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Experimental Investigation of the Secondary
and Backscatter Electron Emission from New
Spacecraft Surface Materials

Millan F. Diaz-Aguado, Member, IEEE, John W. Bonnell, Stuart D. Bale, Justin Christensen, Phillip
Lundgreen, Jordan Lee, JR Dennison, Member, IEEE, Justin Dekany, Brian Wood and Mike
Gruntman

Abstract— The emission of Secondary (SE) and Backscattered
Electrons (BSE) influences spacecraft surface potentials and the
surrounding plasma. Spacecraft potentials are determined by the
current balance of arriving and departing electrons, ions, and
photons. SE and BSE often play a significant role in that current
balance, and so knowledge of the SE and BSE fluxes from exposed
surfaces is crucial in determining those floating potentials,
especially in eclipse. Modern spacecrafts use new materials for
which secondary emission properties have been unavailable,
leading to uncertainties in the surface charging of and plasma
environment around those spacecrafts. In this work, the total
electron yield, SE yield and BSE yield were measured for
Niobium-C103 alloy, Molybdenum TZM alloy, Tantalum
Tungsten alloy, Elgiloy, graphite lubricant (DAG 213) and
Titanium Nitride. The surface properties of Tungsten were also
measured for comparison with past test data. The materials were
readied as spacecraft flight materials and temperature treated
(“annealed”) to predicted peak flight temperatures. The yield
properties for 10eV-SkeV incident electron energies for all samples
were measured. Both unannealed and annealed states were tested,
except DAG 213, which was only tested annealed. Three-
parameter and four-parameter models was used to fit the BSE and
SE yield data, respectively. The emitted electron energy distri-
butions are also obtained and fit with a Chung-Everhart model for
SE and a Gaussian function for BSE. The SE and BSE currents
densities were calculated for different ambient plasma conditions,
including at GEO, in the magnetosheath, and solar wind at
heliocentric distances from 1AU to 9.5 solar radii (0.044 AU) away
from the Sun. For ready reference, the normalized primary
electron, SE and BSE current densities versus ambient electron
temperature were computed and plotted from 1eV to 8keV.

Index Terms— Backscattered Electron Yield, Secondary
Electron Current, Secondary Electron Yield, Spacecraft
Charging.
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I. INTRODUCTION

HE PLASMA environment can have significant and

detrimental effects on spacecraft (SC) operations [5-11],
affecting the plasma measurements and causing surface
charging events. Incident electrons on a surface result in
secondary electrons (SE) and backscattered electrons (BSE)
emission. BSE are electrons originating from the external
environment which scatter with the material, and eventually
reverse direction and backscatter out of the material. SE
emitted electrons that originate within the material, are excited
by collisions of incident electrons, and escape from a surface.
SE and BSE are some of the most important surface charging
mechanisms [5, 12-15], which also include photoemission and
ion SE.

Large potential differentials caused by differential charging
from SE and BSE have caused anomalies on spacecraft (SC)
and their instruments [12,19, 16, 17], but there is still some
debate on how the electron fluxes cause SC charging events
[18]. Based on results from the Spacecraft Charging at High
Altitudes (SCATHA) mission there are several studies [8, 19,
20] that show what range of ambient electron energies cause
spacecraft charging at GEO. All the studies differ in their
detailed conclusions, but they agreed that the ambient electron
temperature must peak above 3keV for SE and BSE to play a
significant role in SC charging.

SE and BSE yield (SEY and BSEY) as a function of incident
electron energy are available both in the literature and in the
simulation packages (NASCAP and SPIS) [21, 22], but myriad
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new SC materials have been introduced and used in the last
decade for which no data is available, motivating this study.

This research studied the effects of incident electron with
energies up to SkeV for Ta-W, TZM, TiN and DAG213. It also
measured Nb-C103, Elgiloy and W to 30keV. Tungsten has
been studied extensively [1] and was chosen as a benchmark
material with similar refractory properties for these studies.
The other new untested materials are being utilized on
Langmuir probes used to measure density and potential
variations in the plasma. Current missions that include these
probes as part of their instrument suite include Time History
Events and Macroscale Interactions during Substorms
(THEMIS) [23], Van Allen Probes [24], Cassini [25], Mars
Atmosphere and Volatiles Evolution (MAVEN) [26], MMS
(Magnetospheric Multiscale) [27], Solar Orbiter [28] and Solar
Probe Plus (SPP) now Parker Solar Probe (PSP) [29].

During the mission of PSP, the SC is traveling from the Earth
to 9.5 solar radii away from the Sun. Most of the bus will be
protected by a carbon-carbon and alumina heat shield, except
two instruments which are exposed to the full solar flux (the
FIELDS antennas and the SWEAP faraday cup). The SC will
orbit around the Sun, slowly decreasing its periapsis, and slowly
increasing temperature of the antennas, faraday cup and shield,
which are mainly composed of Nb-C103 and TZM, with Ta-W
as the backup material for Nb-C103. The heating experienced
by the surfaces will anneal them, which may change the SE
yield and the energy distribution of emitted electrons and thus
impact sheath properties. Any change in the SEY or BSEY also
influences the corresponding current, and thus SC charging and
floating potential.

Other recent or future missions also make use of novel
untested materials: The ESA Solar Orbiter mission will also
study the Sun but at a higher altitude (0.25 AU) than PSP, using
Elgiloy for their probes. MAVEN, a mission to study Mars, and
Cassini, mission to study Saturn, uses Langmuir probes coated
with TiN. THEMIS, Van Allen Probes and MMS studied the
magnetosphere and Van Allen belts with highly elliptical orbits.
These SC had DAG 213 on their probes.

Studying the SE and BSE yields of these new materials will
help in modeling SC charging, specifically in software
packages like NASCAP and SPIS. In order to measure the
effects of annealing, the samples were characterized before and
after exposure to expected flight temperatures. This study did
not include SE emission testing at the peak temperatures.

Because SE occurs mainly near the surface, SE yields are
sensitive to surface contamination [9, 30, 31]. In order to best
capture this effect for these materials in their flight
configuration, the samples were prepared similarly to flight
materials using cleaning processes described in the
experimental section.

Once cleaned, the samples were then exposed to an electron
beam at normal incidence. The Total Electron Yield (TEY) and
BSE yields (BSEY) were measured, and SEY were obtained
through subtraction. All the samples were then heat-treated at
temperatures similar to maximum flight temperatures to anneal
them. The yield measurements were then repeated for all

samples, except for DAG 213, to search for differences in the
samples, and its effects on SEY and BSEY.

The details of the experimental setup and test results are
described below. First, the experimental setup is explained in
the Electron Emission Test (EET) Chamber at Utah State
University (USU)[32], followed by the theoretical models
used[15]. Second, the experimental results are shown for SEY,
BSEY and TSEY for the materials tested, including the
theoretical fits. The SE and BSE energy distribution are also
shown. Subsequently, the SE and BSE current densities are
calculated for different ambient plasma, ending with a
conclusion.

II. EXPERIMENTAL

All tests were conducted at room temperature in the EET
Chamber by USU Materials Physics Group [1, 32]. The test
system uses a fully encased hemispherical grid retarding field
analyzer (HGRFA)[33]. The yield measurements were made
using 10 electron beam pulses per beam energy (3us for low
incident electron energies and 30us for high incident electron
energies). The biased hemispheres capture the emitted
electrons. The HGRFA detector is capable of measuring yields
within +/-2% accuracy. By biasing the retarding grid to OV, the
total yield is measured by detecting all electrons. Biasing the
retarding grid to -50V allows for only the BSE to reach the
detector. The ratio between the incident and emitted charges
were then integrated to obtain the Total Electron Yield (TEY)
and BSEY.

The SEY are determined by subtracting the BSEY from the
TEY. The SE emission spectra was determined with the same
HGFRA by scanning the voltage of the retarding grid through a
range of voltages. The emission spectra were determined only
for an incidence electron energy of 53¢V, to be able to
distinguish the SE at low energies with the BSE which have
similar energies as the incoming electrons. It is assumed that
the SE spectra will be similar for all incident energy electrons,
and the rough validity of this assumption has been shown
experimentally in [33, 34], and theoretically by Chung and
Everhart [35]
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Fig. 1 Schematic of the hemispherical grid retarding field
analyzer (HGRFA), with the ammeters (I), ground and voltage
biases[1].
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TABLE I
MATERIALS PROPERTIES
Surf Surface Density, Mean Mean Work
Sample Composition C ntz;?rfzjti N Roughness Pm Atomic Atomic Function,
© ° (nm) (g-cm?)  Number, Z Weight, M, 0 (eV)
W W (99.98%) C(5%), O(1%) <0.2 19.3 74 183.85 4.55
0, 0,
Nb-C103 Nb(89%), Hf(10%), Ti(1%) C(Sé’gzgg %), <0.2 8.85 4391 101.02 4.1%
o
TiN Ti(77%), N(23%) C(3%) <0.1 5.22 145 30.94 42
C(5%), O(1%),
_ 1) 0 () < %
Ta-W 10% Ta(90%), W(10%) Fe(0.1%) <0.1 16.9 73.1 181.20 4.2
Mo(99.3%), Ti(~0.5%), 0 0 *
TZM 7r(~0.08%) C(5%), O(2%) <0.5 10.3 42.0 95.94 43
Co (40£1%), Cr (20+1%), Ni
Elgiloy (15£1%), Fe (~15%), Mo C(3%), O(3%) <0.5 8.30 27.28 59.25 4.3*
(7£1%), Mn (2+0.5%), Si~1.2%
Graphite (~10%) / bisphenol ~4.7
DAG-213 epoxy resin (CisHisO3)n (~90%) none <0.1% <l 0.98 3.77 7.07 (epoxy
composite band gap)

* Work functions for alloys are found with a Vegard-like approach, if not specifically available in the literature, using values in [4]

Figure 1 shows a schematic of the HGRFA hemispheres and
sample setup [36], where A is the collector, B is biased grid
used to discriminate electron energies coming from the sample,
and C inner grid used to provide the uniform electric field and
shield from unwanted edge effects. The HGRFA resolution is
~2 eV, with additional contributions from the thermal spread of
electron sources and electronics for an estimated instrument
resolution of ~2.4+0.2 eV. Figure 2 shows an image of the
HGRFA and the rotating sample holder inside the EET
chamber.

The tungsten sample is a high purity bulk refractory material.
Nb C-103 niobium sample is a highly refractory Nb-Hf-Ti alloy
typically used in aerospace components and other high
temperature environments. TiN is an extremely hard high
temperature ceramic material, often used as a coating on metals;
this sample was a 2 um N thick coating on a Ti substrate. The
Ta-W sample is a bulk Ta refractory material with ~10% W
alloying. Molybdenum TZM is a standard Mo alloy, used in
applications that require high strength and creep resistance at
elevated temperatures. Elgiloy® is a high temperature non-
magnetic Co-Cr-Ni-Mo alloy. DAG 213® is a thermosetting
resin-bonded graphic dry film lubricant coating formulated
from processed microcrystalline graphite and epoxy resin, often
used in space applications as a black thermal control material.
Relevant properties of the materials are listed in Table-I.

The samples were treated similarly to materials used during
flight missions. First the samples were cut to fit the holder. An
ultrasonic methanol bath was then used to clean the surfaces.
Immediately afterwards, the samples were baked-out at ~373K
for >48 hours. prior to all yield measurements to minimize
absorbed water and volatile contaminates. Finally, the samples
were stored in a nitrogen glove box until placed inside the EET
chamber which was pumped down to 1077 torr.

Surface morphology studied with scanning electron
microscopy (SEM) found smooth (though not atomically
smooth) surfaces with vertical features less than 2 pm high
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Fig. 2 Image of the HGRFA Hemisphere and Carrousel
Sample Holder. The blue arrow indicates the direction of
electrons passing through the HGRFA and incident on an
electrically isolated sample mounted in a sample carousel
sample block.

(except for DAG 213®) (see Table-I). W, TZM, and DAG
213® had ~2-10 pm wide irregular patches; Nb-C103, TiN, Ta-
W, and Elgiloy exhibited additional striations from machining
or polishing. These rough surfaces may supress the electron
yields somewhat, but are not expected to have large effects
(except for DAG-213), since the height-to-lateral aspect ratio is
typically less than 10% to 50%. Energy Dispersive X-Ray
Spectroscopy (EDS) analysis (see Table-I) confirmed the alloy
composition, with other contaminants noted in Table-I. All
materials had C and O surface contamination evident,
suggesting thin organic contamination layers; other
contaminates were often contentrated in particulates.
Contamintion, especially organic layers or oxide layers, can
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TABLEII
SE YIELD PARAMETERS
a _su AEmax—AE¥Emay n-n" mf-m"
S [W] EsEmax [ = AEgEma:E ] n [ n% ] m m¥ ] E; E> TI'max

Sample e * 'ES/*O ) (eV) * (%) * (%) * (%) (eV) (keV)

W Unannealed 1.50+0.1 o 230+30 o 1.41+0.08 0 0.60+0.07 o, 35%1 1.10£0.1 1.2340.7
W (1200°C) 1.70+0.1 13% 350+£50 32% 1.52+0.06 8% 0.53+0.05 -12% 34+1 2.20+0.1 1.25+0.6
Nb-C103 Unann. 1.80+0.1 11% 300+30 1% 1.53+0.04 2% 0.46+0.02 7% 43+2 1.70+0.1 1.23%0.5
Nb-C103(1200°C)  2.00+0.1 270+£50 1.56+0.04 0.43%0.03 3442 1.62+0.1 1.33+0.5
TiN Unannealed 2.30+0.1 260+30 1.64+0.04 0.4110.03 2741 1.7240.07 1.12+0.5

2% -4% 1% 0%

TiN (180°C) 2.35+0.08 250+30 1.65+0.02 0.41+0.01 2741 1.73£0.07 1.12+0.3
Ta-W 10% Unann.  2.30+0.1 0% 260+30 8% 1.47+0.06 1% 0.44+0.05 59 18£1 2.9+0.1 1.47+0.7
Ta-W (1200°C) 2.30+0.07 ° 280+30 ’ 1.48+0.03 °  0.46%0.02 ® 2341 3.0£0.1 1.36%0.5
TZM Unannealed 2.20+0.05 o 240+30 o 1.59 +0.06 o 0.35+0.1 o 38+1 2.1+0.1 1.79+0.8
TZM (1200°C) 2.20+0.05 0% 280+10 17% 1.54 +0.02 3% 0.48+0.02 37% 23+1 2.34+0.1 1.30+0.4
Elgiloy Unann. 1.90+0.1 11% 300+50 20% 1.62+0.06 1% 0.49+0.04 8% 33+2 1.60+0.1 1.07+0.5
Elgiloy (800°C) 2.10+0.1 360+30 1.63+0.04 0.45+0.03 362 2.07+0.1 1.14+0.5
DAG 213 (180°C) . 2.00+0.05 NA 240+£50 NA 1.60+0.04 NA 0.45+0.03 NA  33+1 1.45+0.07 1.20+0.6

* Values greater than uncertainties in italics

have significant effects on electron yields which are difficult to
predict.

After initial testing, the materials tested were annealed by
exposure to temperatures experienced during realistic flight:
Nb-C103, TZM and W were annealed at 1473K (1200°C),
Elgiloy was annealed at 1073K (800°C) and DAG 213 and TiN
were annealed at 423K (180°C). All materials were annealed in
a vacuum furnace in a quartz tube at <10 Pa to avoid oxidation.
Such annealing or flight exposure could be expected to remove
contamination or smooth the surfaces[37].

Figure 3 shows the electron range for the materials studied
here, as well as that of amorphous graphitic carbon for
comparison. Ranges were calculated using methods detailed in
Wilson [2, 3].

III. THEORETICAL MODELS

The data obtained by the lab experiments were fitted
parametrically with well-established theoretical models
summarized in the appendix. SEY curves were fitted using a
four-parameter semi-empirical model [1, 15]. BSEY curves
were fitted using a three-parameter empirical model [1, 15].
Electron emission spectra were fit as the sum of a Chung-
Everhart model for the emitted SE energy distributions and a
Gaussian function for the BSE energy distribution [15, 35].

These theoretical models are important tools for estimating
spacecraft outgoing currents and therefore potentials under
varying space plasma conditions. Often spacecraft charging is
simulated using standard charging codes such as NASCAP2K
or SPIS [21, 22]. In this study, the ambient, SE, and BSE
current densities were calculated using a standard model for
electron emission from negatively biased surfaces [38].

Sections A-C in the appendix describe the parametric models
used to fit the observed TEY, SEY, BSEY, and emitted electron
energy distributions. These parametric models provide
significantly higher accuracy representations of the SEY and
BSEY [1] for current flux calculations than those using standard
NASCAP fit parameters for SEY and BSEY [21] which are
listed in Sec. H of the appendix for comparison. Sec. D, E and

F in the appendix show the electron, SE and BSE current
density calculation equations for different mission plasma
environments. Sec. G in the appendix shows the equation used
to plot normalized current density versus ambient electron
temperatures.
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Fig. 3 Electron range versus incident energy. (a) W, Nb-C103,
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TABLE III
BSEY FIT PARAMETERS
Sample ESE max [Egeak_E;l;eak] % Nmax [U;Inax - nrnax] . o [ﬂg—ﬁg] *
(eV) Egeak Mihax 773
W Un. 400044000 0.23+0.3 0.229+0.018
W 1200°C 30002000 -25%% 0.29+0.02 +29% 0.27340.016 +19%
Nb-C103 Un. 4200£1900 0.221+0.014 0.2297+0.0086
Nb-C103 1200°C 20000430000 +380% 0.26+0.03 +18% 0.23+0.10 +0.1%
TiN Un. 290490 0.157+0.010 0.132+0.011
TiN 180°C 800400 +176% 0.17140.011 +9% 0.14+0.017 +6%
Ta-W 10% Un. 3000+4000 0.31+0.03 0.27+0.10
Ta-W 1200°C 250041600 -17% 0.30+0.12 3% 0.27+0.04 0%
Molly TZM Un. 3000+3000 0.210+0.017 0.19+0.04
Molly TZM 1200°C 400044000 +33% 0.24+02 +14% 0.19+0.18 0%
Elgiloy Un. 200041300 0.206£0.015 0.177+0.017
Elgiloy 800°C 1400+1100 -30% 0.186+0.019 -10% 0.17+0.014 -4%
DAG-213 180°C 520+140 0.145+0.011 0.067+0.018

* Values greater than uncertainties in italics

IV. RESULTS

The following sections describe the TE, SE and BSE yields
from the samples tested, including the TE, SE and BSE energy
distributions and currents calculated for different ambient
plasma parameters.

A. Secondary and Backscatter Electron Yield

The results of the TEY, SEY, and BSEY are shown in Figs.
4-10. Note these are log-log plots used to emphasize the effects
of the power law fitting parameters » and m at lower and higher
energies, respectively. DAG 213, shown in Fig. 4, did not have
a unannealed sample tested. Tungsten, Nb-C103, TZM, Ta-W,
Elgiloy, and TiN are shown in Figs. 5-10, respectively. In each
of these figures, the yield of the unannealed sample is shown in
plot (a) and that of the annealed sample in plot (b). Residual
plots (c) show the percent change in yield due to annealing, for
example [(aannealed - aunannealed)/aunannealed]-

It is important to note that at low energies (10eV-50eV)
errors can be rather large, estimated to be up to £20% of the
plotted yields at energies <30eV. A major source of errors in
lower energy SEY and BSEY is the use of the conventional
engineering definition employed in charging codes that
categorizes electrons emitted with energies >50eV as BSE and
those with energies <50eV as SE; obviously this definition fails
to have any meaning for electron with incident energies <50eV.

These low energy errors can also be due to electron
dynamics, as primary and SE are affected by stray and non-
uniform electric and magnetic fields inside the chamber. The
chamber is fitted with a two layer sleeve of p-metal magnetic
shielding to reduce ambient magnetic field inside the chamber
by a factor of 210 [39], but other magnetic fields from the
instrumentation could still induce errors. These disturbances to
the electron trajectories lead to two major sources of errors: the
number of electrons from the electron gun missing the target,
and the number of electrons not captured by the grid [40]. In
other words, not all electrons leaving the gun impact the
sample, and not all the SE and BSE leaving the sample hit the

grid, especially at low energies. Use of a (nearly) fully enclosed
hemispherical detector captures and measures nearly all emitted
electrons, except ~1-2% that can escape via a drift tube that
allows incident electrons to reach the sample [39], thereby
allowing this detection scheme to make high accuracy yield
measurements, on the order of 2-3% for conductors and ~5%
for insulators [33, 36]

Table II summarizes the SE yield fit parameters for all
samples, based on the four-parameter semi-empirical equation
(Al). These include dmax, the maximum SE yield, Esgnax, the
incident electron energy where dmax occurs, and two power law
coefficients n and m related to the low energy and high energy
slopes of log-log plots of SEY such as Fig. 4. The crossover
energies, £; and E>, defined as where the SE yield equals unity
are also listed, as is the normalization constant 7,,.x. These yield
features are identified in Fig. 4. Similarly, Table III summarize
the BSE yield fit parameters for all samples, based on the three-
parameter empirical equation (A3).
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Fig. 4 DAG 213 TEY, SEY, and BSEY data and model fits for
an annealed sample, between 10eV and SkeV incident electron
energy. SEY fits are modeled with Eq. (Al) with fitting
parameters listed in Table II. BSEY fits are modeled with Eq.
(A2) with fitting parameters listed in Table III. Yield features,
OSmax, Esemax, 1, m, E;, and E are indicated on the plot.
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The maximum sample SE yield, dmax, changes between
unannealed versus annealed samples of the materials, as noted
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while it decreased or remained within the error of the
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BSEY have changed due to annealing. Shaded regions in Figs.
5-10(c) are bounded by the mean residuals for each yield +1
standard deviation of the residuals.. Together, these provide a
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Fig. 6 Nb-C103 SE, BSE and TSE yields and model fits for
incident electron energies between 10eV and SkeV. SEY fits
are modeled with Eq. (A1) with fitting parameters listed in
Table II. BSEY fits are modeled with Eq. (A2) with fitting
parameters listed in Table III. (a) Unannealed sample. (b)
Annealed sample. (c) Percent difference between annealed

Ofhax— omax:l

and unannealed samples, [ etc.

useful way to highlight energies at which statistically
significant changes occur due to annealing. As expected, the
relative changes are largest for BSE data (blue) where yields are
small.

In addition, Table II shows differences in E; and E» for
annealed versus unannealed samples.  E; increases with
annealing on Ta-W and Elgiloy, while it decreases on W, Nb-
C103, and remains the same for TiN. E, increases for all
samples except for Nb-C103, which decreases.
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Fig. 7 TiN SE, BSE and TSE yields and model fits for incident
electron energies between 10eV and SkeV. SEY fits are
modeled with Eq. (A1) with fitting parameters listed in Table
II. BSEY fits are modeled with Eq. (A2) with fitting
parameters listed in Table III. (a) Unannealed sample. (b)
Annealed sample. (c) Percent difference between annealed
and unannealed samples, [W] , elc.

All these differences will influence the material behavior in
different ambient plasma, by changing the current induced by
SEY and BSEY, as shown in Section C. The effects of relative
changes of the SE and BSE fitting parameters on threshold
charging have been quantified; it was found for the specific
cases studied there that changes in dnax followed by changes in
Esemar, had the largest effects on charging for several different
representative space plasma environments [15].

Yield data for the composite material Dag 213 is shown in
Fig. 4. As is expected [41] the yields are more similar to
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Fig. 8 Ta-W SE, BSE and TSE yields and model fits for
incident electron energies between 10eV and SkeV. SEY fits
are modeled with Eq. (A1) with fitting parameters listed in
Table II. BSEY fits are modeled with Eq. (A2) with fitting
parameters listed in Table III. (a) Unannealed sample. (b)
Annealed sample. (c) Percent difference between annealed

a u
Omax " Omax

u
Omax

and unannealed samples, [ ] , elc.
bisphenol epoxy yields, which constitute the vast majority of
the composite material, than the yields of graphitic carbon,
which have a low maximum yield typically just above unity at
low Eax, near 200 eV [36]. Note that the probe beam does not
cause the sample to exhibit signs of charging due to the ~10%
conductivity microcrystalline graphite content that enhances
conductivity in the sample and dissipates the charge from the
probe beam.

Fig. 5 shows the results for W, where annealing has the effect
of increasing the peak of the SEY curve (maximum yield) by
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Fig. 9 TZM SE, BSE and TSE yields and model fits for
incident electron energies between 10eV and SkeV. SEY fits
are modeled with Eq. (Al) with fitting parameters listed in
Table II. BSEY fits are modeled with Eq. (A2) with fitting
parameters listed in Table III. (a) Unannealed sample. (b)
Annealed sample. (c) Percent difference between annealed
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and unannealed samples, [

u
Omax

~13% and increasing the slopes at the lower (~13%) and higher
energies (~180%). The maximum BSEY decreased ~25% due
to annealing at higher energies. Annealing of the sample also
has the effect of decreasing the incident energy where BSEY is
greater than the SEY. This effect is also observed in other
samples, including Nb-C103 and Elgiloy shown in fig. 6 and
fig. 10.

Fig. 6 shows Nb-C103, with a modest ~11% increase in the
maximum SEY yield and a ~11% decrease in Esgmax, while the
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Fig. 10 Elgiloy SE, BSE and TSE yields and model fits for
incident electron energies between 10eV and 30keV. SEY fits
are modeled with Eq. (A1) with fitting parameters listed in
Table II. BSEY fits are modeled with Eq. (A2) with fitting
parameters listed in Table III. (a) Unannealed sample. (b)
Annealed sample. (c) Percent difference between annealed
o%ax—o%‘nax] ete.

and unannealed samples, [
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slope at lower energies remain constant and increases at higher
energies. BSEY also increased due to annealing.

Note, there is evidence for two peaks in the unannealed Nb-
C103 BSEY curve, one near 150 eV and one at much higher
energies. The presence of two BSE peaks is even more evident
in the annealed curve Fig. 6(b). A possible explanation for this
has been proposed by Wilson for similar studies of a series of
thin graphitic carbon layers with increasing thickness deposited
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TABLE IV

FITS FOR ELECTRON EMISSION DISTRIBUTION

Chung-Everhart SE fit

Gaussian BSE fit

the sample. The effects on BSEY were larger, increasing Emax
for the annealed sample.

In fig. 8 there are two peaks in the SEY unannealed samples
of Ta-W, probably due to contamination of the surface (as
discussed above). The BSEY double peak structure for the Ta-
W sample is significantly reduced after annealing. This double
peak structure is even evident in the TEY curve. During
annealing of the surface in vacuo, contamination is removed
leading to a smooth single TEY peak, very similar in shape and
form to the unannealed sample. Annealing cleaning and
smoothing surface effects have been previously explored for W
and Moly-TZM [37] with a scanning electron microscope
(SEM). This double peak and removal of contamination is also
observed in Ta-W and TZM, shown in Fig. 9.

The Elgiloy SEY and BSEY results are shown in Fig. 10.
The annealing increased the maximum yield and the slopes
have also increased at higher and lower incident energies.
Annealing increased the BSEY.

B. Electron Emission Energy Distributions

The SE and BSE energy distributions were measured for all
samples for ~53eV incident electron energy. As an example,

® ks T T¢ — T n(Eo) fése — fBse Eo AEg Yo
* —_—| *
Sample (eV) (V) T 8(Eo) fase fase (V)  (ev) * (ev)
W Unannealed 4.79+0.09 1.63+0.02 3.5% 4.8%+0.7% 53.63+0.18  2.6+0.3 0.0004 + 0.0006
W (1200°C) 4.54+0.13  1.50+0.03 -8% 2.9% 5.8%+0.7% +21% 53.48+0.13  2.8+0.3 0.0008 + 0.0005
Nb-C103 Un. 4.68+0.16 1.56+0.06 3.5% 6.5%+0.8% 53.47+£0.15 2.9+0.3 0.0005 + 0.0007
Nb-C103 (1200°C)  4.74+0.07 1.6140.02 +3% 2.9% 6.6%+0.7% +2% 53.96+0.13  2.3+0.2 0.0008 + 0.0006
TiN Un. 4.55+0.4 1.57+0.4 3.1% 10%+2% 53.75+0.14  2.9+0.6 -0.0012 + 0.0006
TiN (180°C) 4.51+0.07  1.60+0.02 +2% 2.4% 6.1%+1.1% -41% 53.7+£0.2 2.840.4 -0.0002 + 0.0009
Ta-W 10% Un. 4.74+0.10  1.59+0.02 1.2% 8.3%*1.1% 53.74+0.12  2.8+0.3 -0.0010 + 0.0009
Ta-W (1200°C) 4.73£0.09  1.57+0.02 -1% 2.2% 5.9%+0.7% -30% 53.7740.11 2.45+0.19  0.0014 + 0.0004
TZM Un. 4.67+0.10  1.59+0.03 2.7% 6.4%+0.6% 53.63+0.10 2.47+0.18  0.0004 = 0.0005
TZM (1200°C) 4.71£0.09 1.61+0.02 +1% 3.0% 6.2%+0.6% -3% 53.80+£0.11 2.44+0.18  0.0013 £0.0004
Elgiloy Un. 4.49+0.19 1.47+0.07 5.7% 5.4%+0.9% 53.62+0.19  2.4+0.3 0.0018 + 0.0006
Elgiloy (800°C) 4.68+¢0.11 1.57+0.03 +7% 4.0% 6.0%+0.7% +11% 53.37+£0.13  2.7+0.2 0.0009 + 0.0005
DAG 213 (180°C) 4.72+0.09  1.57+0.02 3.4% 5.9%+0.9% 53.83+0.15  2.4+0.3 0.0008 + 0.0006
Mean Value 53.67+0.04 2.59+0.05  0.0005 =+ 0.0002
* Values greater than uncertainties in italics

on Au substrates [42]; there, the lower energy BSE observed at 0.14

~170 eV can be clearly attributed to the C layers and a higher

energy peak attributed to the Au substrate. The more W 912 i o

pronounced double peak for annealed Nb-C103 is consistent = :“ Em'ss'f’” Spectra

with the observation (see Table I) that this sample has g 01 It Tota_l Fit

approximately twice the carbon and oxygen contamination B Ly, - - Sk F't_

layers observed for other films.  Similar, though less £ 008 : 1‘ ~ ~ BSEFit

pronounced, double peaked BSEY curves are observed for Ta- a [ SE BSE

W [Figs. 8(a-b)] and unannealed TZM [Fig. 9(a)], suggesting 8 0.06 :' (‘

similar organic contamination layers for these samples. E '

Fig. 7 shows TiN, where the annealing effects on SEY were w 0.04 | i

very small, compared to other samples tested. The annealing T :

temperature of TiN was much lower than the other samples and £ 002 |

might have affected the amount of cleaning and smoothing on % :_
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Secondary Electron Energy (eV)

30

Fig. 11 DAG213 SE and BSE data and fit energy
distribution, annealed sample.

Fig. 11 shows the normalized SE and BSE energy distribution
(number of particles emitted per unit energy per incident
electron, dn/dE) of DAG 213 along with the fitted Chung-
Everhart (SE) and Gaussian (BSE) models. As expected, the
BSE Gaussian fits have a very reproducible maximum of 53.67
+ 0.04 eV (see Table III), close to the incident electron energy
of ~53eV and a BSE peak width 0of2.59 + 0.05 eV, in agreement
with the instrumental resolution estimated in Sec. II.

The energy distribution in Fig. 11 has been normalized such
that the area under the curve is equal to unity. Absolute yield
distributions are obtained by multiplying the normalized
distribution by the energy-dependent yield, 6 (E;). Recall, by
convention, electrons with emission energies <50eV are
considered SE, while everything at higher emission energies is
considered BSE. Comparison of the parameter fgg to the ratio



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) <

0.14
0.12 m
T 01 )
3 —_—W -
=4 =5
= Nb C103 =
b=l X =
5 0.08 TN 3
E ' Moly TZM g
= —Ta-W s
o Clil T
[=) —tlgiloy =]
£ 0.06 g
= £
= "
E E
S 004 S
0.02
0
0 10 20 30 40 50 60

Emitted Energy (eV)

10
0.14
0.12
0.1 —W
Nb C103
TiN
0.08 Moly TZM
—Ta-W
——Elgiloy
0.06
0.04
0.02
0
0 10 20 30 10 50 60

Emitted Energy (eV)

Fig. 12 SE and BSE energy distribution fits of W, Nb-C103, TiN, Moly-TZM, Ta-W and Elgiloy. (a) Results for unannealed

samples. (b) Results for annealed samples.

1n(50eV )/5(50eV), provides a measure of the errors
introduced in low energy yields from the operationally
distinction SE and BSE at 50 eV employed in both
measurements and yield fitting functions. Values for fzg; are
consistently higher than the ratio n(50eV )/§(50eV), by about
a factor of 2; this is consistent with the notion that about half of
BSE electrons with a Gaussian distribution of width would be
measured as BSE by a detector with finite resolution AE;. At
incident energies below 50 eV, the measured BSEY is typically
in the range of 0.01 to 0.04, at or below the instrumental
resolution of yields; this is related to the offset y, for the BSEY
energy distribution (see Table IV). No significant changes in
fgse are observed as a result of annealing.

Figure 12 shows the normalized distribution dn/dE of W, Nb-
C103, TiN, Moly-TZM, Ta-W and Elgiloy. Fig. 12(a) shows
the results from the unannealed samples, and Fig. 12(b) those
from the annealed samples. In each case, the peak at low
energies (below 10 eV) is from the SE energy distribution and
that near 53 eV is from the BSE energy distribution. The shapes
of the curves are very similar, although the relative
contributions from SE and BSE differ somewhat from material
to material as characterized by the differences in the parameter
fase and the ratio n(50eV )/6(50eV) listed in Table IV.

Table IV shows the parameters of the SE Chung-Everhart
model fits. This table also shows the energy of the peak of the
SE energy distribution (ks7., in V) of the SE distribution. The
measured values of kpTsp were within the range of values
measured for metals in prior experiments of 1.3 to 2.5eV[34].
Annealing had at most modest effects on 75z of the samples.
The energy of maximum number of SE did not change due to
annealing (<3%) by an amount larger than the uncertainties for

most samples, the exceptions being that it increased for Elgiloy
by ~7% and decreased for W by ~8%.

As shown by Chung-Everhart [35] kgTsz is directly
proportional to the material’s work function @, as kzTsz= 5P.
Agreement between work functions estimated as a fitting
parameter and from the peak position were in very good
agreement, within 0.01 eV or less (except for annealed TiN).
The estimated work function for annealed W—the effective
calibration standard for this study— using this relation
determined from energy spectra using this relation (see Table
IV, column 2) was in excellent agreement with previous
measurements and recommendations of 4.55eV [4, 43-45].
TiN, Nb C103, TZM, TaW and Elgiloy estimated work
functions are ~0.38 eV or 9% larger than prior measurements
and ~0.4 eV or ~10% larger than estimates found with a

TABLEV
AVERAGE ELECTRON PLASMA PARAMETERS AT MAGNETOSHEATH, GEO,
AND SOLAR WIND

Electron Electron Current
density temperature Density
(em®) (eV) (BA/m?)
1AU 6.93 8.14 1.06
0.75AU 13.51 10.41 2.34
0.25AU 116.12 22.95 3.28¢e2
9.5Rs 4022 84.87 1.98e3
GEO 0.78 550 1.26
0.31 8680
Magnetosheath 17 7.76 2.55
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TABLE VI
UNANNEALED AND ANNEALED MATERIAL SE CURRENT DENSITIES (l,l.A/mz) WITHOUT REDUCTION DUE TO TEMPERATURE

Sample 1AU 0.72AU 0.25AU 9.5Rs  GEO Magentosheath

Previous W measuements 0.60 1.51 28.7 2930 1.44 1.39

W Unannealed 0.74 1.77 28.5 2416 1.16 1.74

W (1200°C) 0.63 1.55 27.2 2661 1.39 1.48

Nb-C103 Unannealed 0.56 1.41 26.8 2887 1.55 1.31

Nb-C103 (1200°C) 0.60 1.51 28.4 2955 1.38 1.64

TiN Unannealed 0.68 1.72 33.2 3548 1.57 1.59

TiN (180°C) 0.70 1.77 34.1 3625 1.55 1.63

Ta-W 10% Unannealed 0.83 2.06 37.8 3711 1.72 1.93

Ta-W (1200°C) 0.78 1.93 352 3507 1.71 1.82

TZM Unannealed 0.54 1.47 35.1 5095 2.99 1.24

TZM (1200°C) 0.77 1.91 347 3423 1.60 1.80

Elgiloy Unannealed 0.61 1.51 27.6 2820 1.36 0.91

Elgiloy (800°C) 0.58 1.45 27.5 3031 1.60 1.35

DAG 213 (180°C) 0.66 1.65 30.5 3014 1.26 1.55

TABLE VII
UNANNEALED AND ANNEALED MATERIAL BSE CURRENT DENSITIES (LA/m?)
S 1AU 0.72AU 0.25AU 9.5Rs GEO Magentosheath
ample

W Unannealed 7.88E-06 6.82E-05 1.36E-02 6.07 1.12E-02 1.38E-05
W (1200°C) 1.58E-05 1.36E-04 2.72E-02 12.05 2.10E-02 2.78E-05
Nb-C103 Unannealed 9.77E-06 8.46E-05 1.69E-02 7.57 1.45E-02 1.72E-05
Nb-C103 (1200°C) 8.32E-06 7.21E-05 1.44E-02 6.42 1.20E-02 3.29E-05
TiN Unannealed 2.47E-05 2.13E-04 4.15E-02 16.21 1.46E-02 4.35E-05
TiN (180°C) 1.29E-05 1.12E-04 2.21E-02 9.30 1.13E-02 2.27E-05
Ta-W 10% Unannealed 1.99E-05 1.72E-04 3.44E-02 15.10 2.49E-02 3.48E-05
Ta-W (1200°C) 2.23E-05 1.93E-04 3.85E-02 16.93 2.80E-02 3.93E-05
TZM Unannealed 1.21E-05 1.05E-04 2.09E-02 9.23 1.56E-02 2.13E-05
TZM (1200°C) 1.76E-05 1.52E-04 3.03E-02 13.31 2.16E-02 3.09E-05
Elgiloy Unannealed 1.62E-05 1.40E-04 2.78E-02 12.15 1.88E-02 2.85E-05
Elgiloy (800°C) 1.32E-05 1.14E-04 2.28E-02 9.97 1.54E-02 2.33E-05
DAG 213 (180°C) 2.21E-05 1.90E-04 3.67E-02 13.70 9.26E-03 3.90E-05

Vergard-like approach from tabulated elemental work functions
(see Table I, column8) [4]. DAG213’s estimated work function
was similar to past measurements [45], and approximately
equal to the band gap energy for typical epoxy materials.

Annealing also varied the BSE energy spectra compared to
the unannealed samples. The material-dependent fraction of
BSE in the emission spectra, fzse, varied due to annealing. fzse
increased for W and Elgiloy, while it decreased for Ta-W and
TiN. Table IV shows the parameters of the BSE Gaussian
model fit.

C. SE and BSE Current Densities

The current due to SE was calculated for all materials in
different space environments, such as GEO experienced mostly
by Van Allen Probes and the magnetosheath experienced by
MMS in their high eccentricity orbits. The current was also
calculated in the solar wind at 1AU, 0.72AU, 0.25AU
experienced by Solar Orbiter and even closer to the Sun 9.5Rs
by PSP. Table V shows the electron temperature and number
density of these plasma environments. The GEO plasma

environment is considered a two-electron population plasma
[38]. The current calculations for the magnetosheath use
average electron temperatures at 7.8eV which is in the same
order of magnitude to the SEY population of 1-2 eV.

Other environments not included are the plasmasphere and
the ionosphere with few eV of electron population. While the
densities in each region are quite high, the temperatures are
lower than the value of E; for these materials, leading to
insignificant SE and BSE fluxes in those environments.

Fig. 13 shows on the left axis the ambient differential
electron number flux versus electron energy in these different
plasma environments. The SEY of the annealed and unannealed
W sample is shown on the right axis of Fig. 13.

The annealed W SE yield curve is not consistently larger or
smaller than the unannealed one, making the W annealed and
unannealed SE current densities behave differently
(larger/smaller) depending on the incident electron
environment. In contrast, the BSE yield curve (at least above
100 eV) is consistently larger for annealed W (not so for the
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unannealed. Flux left axis, yield right axis. Past tested W fit was added to compare with current W fits.

other samples), which makes the BSE currents always larger for
the annealed sample in all environments.

A W SEY curve fit from past experiments [1] was also added
to compare with the new fits. The new tested unannealed W
yield fits are comparable with past data, but not equal, with a
SEY peak at similar incident electron energy, but smaller than
the previously tested W. The slope on the right side of the peak
of the previously tested W is similar to that of the unannealed
sample, and steeper on the low energy side of the peak.

These variations are probably due to different surface
treatment prior to testing. Similar studies of W available in the
literature [46-50] show a wide variance in measured yield
curves; such large differences are common in the literature as
even modest variations on surface contamination, surface
morphology, instrumentation calibration for absolute yields are
often not well documented or taken into account [51]. This
makes comparison of absolute yields from different studies
challenging [36].

The annealed sample showed clear differences in maximum
peak, and slopes before and after the peak, as seen in Fig. 12.
The maximum yield occurred at a greater electron energy for
the annealed sample. Current densities of the past measured
data are lower at electron energies below the peak for both
annealed and unannealed W.

The current density of past measured W has larger current
densities above the peak. Table VI shows the SE current
densities calculated for the unannealed and annealed samples,
at electron plasma environments described in Table V; fit
results for a previous study of a clean technical W sample at
USU are also listed. Annealed W current densities were within
10% of current densities for these previous tests, while
unannealed W was within 25% of the previous observed current
densities. This suggests that annealing had a significant effect
of the W yields, perhaps by driving off contamination.

For PSP, not only does the electron flux and temperature
change at different distances from the Sun, but the temperature
of the sample increases significantly as the SC approaches
perihelion. Temperatures of the FIELDS antennas will reach
more than 1400K.

The SE current densities shown in Table VI are estimates for
the samples at ambient temperature. Past tests by Sternglass
[52], McDonnell [53] showed how metal samples of platinum,
tantalum and carbon, decreased their SEY by 0.07, 0.06 and
0.05 % per Kelvin, in contrast with the BSE which hardly
changed.

Estimates of Nb, Mo, Ta and W [54] indicate an estimated
reduction of 37%, 27%, 31% and 33% of the SE yield at
elevated temperatures close to 1400K. More recent
investigations [55] indicate a reduction of 31% for TiN for
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temperature close to 673K. Taken together, these eight studies
of high temperature conducting materials all have a negative
temperature coefficient of change for SEY, with a reasonably
consistent value of 0.05%+0.03% per Kelvin.

Even though some of the materials tested are different from
these past data, except W and TiN, these trends of decreased
SEY at hot temperatures would reduce the influence of SE
induced currents. As SC approach the Sun, the solar photon
flux increases, increasing the photocurrent, and increasing the
surface temperature. This increase in temperature decreases the
SE current densities. Table VI does not show this reduction of

current density due to temperature, but it does show the
annealing effects on current densities at different environments.

Unannealed W has larger SE current densities at 1AU,
0.75AU, 0.25AU and Magnetosheath than annecaled W.
Unannealed Nb-C103 has larger SE current densities for all
plasma environments compared to annealed sample. Annealed
TiN has larger SE current densities for GEO and the
Magentosheath, and the SE current densities are the same for
1AU, 0.72AU, 0.25AU and 9.5Rs. Even though designers will
not use TiN or DAG 213 for instruments exposed to the Sun as
close as 9.5Rs, PSP has many instruments protected by the
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Sunshield during close encounters with the Sun which maintain
temperatures below 150°C, which are exposed to the plasma
environment but not the solar photon flux.

Annealed Ta-W has larger SE currents for all plasma
environments compared to unannealed. Annealed TZM has
larger SE current densities at 1AU, 0.72AU and
Magnetosheath, similar SE currents at 0.25AU, and smaller SE
currents at 9.5Rs and GEO. Annealed Elgiloy has higher SE
current densities for all plasma environments except for GEO,
which is equal to the unannealed Elgiloy.

Table VIII show the BSE current densities of the unannealed
and annealed W, Nb-C103, TiN, Ta-W, TZM, and Elgiloy.
DAG 213 current densities are shown only for annealed. At
1AU, 0.72AU and Magnetosheath the BSE current densities are
at least two orders of magnitude smaller than the SE current
densities, and changes in BSE currents due to annealing effects
would not affect the current balance.

Annealed W has larger BSE current densities for 0.25AU,
9.5Rs, and GEO than unannealed W. Unannealed Nb-C103 has
larger BSE current densities for 0.25AU, 9.5Rs, but smaller for
GEO than annealed Nb-C103. Annealed TiN has larger BSE
current densities for 0.25A, 9.5Rs and GEO than unannealed
TiN.

Unannealed Ta-W has smaller BSE current densities for
0.25AU, 9.5Rs, but larger for GEO than annealed Ta-W.
Annealed TZM has larger BSE current densities for 0.25AU
9.5Rs and GEO than unannealed TZM. Unannealed Elgiloy has
larger BSE current densities for 0.25AU, 9.5Rs, but smaller for
GEO than annealed Elgiloy.

D. Current Densities per Electron Number Density

The electron current densities per number density were
calculated for single Maxwellian plasma from leV to 8keV
ambient plasma electron temperatures. The SE and BSE
current densities per number density were also calculated from
leV to 8keV ambient plasma electron temperatures. The SE
and BSE electron current densities per number densities are
plotted in Fig, 14 and Fig. 15 respectively. Fig.14 shows how
the materials between ~20eV and ~2keV have a larger SE
current than primary electron current. The annealing effects
can be seen in the currents, both in the total current density per
number density as well as the points where the SE currents are
greater than the primary currents

Fig. 15 shows how the BSE current densities per number
densities are very small at temperatures lower than 30eV,
compared to the primary current densities per number densities.
As the electron temperature increases to 8keV, the BSE current
densities per number densities are in the same order of
magnitude than the SE current densities per number densities.

For a quick estimate of the current balance calculation of a
surface in space (in the shade), an engineer or scientist may
assume a temperature and from the plots estimate the primary
electron current, the SE current and the BSE current. Note that
the primary electron currents will have an opposite sign to the
SE and BSE currents in the current balance equation.

V. CONCLUSION

TE, SE, BSE and yields were measured and fitted for
different sample materials for seven materials of particular
relevance to spacecraft in high-temperature, high flux
environments. The SE and BSE normalized energy distribution
were also measured and fitted. The initial samples tested were
unannealed and in conditions typical for spacecraft materials at
launch; subsequent tests were conducted after annealing to high
temperatures representative of the Parker Solar Probe mission,
which might be expected to drive off contamination and even
smooth rougher surfaces through thermal annealing. Small, but
potentially significant, changes in the materials electron
emission properties were observed. The results show how the
SEY and BSEY characteristics of the materials can evolve
through exposure to extreme environments typical of these new
close-to-the-Sun missions, as observed in the SE and BSE
current density calculations. The SEY and BSEY were used to
calculate current densities in different plasma environments,
showing how the annealing effects of the materials varied
depending on the environment. The current densities per
number densities were also plotted for primary electrons, SE,
and BSE to aid in the design of instruments and spacecraft.

Based on these results, we conclude that it is vital for SC
designers to incorporate both induced changes of materials
properties and materials induced changes to the plasma
environment in their SC charging calculations as they can affect
equilibrium potentials [31, 56]. Engineers and scientists who
use codes such as NASCAP or SPIS for SC charging
assessments could benefit from use of the material data
presented in this paper.

APPENDIX

The following sections (Sec. A-C) describe the parametric
models used to fit the observed SEY, BSEY, and emitted
electron energy distribution. Sec. D, E and F show the electron,
SE and BSE current density calculation equations for different
mission plasma environments. Sec. G shows the equation used
to plot normalized current density versus ambient electron
temperatures. Section H shows the NASCAP fit parameters.

Electron yield is an incident energy-dependent measure of
the interactions of incident electrons with a material and
characterizes the number of electrons emitted per incident
electron. The total electron yield (TEY), a(E,), is defined as
the ratio total emitted electron flux to the incident flux,
0(Eo) = Nowe/ Nz, = 6(Eo) + n(Eo) (A1)
It is separated into two terms, the secondary electron yield
(SEY), 6 (E,), and backscattered electron yield (BSEY), n(E,).

A. Secondary Electron Yield Models

SEY describes electrons emitted from the material which
originate within the material and are excited through inelastic
collisions with the incident electrons; operationally SE are
defined as electrons with emission energies <50 eV.
Experimentally, SEY is determined by subtracting the BSEY
from the TEY.
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There were several different fits studied for each material,
including Sternglass[52], Dionne[57] and Hastings[38] fits, as
reviewed by Lundgreen[58].

All of the sample SE yields shown in Figs. 3-10 were fit using
a four-parameter semi-empirical equation in reduced format
derived from a 1D scattering model for the SE in the material
[32]:

Eg

stk = i () |1 o))

where E is the primary electron incident energy. Fitting
parameters include &,,4x, Emaxr, and two power law
coefficients n and m related to the low energy and high energy
slopes of log-log plots of SEY such as Fig. 4. 7,4, is a
parameter dependent on n and m and fully determined by
normalization of the fitting function. Details of the fitting
function and parameters are given in [58]. This model is
functionally similar to a model by Sims used with the SPIS code
[59].

B. Backscatter Secondary Electron Yield Models

BSEY describes electrons emitted from the material which
originate from the incident beam; operationally BSE are
defined as electrons with emission energies >50 eV. Many BSE
interact with the material largely through elastic (or nearly-
elastic) collisions and are emitted with energies near the
incident energy, Ey. Other BSE undergo one or more quasi-
elastic collisions, but still escape with energies higher than most
SE.

An extended three-parameter empirical model has been
developed to model BSEY[32, 58]:

0 if E <50eV )
tog(z527) ,
n(E) = {m ((E)  if 506V < E < Epay } (A3)
50eV
L @ if E = Epax
where ( is defined as
{(E’ nmax' 770’ Epeak) = e(nmax - no)e_(E/Epeak) + no (A4)

Epear 1s the energy where the BSE yield peaks, #7mq is the yield
value at Epea, and 7 is the high energy asymptotic value at
energies MEpcqr. This has the same functional form as an
empirical model proposed by  Prokopenko and
LaFroamboise’[60]. The single-parameter NASCAP fit to
BSEY sets Epex=5 keV and e(nmax - 770) =0.1 , with ng
specified through the fitting parameter Z, for an effective
atomic number [21]. A similar relation for the SPIS BSEY fit
differs slightly from NASCAP fit only above 10 keV [22]. As
a first approximation, Z.ycan be set to the mean atomic number
averaged over the stoichiometry for non-elemental materials, Z
(see Table AII) [21, 22]

C. Emitted Electron Energy Distribution Model

The normalized TE emission spectrum is the weighted sum
of the normalized SE and BSE spectra

dnrg(E)
n;zz = (1 — fgsg) - 9,,(E) + fosE - 9, (E) +y, (AS)

where fggp is the fraction of emitted electrons that are BSE. y,
is a small offset to correct for instrumental effects and equal to

the BSEY at £=0. Emission spectra typically have two main
peaks corresponding to SE and BSE, modeled by the
normalized distribution functions g5, (E) and ggs(E),
respectively. Representative energy distributions of emitted
electrons are shown in Figs. 11 and 12.

The shape of the distributions (AS5) is very largely
independent of the incident energy (or even what the source the
incident energy is); incident energy only affects the emission
spectra amplitudes through the energy-dependent yield,
a(Ey) = §(Ey) + n(Ey). Multiplying the normalized
distributions (AS), (A6) or (A7) by their corresponding yields
gives the absolute electron emission spectra. Comparison of the
parameter fgsp to the ratio n(50eV )/a(50eV), provides a
measure of the errors introduced in low energy yields from the
operationally distinction SE and BSE at 50 eV.

The normalized SE distribution, gg.(E), rises quickly from
zero emitted energy to a peak energy at E.p = éCD, usually
between 1 eV and 3 eV; it then decays more gradually back to

zero at higher energies. The Chung-Everhart model [35]
describes this emitted SE energy distribution, which is[58]:

_ [ 6E/P)
gSE(E) - {[1+(E/¢’)]4} . (A6)

@ is the vacuum energy surface barrier for emission, which is
the work function for a conductor [33, 35] or the electron
affinity for dielectrics and semiconductors[39, 61, 62]. For SE
to escape a material, the electron must have enough energy to
cross this vacuum barrier.

The BSE distribution has an upper cutoff above Ey, set by
elastically scattered primary electrons, with a tail at lower
energies for incident electrons that undergo one or more lower
energy inelastic collisions. The measured BSE distribution is a
convolution with an instrumental broadening function. This is
typically modeled as a normalized Gaussian with width AEg
as[32, 58]:

2
Grse(E) = {[2m (B2 exp [ €20 ] (A7)
The approximation of the BSE distribution as such a Gaussian
largely neglects contributions to the BSE distribution due to
quasielastic scattered electrons, which are usually only on the
order of 10% of BSE electrons.
D. Ambient Electron Current Density

The electron current density was calculated using [38]
Jo = —qei—g J,- EdE [ sindd® f(E)

(A8)

where g. is the electron charge, m, is the electron rest mass, f(E)
is the energy distribution function of the incoming electrons
with energy E, and 6O is the angle from surface normal of
incident electrons. The lower bound of the distribution E™ is
B = 0 1K<=<o0
@V V>0

for a surface potential, V.
The energy distribution function can be defined as a single
Maxwellian distribution:

3/2
_ Me _ E
f=ne (zmcre) exp ( kBTe)

(A9)
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where n. is the electron number density of the plasma
environment, 7, is the electron plasma temperature, and kg is
the Boltzmann constant.

E. SE Current Density
The SE current densities were calculated using the following
equation [38]:

Jse
2 (©

oo Y
=—e— dEsef EdEf sinfd0 gs.(Ese, E) 81p(E, 0) f(E)
* 0

mg Jy

(A10)

where m. is the electron mass, f(E) is the energy distribution
function of the incoming electrons with energy E, 81p(E,0) is
the SE yield as a function of E found in eq. 1, g(Es, E) is the
normalized emission spectrum of SE with energy E,. due to
incident electrons with energy E, and © is the angle from
surface normal.

F. BSE Current Density
The BSE current densities were calculated using [13]:
Jsg =
27.[ oo oo T
e Wf dEg. f EdEJ- sinfd6 6(E’ 0) gse(EseﬂE) f(E)
e Jo * 0
(A11)

where 0(E,6) is the SE yield as a function of E given by Eq.
(A2), g(Es., E) is the normalized emission spectrum of SE with
energy Es. due to incident electrons with energy £ , and O is
the angle from surface normal.

G. Current Density per Number Density

Different missions will encounter different ambient plasma
parameters, which are characterized by the n. and 7,. The
integrals in equations (AS8), (A10) and (A11) are not a function
of n. which is independent of E. Dividing the current densities
by n. we can plot them versus T to aid scientist and engineers
in the probe or spacecraft charging design process. The
following equation shows the electron current density divided
by the number density:

Jefy. = —qe;—’é [ BdE [T sin0do f'(E) (A12)

where f°(E)=f(E)/n.. Similarly, the SE current density and BSE
current densities can be divided by n. :

]SE/ne —
2 0 o b
—(e m_T:f dEs, f EdEf sinfd0 5(E, 0) gse(Ege, E) f’(E)
e J * 0
(A13)

and

jBSE —
/n, =
2w [
_qe 2
mg 0

(A14)

H. NASCAP Fit Parameters
This section shows the NASCAP parameter fits for all

o s
dEps, f EdE f 5in0d6 1(E, 0) Gpoe Epser E)F'(E) 14
* 0

TABLE A1
NASCAP SEY FIT PARAMETERS
6mznx Emax bl ny bz n;
(keV) A A
W Un. 1.81 0.276 1.21 0.577 1 1.79
W 1200°C 1.83 0.266  0.787 0.368 1 1.58
Nb-C103 Un. 1.81 0.269 1.16 0.584 1 1.78
Nb-C103 1200°C 1.97 0.252 0.867 0.46 1 1.71
TiN Un. 23 0.236  0.807 0.416 1 1.83
TiN 180°C 2.35 0.227 0.728 0.378 1 1.78
Ta-W 10% Un. 2.35 0.24 0.912 0.546 1 1.71
Ta-W 1200°C 2.31 0.247 0.733 0.42 1 1.57
Molly TZM Un. 2.19 0.216 1.13 0.84 1 1.81
Molly TZM 1200°C ~ 2.22 0.229 0.744  0.485 1 1.63
Elgiloy Un. 1.96 0.253 0.66 0.487 1 1.69
Elgiloy 800°C 2.09 0.314 1.19 0411 1 1.78
DAG-213 180°C 1.97 0.19 2.03 0.99 1 1.95
TABLE A1l
NASCAP BSEY FIT PARAMETERS
5 ng-ng],

Sample A Zey no [W]
W Un. 74 10.5+1.5 0.155+0.016

W 1200°C 74 16.4+1.8 0.210+0.015 35%
Nb-C103 Un. 44.1 8.9+1.3 0.137+0.015

Nb-C103 1200°C 44.1 11.0+1.7 0.160+0.018 17%
TiN Un. 14.5 5.240.8 0.087+0.012

TiN 180°C 14.5 5.7+£0.7 0.096+0.010 10%
Ta-W 10% Un. 73.1 16.4+£2.3 0.201+0.019

Ta-W 1200°C 73.1 15.0+1.4 0.198+0.012 2%
Molly TZM Un. 41.8 6.2+0.8 0.102+0.011

Molly TZM 1200°C 41.8 9.1£1.0 0.14+0.012 37%
Elgiloy Un. 27.3 8.9£1.0 0.137+0.012

Elgiloy 800°C 27.3 8.0£1.0 0.126+0.012 -8%
DAG-213 180°C 41 3508  0,058+0.014

* Values greater than uncertainties in italics
samples. Table A-I shows the SE yield parameter fits. Table

AlI shows the BSE parameter fits.
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