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Applications of Secondary Electron Energy- and
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Abstract. Secondary electron (SE) emission from spacecraft surfaces as aresult of energetic electron bombardment

is a key process in the electrical charging of spacecraft.

It has been suggested that incorporating more complete

knowledge of the energy- and angul ar-di stributions of secondary electronsisnecessary to fully model how SE emission

and spacecraft charging are affected by re-adsorption of

low energy electrons in the presence of charge-induced

electrostatic fields and ambient magnetic fields in the spacecraft environment. We present data for such energy- and
angular-distributions from sputtered, polycrystalline gold surfaces. The data are compared to empirical SE emission
models and found to agree well. We also discuss at what level inclusion of such energy- and angular-distributionswill
affect models of spacecraft charging for both positive and negative surface charging.

I ntroduction

Surfaces of spacecraft materials are exposed to often intense
fluxes of charge particles and photons in the space plasma
environment. The incident fluxes of charged particles and the
fluxes of induced charged particle emission result in spacecraft
charging, which can be characterized in terms of a current
balance equation as depicted in Figure 1.

Key contributions to the current balance are secondary and
backscattered electron emission induced from incident primary
electrons, referred to as J, and J. in Figure 1. This paper
focuses solely on the effect of the secondary electron current J,,
on charging. A typical distribution of the full range of emitted
electrons as afunction of emission energy is shown in Figure 2.
By convention those emitted electrons having energy <50 eV are
defined assecondary electrons (SE’ s); theinset of Figure 2 shows
the SE energy-di stribution subset of these emitted electrons. The
arbitrary division imposed at 50 eV isreasonable because the SE
energy-distributionissharply peaked at low energy (E,,~1-5€eV
[Seiler 1983]). For surfaces biased to a voltage V,;., we adopt
the convention that electrons in the measured spectra with
energies 0 eV< E < (50 eV - eV, are termed SE's; thus all
electrons emitted from the surface as SE's are till considered
SE’s regardless of the potential difference between the sample
and detector.

The secondary electron yield & is the total number of
secondary electrons emitted per incident primary electron,
regardless of emission energy or angle. Current versions of the
NASA spacecraft analyzer program NASCAP model the SE
contribution to spacecraft charging using only the SE yield asa
function of the primary electron’s energy and angle of incidence
for a given material [Mandell et al., 1993]. The SE yield at a
fixed incident beam energy can be resolved in terms of the SE's
emission energy E or angle a. These are expressed as a SE
energy-resolved distribution d3(E)/dE or an angle-resolved SE
distribution d5(a)/dQ2. However, this additional information SE
emission energy or angle is not currently used in NASCAP
charging codes [Mandell et al., 1993].

Under certain circumstances, some or al of the emitted SE's
are not adsorbed by the ambient plasma, but can return to their
surface of origin or to other spacecraft surfaces. These return
fluxes can act to alter the current balance equation and ultimately
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the charge on the spacecraft. The total SE yield reduced by the
return current to the emitting surface is termed the effective SE
yield, 34. We consider 34 rather than the total SE yield, since
only SE's that reach the charge sheath or other surfaces are
meaningful in determining spacecraft charging. Whether a SE
returnsto a surface can beinfluenced by itsenergy and direction
of emission.

Thework presented here anayzes the conditions under which
information about SE energy- and/or angular-distributions are
important in modeling return currents and their concomitant
effect on spacecraft charging. A representative set of SE datafor
gold has been taken. Experimental methods and results are
described first. We then consider the effect of the SE energy-
distribution on the return current under both positive and
negative charging conditions. Subsequently, the angular-
distributionisconsidered. We concludewith adiscussion of both
distributions in regards to spacecraft charging.

Figure 1. Schematic representation of the current balance of
incident and emitted fluxes of charged particles that leads to
spacecraft charging. The net current density is
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Figure2. Energy-distribution of secondary and backscattered el ectronsat an emission angle of 17° measured for polycrystalinegold
with 1500 eV primary electron beam energy [Davies, 1999a]. Note the logarithmic axis for the number of electrons. Inset shows
a comparison of the low energy secondary electron energy-distribution (circles) fit with the theoretical model of Eq. 1 (solid line)

[Chung and Everhart, 1974].
Experimental Methods

A representative set of energy-, and angular-distribution data
was taken for samples of polycrystalline gold. A fixed 1500 eV
incident beam energy was used with a 1.5 mm diameter beam
spot and a current density of ~10° A/cm? at room temperature.
To ensure surface cleanliness, the experiments were donein an
ultra-high vacuum (UHV) chamber at pressures below 10 torr.
Samples were 1 cm? disks of 99.99% purity gold with surface
roughness of <2 um. The sampleswere chemically cleaned prior
toinsertionintothe UHV chamber, annealed in situ at 200° Cfor
~12 hr, and sputtered with 500 eV argon ions for ~15 hr to
remove surface contamination. Sampleswere subject tolessthan
~6 hr of exposure to the electron beam between such in situ
cleaning. All data and modeling reported here have used an
incident beam energy E,..,=1500 €V and awork function for gold
of ¢=5.1eV [HolZ et al., 1979)].

SE angular-distributions were measured with a rotatable
Faraday cup retarding field analyzer for arange of fixed emission
anglesbetween -18° and +73° with respect to the samplenormal.
Themeasured energy- and angul ar-distribution dataare shownin
Figures 2 and 5, respectively. The effects of an external
electrostatic field were studied by applying anegative biasto the
sample with respect to the chamber wall (held a ground).
Distributions for positive biases are not presented here.

Further details of the instrumentation and experimental
procedures are found elsewhere. [Chang et al., 1999; Davies,
1999a; Davies, 1996].

SE Energy-Distribution

Chung and Everhart [1974] have derived a semi-empirical
theory for the total SE energy-distribution for normal incidence
angle that isindependent of emission angle

dSE)_ k E
dE  Epeam (E+ ¢)4

)

276

wherek isanormalization constant. Theinset of Figure 2 shows
that this model adequately describes data for our gold samples.

The low energies of the emitted SE's make their trgjectories
particularly susceptible to fields surrounding a charged
spacecraft. In general, the distribution of the SE energies
provides information necessary to calculate how the SE
population as awhole responds to a given electric and magnetic
fields. In this section, we consider electrostatic fieldsinduced by
surface charging. The effects of positive and negative charged
surfaceson & arefundamentally different, asshown schematically
in Figure 3. In this section, we assume that SE emission is
normal to the emitting surface, as is done in existing charging
codes. Themorephysically rel evant case, with angul ar-dependant
SE emission, is treated in the next section. To simplify the
analysis throughout this paper, electric fields are assumed to be

(a) Normal emission

M
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(b) Non-normal emission
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Figure 3. The effect of surface charge on SE yield. (a) SE
emission normal to the surface and (b) angular-dependant SE
emissionfor: nobias(left), negativebias(center) and positive
bias (right).
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Figure 4. Effective SE yield (as a percentage of the unbiased SE
yield) as a function of positive spacecraft potential for fully
normal (solid line) and cosine (dashed line) SE angular-
distributions. Sampleis polycrystalline gold.

normal to the surface.
Positive Charging

When aspacecraft surface charges positive with respect to the
neutral plasma, theresulting €l ectricfield can cause somefraction
of the emitted SE’s to return to the emitting surface, thereby
reducing d;.

In the idealized case of fully normal emission [see Figure
3a(right)], the result of a positive biasis to simply shift the SE
energy-distribution (see inset of Figure 2) to the left by -]V ;-
A decreasein 3 results, sincetheel ectronsemitted with energies
from 0 eV to +eV,;.| no longer escape. Therefore, spacecraft
potential sabove +50 voltsreduce 8 of any material to zero. The
normalized effective SE yield is plotted as afunction of positive
potential in Figure 4, where

50eV

et (Voias) = J. dZ(EE) .dE @)
€Vhias

Here, we have used the SE energy-distribution for gold shownin
Figure 2 and assumed fully norma emission. The SE yield
decreases rapidly for |e'V ,>Ema @d is <10% of the initial SE
yield for V20 volts~10 E,, for gold.

Negative Charging

Negative surface charging produces an electric field which
accelerates all SE’sleaving the surface. In theidealized case of
fully normal emission [see Figure 3a(center)], the result of a
negative biasisto shift the SE energy-distribution to the right by
+€eV,i.- However, 34 remains equal to the total SE yield 8 for
any negative bias (recall the convention that SE’s have energies
0eV<E < (50¢eV - eV, for surfaces biased to V).

For more complex scenariosinvolving multiple surfaces, both
positive and negative biases can affect the total electron current
balance. The effective SE yield can change in cases of negative
bias if the SE's are deflected to another surface (refer to Figure
3b and the next section “SE Angular-Distribution”). Negative
bias can enhance absorption of SE’s by another surface if the
second surface has a higher work function than the emitting
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Figure 5. SE angleresolved yield data for
polycrystalline Au with E,,=1500 €V. The
curvefitsthedatausing the cosinedistribution of
Eq. 3.

surface. Also, enhanced SE emission due to external electric
fieldsispossiblewith insulatorsin special cases. Field emission
isunlikely for typical fields produced by spacecraft biases. These
more complex effects are discussed elsewhere in more detail
[Davies and Dennison, 1999b].

SE Angular-Distribution

Theinitial SE angular-distribution as SE’s|eave the emitting
surfaceis predicted to follow acosinedistribution [Jonker 1951]
dé(e)
=J,cod o 3
o - qa) ©)
where §, is the SE yield at a = 0°. Figure 5 shows the SE
angular-distribution for our polycrystalline gold sample agrees
well with Eq. (3).

Surface charging will, in general, alter the trgjectories of al
SE's, as shown in Figure 3b. This, in turn, will modify the SE
angular-distribution at some distance from the emitting surface.
Again, we consider both positive and negative bias for normal
electric fields.

Positive Charging

For positive surface bias, SE's with p %2m, < €lV,,| are
returned to the surface (where p. is the normal momentum
component). That is, SE of energy E emitted at o greater than a
critical angle o.=cos(eV,. / E) are returned to the surface.
Replacing the normal emission distribution with the more
realistic angular-dependant distribution of Eqg. (3), the effective
SE yield as afunction of positive surface biasis

50eV /2
et (Voias) = 27 j d‘Z(EE) _[oos(a) 6| oc(E) - a]sin(@) der | dE
€Vhias 0

(4)
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Figure 6. Measured angle-resolved SE yield for polycrystalline
gold as a function of increasing negative voltage bias on the
sample. E,.,=1500¢eV. Thesolid curveisafit to the unbiased
data using the cosine distribution of Eq. 3. Other curves are
guidesto the eye.

The Heavyside step function ®(oc-o) models SE re-adsorption.
The net effect for any angular-dependant SE distribution is that
O« iSreduced in comparison to normal emission. For example,
3«i(Vias) iISShOWN in Figure4, for an energy-distribution given by
Eq. 1fit to the datain theinset of Figure 2 and acosine angular-
distribution given by Eq. 3 fit to the data in Figure 5. The
angular-dependant §4;(V i) decreases more rapidly than the
normal curve and is <10% of the unbiased SE yield for V;,>12
volts. Gard[1973] did asimilar analysisfor photoemission data.

Negative Charging

A negative bias will repel SE's of all energies, as discussed
above, and will also bend all trajectories toward the field lines.
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Figure7. Theoretical construct for angular deflection
of SE'sin electric field Ejyq.
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Figure 8. Theoretical angle-resolved SE yield as a function of
increasing negative potential difference. The solid curve is
normalized to agree with the unbiased data of Figure 6.

In essence, the negative bias acts to focus the emitted SE’s more
in the direction of the electric field, as shown on the middle of
Figure 3b.

To investigate the effect of negative sample bias on the SE
angul ar-distribution, we measured this distribution for 5 sample
biases in the range 0 V to -50 V. The measured SE angular-
distributions, shown in Figure 6, narrow around the sample
norma  (the assumed direction of the electric field) with
increasing negative bias on the sample. Even a small negative
bias, on the order of -10t0 -20 V, actsto strongly focusthe beam
toward the normal. We found that the total SE yields were
approximately constant, that is the angular integrals of the
experimental curves in Figure 6 were approximately constant,
varying at most by +£10%.

A simple theoreticall model was developed to explain the
experimental data shown in Figure 7. Magnetic fields were
neglected and the electric fields were assumed to be
perpendicular to the sample.

Weconsider two pointsalong thetypical trajectories, indicated
as dotsin Figures 3b(center) and 7. Asshown in Figure 7, an SE
emitted withinitial anglea, and initial momentum p, will be bent
into afina angle a, asit is accelerated along the electric field
linesthrough a potential difference AV. Thefinal angle a can be
written in terms of its final momentum as

o= cos‘l[p—lj (5)
p
The final momentum p and its component perpendicular to the
sample p, can be written in terms of their initial values, p, and
P, ; thus, through conservation of energy, we find
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2
(poi) +2meAV
(p[,)2 +2meAV

The initiadl momentum p, and p. can then be written in terms of
theinitial energy E, and angle a,,, which yields

o = cos '}

(6)

E,
o= cos Ocosz(ao)+mv
Eq+eAv

Equation 7(a) is simply atransformation between the initial and
final angleso=o(0,, E,;AV). Notethat therangeof possibleinitial
emission angles O<a,<7/2 leads to arestriction on the maximum

final angle
~1 eAVv
< = —_—V_
O < Omax = COS ( , E v )

The modification of the SE angular-distribution also depends
on the SE energy-distribution, since electrons with less energy
will undergo a greater angular deflection. Our model assumes
that the energy and angular contributions to the SE yield are
separable; that is,

(7b)

d5(E,) _ dS(E) dd(a) 8
dEdQ = dE  dQ

using Egs. 1 and 3.

The modified angle-resolved SE yield, dd(a;AV)/dQ, for
electrons that have traversed a potential difference AV is found
by changing variables from o, to o in the origina cosine
distribution (see Eq. 1) and integrating over emission energies 0
eV<E, < 50eV:

SoevdS(E) dey
= I cos{ao(a. EO:AV)]d—O?x ©
OeV

@[a—amax(Eo;AV)]-dEo

The Heavyside step function ©(a-a,,4(E,;AV)) is included to
reflect the restriction in Eq. 7b that o.<0,,.

Thetheoretical angle-resolved SE yieldsfor several potential
differences are shown in Figure 8. The normalization constant k
for Eg. 1 was chosen so that the solid curves for the unbiased
sample in Figures 6 and 8 agreed. Thisassured that thetotal SE
yields were constant, independent of negative sample bias.

The quadlitative similarity of the curve shapesin Figures 6 and
8isstriking. The quantitative differences are minimal, given the
simplicity of the theory. The moded predicts more peaked
distributions with narrower widths and larger maximum yields.
Figure 9 illustrates this quantitatively; it shows, as afunction of
negative potential difference, the angle within which most
(arbitrarily chosen as 90%) of the total SE yield is confined.

A primary source of the quantitative disagreement is believed
toresult from the assumption of the separability of theenergy and
angular contributionsto the SE yield which led to Eq. 8. Further
study of this point isin progress [Davies, 1999a].

Theremay al so be some difference dueto the presence of non-
normal or asymmetric electric fields around the sample in the
UHV chamber. The assumption that the electric field is
perpendicular to the sampleis not unreasonable; the flat sample
and the cylindrical UHV chamber wall (a geometry similar to a
spacecraft surface and the charge sheath) causes the majority of
the deflection to occur very near the surface of the sample.

dé(a;AV)
da
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Figure 9. Angles that confines 90% of the SE yield of
polycrystalline gold as a function of negative potentials
difference.

Another source of error may be the perturbing effect of the
rotatable detector on these fields as it moves about the sample.

Application of Resultsto Spacecraft Charging

The susceptibility of SE's to externa fields is seminal in
determining the importance of energy- and angle- resolved SE
yield information to spacecraft charging. The applicability of the
previous analysisto spacecraft charging depends on the specifics
of the charging environment. We conclude with a discussion of
the question: under what circumstances do we need to consider
SE energy- and angular-distributions to adequately model
spacecraft charging?

M agnetic Fields

Magnetic fields can also affect the SE trgjectories. The
pertinent question is whether magnetic fields encountered in the
spaceenvironment will cause” significant” angular defl ections of
SE trgjectoriesin the distances between the emitting surfacesand
the plasma sheath. Even larger magnetic fields than those
sufficient to “significantly” deflect SE's are required to return
SE’s to their emitting surface and alter 4. An estimate of the
effect of magnetic fields found in near-earth orbit environments
suggeststhat even angular defl ection needsto be considered only
in the most unusual circumstances. The analysisis as follows.

We arbitrarily recognize +30° deflection as“ significant”. To
deviate more than +30° in traversing a distance L. normal to the
surface, a 1 eV SE must have a critical orbita radius
re<L /sin(30°)=2-L .. Weconservatively assumelL , isthedistance
between the spacecraft surface and the charge sheath, which is
approximately 1 to 5 times the plasma Debye length A,
Tablel. Magnetic Field Parameters for Near-Earth Orbits
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Orbit | Magnetic Larmor radius | Debye Critical
Field of 1leV electron Length | orbital radius
(Gauss) r_(m) Ao (M) r.(m)
GEO ~0.001 ~35 ~10 20to 100
PEO <04 ~0.1 ~0.01 0.02t00.1
LEO <0.2 ~0.2 ~0.01 0.02t00.1

for low or higher levels of charging, respectively [Raitt 1999].
Thus, our criterion for “significant” deflection isthat the Larmor
radiusr, of al eV SEislessthanr,or 2 to 10 timesip.

We consider typica values for three near-earth orbital
environments shown in Tablel. In each case, r, <r. Theonly
exception is for the case of higher level charging potentials in
GEO; however, even extremely weak electrostatic fields
completely overwhelm the GEO magnetic field' s effect on SE's.

Electric Fields

For positively charged spacecraft, the analysis leading to
Figure4 allowsusto concludethat with positive biasgreater than
~5t0 10 E, /e (typically 10to 35V [Seiler 1983]) the effective
SE yield isreduced to lessthan 10% of theinitial SE yield. This
conclusion is similar for either normal or angular-dependant
emission. Thesuppression of theeffective SE yield in such cases
serves as negative feedback, minimizing the contribution of J,..
in the current balance equation and decreasing the level of
positive charging. A common example of positive spacecraft
charging occurs in geosynchronous orbits (GEO), when the
spacecraft is in sunlight and the photoelectric yield dominates
[Whipple, 1981]. Spacecraft potentials in sunlight GEO are
typically ~2 volts [Garrett, 1981], for which the effective SE
yield of gold is reduced by only 35%. In this example, the
distance to the plasma sheath over which the 2 volt drop occurs
is ~10 m or more (see Table 1). Therefore, both energy- and
angular-distributions are required to determine if there is
significant angular deflection over the length scales of the
satellite, which could lead to subsequent absorption by other
satellite surfaces or modification of the effective SE yield.
Positive charging is not typical of satellitesin LEO or PEO.

Negatively charged spacecraft accelerate all SE's leaving the
surfaces and typically the effective SE yield does not change
appreciably. The concern is that SE's may be subseguently
adsorbed by other satellite surfaces, which modifies the current
balance equation by effectively increasing J.. The analysis
leading to Figure 9 showsthat for any negativebias, all SE’swill
closely follow electric field lines, to within about +30°, after
having traversed a potential difference of about 10 to 40 times
E../€ (typically 20 to 150 V [Seiler 1983]). In GEO, spacecraft
in eclipse can reach kilovolt levels of negative absolute or
differential charging[Garrett, 1981]. Estimating that thekilovolt
absolute potential difference occurs over ~10 m, the SE's will
follow the field lines after x1m. Differentia charging may aso
modify SE tragjectoriesand current collected by other surfaces. In
LEO and PEO, the Debye length is ~1 cm, so the initial SE
trajectories do not need to be considered at any level of positive
or negative charging.

We briefly summarize our most general conclusions as:

» The magnetic field in al earth orbits cannot return SE’s to
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spacecraft; further, no“ significant” deflection dueto magnetic
fields occurs even for low energy 1 eV SE.

« For most common examples of positivecharging, the SE yield
is not fully suppressed. Given the low positive charging (<
100 V) and relatively long Debye lengths in GEO, modeling
of SE's adsorbed by other satellite surfaces may require
knowledge of SE energy- and angular-distributions.

e For typical examples of negative satellite charging in all
environments considered, thetotal effective SE yield doesnot
change appreciably. However, for lower negative charging
(2200 V) in GEO, modeling of SE's adsorbed by other
satellite surfaces may require knowledge of SE energy- and
angular-distributions.
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