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ABSTRACT

A detailed description of the secondary electron emission characteristics
is essential to the understanding of the charging behaviors of various dielec-
trics. Laboratory charging studies using two electron sources with different
energies show that the charging behaviors of typical spacecraft thermal con-
trol dielectric surfaces are extremely sensitive to the shape of their second-
ary emission curves. The results also suggest that the electron spectrum in a
natural charging environment can be separated into three distinct regions
(noninteracting, discharging, and charging) depending on the kinetic energy of
the incident electron relative to the charged surface, and on the secondary
emission characteristics of the material. To a first order approximation, the
relative number of electrons in these different regions determines the poten-
tial of the charged surface. In this paper, we report detailed measurements
of the secondary electron emission characteristics of Kapton, and also discuss
the effects of bulk conductivity and secondary emission on surface charging of
these materials.

INTROBUCTION

The understanding of material charging requires a detailed knowledge of
both the charging environment (ref. 1) and certain electronic properties of
the material (ref. 2). Under electron irradiation and in the absence of pho-
toillumination, the equilibrium surface potential is determined by two basic
material properties: its conductivity, and secondary electron emission. The
relative importance of these two properties depends on the magnitude of the
incident current compared to the bulk leakage current. In conductors and
semiconductors, the leakage current is high and the material behaves as a sim-
ple ohmic element, i.e., the surface voltage is directly proportional to the
incident current density. In the case of low-conductivity materials, the in-
coming current is not necessarily dissipated by the leakage current, resulting
in a charge buildup in the material. Such a buildup retards the incident cur-
rent and modifies the kinetic energy of the electrons such that there is an
increase in the number of secondary electrons emitted from the surface. Even-
tually, the surface will charge to an equilibrium potential, at which point,
the incoming primaries will be balanced by the outgoing secondaries. In this
Timit, the equilibrium surface potential is controlled by the secondary elec-
tron emission behavior of the target material. The purpose of this paper is
to discuss the effects of secondary emission on material charging under single
and dual energy electron irradiation, and to present novel techniques for mea-
Suring secondary emission parameters in the Taboratory. We would also like to
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point out how these parameters can be used to add to the understanding of ma-
terial charging in an environment where the electrons are distributed both in
energy and space.

BACKGROUND

When a solid is bombarded with energetic electrons in the keV range, a
large number of low energy secondary electrons are generated in the solid
within a certain distance from the surface. The secondaries which have the
appropriate trajectories and sufficient energy to overcome the work function
of the surface can escape from the solid. A number of authors (ref. 3) have
written on the theoretical as well as the experimental aspects of the basic
phenomenon. In general, it is found that the number of secondary electrons
emitted depends critically on the kinetic energy of the primary electrons. In
addition, it is also observed that the yield curve describing the production
of the secondaries as a function of the primary electron energy can be reduced
to fit a universal shape. A "typical" secondary yield curve for an insulator
is shown in figure 1. The curve is a plot of §, the number of secondaries
emitted per incident primary, as a function of the kinetic energy of the pri-
mary electrons at the surface. At low incident kinetic energy, the electrons
striking the surface do not have sufficient energy to generate large numbers
of secondaries and hence & is less than unity. As the kinetic energy increas-
es, although the incident electrons penetrate deeper into the material, more
secondaries are being created and allowed to escape giving rise to a § which
can be significantly greater than unity. Thus, § will continue to increase
rapidly until the penetration depth most favorable for the production of sec-
ondaries is reached. At this point, & reaches a maximum (6p3x) at energy
Emax. Beyond this point, the number of electrons emitted decreases because
the bulk of the internal secondaries are generated increasingly deeper in the
solid reducing the probability of escape. This results in § < 1 at high inci-
dent electron energies. Depending on the material and its structure, the val-
ues of 8pay and Epax can differ widely. For most insulating materials, such
as metal oxides and organic polymers, &payx is usually greater than unity. In
these materials, two other energies in the secondary yield curve are important
for describing material charging. They are the first and second crossover
points, Ey and Ery, where 6 = 1. In particular, Ej is especially important
to material charging due to electron bombardment.

In terms of theoretical treatment of secondary emission, the formulation
given by Sternglass (ref. 4) has been found to be in fairly close agreement
with experimental measurements. This formulation assumes that all the second-
ary electrons are generated at a mean depth, iy, where the average forward
momentum of the primaries vanishes, Secondly, the model assumes that the
fraction of the secondaries escaping from the surface decreases exponentially
with the depth of generation. Further considerations show that iy is propor-
tional to the square root of the primary energy, E. Therefore, the fraction
of secondary electrons emitted is proportional to exp(—BEllZ), where g is a
constant related to the escape depth of the material. The total secondary
yield is then given by

s(E) = AE - exp(—eEllz) (1)
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where A is material dependent parameter, characteristic of the efficiency of
secondary electron emission and backscattering. For a particular material,
s(E) is fixed by two points, §(Eyy) = 1 and

ds(E) 0
max
Hence, equations (1) can be rewritten as
§(E) = E%i- . exp -E—%TZ (Ell2 —E%{2> (2)

max

Emax and Ejp in equation (2) control the shape of the secondary yield curve.
In the fo]*owing, we shall describe how these parameters are determined in the
laboratory and how they can affect material charging in space.

EXPERIMENT

Qur technique to study secondary emission was based on measuring the back
surface electric field of a sample film while the front surface was irradiated
with either one or two monoenergetic electron beams. The back field measure-
ment method was the same as the one used in the Satellite Surface Potential
Monitor (SSPM) for determining material charging aboard the P78-2 SCATHA satel-
lite (ref.5). The crucial part of the instrument consists of an electrostatic
field meter placed at a fixed distance behind the dielectric film sample which
was mounted rigidly on a holder with conductive epoxy. The samples used in
the measurement were common external spacecraft thermal control surfaces, in
many cases they were polymers with their back surfaces metalized. Therefore,
a small portion of the metalization had to be removed to enable the electric
field due to the charge build-up to terminate at the sensor. The removal of
metalization Towers the capacitance of the film in the region where the
measurement is made, causing that portion of the film to charge much more
rapidly than the rest of the sample. However, at equilibrium, independent
measurement of the front surface potential profile showed that the potentials
of the metalized and the unmetalized portions of the film are equal. More-
over, the back and the front surface measurements were sufficiently well cor-
related that the back surface field can be calibrated to infer the front
surface potential accurately. In addition, the back metalization acts as a
collector for the current passing through the bulk of the film. Hence, this
configuration provides the measurement of both the surface potential as well
as the leakage current at equilibrium simultaneously.

In the laboratory, the front surface of the sample was irradiated with
one or_two monoenergetic electron flood guns in a vacuum chamber at a pressure
of 10~7 Torr. To avoid undue damage to the sample by arc discharges, the
incident electron energy was kept below 6 keV. Both the surface potential and
the bulk leakage current were monitored continuously. The samples used in the
actual measurements were made from 5 mil aluminized Kapton obtained from the
same batch used for making the SSPM flight samples. The samples were assem-
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bled by the Air Force Material Laboratory and the aluminized Kapton film was
supplied by Sheldahl, Northfield, Minnesota.

RESULTS AND DISCUSSION
Charging under Monoenergetic Irradiation

In this set of experiments, the surface potential of Kapton was monitored
while being irradiated with a single electron beam at normal incidence. The
energy of the primary beam was varied from several hundred volts to several
kilovolts. The results show that the equilibrium surface potential of a low
conductivity material, such as Kapton, is clearly dominated by secondary emis-
sion. A plot of the measured surface voltage as a function of the primary
beam energy is given in figure 2. For beam energies below Ejy, where § > 1
(shown in the upper trace), the surface tends to charge up positively instead
of negatively. Within this s > 1 range, the equilibrium surface potential is
insensititive to the incident beam energy; a large change in the primary elec-
tron beam energy causes only a small change in the surface voltage. However,
for incident beam energies near Ejj, the surface potential drops rapidly as
it crosses the zero line. Beyond this point, the surface charges up negative-
ly and the measured potential is directly proportional to the primary beam
voltage with a slope of unity. This behavior can be understood by the follow-
ing explanation.

At low incident beam energy, the kinetic energy of the electron arriving
at the surface causes more secondary electrons to be emitted per primary elec-
tron, ¢ > 1. The surface experiences a net depletion of electrons, giving
rise to a positive surface voltage. In principle, the magnitude of the posi-
tive potential will continue to increase and accelerate the primaries towards
the surface until the kinetic energy of the primaries striking the surface is
equal to Eyy where § = 1. However, the surface is prevented from becoming
too positive due to the abundance of low energy electrons around. The re-
attraction of these low energy electrons pins the surface voltage low and
makes it rather insensitive to changes in the incident beam energy. When the
beam energy is equal to Ejy, the number of incoming primaries is exactly
balanced by the number of outgoing secondaries. There is no net gain or loss
of electrons at the surface and thus the surface becomes uncharged. In fig-
ure 2, this corresponds to the point at which the measured surface voltage
goes to zero. At this point, Ejy, the second crossover energy, can be meas-
ured directly from the beam voltage. Beyond this point, the beam energy moves
into a region where § < 1. There will be a net absorption of electrons at the
surface. The accumulation of these incoming electrons gives rise to a nega-
tive potential at surface. This negative potential slows down the incoming
primaries and causes § to increase towards unity. At equilibrium, the surface
will charge to a potential such that the electrons arriving at surface will
have a kinetic energy equal to Ej; and a 6 = 1. As a result, the surface
charges up to a potential equal to beam energy minus Ei;. Experimental ob-
servation agrees quite well with this analysis. At beam energy higher than
Err, the surface potential tracks the beam energy linearly and

-eVg = Eg - Eqg (3)
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where Vg and Eg are the surface potential and the beam energy, respec-
tively. In addition, the linear relationship between Vg and Eg extends

over several kilovolts. This result points out the fact that the secondary
emission yield is not sensitive to the surface potential acquired on the
material. This is important because the bulk of the secondary emission data
reported in the literature were obtained by conventional methods which re-
quired the material surface to be at or near ground potential. This finding
removes some of the uncertainty concerning the validity of using the data ob-
tained by the conventional methods and applying them to situations where the
material is charged to several kilovolts.

Two-Electron Beam Charging

In this section, the charging behavior of a dielectric in a multienerge-
tic electron environment will be discussed. The discussion will be based on
the results of a set of charging experiments using two electron guns at dif-
ferent energies. The angle of incidence for each gun was offset about 3 deg-
rees from the sample normal. Based on the data presented in the next section,
the effects of this minor offset are negligible and will be ignorea in the
following discussion.

The significance of secondary emission in a distributed environment can
be understood by the following analysis. First consider an insulator being
irradiated by a single electron beam. As a result, the surface potential
developed is controlled by the energy of the beam, Egj, via secondary emis-
sion. As we have shown in the previous section, for beam energy greater than
Er; of the material, the surface charges up negatively, and, at equilibrium,
-eVg = EE1 - Ery. When the second beam is turned on, the surface potential
created by the %irst beam retards the electrons in the second beam. At the
same time, the origin of the secondary electron yield curve is also shifted
from zero for an uncharged surface to -eVg when'the surface is charged, as
shown on an absolute energy scale in figure 3. In this representation, it is
clear that the electrons from the second beam fall into three distinct cate-
gories, namely noninteracting, discharging, and c¢harging, depending on the
beam energy.

Based purely on an energy argument, electrons with energy lower than the
surface potential will be reflected and will not interact with the surface at
all. As we increase the energy of the second beam, it is equivalent to moving
the arrow for Egy in figure 3 to the right. We note that there is a region
between -eVg and -eVg + E] (the first crossover) where the electrons are
weakly charging. However, since this region is narrow (~50 V for Kapton) and
the effect small, we can safely ignore its contribution. Therefore, electrons
from the second beam with energy less than -eVg + E[ can be considered
noninteracting.

In the second category, at higher beam energies, the electrons with Eg)
between -eVg + Ey and -eVg + Ej; will have the appropriate kinetic energy to
impact the surface with a secondary yield greater than one. The net increase
in the secondary emission due to the second beam causes the surface to dis-
charge. Consequently, the surface voltage will shift to a lower value Vg'
in order to re-establish current balance. At equilibrium, the number of
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electrons emitted due to the second beam has to be balanced by the number of
electrons absorbed from the first beam, or,

S(Egy + eVgi)dgy * 8(Epy * eVgi)gy = dgp + gy (4)

where Jg1 and Jgp are the current densities of the first and the second beam
at the surface, respectively. The relation described in equation (4) provides
a way of sweeping out the shape of the secondary emission yield curve by vary-
ing the current densities and the beam energies. However, this way of deter-
mining § is tedious experimentally and requires a great deal of curve fitting
and optimization, Fortunately, a faster and more convenient method has been
developed for determining the secondary emission yield curve by measuring
Emax and Eyy for a particular material.

In this method, the dielectric is irradiated simultaneously with two
electron beams. The energy of one beam is fixed while a second, the probe
beam, whose intensity is modulated scans continuously over a wide range of
energy. The current of the probe beam is deliberately kept low in order not
to disturb the equilibrium surface voltage established by the first beam. In
this measurement, the surface voltage is monitored continuously and the small
AC component in surface voitage induced by the modulated probe beam is meas-
ured by synchronous detection. The amplitude and phase of the AC component
are determined by the number of electrons emitted or absorbed by the surface
due to the probe beam. Hence, a plot of the synchronous change in surface
voltage as a function of the energy of the probe beam is directly related to
the secondary emission yield curve of the material. Such a plot and the ex-
perimental conditions used are shown in figure 4 from which we can extract
Emax and Ejy directly. For Kapton, we found that Egpax = 250 V and Ey] =
1000 V. These values agree with those determined previously in our {abora—
tory. Figure 5 shows the secondary yield curve for Kapton obtained from equa-
tion (2) using the values given above. These results show that the modulated
probe beam method offers a convenient and accurate way for determining the
secondary emission properties of various film-type dielectric materials.

Once the shape of the secondary emission curve is determined, the charg-
ing response of a material to a multienergetic electron flux, F(E), can be
understood. As discussed earlier, the spectrum of these electrons can be
divided into three critical regions, as shown in figure 6. Electrons with en-
ergy below -eVg + Ep are noninteracting and can be eliminated right away.
Between -eVg + Ey and -eVg + Ejy, electrons have a § > 1 and a tendency to
discharge the surface. Above -eVg + Ey[, because § < 1, electrons in this
region tend to cause the surface %o charge negatively. In order to maintain
current balance for a material with zero leakage, the total number of elec-
trons emitted (6 > 1) must be balanced the electrons absorbed (6 < 1). Hence,

E

/ UES(E +el) - l:lF(E)dE =0 (5)
ey,

where E, is the highest energy of the nonpenetrating electrons and F(E)
is the incident electron flux at normal incidence. When equation (5) is not
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satisfied, Vg will shift to a new surface potential V¢' wuntil current
balance is reestablished. Similarly, a change in the electron distribution
will result in a change in the surface voltage. Therefore, conceptually, this
analysis provides a physical link between the properties of the material and
the electron distribution of the environment in determining its surface poten-
tial. It should be noted that, in the absence of photoillumination (causing
photoemission and photoconductivity), secondary emission is the most important
factor in controlling surface charging of low-conductivity materials. How-
ever, a number of other effects, such as electron induced conductivity and ion
induced secondary emissions, have to be considered in the order to make the
analysis more applicable to actual substorm charging in space.

Angular Dependence

In the preceding discussion, it has been assumed that the primary elec-
trons strike the material surface at normal incidence. However, it is well
known that oblique incidence produces more secondaries than normal incidence.
This is due to the fact that the secondary electrons are generated closer to
the surface and have a greater probability of escaping from the solid. As a
result, both Epax and Epp in equation (2) will increase as the angle
of incidence increases. Hence, the dependence of these parameters on incident
beam angle is critical to understanding the charging behavior of materials in
space where the incident electrons may strike from all directions.

Recent analyses indicate that the electron angular distributions in near
geosynchronous orbits are highly anisotropic during geomagnetically disturbed
times. An estimate indicates that the electron current normal to the earth's
magnetic field line is roughly three times larger than the current parallel to
the field line (fig. 7). The data presented in the figure were obtained from
a natural charging event on Satellite P78-2 on February 12, 1979. The angular
distribution of the electron current was obtained by integrating the electron
flux between 3.4 and 19.4 keV provided by the SC~-2 particle counter on board
P78-2. In figure 7, the angularly resolved current was plotted as a function
of magnetic angle and universal time (UT) in seconds for three consecutive
satellite spin cycles. Each spin cycle is about 60 seconds long. Due to sym-
metry along the magnetic axis, the current-angle profile is approximately the
same in each half cycle. Since this charging event was occurring in the sun
and the direction of the solar radiation was approximately parallel to that of
the current maximum, charging of the SSPM samples could only take place in the
dark half cycle of each satellite rotation. Since the SC-2 particle counter
and the SSPM are located at different parts on the spacecraft, there is a time
delay between the two measurements. The crosses in figure 7 mark the onsets
of the dark half cycles from which the SSPM charging data presented in fig-
ure 8 were obtained. The solid lines in figure 7 represent, given the time
delay, approximately the current profiles that would impinge on the SSPM in
the dark haif cycles marked by the crosses respectively. Notice in figure 8
that, during the first dark half cycle (UT = 18292), the Kapton surface did
not show any sign of charging until the sample rotated to within 30 degrees
[120°] from the current maximum [90°]. The angles quoted in brackets are the
magnetic angles given in figure 8. In the next dark half cycle (UT = 18346),
the electron distribution in the plasma sheet hardened and the peak current in
figure 7 went up. During this time, the Kapton sample began to charge earlier
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(about 55 degrees [145°] from the maximum) and subsequently charged to a high-
er potential. In the last half cycle, the electron distribution softened
slightly and the Kapton charging profile is intermediate between the profiles
in the first and second half dark half cycles, it did not begin to charge im-
mediately. Instead, charging occurred only when the angle of incidence of the
peak current approached normal incidence. In addition, the onset and the mag-
nitude of charging are highly correlated to the intensity of the peak cur-
rent. These results show that charging is quite sensitive to the anisotropy
of the electrons in the plasma sheet. Hence, there is a need to understand
how the angle of incidence influences the charging behavior of dielectrics.

In the laboratory, a monoenergetic charging beam was used to examine the
effects of varying the angle of incidence on charging. The equilibrium sur-
face voltage was found to decrease with increasing angle of incidence as ex-
pected from higher secondary emission. Figure 9 shows a family of charging
curves for Kapton at different angles of incidence. When the threshold beam
voltages for surface charging and the slopes of the charging curves of fig-
ure 9 are plotted against the angle of incidence, e, they are found to follow
cos?e (fig. 10). From these results, we found that the angular dependence
of the equilibrium surface potential is given by

2 0
-eVc(e) = cose Ep - EY; (6)

)

where E]] 1is the second crossover energy of the material at normal incidence
and Eg the primary electron energy. Consequently, the angular dependence

of the second crossover, Ejj(e), for Kapton can be determined by setting
-eVg(e) = 0, and, Eyj(e) - Eg,

II
E,.(e) = (7)
I cos’e

The same angular dependence can be obtained by applying Sternglass' theory.
These results indicate that, for a particular material, the momentum-loss mean
free path controls the production of the secondaries and hence the charging
characteristics of the material. They further suggest that the secondary
emission yield should increase as (cosZe)-1 with increasing angle of inci-
dence. However, more work is needed to confirm the validity of this depen-
dence.

SUMMARY

In the absence of 1ight and high energy particles, the surface potential
of Kapton is found to be controlled by secondary emission. Under monoenerge-
tic electron irradiation, the surface voltage varies linearly with the beam
voltage. In a multienergetic environment, the surface voltage is determined
by the convolution of the electron distribution and the secondary electron
yield of the material. Using single and dual electron beam charging tech-
niques, we have devised methods for measuring the critical secondary emission
yield parameters as well as the angular dependence of these parameters for
Kapton. This information is not only essential to the understanding of mate-
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rial charging in space but also valuable as input to the NASCAP spacecraft
charging modeling code.
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