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electron yield, δmax and its corresponding energy, Emax as well as the first and second crossover 
energies, E1 and E2, at which the material transitions between positive and negative charging.  
The two parameters *max and Emax are used in NASCAP to model the SE yield as a function of 
incident energy.  Four additional parameters, b1, n1, b2, n2, are used to describe the shape of the 
reduced yield curve *(E0)/*max vs. Eo/Emax .  They are typically determined from a bi-exponential 
range law fit for PE energy range derived from stopping power data [5].  They can also be 
determined directly from fits to the SE yield curve; in this case b2 and n2 describe the shape of 
the high energy tail of the curve while b1 and n1 model the region from Emax to a few keV 
incident energies [12,28].  In addition, we determined alternate fits to the reduced yield curve 
using a number of other models which potentially provide more accurate models, particularly in 
the high energy tail, including those by Sternglass [29], Schwartz [30], and Dionne [31]. The BSE 
yield curve is modeled in NASCAP using a very complex function with a single parameter, the 
effective atomic number, Zeff [5]. Note that Zeff is not related to the atomic number of the sample.   
This and a more elaborate empirical five parameter fit are shown in Fig. 3.  A four-parameter fit, 
based on the work of Chung and Everhart [26], is used to model the emission spectra (see Fig. 3). 
Other measurement and analysis methods are being explored to determine insulator yield 
parameters free from charging distortions.  For example, three approaches have been used at 
USU successfully to determine the second crossover energy, E2 for insulating materials: (i) the 
mirroring method approach; (ii) the pulsed-total yield approach; and (iii) and the dc-spectral 
approach [22].  Of these two techniques, the dc-spectra approach is found to be most sensitive to 
sample negative charging, and therefore a more precise method for determining E2.   
 
Ion-Induced Emission Measurements 
 Total electron yield due to ion bombardment as a function of incident ion energy and 
emission spectra (see Fig. 4) are measured using the same hemispherical grid retarding field 
analyzer used for SE/BSE emission measurements.  A cold cathode ion gun is used as the source 
for monoenergetic He, Ne, Ar, Kr and Xe ions over the range of <100 eV to 5000 eV.  The 
sample is biased to -20 eV to repel SE which would contaminate the emission measurements. 

Figure 4. Measurements of electron 
emission due to incident ions.  Various fits to 
the curves are defined in Ref. 24. 
(Left)  Low energy He, Ar and Xe ion yields 
for HOPG graphite.   [24] 
(Right)  Higher energy He ion yield for Al 
alloy 6061.  Note  the logarithmic energy 
scale.  [24] 
(Bottom) Energy spectrum of emitted 
electrons at 500 eV incident ion energy for 
~25 µm thick Sheldahl Black KaptonTM. 
[14]. 
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 NASCAP requires two ion yield fitting parameters: (i) the SE yield due to 1 keV proton 
impact, *H

1keV, and (ii) the incident proton energy, EH
max,for maximum ion yield, *H

max [5].  Our 
measurements do not go to high enough energies to determine EH

max, which is typically 100 keV 
or higher; therefore, high energy yields from the literature are used to augment the USU low 
energy data. Figure 4 shows both the NASCAP fit and an extended 5 parameter empirical fit, 
plus the ion yield dependence on ion mass [14,24].  Our lowest mass measurements were done 
with He rather than incident protons; however, this does not present a significant problem as the 
difference between H and He yields is typically not large, where data are available, and further 
NASCAP assumes that the emission is the same for all ion species, independent of mass [5]. 
 
Photon-Induced Emission Measurements 
 Total electron yields due to photon bombardment as a function of incident photon energy 
(see Fig. 5) are determined by measuring incident beam and sample currents. The sample is 
biased to -20 eV to repel SE which would contaminate the emission measurements.  NASCAP 
uses a single parameter, the total electron yield due to standard solar irradiance, to characterize 
photon-induced electron emission [5].   It is straightforward to determine this parameter from 
integration of the measured spectra of electron  emission versus incident photon energy (see Fig. 
5), by normalizing for the solar spectral intensity [32]. 
 
Conduction Related Properties 

Conductivity of insulating materials is a key parameter to determine how accumulated charge 
will distribute across the spacecraft and how rapidly charge imbalance will dissipate.  
Instrumentation for both classical and charge storage decay resistivity methods has been 
developed and tested at JPL and USU.   Details of the apparatus, test methods and data analysis 
are given elsewhere [18-20].  Classical methods use a parallel plate capacitor configuration to 
determine the conductivity of insulators by application of a constant voltage (E field) and the 
measurement of the resulting leakage current across the plates and through the insulator [18,28].  
The capacitive resistance apparatus (CRA) at USU is designed as a versatile instrument for 
classical resistance measurements under tightly controlled conditions [18].  The sample 
environment—including sample temperature, ambient vacuum or background gas, and 
humidity—can be strictly controlled.  Computer automation of voltage and current 
measurements, together with environmental parameters, allow rapid and prolonged resistance 
measurements.   Thus, the apparatus is capable of parametric studies of variables that influence 
the resistivity, including sample material and thickness, applied voltage magnitude and duration, 
sample temperature, ambient gas or vacuum, and humidity.  Figure 6 shows data obtained at 
USU using the classical resistance method following the ASTM D 257-99 standard method [28] 
for Sheldahl [33] thermal control blanket material at 26±2 °C in ambient room light at 30±5% 
ambient relative humidity with wet electrodes for a range of voltages.  The curves showed linear 
behavior on a log-log plot with a slope of ~½ and converged to ~(3±1) ·10+16 Ω·cm at ~½ hr. The 
published resistivity value for Dupont Kapton HN is 1·1017 Ω·cm [34].  

However, recent works have shown that these classical methods are often not applicable to 
situations encountered in spacecraft charging [18,20,35].  Conductivity is more appropriately 
measured for spacecraft charging applications as the "decay" of charge deposited on the surface 
of an insulator.  Charge decay methods expose one side of the insulator in vacuum to sequences 
of charged particles, light, and plasma, with a metal electrode attached to the other side of the 
insulator.  Data are obtained by capacitive coupling to measure both the resulting voltage on the 
open surface and emission of electrons from the exposed surface, as well monitoring currents to 
the electrode.  
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Additional equipment is available for ex situ examination of conduction-related properties, 
including capacitance, bulk and surface conductivity, dielectric constant, dielectric strength and 
electrostatic discharge [24].  The relative dielectric constant and bulk resistivity were measured 
using a standard impedance analyzer (see Fig. 6).  A standard four-point probe is used for ex situ 
measurements of bulk and surface conductivity of more conducting samples. The maximum 
potential difference that can exist between the material surface and the underlying conductor 
before dielectric breakdown or “punchthrough” is referred to as the punchthrough voltage or 
dielectric strength.  The punchthrough voltage of thin insulating films was measured using the 
Utah State custom capacitor resistance apparatus by monitoring current across the sample while 
applying voltage across the sample electrodes.  Alternatively, dielectric breakdown can be 
determined by high energy bombardment.    Above 1600 eV incident electron beam energy, the 
anodized Al surface layer reached its breakdown potential and became conducting, passing DC-
current through the sample as shown in Fig. 6.  

 
Application to Spacecraft Charging 

 The primary object for the SEE projects at USU was to provide an extensive database of 
electronic properties of relevant spacecraft materials for use in charging codes.  Table II lists 
values of the 19 parameters used to specify materials properties in NASCAP for a representative 
sample, Au.  Figure 7 shows the web-browser based interface for the Database of Electronic 
Properties of Materials Applicable to Spacecraft Charging in the SEE Charge Collector 
Knowledgebase where the results of our studies are posted [36].  This Database contains a 
Materials Report for each sample studied which has a detailed description of the source of the 
sample, all measured characterization data, the raw emission data, the derived values for 

Figure 5. Measurements of electron emission
due to incident photons.   
 
(Left)  Solar flux and solar photoelectron
yield versus incident photon energy for
polycrystalline Au. Data below ~7 eV are
from measurements at USU.  Data above ~7
eV are from Feuerbacher [14]. 
(Right)  Percent cumulative solar yield
versus incident photon energy for Au.  The
large jump at ~10 eV is due to intense Lyman
alpha radiation [24]. 
(Bottom) Detail of photoyield as a function
of photon energy for polycrystalline Au.
(Inset) Work function determination from
photoyield threshold energy [24]. 
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NASCAP parameters and other models of the data, and a review of the available literature on the 
material [24].  The parameters for NASCAP derived from a representative Au data set are listed 
in Table III.  Additional analysis and parameterization for improved material modeling in future 
spacecraft charging codes (see below) is also included in each Materials Report.  
 Table III is a list of the materials already on reported in the Database and those currently 
being tested at USU.  The prioritized list is based on extensive discussions with spacecraft 
charging community specialists, intended to meet two objectives: (i) extending the NASCAP 
database to include the most common spacecraft materials currently in use and (ii) investigating 
representative materials with wide ranging physical properties.  The accurate remeasurement of 
NASCAP parameters for those materials already incorporated in current NASCAP databases 
serves to confirm our experimental methods or update existing data which are not fully reliable.  

 
Suggested Improvements to Materials Properties Parameteization  
 Based on our experience with materials testing and characterization, data analysis, and 
evaluation of spacecraft charging, we can offer recommendations for additional measurements 
and improved parameterization of existing results that can be used to improve the modeling of 
spacecraft charging in future codes.  Specifically, we suggest: 
i) Extended Parameterization:  Enhance modeling of electron emission data with extended 

parameter fits.  Specifically, add a 6 parameter empirical BSE yield fit and a 5 parameter 
empirical ion yield fit.  
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Figure 6.Conduction related properties 
(Top)  Relative dielectric constant versus 
frequency for 25 µm Kapton HN film 
with ~0.1 µm vapor-deposited Al and 
~40 nm indium tin oxide (ITO) coatings. 
The sample was a composite material 
sold for applications as a low emissivity 
conductive thermal control coating 
material for spacecraft [33,34]. 
(Bottom)  Classical resistivity versus 
time measurements for a sample of 
Sheldahl thermal control blanket material 
with a Kapton HN substrate and a 0.1 µm 
vapor-deposited Al coating [33,34].   

Data shown are from USU for 51 µm and 130 µm thick samples at 300 V, 700 V and 900 V uncoated sample at
64 V [22]. JPL data are for  51 µm thick uncoated sample at 64 V [19].  
(Bottom) Discharge current versus electron beam incident energy for 1 µm thick chromic acid anodized Al
2219 alloy.  Breakdown initiates at ~1600 eV incident energy, at the sample current threshold [22]. 
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ii) Additional Emission and 
Optical Properties: Extend 
modeling to include 
electron emission spectra, 
work functions, and angular 
distribution of emitted 
electrons to more fully 
model the effects of surface 
bias on yields and return 
currents.  Add ion species 
(mass) dependence to ion 
yield models.  Extend 
photoyield models to 
include photon energy 
dependant yields; this can 
model varying incident 
optical spectra and reflected 
or partially transmitted 
light.  Incorporate 
reflectivity spectra to model 
fraction of incident light 
causing photoemission and 
indirect photoemission. 

iii) Data Modeling: Add 
capabilities within 
NASCAP to fit data sets of 
new materials using the 
NASCAP parameterized 
models, especially the 5 
parameter SE yield model. 

iv) Charge Transport 
Capabilities:  Add charge 
storage method resistivity 
values to the database [24].  
Add parametric models of 
resistivity (e.g., temperature or electric field dependence) and dielectric spectra useful in 
charge transport modeling. Expand modeling of radiation-induced conductivity and electron 
emission based on the internal charge distribution of insulators [22].  

v) Multi-Material Geometries: Enhance multi-material geometry capabilities to better model 
semi-transparent (to electrons, ions or light) thin-film conductors/insulators on 
conducting/insulating substrates.  This capability will be essential to more fully model 
contamination and surface modification, in addition to optical, thermal and atomic oxygen 
resistant coatings [12,13]. 

 
Other Applications 

In addition to direct contributions to the Database of Electronic Properties of Materials, 
there have been a number of studies at USU on specific aspects of the contributions of electron 
emission to the overall spacecraft charging problem.  One such study has determined that, under 
certain circumstances encountered in near-earth orbits, incorporating more complete knowledge 

Table II.  Spacecraft Materials Tested at Utah State University. 
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of the energy- and angle-
resolved spectra of SE is 
necessary to fully model 
how SE emission and 
spacecraft charging are 
affected by re-adsorption 
of low energy electrons 
by the emitting surface or 
adjacent surfaces in the 
presence of charge-
induced electrostatic 
fields [13].  Angular 
distribution of SE’s were 
found to affect charging 
calculations when a 
spacecraft is charged 
positively and can also 
affect return current to 
adjacent surfaces [13].  
Angle- and energy-
resolved spectra 0(E,") 
and *(E,") were 
measured for selected 
conducting materials 
[11,16], and these data 
were used to 
quantitatively model the 
effects of sample bias and 
the interplay between spacecraft geometry and angular emission.   

These same angle- and energy-resolved emission spectra have also been compared to 
theoretical predictions of the emission cross sections.  Semi-empirical theory assumes isotropic 
angular distribution, [37] while quantum theory predicts highly anisotropic angular production 
cross sections that become isotropic during transport to the surface [38].  Our studies indicate that 
there may still be anisotropic components to some energy ranges as vestiges of the underlying 
SE production mechanisms [11,16].   

We have also studied the effects of bandgap and surface potential barriers on emission from 
semiconductors and insulators [21,23,39].  One study shows that *max decreases by ~30% as the 
bandgap of graphitic amorphous carbon decreases from ~0.6 to ~0 eV upon thermal annealing 
[21,39].  Other studies look at the role of band gap and electron affinity on emission from 
insulators [23].  In this and other studies, we attempt to understand how the fundamental physics 
mechanisms and the interaction of electrons with matter underlying three phase models of the 
production, transport and emission from a surface are related to the observed emission [16,21,23]. 

Emission of low energy SE is very surface sensitive. Therefore, even monolayer 
contamination can significantly modify SE yield.  USU studies of deposition of disordered 
carbon on Al/Al2O3 and Au surfaces found that modification of only a couple atomic layers led 
to changes in SE yields by a factor of 2 or more; further modeling of hypothetical satellites 
suggested monolayer C contamination of Au can swing charging 104 V! [10,12] 

 
Figure 7.  Web-browser based interface for the Database of Electronic
Properties of Materials Applicable to Spacecraft Charging in the SEE Charge
Collector Knowledgebase [36]. 
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We have also studied the 
contribution to “snapover” from SE 
emission [40,41].  In snapover, insulators 
surrounded by positively biased 
conductors in a plasma experience a 
surface discharge phenomena.  Our 
studies suggest that secondary emission 
is not the only factor that determines the 
onset positive voltage for snapover [23]. 
 
Spin-Off Application 

 While the primary motivation for 
our work at USU is based on charging of 
spacecraft materials [14,24], the electron 
emission properties of materials are 
relevant to many spin-off technical 
applications.  Electron multipliers use 
high SE yield dynode materials [42].  
Material and topographic contrast in 
scanning electron microscopy exploit the 
facts that the number of SE’s produced 
depends on the electronic structure and 
angular distribution of emitted electrons, 
respectively [37,43].  Electron probe 
microanalysis and Auger electron 
spectroscopy are surface techniques 
based on details of backscattered 
electron energy loss mechanisms [44].  
SE yield from emitters is critical in design of field emission devices [45]. Electron emission has 
important applications for next generation flat panel displays; electron emission sources must 
have high yields and the spacers between anodes and cathodes are required to be insulating and 
have low SE yields [46].    Advanced vacuum tube technology requires low SE yield materials 
[47].  SE yield of materials determines arc initiation, with important applications to high power 
arcing [48] and plasma discharge phenomena like flashover or snapover [40,41].  Disordered 
carbon is used to coat the inside of the plasma fusion confinement test reactors to reduce 
secondary electron emission that inhibits controlled fusion reactions [49].   
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