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ABSTRACT

The charge accumulation processes inside a Teflon film are ‘investigated with one-
dimensional Monte-Carlo simulation. Elastic and inelastic scattering processes. are ‘considered.in
the collisions between electrons and atoms consisting of Teflon® (CF4). Electron-phonon
interaction and trapping effect are also included in the estimation of total cross section. A case of
20 keV electron frradiation is tested and charge accumulation process-is- successfully simulated..
The electric field is also calculated based on the one-dimensional Poisson equations. The
formation of strong electric field induced by the electron charge is clearly seen. The computed
charge density distributions are compared with other simulation results and experimental data. The
innovative measurement technique is used to obtain the charge density distribution inside a Teflon
film. A PC based parallel computer is introduced to accelerate the computation so that the realistic
time scale is attained.

Dielectric breakdowns and electrostatic discharges occurring on/inside spacecraft surfaces have been considered as
one of major causes of spacecraft” malfunction and failures [1]. These concerns are heightened for GEOC
(GEosynchronous Orbit) that can suffer from severe bombardment of high-energy electrons and other charged particles.
In order to avoid failures, detailed analyses of charging and discharging process inside surface materials such as

Teflon® are essential. Most previous studies focused on surface charging in a low-energy plasma environment and
theorized that differential surface charging may result in catastrophic discharges [2]. Recently, however, it has been
pointed out that besides surface charging there is possibility that internal charging is also related to discharging of
spacecraft [3]. Although there are some practical estimations of discharge criteria based on empirical equations [4],
numerical simulations based on first principle are important to understand the phenomena. Clarifying the charge
accumulation process inside insulating polymers will assist in the analysis of spacecraft failures and allow the
prediction and prevention of dielectric breakdowns that might occur under severe electron irradiation in space.

In the present research, the charge accumulation processes inside a Teflon film are investigated by a combination of
computational and experimental methods. The simulation strategy is based on the Monte Carlo methodology to address
coilisional processes. Each injected electron is tracked three-dimensionally based on the quantum consideration of the
elastic and inelastic scattering processes between electrons and atoms consisting of Teflon (CF4) described by Palov et
al [5]. Electron-phonon interaction and trapping effect are also included in the estimation of total cross section.
Simulation results of an incident electron beam with energy of 20 keV are presented. In order to verify the computations,
electron irradiation experiments are conducted based on a measurement technique described by Watanabe et al [6].
Real-time measurements of the charge distributions inside Teflon are also presented.
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PHYSICAL MODEL

Coliision processes between electrons and Teflon are modeled following Palov et al [S]. Electron energies are in the
range of 1 ¢V to 35 keV and the processes considered in the model are: (i} electron scattering by C or F atoms, (ii)
ionization of atoms, (iii) electron-phonon interaction and (iv) trapping. Palov et al derives these formulae from quantum
electro dynamics and other experimental results. The cross sections of each process are calculated in advance as a
function of the electron energy.

(i) Elastic Electron Scattering

Electron scattering in Teflon is considered separately with Carbon (C) and Fluorine (F) atoms because the theory of
electron-molecule collision process has not been adequately developed. The mean free path for elastic collision A, is

calculated from
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where n 1s the number density of atoms in Teﬂon and k is the electron wave vector. The phase shifts &, were obtained

by calculating the following differential equation,
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where 3’1 (kR) and 1,(kR) are spherical Bessel and Neumann functions of order / and R is the distance from the
center of the atomic core. Detailed descriptions for the potentials V, . (R),V,,,..(k,R) and V, (R) are given in Ref.

[5].

The azimuthal @ and polar & scattering angles are calculated based on the following double cross section equation,
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where P(cos8) is the [ -th Legendre polynomial.
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{(ii) Ionization

The ionization of the inner atomic shells and a valence band are dominant as inelastic scattering processes especially
in a higher energy range. We used the classical theory of binary collision for the description of the ionization of inner
atomic shells and the generation of secondary electrons. The inelastic mean free path before ionization of the j -th shell

A, and electron energy losses are calculated from differential cross sections averaged over kinetic energies of shell

electrons,

dy sy’
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where x = E/U V= AEJU , E is the energy of a primary electron, AE is its energy loss, # is atomic concentration,
N, is the quantity of electrons on the j -th shell and U, (in atomic units) is the binding energy of the j -th shell and
a, is the Bohr radius. The momentum loss AP of a primary electron is estimated by the following double differential
cross section for a fixed kinetic energy of a shell electron,
d*A mgnN g,
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where F is in atomic units. E, is the energy of the primary electron after collision and E, is the energy of the

secondary electron, where y is the electron affinity of Teflon.
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Polar angles of the primary and secondary electrons are calculated from Eq. (6) and the energy and momentum
conservation laws. The azimuthal angle ¢ of the primary electron is uniformly distributed in the (0,2¢) interval, the

secondary one @, is connected with ¢ by
(p - c}{pi cos¢g — c)
costp— @, )=
A ey
c=(2p* —2mAE—AP*)[2p, p=+2mE,
t2=2mAE+pj—(p+pjcos¢—c)Z, p, =+2mU (8)

where ¢ is the angle between atomic and primary electron velocities before a collision and m is the electron mass.
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(iii) Electron-Phonon 1

The electron-phonon interaction is also included in the model because it is important when electron energy is less
than the energy gap. We used Frohlich’s formulas [7] to estimate the mean free path of an electron before the creation
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where £, is the energy of a fixed longitudinal optical phonon &, and ¢, are the insulator dielectric functions in zero

and high energy limits. ¢ is the wave vector lost by an electron in the process of the creation of a longitudinal phonon,

n, = {exp(Eph /KT )— 1}" , K is the Boltzmann constant and 7 is the temperature of the insulator.

The polaronic effect is important because it describes electron trapping and detrapping inside insulators especially
when they have lower energy. We used a semi-empirical method [8] to calculate the mean free path before trapping
-1
ﬂ'tmp 5
a
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where ¢ =1 nm™ and b= 1.5 eV. The parameters ¢ and b were adjusted according to the calculated TSEY with
experimental data.

Injected electron particles move through the target material with energy attenuation due to the inelastic collision
described above. The motion between the collision processes encountered is simulated by the non relativistic equations
of motion i.e. the Newton’s equations of motion. The effect of electric field induced by the accumulated charge is
included. The three-dimensional position vector of electron particle ¥ and its velocity vector V are updated on each

uniform times step 7 as follows.
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A
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Voud Electron beam
where, e is the elementary charge, 7 is the electron g ‘L J{f é
mass, E is the electric field inside the material and A4, ‘
is the total mean free path between the successive g —
collisions calculated from above mentioned mean free I
paths.
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Once three-dimensional electron distribution is — Ag
determined, one-dimensional charge distribution p{(x) o
can be calculated on the mesh indicated in the simulated v X
model Fig. 1. The electric field ~(x) (and also electric .
'8 (x) ( FIGURE 1. Simulated model
potential @(x)) are obtained by integrating the following
Poisson’s equations,
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where, &, is the permittivity of free space
and & is the permittivity. We used Start
formerly a  two-dimensional  field L
calculation code based on the Dynamic l£=0, EGO=0. ¢ (x)=0, Z=5 o, n=C|
A L‘oi“naﬁ‘nﬁ ThHraction Imnlicit (DADD l : - + ’ J
Alternating  Direction  Implicit (DADI) L
scheme. However, the computation time — = - -
required for the field calculation was —D ?“enﬁ:g;fr; oéecnas!guia’mé)vr; et
enormous and only a little time step for g l Yy o
electron tracking was achieved. Then, we b
use the present 1D code to attain realistic
time scale so that we can compare the
results with experimental ones. Galoulation of electric field
Figure 2 shows the flow chart of the i EQO and potential @ (X
t ations

present  computation  program. The
interaction, which will occur for each
particle is chosen randomly among the
processes mentioned above. To reduce the
computational cost, the cross sections are
calculated in advance as a function of
electron energy and the null-collision
method is used in the Monte-Carlo
scattering selection. Once the collision
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vector and energy after collision are

/ Output of charge density o (0 /

calculated based on the quantum theory.
Using these position and velocity vectors,
new position and velocity vectors after
integration time 7 are determined by egs.
(11)-(13). When an ion is generated due to
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FIGURE 2. Flow chart of the program
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the ionization collision, the positive ion charge is taken into account to the charge distribution. The one-dimensional
charge distribution p(x) is now obtained by projecting the three-dimensional charge distribution onto the one-

dimensional mesh. The electric field calculation is currently executed in each 100 time integration steps because the
induced field does not change during such a short time scale (100 times 7 = 1x 107" =1x 107" [sec]).

SIMULATION RESULTS

The simulated model is as shown in Fig. 1. The size of the film is 50 [um] in X direction x 50 x 50 [ um ] in ¥ and

z direction respectively. We used 50 mesh points in X (depth) direction resulting in grid spacing of 1 [um]. The time
step is set 7 = 1.0 x 10" [s] so that the most frequent collision can be taken into account. The density and relative
permittivity of the Teflon film is 2.3 x 10° [kg/m®] and 2.1 respectively. Electron beam is irradiated from above the film
and the bottom surface is grounded. Incident electron energy and current density is 20 [keV] and 100 [A/cm?]
respectively. The boundary condition on the top surface is £(0)=0, and for the bottom surface ¢(D) =0.

Figure 3 shows the charge distributions inside the film at various times. The computation time is up until 1.0
x 107" [sec]. This is because the total number of electron and ion particle exceeded the maximum memory allowance of
our current machine (single Pentium 4, 256 Mbyte). The time history of the number for each particle is shown in Fig. 4.
The number of electron particle becomes 1.0 x 10° at the end of the computation. In addition, the number of Carbon ion
grows rapidly far more than expected. This is because the Carbon ionization tends to occur frequently at the energy
range tested. The total particle number becomes 2.0 x 10°,

As seen in Fig. 3, the negative charge

accumulation develops around the depth 1.50-01 1.00E—1 3.|is]
of 5 [pm]. And, the electrons are going 2 00E13[s]
to penetrate deeply into the film. The = =

penetration depth at the end of the E 1.00-01 300E-13]s]
computation is about 30 [um]. Frequent (&) - 400E-13[s]
ionization near the irradiated surface Q 50002 — 5.00E-13[s]
creates a large number of Carbon and B —— 6.00E-13[s]
Fluorine ions resulting in the positive & —700E-13[s]
charge accumulation as seen in Fig. 3. -3 0.00E+00 |

The positive charge is higher than the o : | —800E-13[s]
negative charge induced by the & ~—9.00E-13[s] |
accumulated electron. Figure 5 shows 6_5'0‘]:_02 —1.00E-12[s]
the time history of charge distribution

owing to electron accumulation only. —1.00E-01

The accumulation peak resides at the 0 10 20 20 40 50

depth of 3[um] and the accumulation is
developing as time goes. However, the Teflon depthl y£m|
maximum penetration depth seems to FIGURE 3. Charge distribution during irradiation
halt at 30 [um]. The maximum penetration
depth, called as range, is determined by the
incident electron energy and 30 [pm] is the
result for this test case. The penetration
depth predicted by our simulation is about
three times larger than Ref. [5]. The
difference may be attributed to the
estimation of the cross sections or velocity
assignment after collision in our method.
Figure 6 shows the time history of
electric field distribution along the Xx
direction calculated from the charge
distribution in Fig. 3. Because of the
negative charge accumulation due to the
clectron particles, the filed develops g ¢E=131 418 GE10 SRR 1E-12

negatively until the time of 7.0 Time[s] :
x 107" [sec]. Then, the field becomes FIGURE 4. Numbers of particles
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positive due to the accumulation of Carbon and Fluorine ions near the irradiated surface. The positive filed seems to be
growing as time goes.

We attempted parallelization of the simulation code using the MPI methodology, but excessive data communication
of particle attribution between processors made it difficult to efficient processor usage. Reorganization of data structure

and its implementation to the program is underway.

200E-15
ELECTRON IRRADIATION 0.00E+00
EXPERIMENTS ON -2 00E-15
DIELECTRIC FILMS % 40015
The experimental procedure and = -6.00E-15
apparatus presented in [6] enables us to o ~800E-15
measure the charge distribution inside b
dielectric materials in real time during o ~100E-14
irradiation. The Piezo-electric Induced = —1.20E-14
Pressure Wave Propagation (PIPWP) 1 A0E-14
experimental procedure uses a pulsed '
pressure wave propagating in the sample as —1.60E-14
a charge probe [9]. When there are electric 0 10 20 30 50
charges in the sample, the position of chares Tlon depthl gml
move slightly by the pressure wave. FIGURE 5. Charge distribution due to electron only
The movement of the charges
induces the change of surface charges 20004 ,
on the electrode that causes \— 1.00E-13]s]
displacement current in the external 100E:04 —— 200E-13]
circuit. The time-history of the —
displacement current indicates the E O00E+00 3'(115—115];
charge distribution in the sample as = 155 '4(11-_13:5]5
described below for various materials. o |— 500E-13s],
u=—1.00E14 ~
O o — 6O0E-13s]
eflon Film 5 WL
o o
Figure 7 shows the charge density " itk #
distribution inside a Teflon film with ~300E+04 ‘ ----- 9.00E-13s]|
thickness of 190 pm. The incident ; 1.00E-12[s]
electron energy is 90 keV and the ~A00EH04
current density is 205 nA/cm®. The 0 10 0 % 0 50
measurement was carried out after 10
minutes irradiation. Two charge Teflon depth] em]
peaks are found at the electrodes, but FIGURE 6. Electric field distribution during irradiation

there is mno apparent charge

accumulation inside the film. The peak observed
around 100 pm is not a significant signal. For the
incident energy of 90 keV it was expected that the
penetration depth was several dozen pum. But the
positional resolution of our current device is 40 pm.
Thus, electron deposition within a range of the
positional resolution from the irradiated surface
cannot be detected. The resolution can be improved by
shortening the pulse width because it directly affects
the detected signal. Experiments using shorter pulse
are underway and the resolution will become high
enough to detect shallow deposition.

0.001 x 1 T ] T T

Charge density [C/m *]

. N :
-1 107*-5 105 0 10° 510° 1 107*1.5 107*2 10*2.5 10*3 10°*
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FIGURE 7. Experimental results of charge density in Teflon film
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SUMMARY

The charge accumulation processes inside a Teflon film are investigated with one-dimensional Monte-Carlo
simulation. Elastic and inelastic scattering processes are considered theoretically in the collisions between electrons and
atoms consisting of Teflon® (CF4). Simulation results show the electron and ion deposition inside the film. Under the
20 [keV] electron irradiation, it is found that the maximum penetration depth is 30 [um] and the accumulation peak of
electron occurs around 3[pm] depth from the irradiated surface. Extensive Carbon and Fluorine ion generation due to
ionization near the surface is observed and the resulting positive charge accumulation is clearly seen in the charge
distribution. However, the predicted penetration depth is three times larger comparing with previous simulations [5].
We installed a PC-based parallel computer which has 8 Pentium processors and attempted the parallelization of the
simulation code. However, excessive data communication of particle attribution between processors made it difficult to
efficient processor usage. We need to improve the efficiency and it is underway.

To aid in code validation an electron irradiation experiment on a Teflon film is conducted but no clear deposition is
detected inside the sample because of the insufficient positional resolution of our experimental system.

Improvement of the computational model and the accuracy of the experimental method are needed to discuss the

3 a1l and

charging characteristic in detail and provide means for proper code validation.
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