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Abstraa

Seoondary eledron emisdgon is an important physicad medanism in the problem of spaceeaft charging. The NASA
SpaceEnvironments and Eff eds branch is currently revising NASA’ s strategy for miti gating damage due to spacecaft
charging. Inaneffort to substantiall y improve themodeli ng of spacecaft charging, measurementsof secondary eledron
emisgon parameters are being made. The design of the gparatus needed to measure these parametersis discussed in
detail . VVariousmeasurement techniquesare explained and conclusionsare drawn about the suitabilit y of thefinal design.

Spacecaft Charging

Spacecaft in eath orbits are subjeded to a harsh
environment. Inadditi onto man-made and meteor debris,
large temperature extremes, and high vacuum; spacecaft
travel at high velocity throughthe eath’s plasma, which
is a charged particle “soup” consisting of eledrons and
ions[James, 1994]. Thespacecaft’ splasma environment
is charaderized by eledron and ion densities, as well as
their distribution in energy. During heighten solar
adivity, changesin the eath’ s magnetosphere can result
in extremely high energy charged particlesimpadingthe
spacecaft [Vaughan, 1996]. The ambient plasma and
these high energy fluxes of charged particles constitute
currents to the spaceeaft, which results in the spacecaft
acamulating charge.

In response to these currents from the plasma, the
spacecaft surfaces charge to a potential that is sufficient
to stop the currents and read equili brium. The eventual
potential(s) that is readed partly depends on the
charaderistics of the spacecaft’s plasma environment.
During geomagnetic storm  adivity, satellites in
geosynchronousorbit (GEO) havereaded kil ovolt levels
of charging [Whipple, 1981;Garret, 1981; Hastings,
1996]. Even a large vehicle patential, between the
spacecaft chasds ground and the neutral plasma, is not
typicdly dangerousto spacecaft; althoughmeasurements
of charged particles are confounded by these vehicle
potentials.

Damage can occur when diff erent parts of the same
spacecaft adopt separate potentials; this is known as
differential charging. Highlevelsof differential charging
can result in eledrostatic discharges (ESD), which have
been responsible for disruptions in operations, physica
damageto surfacematerials, and even systemfail ures. In
1994 two Telsat telecommunicaion satellites suffered
guidance system failures due to ESD that resulted in
serviceinterruptionsthroughout Canadaand an estimated

$50-70 milli on in repair costs and lost revenue [Leach,
1995].

The main reason that differential charging occurson
the surfaces of spacecdft is the varying response of the
spacecaft’ s surfacematerial sto the plasmaenvironment.
Eledrons and ions from the plasma impading on the
spacecaft cause eledrons within the surfacematerial to
be emitted, which is known as smndary eledron (SE)
emisgon. In addition to SE emisgon, light from the sun
stimulateseledronstoleavethe surface(photo-emisgon).
Seoondary and photo-emitted eledrons leaving the
spacecaft congtitutetwo very important currentsfromthe
spacecaft to the plasma. The aucia point is that the
amournt of photoemisson and SE emisson depends on
thetype of material. For example, ashaded metal surface
(low SE and photo-emisson) nea an insulator that is
exposed to sunlight (high SE and photo-emisson) can
lead to high differential charging just due to
reduced/enhanced eledron emisson. Failure to design
spacecaft that miti gate thistype of charging can result in
kilovolt levels of differential charging in certain plasma
environments [Herr, 1994].

NASA'’s current plan for proteding spacecaft from
harmful differential chargingrelies heavily onthe NASA
Charging Analyzer Program (NASCAP), which models
surfacecharging levelsin various plasma environments.
NASCAP is used by spaceaaft engineas to address
potential risks due to spacecaft charging.

Inorder to predict agiven surfacéscurrent dueto SE
emisson, NASCAP uses a material database based on
datafromthe program’ sinceptioninlate197Q Currently,
the database is comprised of only 10 materials [Mandell,
1993]. Worse yet, many of the parameters for those
materials were gathered from literature that predates the
technology needed to properly measure SE emisson.

The SpaceEnvironment and Effedsbranch of NASA
iscurrently revising NASCAP to addressthe demands of
modern spacecaft design. The reseach discussed here



involves the measurement of SE emisgon parametersfor
awiderange of materials used in spacecaft construction.
These measurements will go into the new NASCAP
material database and will be the basis for modeling SE
emisgon from spacecaft surfaces, which diredly relates
to the miti gation of damagingdischarge events aboard all
future spacecaft.

Seoondary Eledron Emisson

As mentioned, semndary eledron (SE) emisdon is
the process of incident (or primary) eledrons or ions
causingeledronsthat were originally in the material to be
emitted.  Since the SE current due to eledron
bombardment istypicdly larger than that due to ions, we
will only consider SE emisdon as a result of incident
eledrons here.

Since an SE and an incident eledron that has
backscatered arebothindistingushable dedrons, the part
of thetotal emitted current that is considered SE emisson
is defined by energy: SE's are defined by convention as
eledrons emitted from amaterial with an energy <50eV.
An eledron emitted with > 50 €V is assuumed to be a
badkscatered eledron (BSE) that was originally part of
the incident flux. Figure 1 shows a typicd energy
distribution of all the eledrons emitted from a material
[Davies, 1999]. The abitrary definitionfor SEisjustified
by thefad that thetypicd SE energy distribution peks at
very low energies (~ 1-5 eV for most materials [Seiler
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Figure2. Measured SE yield curve for palycrystali ne
gold. Thedoatted lineis athreeparameter fit with the
NASCAP model for SE yield.

1983]).

The SE parameters that are used in NASCAP
describe the number of SE emitted per incident eledron
of agiven energy, or the SE yield 0(E). Figure 2 shows
the NASCAP model’ s fit to recent measurements by our
group of the SE yield curve for padycrystaline gold
[Chang, 2000]. Given a material’s full SE yield curve
O(E) and the energy distribution of the incident elecron
flux to a spacecaft surface NASCAP predicts the SE
current from that surface

In pradice measuringamaterial’s SE yield requires
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Figure 1. Energy distribution of all eledrons emitted from palycrystalli ne gold due an incident beam of 1.5 keV
eledrons. The SE and BSE pe&ks are shown in expanded views. The spedra was taken by a Faraday cup detecor
(described later) at an angle of 17° with resped to sample normal.



an eledron gunto provide a mono-energetic bean of
incident eledrons, the measurement of the incident beam
current I, and the resulting SE current |, leaving the
sample. The SE yield at a given incident beam energy
E,.. iSratio of those two currents:

| SE
6(Ebeam) - | @
beam
The design of the gparatus used to measure these
currents (hence the SE yield) will be discussed after an
overview of the controll ed environment in which samples
are measured.

Vaauum Chamber

Measuring the SE yield is complicated due to the
sensiti vity of SE emissonto surfacecontamination. Since
SE emisson involves the excitation and transport of
eledronsinamaterial, theamount of emisson dependson
the particular eledronic environment in agiven material.
The main fador isthe eledron’sinelastic mean freepath
(IMFP) in the material, which determines the average
length an eledron will travel before scatering. Sincethe
IMFP of aneledronin atypicd material isonthe order of
nanometers, only afew atomiclayersof contaminationare
necessry to dramaticdly affect the SE emisson
properties of a clean material. For example, even avery
thin carbon layer on ametal surfacewill shiftthe metal’s
clean SE yield curve to a aurve typicd of carbon
contamination [Davies, 1997].

The ned for clean, stable surfaces givesrise to the
use of ultra-high vaauum (UHV) chambers for the study
of SE emisson. Figure 3 shows one of the UHV
chambers used at Utah State University for SE yield
measurements of spacecaft materials. The air in this
chamber is pumped out with a mecdhanica pump (to 10°
torr), then a turbo-moleaular pump (to 107 torr) while
being“baked-out” or heaed for several daysat 150° Cto
drive out water, and then the chamber is valved off and
internally pumped by chemicadly binding contaminatesto
liquid-cooled titanium surfaces (to 10*° torr). The final
presaure of 10%° torr is defined as UHV, which is
equivalent to now having a few particles’cm?® instead of
the nealy 10trilli on particles/cm®in atomospheric air. In
aUHV chamber there are far fewer contaminates hitting
the surface and the sample stays clean for weeks, as
opposed to milli secondsin air. Once asample has been
cleaned in UHV by heding or ion sputtering, the SE
emisgon of the clean surfacecan be measured rather than
that of a contaminating oxide or carbon layer.

Sample Stage Design

Figure 3. Ultra-high vaauum (UHV) chamber used for
SE yield measurements of spacecaft materials.

Working in a UHV chamber also kbrings unique
demands to the design of a holder for the samplesinside
the chamber (the sample stage) and the SE detedor. The
most congtricting demand is that al the materials must
have vapor pressureswell below 10™ torr at 150-200° C,
otherwise they will outgasswhile we are baking out the
chamber and limit the level of vacuum that can be
readied. The list of available materials is effedively
limited to Teflon, ceramic, a few spedalized pdymers,
and most metals. For example, metal all oys that contain
zinc (e.g. soft solder, some brasses and bronzes, etc.)
cannot beused, sincezinc hasavapor pressureof 10°torr
at 150¢° C [Rosebury, 1965]. The result of using zinc
inside a UHV chamber would be that the “bake-out”
portion of pumping down from atmosphere would never
reac pressires below 10° torr.

Another constraint of workingin UHV chambersis
that accessto the sample stage, for wiring or controlli ng
the position, must be gained through the chamber walls
via “fead-throughs” that are vacauum tight. The sample



stage is suspended from arodthat can berotated from the

outside and is mounted to several stages of bellows and

micrometers that alow for linea motion along three
axises, which can be seen on top of the UHV chamber in

Figure 3.

In additi on to the inherent requirements of the UHV
chamber, the sample stage design had to acoommodate
the particular demands of the purposed SE emisson
experiments. In spedfic, the stage needed a design that
would:

» Hold multiple samples and allow for easy sample
exchange in order to study a large number of
materials.

» Enable the measurement of the arrents from the
sample, stage and eledron beam.

* Hold the samples at normal incidenceto the beam to
avoid acounting for the dependence of the SE yield
on the primary eledron beam’ s angle of incidence

» Use non-magnetic materials nea the samples that do
not forminsulatingoxidesin order to avoid unwanted
eledromagnetic fields.

» Useamodular designthat givesthe flexibility to meet
the demands of future reseach.

The demand for high sample volume was met by a
“pie” designwith 12 modular pieces, whose faces house
samples or various monitoring devices. Figure 4 showsa
drawing of the preliminary design. The material for the
stage was originaly a silicon-bronze alloy; however,
avail abilit y forced the use of oxygen-freecopper (OFHC)
even thoughthe material makes small devices difficult to
madiine.  Titanium and molybdenum were dso
considered, but were immediately abandoned due to the
material’s expense and extremely difficult madining
properties.

Quick sample exchange was originaly thougtt to be
satisfied by the use of a UHV gate valve and magnetic
transfer arm system; however, thefinal designall owed for
thewhol e stage to be removed from the chamber viaan 8"
port. Venting the chamber to atmosphere is avoided by
presauringthe chamber briefly with an easily pumped gas,
like dry nitrogen. Before removing the stage, 25 wires
that carry currents outside via eledricd fead-throughs
must be unplugged from the stage by means of a UHV
compatible, D-type sub-miniatureconnedor (i.e. aprinter
cable made from an exotic polymer). In pradice, the
modular nature of the stage and the &dility to quickly
insert a dupli cate stage to avoid expaosing the chamber to
air were the two demands that made the stage design and
fabricaion very complicated and time-consuming.

SE Detedion Design

The first choice in the design of an SE detedor is

between the diff erent methodsfor measuringthe SE yield
of amaterial. Theincident eledronbeancurrentl,,.,can
be measured by direding the beam into a Faraday cup,
whichisesentially a hole that eledrons can enter but not
leare. The problem isthat the SE current I cannot be
measured diredly. Measuringthe aurrent fromthe sample
during eledron bombardment is a net current dueto | .,
and I and the badscatered eledron current |qg.
Methods for measuring the SE yield rely on the fad that
SE's have < 50 eV by definition. There were three
methods initially considered for the design of a SE
detedion device, ead with their advantages and
drawbads.

The most common methodisto apply a+50volt bias
to the sample, which creaes an eledric field that returns
al the SE'sto the sample. The SE current is then gven
by the difference in the sample current at +50 volts and
when grounded. The alvantage of thismethodisthe eae
of implementation. A standard scanning eledron
microscope (SEM) is able to take this type of
measurement without modificaion. Themain problemis
that the eledric field between the +50 volt sample and the
closest grounded surface (typicdly the holder) do not
necessrily return the SE's to the sample surface

Figure4. Topand side view of sample stage.



Analysis done by Robert Davies on a similar method
estimates the error in the SE yield dueto thiserror can be
>20% [Davies, 1999]. This method was not pursued in
favor of the next two options.

The second method points a Faraday cup at the
samplein an effort to measure the SE’s emitted from the
surface In contrast to the previous method, a SE are
distinguished from a BSE by grounding or applying -50
voltsto an aperture inside the Faraday cup, which passes
or rejeds the SE's. The fad that the Faraday cup only
measures a fradion of all the SE's emitted from the
sample is overcome by integrating over the theoreticd
angdar distribution of SE's [Jonker, 1951]. The
disadvantage of this method is the asaumption that the
emisgon ange of an SE ismaintained urtil it is deteded.
Previous work by our group has shown that the anguar
distribution is distorted by eledromagnetic fieldsthat are
typicd in UHV chambers, even with magnetic shielding
[Nickles, 1999]. Another disadvantage is that the
necessarily small apertures of the Faraday cup result in
measuring picoamp (10*2 Amp) currents, which is
complicated by signal noise. Given these concerns, in
comparison to the previous method, this method is
feasible and even has some advantages over the method
that was finally chosen.

The SE detedor was designed after a hemisphericd,
retarding-grid energy analyzer similar to the apparatus
used in low energy eledron diffradion (LEED) [Moore,
1989]. A crosssediona drawingof thedetedor is diown
inFigure6. Thesampleis surrounded by ahemisphericd
shell that colleds all the dedrons emitted from the
surface (the colledor). In front of the wlledor is a
hemisphericd wire grid (bias grid). The bias grid is
grounded or biased to -50 volts, which acts to pass or
filter out the SE current. The adual details of the SE
yield measurement will be discussed later. Aninner grid
at ground is placal in front of the biasing gid to ensure
that the fields creaed by voltages on the bias grid are
relatively anti-parallel to the path of the dedrons. A
grounded tube al ows the incident eledron beam to enter
throughthe badk of the detedor without being aff ected by
potentials on the bias grid or colledor.

In contrast to the Faraday cup approad, the
hemisphericd retarding-grid design does not require
integration, the measurement of small currents or the
asumption that the SE's maintain their emisson angle
since the wlledor covers the whole space aound the
sample. The main disadvantage mmes from eledrons
scatering off the grid wires that should otherwise be
measured by the colledor. Errors introduced by the
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Figure 6. A crosssedional view (looking d‘own) of the hemisphericd grid, retarding-field SE detedor.



design were thought to be manageable and will be
discused aong with a subsequent review of the
measurement technique.

A picture of the completed apparatus is shown in
Figure 7. The SE detedor is suspended from the same
rod that holds the stage to avoid alignment problems. A
significant obstadeto the designwasthe requirement that
the detedor retain critical sample dignment while being
able to move between samples and also move in front of
4 different sources: a100-2000eV eledron gun a3.5-30
keV eledron gun amonochromated UV light source, and
a0.5-5keV iongun Rather than construct four diff erent
detedors, thedetedor isall owed to swivel about the stage
axisand istemporarily heldinfront of aparticular sample
by pullingapost from the detector against agrooveinthe
stagewithaspring. Thestage and detedor canthenrotate
as a unit to any of the four sources. Motion between
samples is acaomplished by rotating the detedor up
against afixed rodthat overcomes the spring tension and
pushes the detedor to the groove in front of the next
sample.

Measurement of the SE vield

With the hemisphericd retarding-grid SE detedor,
the SE current is measured by taking the difference
between the aurrents measured at the mlledor in two
separate voltage biasing modes:

Colledion mode

In this mode the bias grid just before the colledor is
grounded, which passesall the eledrons emitted from the
sample. The mlledor isbiased to +50volts $ that all the
SE's, creded by high energy BSE's impading the
colledor, areretained onthecolledor. Sincethebiasgrid
and colledor are concentric hemispheres separated by
0.250', the dedric fields are strong enoughto met this
demand. The aurrent measured by the wlledor isthen

| +5ov):|SE+|BSE—|BSEC(2)

where | g4 is the airrent due to BSE's from the sample
also badkscéatering off the mlledor.

collector (

Suppresson Mode

After recording the coll edion mode current, the bias
grid is st to a -50 volt potential and the wlledor is
grounded. Thetwo eledric fields between the grounded
inner grid, the bias grid at -50 volts, and the mlledor at
ground serveto kegy SE’s emitted from the sample from
passng to the colledor and also keep SE’s produced on
the colledor from leaving. The aurrent measured at the

Figure 7. Sample stage and hemispher_ic SE detedtor.
The cdle and connedor for the internal wiring can be
sean at left.

colledor isthen

Icollector (OV) =1 BSE I BSE. (3)

Notice that the difference between the wlledor
currents in these two modes gives |. The SE yield
measurement is completed by dividing by the eledron
beam current |, which is measured separately by
diredingthe beam into a spedally designed Faraday cup
and monitored during the measurement via the aurrent
drawn by the dedron gunpower supply.

As mentioned, the main source of error inthe SE
yield that is thought to be due to eledrons scatering df
wires in the two grids that would otherwise be measured
during the mlledion mode. In addition, BSE's from the
sample that hit the grid wires will produce SE’s that will
confound the colledor current. In an attempt to reduce
these types of error, the grids were made with high open
area(84%) wire. In addition, the detedor was designed
so that the current on the bias grid can be measured. The
bias grid current measured during the colledion modeis
asaumed to be an excdlent source of information in
deriving a systematic corredion fador for the SE yield
data.

Another small source of error are multiply
badkscdtered eledrons returning to the sample and
creding SE's, which effedively increases the SE yield.
This error was made negligible by coating the inner
surfaces of the detedor with a coll oidal graphite solution
and making the detedor as large as posshle in
comparison to the sample. The mlloidal graphite has a
low BSE yield [Sternglass, 1953] and the increased size
deaeases the dances of returning BSE's hitting the
sample.



Conclusions

Preli minary testing of themeasurement apparatusand
techniqgue has been succesdul, but refinements are
necessary before meaningful results can be presented.

In retrosped, the choice of the hemisphericd SE
detedor method over the Faraday cup wasjustified. The
errorsintroduced by the hemispherica designare known
and manageabl e, whil ethe Faraday cup inabilit y to coll edt
all the emitted eledrons can lead to misdng signals and
that is hard to overcome experimentally. The design of
the sample stage was extremely complicated by the
original design goals to hold a large number of samples
and quickly exchange stages; however, havingmadethose
investments will make data alledion proceed quickly.
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