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Evaluation of Secondary Electron Emission Yields
and Volume Resistivities of Polymer Films Due to
Continuous Low Energy Electron Beam Irradiation
Haruhisa Fujii, Masamichi Oohira and Teppei Okumura

to the operation and the reliability of the spacecraft systems,
many studies have been carried out [2-4]. In these studies,
relatively high energy electron beam with the energy of a few
tens of keV simulating hot plasma in space was irradiated to
the insulating materials in order to investigate the
characteristics of charge-up and discharge as ground test. The
energy spectrum of electrons in space plasma, however,
spreads widely and so electrons with lower energies exist in
great number [5]. Therefore the charge-up characteristics of
these thermal control materials were investigated by irradiating
electrons with various energies below 20 keV [6,7]. In the
process of the evaluation of charge-up characteristics of the
polymer films [7], we recognized that secondary electron
emission yield and volume resistivity could be acquired if
electron beam with the energy much lower than 5 keV and onedimensional electron-beam induced charge-up model [7] were
used. The physical properties, the volume resistivity and the
secondary electron emission yield, are necessary to analyze the
potential profile on a spacecraft surface under space plasma
condition. In this paper, we will discuss the secondary electron
emission yields and the volume resistivities of polymer films
due to continuous and very low energy electron beam
irradiation method.

Abstract— It is necessary to predict and analyze the potential
profile on spacecraft surfaces under space plasma condition in
advance from a view point of the prevention of spacecraft
charging. In the analysis, the physical properties such as
secondary electron emission yield and volume resistivity of
surface material are needed. In order to acquire those properties,
we used the method to irradiate the electron beam with the
energy lower than 5 keV to polymer films.
The surface potential of a polymer film during electron beam
irradiation was measured with time by non-contacting
electrostatic voltmeter and the decay of the surface potential
after stopping electron irradiation was also measured. We
obtained the volume resistivity of the polymer film from the
decay time constant and the known dielectric constant of the
polymer. We also calculated the bulk current and the secondary
electron emission current using the surface potential
characteristic during electron irradiation and the volume
resistivity. Due to this method, the secondary electron emission
yield of the film was evaluated as a function of electron energy.
Keywords— charge-up; polymer films; electron
irradiation; secondary electron emission; volume resistivity

I.

beam

INTRODUCTION
II.

Many satellites for communication, broadcasting, earth
observation and so on have been launched in the Earth orbits
with the progress of space development and have given much
benefit to our social lives. These satellite must continue to
function for long life time under severe environment conditions
such as vacuum, thermal cycles, high-energy charged particles,
plasma and solar light. The large area of the satellite surfaces
are covered with various thermal control materials in order to
protect on-board electronic equipment from the thermal
vacuum environment. Those thermal control materials are
silvered Teflon FEP (Fluorinated Ethylene Propylene
copolymer), aluminized Kapton PI (Polyimide), and so on. In
these thermal control materials, the insulating film materials
like FEP in silvered Teflon are exposed to space. So these
materials are likely to induce charge-up phenomenon on the
spacecraft surfaces [1]. This phenomenon possibly causes
ESD (Electrostatic Discharge) on the surfaces of the spacecraft.
As these charge-up and discharge phenomena are great threat

EXPERIMENTAL PROCEDURE

A. Experimental Setup
Figure 1 shows the experimental setup for electron beam
irradiation. After setting one sample in the vacuum chamber,
the chamber was evacuated to the pressure lower than 1.3x10-4
Pa by a rotary pump and a turbo-molecular pump. Under the
pressure condition, electron beam was irradiated to the sample
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Fig. 1. Experimental setup.
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with the energy E (keV) and the current density Jb (nA/cm2)
for the irradiation time Ti (normally 60 minutes).
The surface potential of the sample during and after
electron beam irradiation was measured with a non-contacting
electrostatic voltmeter (TREK, 341B) by moving the probe
(TREK, 3451E) over the sample keeping the distance of 3-5
mm from the sample surface. The current through the bulk of
the sample was also measured with a pen recorder (Yokokawa,
LR-8100) having the internal resistance of 1M.
In this experiment, the beam energy E lower than 5 keV
was mainly used, because the electron energy from which
secondary electron emission yield of material is set to one
usually exists in the energy range of E < 5 keV. In the case of
the electron irradiation with E lower than 5 keV, the electron
acceleration potential was -5 kV constant, and the sample
holder was biased to the negative potential Vb (kV) by a DC
power supply (Kikusui Electronics, PAD 1K-0.2L). By this
way, the energy of the electrons irradiated to the sample
became E = 5 + Vb. In the case of E < 5 keV, however, no bulk
current was measured. Besides, the beam current density Jb
was adjusted at the electron energy E = 5 keV. After the
adjustment of Jb, the sample was biased by negative potential
Vb and the electron beam irradiation was started.

(a)

During electron irradiation

All experiments were carried out at room temperature.
B. Samples
Samples evaluated were 4 kinds of polymer films, FEP,
ETFE (Ethylene Tetra-Fluoro-Ethylene), polyimide Kapton,
and polyimide UPILEX_R.
Each size of the sample was 90x90 mm2. One film sample
was set on the holder and was covered with a 1 mm thick
aluminum plate with one aperture of the diameter of 80mm. So
the electron irradiated area a of the sample was 42 (= 50.3)
cm2.
III.

(b) After electron irradiation
Fig.2. Surface potentials of 125m FEP film irradiated with E = 5keV and
Jb = 0.13 nA/cm2.

   0 r   v ,

where 0 is the permittivity of vacuum (= 8.9x10-12 F/m), r the
dielectric constant of the material, and v the volume resistivity
of the material. In the case that r of the sample is known we
can obtain the volume resistivity v from the decay time
constant  using the equation (2). From Fig.2(b), we could
obtain the value of v as

EXPERIMENTAL RESULTS AND DISCUSSIONS

A. FEP Film
At first, in the case of 125m thick FEP film, we explain
the experimental results and the method to evaluate the volume
resistivity and the secondary electron emission yield (SEEY).
Figure 2(a) shows the time dependence of the surface potential
of the 125m thick FEP film irradiated with E = 5 keV and Jb
= 0.13 nA/cm2 for Ti = 60 minutes. And Fig.2(b) also shows
the decay characteristic of the surface potential of the film after
stopping the electron irradiation.

 v  2.0 1018 m.
Next, we estimate various currents during electron
irradiation using this v and from the characteristic of the
surface potential shown in Fig.2(a). Therefore we used onedimensional charge-up model shown in Fig.3 [7]. The current
I(t) through the bulk of the film is expressed by the
displacement current and the conduction current as follows.

In general, the decay of the surface potential Vs of an
insulating material is expressed as follows.

 t
Vs (t )  Vs 0  exp    ,
 

(2)

 dV (t )

I (t )  a C s  J l (Vs (t )) ,
dt



(1)

where Vs0 is the initial surface potential at which electron
irradiation was stopped (t = 0), and  the decay time constant.
The  is expressed by the following equation.

(3)

where a is the electron irradiated area, Jl the conduction current
density, and C the effective capacitance per unit area.
Considering the electron depth R, the capacitance C is
expressed as follows.
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 (t ) 

J se (t ) aJ e (t )  I (t )

J e (t )
aJ e (t )

(10)

Therefore, if the time dependences of various currents during
electron irradiation are obtained, the time dependence (t) of
the SEEY is calculated using the equation (10). So, from the
relation between the (t) and the time dependence of the
practical incident electron energy Ep(t), the incident electron
energy dependence of the secondary electron emission yield
(E) is acquired.
From these viewpoints above-mentioned, we evaluate the
SEEY of 125m thick FEP film irradiated with E = 5 keV and
Jb = 0.13 nA/cm2 shown in Fig.2(a). In Fig.4, the various
currents, Ep(t) and (t) during electron irradiation are shown as
a function of time t. The displacement current and the
conduction current calculated by using the equations (4) – (6)
are shown in Fig.4(a). We can see that the conduction current
is much smaller than the displacement current. So the bulk
current I(t) is dominated by the displacement current. Figure
4(b) shows the Ep(t) calculated by the equation (7) and the Je(t)
calculated by the equation (8). Figure 4(c) shows the I(t)
obtained from Fig.4(a) and the secondary electron emission
current aJse(t) calculated by the equation (9). The last figure,
Fig.4(d), shows the (t) calculated by the equation (10) and the
Ep(t) shown in Fig.4(b). We can obtain the SEEY  as a
function of the electron energy from the relation between (t)
and Ep(t) shown in Fig.4(d). In this case the acquired  is
lower than 1.

Fig.3. One-dimensional charging model of insulator irradiated with
electron beam.

C

 0 r
d R

,

(4)

where d is the thickness of the sample. The electron depth R is
decided as the maximum range calculated by Gledhill’s
empirical equation in the case of E lower than 50 keV [7,8].
On the other hand, the conduction current density Jl is
expressed as follows.

J l (t ) 

1 Vs (t )

v d  R

Next, we explain the experimental results carried out in
order to obtain SEEY  larger than 1. Figure 5(a) shows the
time dependence of the surface potential of 125 m FEP film
irradiated with E = 0.3 keV for Ti = 60 minutes. In this case, in
order to irradiate the film with E = 0.3 keV at initial stage the
electron acceleration potential was set to -5.0 kV and the beam
current Jb was adjusted to 0.10 nA/cm2. After that the sample
holder was biased to Vb = -4.7 kV. Under the condition,
electron beam irradiation to the sample was started. Figure
5(b) shows the decay characteristic of the surface potential of
the film after stopping the electron irradiation.

(5)

Therefore the equation (3) is expressed by the next equation.

   dV (t ) 1 Vs (t ) 
I (t )  a  0 r  s 


dt
v d  R 
d  R

(6)

By the way, the practical energy Ep of the electrons
impinging to the surface charged up to the surface potential
Vs(t) is

E p (t )  E  Vs (t ) .

Although the surface potential during electron irradiation
positively increased with time as shown in Fig.5(a), the shape
of the characteristic resembles “S” character. On the other
hand, the decay time constant obtained from Fig.5(b) is faster
than that of the case of the negative charging shown in Fig.2(b).
From this decay time constant, we could obtain the volume
resistivity v as

(7)

So the current density Je(t) of the electron beam impinging to
the surface charged to Vs(t) is expressed as follows.
1/ 2

 E p (t ) 
J e (t )  J b  

 E 

,

(8)

 v  5.9 1016 m.
Using this volume resistivity v, the various currents, Ep(t)
and (t) during electron irradiation were obtained as a function
of time t from Fig.5(a). Those are shown in Fig.6. In Fig.6(a)
the time dependence of the displacement current and the
conduction current are shown. Although the conduction
current in this case is larger than that in the case of E = 5 keV
electron irradiation shown in Fig.4(a), the current is much
smaller than the displacement current as shown in Fig.6(a).
Figure 6(b) also shows the Ep(t) and the Je(t) as a function of

where Jb is the beam current density at the initial electron
energy E. In this case, the current density Jse(t) of secondary
electrons emitted from the surface is expressed as follows by
the continuity of currents.

aJ se (t )  aJ e (t )  I (t )

(9)

As the SEEY (t) is the ratio of Jse(t) to Je(t), (t) is expressed
by the next equation.
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(a) Displacement current and conduction current

(a) During electron irradiation

(b) Ep and incident electron current

(b) After electron irradiation
Fig.5. Surface potentials of 125m FEP film irradiated with E=0.3 keV
and Jb = 0.10 nA/cm2.

time t. From these currents and the Ep(t), the bulk current I(t)
and the secondary electron emission current are calculated as
shown in Fig.6(c). The last figure, Fig.6(d), shows the
calculated (t) and the Ep(t) as a function of time during
electron irradiation. From the relation between the (t) and the
Ep(t) we can obtain the SEEY  as a function of the electron
energy.
From the charge-up characteristics of 125 m thick FEP
films due to the electron irradiation with the energies of E = 5
keV and 0.3 keV, the electron energy dependence of the SEEY
is shown in Fig.7. From this figure, we can obtain the
maximum max of the SEEY and the electron energy EII at
which SEEY is equal to 1. These values are as follows.

(c) Bulk current and SEE current

 max  1.6

@ Emax = 0.6 keV

E II  2.1 keV
B. ETFE Film
Next we explain the experimental results and the evaluation
of the volume resistivity and the SEEY of the 50m thick
ETFE film. ETFE is an insulating material mainly used as
power transmission wires for spacecraft. Figure 8 shows the
time dependences of the surface potential during electron beam
irradiation for Ti = 120 minutes (a) and after stopping electron

(d) SEEY  and Ep
Fig.4. Various currents, Ep and  during electron irradiation of 125 m
FEP film at E = 5 keV and Jb =0.13 nA/cm2.
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(a) Displacement current and conduction current

Fig.7. Electron energy dependence of SEEY of 125 m FEP film

(b) Ep and incident electron current

(a) During electron irradiation

(c) Bulk current and SEE current

(b) After electron irradiation
Fig.8. Surface potentials of 50m ETFE film irradiated with E=0.15 keV
and Jb = 0.10 nA/cm2.

irradiation (b). In this case, electron beam with the energy of E
= 0.15 keV was irradiated to the sample. So the electron
acceleration potential was -5.0 kV and the biasing potential Vb
of the sample holder was -4.85 kV. The characteristic of the
surface potential is similar to that of the case of the 125 m
thick FEP film irradiated with E = 0.3 keV shown in Fig.5(a).
We could obtain the volume resistivity v using the decay time
constant calculated from the Fig.8(b) and the dielectric
constant r = 2.7 of ETFE as follows.

(d) SEEY  and Ep
Fig.6. Various currents, Ep and  during electron irradiation of 125 m
FEP film at E = 0.3 keV and Jb =0.10 nA/cm2.
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 v  2.9 1016 m
Using this v the SEEY  of the 50 m thick ETFE film
was evaluated from the characteristic of the surface potential
during electron irradiation shown in Fig.8(a). Figure 9 shows
the  as a function of incident electron energy of 50 m thick
ETFE film. From this figure we could obtain the values of max
and EII as follows.

 max  1.9

@ Emax = 0.5 keV

EII  2.1 keV

(a) During electron irradiation

Fig.9. Electron energy dependence of SEEY of 50 m ETFE film.

C. Polyimide Films
We also evaluated two kinds of polyimide films. One is 50
m thick Kapton film and the other is 50 m thick UPILEX_R.

(b) After electron irradiation
Fig.10. Surface potentials of 50m Kapton film irradiated with E=0.15
keV and Jb = 0.08 nA/cm2.

Firstly we explain the experimental results and the
evaluation about the Kapton film. Figure 10 shows the time
dependences of the surface potential during electron beam
irradiation with the energy of E = 0.15 keV for Ti = 120
minutes (a) and after stopping electron irradiation (b). In this
case, the electron acceleration potential was -5.0 kV and the
biasing potential Vb was -4.85 kV. The beam current density Jb
was adjusted to 0.08 nA/cm2 at E = 5keV. We could obtain the
volume resistivity v using the decay time constant calculated
from the Fig.10(b) and the dielectric constant r = 3.5 for
polyimide as follows.

 v  7.8 1016 m

Fig.11 Electron energy dependence of SEEY of 50 m Kapton film.

Using this v the SEEY  of the 50 m thick Kapton film was
evaluated from the characteristic of the surface potential during
electron irradiation shown in Fig.10(a). Figure 11 shows the 
as a function of electron energy. Although the variation of the
 value is slightly large, max and EII are as follows.

 max  1.7

We also investigated about 50 m thick UPILEX_R film.
Figure 12 shows the time dependences of the surface potential
during electron irradiation for Ti = 60 minutes (a) and after
stopping electron irradiation (b). In this case, electron beam
with the energy of E = 0.5 keV was irradiated to the sample.
As the electron acceleration potential was -5.0 kV, the biasing
potential Vb was -4.5 kV. We obtained the volume resistivity
v using the decay time constant calculated from Fig.12(b) and
the dielectric constant r = 3.5 for polyimide as follows.

@ Emax = 0.4 keV

EII  1.2 keV

 v  4.4 1017 m
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This value is larger than that of Kapton. Using this v the
SEEY  of the 50 m thick UPILEX_R film was evaluated
from the characteristic of the surface potential during electron
irradiation shown in Fig.12(a). Figure 13 shows the  as a
function of incident electron energy of 50 m thick
UPILEX_R film. From this figure we could obtain the values
max and EII as follows.

 max  2.0

IV.

CONCLUSIONS

We investigated the secondary electron emission yields
and the volume resistivities of four kinds of polymer films
used for spacecraft due to continuous electron beam
irradiation with the energy lower than 5 keV. Summary of the
obtained results is shown as follows.

@ Emax = 0.55 keV

EII  1.7 keV
These values are larger than those of the case of Kapton.
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