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CHAPTER 3 

3 MATERIALS TESTING 

This chapter begins with an overview of the various samples studied and a brief 

description of how the materials are used in spacecraft.  A summary of the various 

facilities where the material samples were tested is also presented.  A model to describe 

the CL phenomena to quantify the results of these tests is given, which allows for a 

quantitative analysis of the impact these materials may have on specific spacecraft 

designs.   The chapter ends with a comparison of the test results for many of the 

materials. 

3.1. Material Samples 

Numerous materials have been tested with the cryostat apparatus.  The samples 

were largely supplied by NASA; some are made of typical materials used in modern 

spacecraft construction and others are specific to more advanced space-based 

observatories, such as the JWST.  Initial tests conducted at USU for common spacecraft 

materials focused on conductivity and electron transport experiments (Dekany et al., 

2013).  As these tests continued, it became clear that some materials exhibited some 

detectable level of CL (Dennison et al., 2012), which opened the door for a more 

extensive investigation into this phenomenon (Jensen, 2014; Jensen and Dennison, 

2014a).   

3.1.1. Amorphous Polymers 

A variety of polymers have been tested by the USU MPG.  These materials are 

used extensively in spacecraft construction.  Kapton
TM

 and low-density polyethylene are 
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typically used as lightweight insulation for wires, for large-scale instrumentation 

insulation, and is a main component in the JWST solar insulation shield (Dekany et al., 

2015).  For use in more structural applications, nanodielectric carbon-loaded polyimide 

(Jensen et al., 2013a) is used.  The addition of the carbon nanoparticles is to allow the 

polyimide to be less conductive, reducing the chance of electron charging, which may 

result in catastrophic failures due to electrostatic discharge.   Cynate ester/graphite fiber 

composites (Roth et al., 2009), and bisphenol/amine epoxy (Dennison et al., 2013; 

Dekany et al., 2015) are typically used to reinforce spacecraft structures.  All of these 

materials have shown various levels of CL.  Understanding the levels of light 

contamination is critical when designing modern spacecraft with optical capabilities. 

3.1.2. Fused Silica 

Fused silica optical coatings (SiO2) (Jensen and Dennison, 2015) are used to 

protect the reflective surfaces of observational mirrors. Understanding the level of CL 

from these coatings is important in open architecture space-based observatories due to the 

amount of exposure to the space plasma environment these structures will undergo.  

Since most of these coatings are very thin, the amount of light emission from these 

materials is minimal and hard to measure; for this reason it is necessary to obtain accurate 

measurements of the coating’s performance for calibration purposes. 

3.1.3. Ceramics 

Ceramic materials, including boron nitride (BN) and annealed aluminum oxide, 

(Al2O3) have been tested at low temperatures (Guerch et al., 2015).  These materials are 

rigid and are used in a variety of places throughout a spacecraft due to their radiation 
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resistance.  By annealing the ceramics, the conductivity of the outer surface of the 

ceramic can be reduced to limit the chance of Electrostatic Discharge (ESD). 

3.2. Model of CL Intensity 

The model developed for the observed electron-induced luminescence 

phenomenon is based on band theory of highly disordered insulating materials (Jensen 

and Dennison, 2015; Teyssedre et al., 2001; Sim and Dennison, 2013).  The observed 

luminescence occurs when an incident high-energy, charged particle undergoes a series 

of inelastic collisions exciting valence-band electrons into the conduction band. The 

excited electrons rapidly decay to localized (shallow trapped) states, with a mean binding 

energy ��� below the mobility edge. A final electron transition, from the short-lived 

shallow trap states to longer-lived deep trap states, is the origin of the emitted photon.  

The model predicts that Iγ scales with incident current density Jinc, incident beam energy 

Einc, temperature T, and emitted photon wavelength λ as 

��	
�� , ��� , �, �; ��� , �� ���� ∝ 

� �� 	
���,������� �� �� 	
���,������ +�� �� " #$%�&'	�,��(1 − &+,-./ 01�⁄ 345	        

                                  × 89,���3: 		; 	0 ≤ 9,���3 ≤ :,			nonpenetrating		
; 	0 ≤ : ≤ 9,���3,			penetrating, F                  (3.1) 

where qe is the electron charge, ρm is the mass density of the material, ��� is the average 

conversion efficiency of excited electrons to photons (of various wavelengths), and : is 

the sample thickness.  The dose rate (absorbed power per unit mass), �� , in a sample 

volume [ 9,���3 times the beam area] is given by 
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�� ,
�� , ���3 = 	 HIJKLIJK
MNOPQ,LIJK3 R1 − S,���3T,                                          (3.2) 

where  S,�U3 is the contribution of backscattered yield.  �� ��� is the material-dependent 

saturation dose rate.  The exponential terms in Eq 3.1 account for temperature 

dependence (Jensen and Dennison, 2015).  The last two �-dependent terms correct for 

photon absorption within the luminescent material and reflection from any underlying 

coating (Dennison et al., 2012).  A more detailed discussion of the model is given in 

(Dennison et al., 2013).  This work focuses on the dependence of spectral radiance on 


��, ���, and the range of the deposited electrons, 9,���3. 

The dependence of the spectral radiance on incident current density,  
��, in Eq 3.1 

is through the dependence on dose rate; ��,
��3 ∝ �� ,
��3/(�,
W�3� + �� ���4 ∝

��/R
�� + 
���T.  At low dose rates (�� ≪ �� ���), �� is linearly proportional to  
��.  At 

higher current densities (�� ≫ �� ���), saturation occurs when trap states fill, limiting the 

number of states into which electrons can decay; ��	approaches a constant material-

specific saturation intensity.  Such saturation effects, at increasing current densities and 

fixed incident energies, have been reported for disordered SiO2 (Jensen and Dennison, 

2015), nanodielectric carbon-loaded polyimide (Jensen et al., 2013a), cynate 

ester/graphite fiber composites (Roth et al., 2009), and bisphenol/amine epoxy (Dennison 

et al., 2013; Dekany et al., 2015). 

The energy dependence of the spectral radiance is more complicated, due to the 

energy-dependent penetration depth or range, 9,���3, in Eq 3.2.  For nonpenetrating 

radiation—where the energy-dependent penetration depth or range, 9,���3, is less than 
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the film thickness L—all incident power is absorbed in the material.  At low incident 

power, both ��  and �� are linearly proportional to the incident energy and power density, 

,
����� Z�⁄ 3.  At higher incident power, both ��  and �� exhibit saturation effects for 

increasing energy and fixed current density.  For penetrating radiation—where	9,���3 >
:—the absorbed power is reduced by a factor of R:/9,���3T (Wilson and Dennison, 

2012) leading to a similar dependence for ��.  FIG. 3.1 shows the range and dose for 

select disordered materials as functions of incident energy. 

An energy-dependent correction to the incident flux, 
��R1 − S,���3T, is also 

included in Eq 3.2 to account for quasi-elastic backscattered electrons that do not deposit 

substantial energy; S,���3 is the backscattered electron yield (Dennison et al., 2012).  

Most of the time, this correction is small and weakly dependent on energy.  For biased 

samples, or when excess charge is stored in the trap states, a surface voltage, Vs , results 

FIG. 3.1.  Range (solid curves) and dose rate (dashed curves) of three disordered materials 

(SiO2, carbon-loaded polyimide, and graphitic amorphous carbon) as a function of incident 

electron energy using calculation methods and the continuous slow-down approximation 

described in Wilson and Dennison, 2012. 
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and Einc is replaced everywhere in Eqs 3.1 and 3.2 by the landing energy, ,��� − Z�\�3. 

3.3. Variation with Energy and Penetration Depth 

The energy dependence of CL scales as a saturation function of the dose rate [ Eq 

3.1].  For nonpenetrating radiation, the dose rate [Eq 3.2] scales linearly with energy with 

a small, usually negligible, correction term for the energy dependence of the electron 

backscatter yield.  FIG. 3.2 shows spectral radiance versus incident energy curves for two 

bulk materials, cynate ester/graphite fiber composite (red circle) (Roth et al., 2009), and 

bisphenol/amine epoxy (blue triangles) (Dekany et al., 2015), where the sample is thick 

enough that all the incident electrons are deposited.  These increase linearly with energy 

FIG. 3.2. Absolute cathodoluminescent spectral radiance versus incident electron energy of four 

materials, scaled to 10 nA/cm
2
 electron current density.  The plot shows data for SiO2-coated 

mirror (green square) (Jensen et al., 2013b; Jensen and Dennison, 2014a), carbon-loaded 

polyimide (black diamonds) (Dennison et al., 2013; Jensen et al., 2013a), cynate ester/graphite 

fiber composite (red circle) (Roth et al., 2009), and bisphenol/amine epoxy (blue triangles) 

(Dennison et al., 2013b; Dekany et al., 2015).  Data were taken with the CCD video camera at 

USU (solid symbols) and MSFC (open symbols).  Fits are based on Eqs 3.1 and 3.2.  The 

approximate level of the zodiacal background stray light intensity at 863 nm is shown for 

comparison (dashed grey line) (Leinert et al., 1997). 
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at low incident power density, but reach saturation limits at higher power densities (~10
3
 

µW/cm
2
 for the cynate ester and ~230 µW/cm

2
 (±70%) for bisphenol materials).  The 

bisphenol data fit by the linear curve in FIG. 3.2 (blue triangles) does not show 

appreciable saturation, while other data (blue inverted triangles) shows significant 

saturation effects.  The saturated spectral radiance curve (blue curve, with a saturation 

power density of 360 µW/cm
2
 (±30%)) taken after the electron beam is turned on and 

after the sample has reached equilibrium deviates noticeably above ~50 µW/cm
2
 from the 

linear spectral radiance curve (green curve) taken immediately after the electron beam is 

turned on and before saturation is reached. 

For thin films, such as the ~60 nm SiO2 optical coating in FIG. 3.2 (green curve), 

incident electrons above a threshold energy (~1.2 keV; FIG. 3.1) are able to penetrate all 

the way through the material. For energies above this penetrating dose rate, power 

deposition decreases with increasing energy, so the spectral radiance also decreases.  

Radiance from thicker SiO2 layers is found to increase linearly to higher energies and at 

higher dose rates, exhibit saturation effects (Jensen and Dennison, 2014a). 

With composite materials, such as the carbon-loaded polyimide, the relationship 

between energy and CL intensity is more complicated.  The black curve in FIG. 3.2 is a 

linear superposition with ~88% of a penetrating curve (Dekany et al., 2015) (10 nm 

thickness, with ~350 eV penetration energy), which models thin polyimide layers above 

carbon particles and ~12% of a nonpenetrating curve (2 µm thickness, with a penetration 

energy equal to the incident energy of ~10 keV), which models thick polyimide regions 

between the carbon particles.  The relative surface areas of thin (~19%) and thick (~81%) 

polyimide regions determined with scanning electron microscopy are consistent with 
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these estimates (Peterson and Dennison, 2013).  Even such a simple bimodal distribution 

of polyimide thicknesses predicts the relatively flat energy dependence of the spectral 

radiance curve observed at higher energies. A similar effect is seen qualitatively in FIG. 

3.2(f) of the cynate ester/graphite fiber composite sample (Dekany et al., 2015). Thicker 

regions of epoxy are lighter, while the thinner epoxy layers over graphite fibers are more 

intense and brighter blue in color. 

3.4. Materials Comparison 

As the list of spacecraft materials tested at USU became numerous, it became 

clear some level of verification of these tests needed to be conducted.  As a result, CL 

tests were done using actual JWST onboard materials, such as carbon-loaded polyimide.  

Measurements were conducted at two independent facilities: the Environment Effects 

Laboratory at NASA MSFC and the Space Environment Effects Materials (SEEM) test 

facility at USU. 

USU testing used a ~1 m
3
 UHV chamber (~10

-6
 Pa) equipped with a high-energy 

electron gun with a focused beam (5-30 keV at 0.1-1000 nA/cm
2
 flux) (Chang et al., 

2000).  Temperatures from ~50 K to ~350 K were used for CL tests (Dekany et al., 

2014).  Samples from <1 cm to ~3 cm diameter were tested.  Additional NIR-IR and mid-

IR cameras and detectors, UV/VIS/NIR spectrometers, and electron emission 

measurement capabilities were used for some measurements (Dennison et al., 2013).  

Additional tests were done at MSFC under similar conditions.  These tests used 

well-characterized, uniform, large-area, approximately normal-incidence, monochromatic 

electron beams to irradiate tests samples.  MSFC testing used a larger ~2 m x 1 m  
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 diameter UHV chamber (~10
-6

 Pa) able to accommodate large (up to 41x41 cm) flight 

samples. It was equipped with a high-energy electron flood gun (1-100 keV at 1-100 

nA/cm
2
 flux) with in situ FCs positioned on either side of the large sample to monitor the 

incident beam current [FIG. 3.3(a)].  Temperatures down to ~120 K were attained by 

mounting samples on an electrically isolated liquid nitrogen reservoir.  The samples were 

in high vacuum conditions, held at fixed temperatures that could be controlled to 

cryogenic levels.  Results presented here used two optical detectors: (i) an image-

intensified CCD video camera (Xybion, ISG-780-U-3;   ~400-900 nm bandwidth and 830 

nm peak wavelength), and (ii) a single lens reflex CCD still camera (Cannon, EOS Rebel 

FIG. 3.3.  Sample images in ambient light (top) and under electron bombardment (bottom) 

showing variations in sample composition, size, and facility. (a-b) 41x41 cm sample of carbon-

loaded polyimide mounted in the MSFC test chamber, with 36 epoxy glue dots luminescing 

under electron flux. (c-d) 2.5 cm diameter sample of thin disordered SiO2 coating on Au-coated 

mirror mounted in the USU SEEM test chamber. (d) Image with the beam focus adjusted so 

electrons impinge and cathodoluminescence is evident only on the right side of the sample. (e-f) 

1 cm diameter sample of cynate ester/graphite fiber composite at USU. Striations in the images 

result from the composite fiber structure of the material. (f) Image with the electron beam offset 

to the top left, limiting cathodoluminescence to this quadrant.  (b) and (d) are CCD video frame 

images; all other images are SLR still color photographs. 

(a) 

(b) 

(c) 

(d) (f) 

(e) 
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XT DS126071; ~390-650 nm bandwidth and 553 nm peak wavelength) (Dennison et al., 

2013).  The cameras were calibrated on an absolute scale using NIST traceable sources; 

their detection threshold sensitivities are noted in FIG. 3.4.  In addition to the optical 

detectors, picoammeters measured current through the sample, monitored the mounting 

stage current, and measured beam currents.   

 FIG. 3.3 shows some examples of materials tested and CCD video camera and 

SLR still camera color images of the CL.  In FIG. 3.3(d) CL is evident only on the right 

side of the SiO2 sample, where the beam has been focused.  FIG. 3.3(f) of a cynate 

ester/graphite fiber composite sample shows a uniform circular electron beam offset to 

FIG. 3.4.  Measured absolute cathodoluminescent intensities for ~10 keV electron 

bombardment scaled to 10 µW/cm
2
, representative of severe space environments.  Data 

acquired using the CCD video camera (863 nm weighted central wavelength and 500 nm 

bandwidth).  The materials shown—in approximate order of increasing intensity—are: three 

levels of decreasing carbon loading of polyimide from high to low conductivity and bulk 

polyimide (black squares); disordered SiO2 optical coatings (green); neat bisphenol/amine and 

urethane epoxies (blue); and composite resin fiber materials including cyanate ester/ graphite 

fiber, urethane epoxy/carbon fiber, and epoxy/fiberglass composites (red);.  Measurements at 

the two test facilities are identified at right.  Three data analysis methods are compared for 

bisphenol/amine samples; these range over more than two orders of magnitude, illustrating the 

need for well-designed test methods.  The spectral radiance for the zodiacal background stray 

light intensity at 863 nm is shown for comparison (dashed blue line) (Leinert et al., 1997), as 

are the detection thresholds of the cameras at the MSFC facility (Dennison et al., 2013). 
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the top left, limiting CL to this quadrant.   

Measurements at the two test facilities are identified separately in FIG. 3.4.  

Measurements for similar materials (bisphenol/amine and intermediate conductivity 

carbon-loaded polyimide samples) show agreement to within a factor of ~2-3.  This is 

reasonable agreement given the differences in sample materials, temperatures, test 

methods, instrumentation, and electron bombardment conditions for the different tests.  

However, it also serves as an indication of the uncertainties associated with ground-based 

testing. 

3.4.1. Variations with Materials 

FIG. 3.4 shows a comparison of measured absolute CL spectral radiances for 

different spacecraft materials, which spans approximately three orders of magnitude 

(Dekany et al., 2015).  These different results for varied current and keV electron 

bombardment have been linearly scaled to 10 µW/cm
2 

incident electron power densities, 

which is representative of severe space environments.  The materials tested include: 

polyimide films, neat urethane and bisphenol/amine epoxy films; bulk and thin optical 

coatings of disordered SiO2; several grades of commercially available, high-conductivity, 

carbon-loaded, polyimide nanodielectric composites; cyanate ester and urethane epoxy 

resins in graphite fiber and fiberglass composites; and multilayer dielectric/conductor 

composites.  In general terms, we found the relative CL for a given electron flux ranks 

from lowest to highest intensity for polyimide nanodielectric composites, disordered 

SiO2, bulk polyimide, bulk epoxy materials, and epoxy resin composites.  Polyimide and 

carbon-loaded polyimide exhibit relatively weak CL intensities, with the intensity 
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decreasing with carbon content.  As a point of comparison, note that these absolute 

spectral intensities for isolated samples exposed to electron fluxes comparable to solar 

wind intensities span the intensity of the zodiacal background in the visible and near 

infrared wavelength range (vertical dashed line of FIG. 3.4) (Leinert et al., 1997); this 

relative comparison of intensities to the zodiacal background is most important for space-

based observatories, where the zodiacal background can be a significant source of 

external light contamination (Dennison et al., 2013).  Also note these measured 

intensities are greater than the scaled CCD video camera detection threshold. 
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CHAPTER 4 

4 CONCLUSIONS 

The conclusion of this thesis provides a summary of the results and proposed 

future work.  In the summary is an overview of the cryostat system and its extensive 

capabilities.  The summary also reviews the extent of the test facilities and recaps the 

verification of the apparatus with similar tests conducted at other locations.  Finally, the 

future work section contains proposed modifications to the equipment to extend the 

capabilities. 

4.1. Summary of Results 

The UHV cryostat system described here has greatly extended the low-

temperature capabilities (<40 K to >450 K) to conduct space environment effects tests in 

the laboratory environment.  The versatility of the sample holder design with integrated 

quick-connect functionality has facilitated other low-temperature sample testing 

configurations, including those for RIC (Dennison et al., 2016) and dark current 

measurements (Dekany et al., 2013).  These custom parallel-plate test fixtures allow low-

current measurements down to ~1-50 fA at >1000 V and determination of conductivities 

down to <1·10-21 (Ω-cm)-1 [10] to 5·10-20 (Ω-cm)-1 (Dennison et al., 2016).  The RIC 

tests, which lasted for days, required maintaining stable temperature for 10s of hours to 

allow samples to come to electrical equilibrium (Dennison et al., 2016). The constant 

voltage conductivity tests measured the long-term (many days) decay of dark current 

conductivities of spacecraft materials at low temperatures (Dekany et al., 2013). The RIC 

and dark current conductivity tests were performed in two different locations with the 
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cryostat assembly mounted on different vacuum chambers than described in this paper.   

Finally, the cryostat and the sample holder detailed in this paper will soon be used to 

study the temperature-dependent behavior of spacecraft materials under electron beam 

bombardment, including secondary electron emission in juxtaposition with a 

hemispherical grid retarding field analyzer (Hoffmann, 2010; Hoffmann and Dennison 

2012) and surface charging of dielectric materials in combination with a surface voltage 

probe (Hodges, 2012; Hodges et al., 2014). 

4.2. Future Work  

This cryostat/sample mount is compatible with electron detection capabilities, as 

well.  Preliminary work has been done to incorporate a surface potential probe to the 

cryostat system by developing a mounting plate compatible with the second cooling stage 

outer plate (FIG. 4.1).  Although the mounting plate was designed for a unique apparatus 

located in France, care was taken to allow for the adaptation of devices at USU, such as 

the custom hemispherical grid retarding field analyzer (HGRFA).    

The primary detector for emission studies is the USU HGRFA, with a retarding-

field analyzer grid system for emitted-electron energy discrimination between 

backscattered electrons (energies >50 eV) and secondary electrons (energies <50 eV).  

The HGRFA uses custom, high-speed, high-sensitivity electronics, and charge 

neutralization capabilities used with <50 pA, <5 µs, <3·10
3
 electrons/pulse pulsed-beam 

sources permit high-accuracy electron emission measurements of extreme insulators with 

minimal charging effects (Hoffmann and Dennison, 2012; Dennison et al., 2016).  In situ 

monitoring of surface voltage, arcing, and luminescence (250 nm to 5000 nm) have also 
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been added.  By ramping the grid bias, energy spectra of the emitted electrons can also be 

measured using this detector.  The HGRFA features a fully encasing hemispherical 

collector for full capture of emitted electrons, which is particularly well suited and 

calibrated for absolute yield measurements. The HGRFA can be positioned in front of a 

single sample mounted at the end of the cryostat with the developed mounting plate with 

the addition of a mounting bracket.  When installing the HGRFA to the cryostat, it is 

important to align the sample plane with the device’s working plane.  Fine-tune 

adjustments are possible by rotating the second cooling stage. 

  

FIG. 4.1.  Mounting plate for surface potential probe attached (shown here with the laser) or the 

plate could be adapted for use with the USU HGRFA.  The second cooling stage cylinder can be 

rotated for fine-tune adjustments. 
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