here was taken after the materials have been 
exposed to >>150 min of air. It is assumed that these materials are fully recovered after their 
extended exposure to atmosphere.  

4.2.  LDPE and Mylar 

Three materials were studied and while the bulk of the analysis was done on PI there still exist 
some intriguing results on low density polyethylene (LDPE) and Mylar (Polyethylene 
terephthalate, PET) that remain to be explored. A qualitative summary will be give below with a 
full quantitative analysis to be published in the future.  

LDPE was included in this study not because of its relevance to spacecraft construction but rather 
because of its relatively simple chemistry, semi-crystalline structure and ubiquity in the 
literature.[42, 63] Charge/discharge curves were taken of pristine LDPE and showed a complex 
charge-up curve that we postulate arises from the low charging beam current causing the charge 
time to be roughly on the order of the transit time. This is due to the fact that during charge up the 
steady state voltage is the time when the electron beam induced charging is in balance with the 
charge leaking through the material. Under these circumstances, the incident current is constant 
(electron beam), but as the front of the charge body reaches the backplane the discharge current 
changes. This manifests itself as a time-variant steady-state surface potential. In future studies, the 
charging beam flux will be increased to ~10-8 A/cm2 to charge the material on a time scale much 
faster than the transit time of a few hours. In the experiments described here, pristine LDPE 
reached a relatively steady surface potential at -300 V during charge up using a 20 keV electron 
beam with a flux of 50 pA/cm2.  

The charging data for LDPE is difficult to interpret for the reasons stated above. However, the 
discharge data is relatively straightforward, yielding a resistivity of 9x1019 Ω-m and in good 
agreement of the manufacture value of 5x1019 Ω-m. When aged with a 90 keV electron beam and 
total dose of 7x105 Gy (equivalent to 1.2 months in GEO) the resistivity dropped to 6x1017 Ω-m. 
This trend continued with a further decrease in resistivity to 3x1017 Ω-m after 3.9x106 Gy (6.8 
months in GEO). These two aging runs were also accompanied by an increase in the steady state 
voltage achieved during charging of -1 kV and -3kV respectively. We theorize that, as with PI, 
electron damage creates new electron trap states that aid in the conduction of trapped electrons by 
virtue of an increased electronic DOS in the material’s bandgap. Concomitantly, these trap states 
provide more places for electrons to reside during charge up leading to a higher steady state surface 
voltage. After further irradiation with 4.7x106 Gy (8.3 months in GEO), the trend in the steady 
state surface potential continued with and increase to -5 kV during charge up, however the 
discharge curve showed that the resistivity increased to 6x1018 Ω-m from the 3.9x106 Gy dose. We 
postulate that during the early phases of aging the material becomes less resistive because an 
increased DOS facilitates electron capture and transport; however, after some damage threshold, 
the semi-crystalline domains present in pristine LDPE begin to break down. The destruction of the 
long-range order results in an increased resistivity in the material.  

Space-rated 25µm Al-backed PET provided to us by Sheldahl was also tested. This material was 
charged with a 20 keV electron beam with a flux of 50 pA/cm2, but wasn’t allowed to reach steady 
state because the voltage was well above -5 kV leading to an increased risk of electrostatic 
breakdown. For this reason, little information was derived from the charge up curve. However, the 
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discharge curve yielded some interesting results. We calculated the bulk resistivity to be 4x1020 
Ω-m, the highest resistivity measured in any material this study. Interestingly, PET shows the 
opposite behavior of PI as it ages by becoming more resistive. When aged with a 90 keV electron 
beam and total dose of 7x105 Gy (equivalent to 1.2 months in GEO) the resistivity increased to 
1x1021 Ω-m. This trend continued as the material was exposed to 3.9x106 Gy and 4.7x106 Gy with 
increases in resistivity to 3x1021 Ω-m and 7x1022 Ω-m respectively. These calculated values should 
be viewed with some degree of caution because measuring decay rates over the months it would 
take for these materials to discharge is impractical. The general trend of the material becoming 
more resistive with increased electron induced damage is an intriguing result.     

5. CONCLUSIONS

We investigated optical and transport properties of Kapton material irradiated with different 
electron doses of simulated GEO environment with optical absorption spectroscopy, EPR 
measurements, surface potential decay and volume conductivity measurements. Analysis of free 
parameters obtained from a mathematical fit of surface potential decay curves of electron-
bombarded Kapton by Eq. (1) showed that carrier mobility and the charge trapping probability did 
not significantly differ from those of pristine material. However, the probability of charge to 
release from trap states was significantly higher for irradiated material. According to Toomer and 
Lewis, the release rate rr is inversely related to the depth of traps 

𝑟𝑟𝑟𝑟 =  𝜈𝜈 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝑡𝑡
𝑘𝑘𝑘𝑘
� 

(6) 

where ν is the so-called attempt-to-escape frequency. 

Thus, the significantly increased release rate in damaged material is suggesting the creation of a 
number of shallow electron traps as a result of high-energy electron bombardment. These shallow 
states may be attributed to the presence of unpaired electrons in damaged material, as revealed by 
EPR measurements. Possible origins of these free radicals formations may be deduced from IR 
absorption data. 

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 only 
be 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 
on the same time scale as the carbonyl stretch. Finally, absorption at the phenyl ring stretching 
frequency after damage shows an initial drop followed by a return to pristine levels on the same 
time scale. This suggests that damage causes scission of the phenyl rings and simultaneous 
formation of a new carbonyl functional group containing the ether oxygen. Scission of the phenyl 
rings is also the most promising candidate for radical formation. Thus, excessive radicals are likely 
originated from a radiation-induced brakeage of phenyl rings and/or ether bridges forming a 
metastable carbonyl. 

This study suggests that the presence of radicals plays a critical role in the transport of electrons 
through the bulk of the damaged material. Increased concentration of free radicals in conjunction 
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with increased probability of charge to be released from the trap in radiation-damaged material 
will lead to faster movement of charge body during surface potential decay measurements thus 
improving conductivity of the material. Additionally, UV-VIS transmission spectroscopy shows 
that the new damage induced electronic states within the bandgap decay on the same time scale as 
the apparent loss of radicals, suggesting that they are intimately related. Further, FTIR 
spectroscopy shows that phenyl ring scission and carbonyl formation are also occurring on the 
same timescale as the loss of the new electronic transitions and radical loss. It is from these 
common timescales that we draw the conclusion that electron damage causes phenyl ring scission 
preferentially followed by the formation of carbonyl with a delocalized radical associated with it. 
These radicals increases the density of energetically shallow trap states within the bandgap and 
intern enhance the electron mobility through the bulk.      
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