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Creation and development of a next generation
NUMIT-type model that handles changing
conductivities and varying electrode configurations
Brian P. Beecken, Thomas R. Greenlee, and Robert M. Hoglund

predicting ESD events.

Abstract— Dielectric materials in spacecraft change as they
age and as the temperature varies, resulting in changing
radiation induced conductivities and dark conductivities.
Unfortunately, these changes are not understood sufficiently well
to develop comprehensive models that would be representative of
a variety of materials for a wide range of temperatures and time
periods. Such a situation limits the usefulness of NUMIT-type
modeling of charging in the spacecraft environment. In addition,
most if not all, NUMIT models assume the dielectric is
“sandwiched” between two electrodes—a significant limit on
modeling scenarios both for spacecraft and laboratory testing.

Simulation models have become an important means of
studying the causes and making predictions regarding ESD
events. Such models must incorporate relevant data and apply
appropriate physics in order to simulate the movement of
charge with a computer program. The result of modeling can
then be used to guide, inform, and interpret experimental work.
Ultimately, the simulation model should become a useful tool
for spacecraft designers—particularly as worst-case space
environments are identified.
In the 1970’s A. R. Frederickson developed a computer
model called NUMIT that used electrodynamics to keep track
of where the charge goes [1, 2]. It allowed for the input of
various parameters such as electron beam energies and current
densities, dielectric mass densities and strengths, and different
dielectric thicknesses. The simulation code is iterative, so the
charge distribution changes in time and the output reflects that
change. The result is a calculation of the electric field, current,
and charge density as a function of time and position.

An effort has been made to address these limitations in the
development of the next generation of NUMIT models. AFNUMIT3 has the ability to model changing conductivities,
regardless of the reason, allowing the user to run much more
flexible simulations that can explore a greater range of situations
and aid in identifying worst-case scenarios. Furthermore, AFNUMIT3 can be set to model a configuration with one electrode
on the backside of the dielectric and the other either on the front
surface or at any distance from the front surface. A variety of
laboratory testing configurations and spacecraft systems can now
be modeled.
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charge

The original NUMIT simulation model was intended to
help explain laboratory testing results that used mono-energetic
electron beams. Shortly before Frederickson’s death in 2004,
however, he showed rather convincingly in a series of papers
that the best predictor of an ESD event was the magnitude of
the electric field within the dielectric [3, 4, 5]. Because
NUMIT calculates the developing electric fields within the
dielectric, this discovery generated significant interest in
NUMIT.

modeling;

INTRODUCTION

In the Earth’s radiation environment, high-energy electrons
are constantly bombarding spacecraft. As a result, charge
builds up deep within the dielectrics onboard. Eventually the
deep-dielectric charge is transported to the dielectric surface.
Some of the charge comes off the surface in the form of
secondary electron emission. Sometimes, however, there is
sufficient buildup of charge to cause a destructive electrostatic
discharge (ESD). How rapidly the charge moves and under
what circumstances is poorly understood.

Various versions of NUMIT have been created and
modified as attempts were made to upgrade it from a code for
explaining laboratory test results to a simulation tool that is
useful for spacecraft design. These efforts have been
documented elsewhere [6–10]. Owing both to its intended use
as a lab test-modeling tool and the inherent simplicity of the
approach, NUMIT was originally a one-dimensional model.
Although much work has been done on developing a method to
handle incident electron fluxes that better approximate the
space environment than a mono-energetic beam [11], NUMIT
continues to model the transport of charge through the
dielectric in one dimension. Such an approach is still very
useful due to the large number of flat, extended dielectrics on a
spacecraft.

Unfortunately, the problem is far too complex to solve
analytically, and experiments only provide partial answers
because the space environment cannot be reproduced in the
laboratory. For example, although the single energy beams
used in a lab provide useful data to assist in the understanding
of charging, they do not fully simulate the broad energy
distributions and isotropic nature of the electrons incident on
dielectrics in space. Consequently, they are of limited value in
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The NUMIT family of simulation models has two
limitations that will be addressed here. First, NUMIT models
have been restricted to modeling a dielectric that has an
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electrode on both its front surface and its back surface. Such a
“sandwich” approach (illustrated in Fig. 1 when d = 0) is an
integral part of the calculation of the electric fields that drive
the transport of charges within the dielectric. Nevertheless,
many if not most dielectrics in spacecraft do not have an
electrode in contact with both surfaces, and typically testing in
a lab is done on dielectrics without a front electrode. Second,
NUMIT simulations to date do not allow for radiation induced
conductivity (RIC) to change with time. However, it is wellknown that RIC changes over time, particularly by means of
aging and temperature changes [12–16]. A new version of
NUMIT has been developed, AF-NUMIT3, which addresses
these shortcomings.
II.

boundary conditions for the electric field:

E (0, t ) 

The deposition of the charge   x, t  and the deposition of
the energy D  x, t  from the incident electrons can, and have
been, modeled in a number of ways, especially since attempts
have been made to handle isotropically incident electrons [5, 6,
8, 9, 11, 17]. The main purpose of NUMIT, however, is to
track the movement of charge through the dielectric in the form
of a current J  x, t  . The initial current J 0  x  exists due to the
incident electrons, but is altered in response to the electric field
E  x, t  that develops within the dielectric as that charge is
deposited. Although NUMIT uses the deposition profiles as a
starting point for the charge transport, the model relies on three
basic equations: the continuity equation, the differential form
of Gauss’s law, and the Fowler model [18]. These are
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With some effort the double integral can be simplified,
resulting in
V 1 L
 F (t )  

( x  L) ( x, t )dx.
L L 0

(3)
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A similar calculation for the backside electrode, starting with
its boundary condition, yields
V 1 L
 B (t ) 

x ( x, t )dx.
(9)
L L 0



C. Calculation of charge on electrodes when the front
electrode is not on the dielectric surface
The calculation is repeated with d ≠ 0. Now there are two
regions that must be considered separately, so using  0 as the
permittivity of free space, (5) becomes
 (t )
E  x, t   F
for 0  x  d
(10)
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Fig. 1:
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Here ε is the dielectric’s permittivity. Since the potential
difference between two points is given by the negative line
integral of the electric field, integrating (5) gives the potential
difference between the electrodes as
L   (t )
x  ( x, t ) 
F
(6)

dx dx  V .

0  
0



Here g 0 represents the dark conductivity and k is the
coefficient of radiation induced conductivity.
When charge is deposited in the dielectric, there is charge
induced on the surfaces of the electrodes near the dielectric
(c.f., Fig. 1). The charge on the electrodes determines the

dielectric

(4)

Therefore,

J ( x, t )  J 0 ( x)   g0  kD( x)  E ( x, t ) .

vacuum

 F (t )



E ( x, t ) 
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Front
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B. Calculation of charge induced on electrodes that are on
the surfaces of the dielectric
In order for a NUMIT model to proceed, the charges
induced on the electrodes must be calculated so that the
boundary conditions are known. These charges are calculated
numerically from the volume charge density in the dielectric.
First we will make the usual assumption that the two
electrodes are on each surface of the dielectric. In this simple
case, as shown in Fig. 1, the front electrode can be placed on
the dielectric’s surface by setting d = 0. Then, the electric field
can be calculated at any distance x from the front electrode
using the boundary condition on that electrode and Gauss’s
Law:

A. NUMIT charge transport

(1)

and E ( L, t )  

where  F  t  and  B  t  are the surface charges induced on the
front and back electrodes respectively, L is the distance
between the electrodes, and ε is the permittivity of the material
(or vacuum) next to the electrode.

THEORY
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Configuration modeled by AF-NUMIT3
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As a result, with a vacuum gap, (6) now becomes
d  (t )
L   (t )
x  ( x, t ) 
F
dx   F 
dx dx  V .
0 0
d  
d









(12)

Rearranging, using w  L  d , and simplifying the double
integral as before, gives an equation for the charge on the front
electrode:
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As before, a calculation of the charge on the backside
electrode can also be done, resulting in
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Fig. 3: Charge distribution resulting from 500 KeV normally
incident beam on Kapton® with an electrode on both surfaces

Equations (13) and (14) reduce to (8) and (9) when d is set
to zero, so that the front electrode is on the dielectric surface.
Confidence in these results is enhanced because they meet the
obvious condition that

 F (t )   B (t ) 



L

 ( x, t )dx  0.

NUMIT3 uses a modified version of EDEPOS called
BeeckenTabFred [11], but for the special case of a beam at this
energy the two algorithms are identical.
A. Different placements of the front electrode
As a baseline, the usual situation with the front electrode on
the front surface of the dielectric was chosen for the first
modeling run. This configuration is run simply by setting d = 0.
The result is shown in Fig. 3. Each line represents one hour of
simulation time, so that the blue line is the distribution of
charge after three total hours of simulation. Initially, although
not shown in this figure, the majority of the incident electrons
are deposited at depths between 0.04 cm and 0.1 cm. Clearly,
however, the induced charges on the back electrode draw the
electrons toward it. As time goes on, the charge piles up
primarily at the back of the dielectric because, as shown in Fig.
2, the energy deposition is less there, so the RIC is also less.
The charge is effectively stuck. Charge also migrates towards
the front because there are charges induced on the front
electrode and the RIC is significantly higher there.

(15)

d

These new equations for the charge induced on the
electrodes are much more general than before, as they allow
the computer model to place the front electrode at any distance
d from the dielectric. In a laboratory experiment that has a
beam incident on a dielectric without a surface conductor, that
electrode is effectively the walls of the vacuum chamber, for it
is on those walls that charge is induced by the buildup of
charge in the dielectric. In the space environment, the front
electrode of a dielectric may effectively be the plasma that
surrounds the spacecraft. Regardless, implementing these
equations into AF-NUMIT3 allows the user to model a
broader range of configurations. Even the ideal situation in
which there is no front electrode can be simulated by choosing
the vacuum gap d to be very large compared to the thickness w
of the dielectric.
III.

The charges within the dielectric and on the electrode
create an electric field which AF-NUMIT3 calculates. This
calculation is an essential part of the model, for it is necessary
to track the transport of the charges via (3). The developing
electric fields are shown in Fig. 4. In both these figures, the
Kapton® dielectric was modeled with an effective atomic
number of 6.36, an effective atomic weight of 12.39, a dark

RESULTS

AF-NUMIT3 has been tested in its normally incident beam
configuration. The beam used was 0.5 MeV energy electrons
with an incident flux of 1.0 106 electrons/(cm2 sec). The
energy deposition profile is given in Fig. 2. This profile is the
same that would be generated by Tabata’s EDEPOS [19]. AF-

Fig. 4: Electric field resulting from 500 KeV normally
incident beam on Kapton® with an electrode on both
surfaces

Fig. 2: Energy deposition profile used in modeling
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Fig. 6: Electric field resulting from 500 KeV normally incident
beam on Kapton® with a vacuum gap between the front
electrode and the dielectric equal to the thickness of the
dielectric

Fig. 5: Charge distribution from 500 KeV normally incident
beam on Kapton® with a vacuum gap between the front
electrode and the dielectric equal to the thickness of the
dielectric

conductivity of 7.0 1020 1/(Ω cm), and a RIC coefficient of
5.0 1016 sec/(Ω cm rad). The thickness of the material is as
shown in the figures, 0.16 cm.

B. Varying radiation induced conductivity
As explained elsewhere [11], in order to input the electron
energy flux spectra, the user of AF-NUMIT2 must create a
comma-delimited file (.csv) that specifies both the energy of
the incident electrons (the channel’s energy) and the electron
flux which has that energy. The first column of the commadelimited file (with a zero for a placeholder at the top of the
column) gives the time that each electron energy flux spectrum
is used in the model. In order to implement a changing RIC in
AF-NUMIT3, another column has been added to the input file
format. The new second column (also with a zero for a
placeholder at the top) now has the value of the RIC coefficient
that the modeler chooses. Therefore, a particular RIC
coefficient can remain constant for as long as desired, or
change as often as desired. If the scenario being modeled has
the RIC coefficient changing while the electron energy flux
spectrum remains constant, different rows are created with the
same electron fluxes but new RIC coefficients.

Next, the same material was modeled with the same
normally incident electron beam. The difference was choosing
to put the front electrode a distance away from the front surface
of the dielectric that was equal to the dielectric’s thickness.
That was accomplished by setting d = 0.16 cm so that the total
separation between the electrodes doubled to L = 0.32 cm. The
energy deposition profile as illustrated in Fig. 2 is unchanged,
and as before, the majority of the incident electrons will be
deposited in the central region of the dielectric. Fig. 5 shows
the resulting charge distribution. Because the front electrode is
now relatively far from where the electrons were deposited in
the material, the charge induced on the front electrode is quite
small compared to the charge induced on the back electrode.
Consequently, as time progresses, the charges in the dielectric
are drawn much more towards the back of the material than
towards the front. However, because the RIC is unchanged
from the earlier situation, the conductivity is still very low at
the back and the charge is still getting stuck.

An illustrative example, with energy channels 0.5, 1.0, 2.0,
and 5.0 MeV, is provided in Table 1. In this table, there are two
rows with differing electron flux values that run for 100 and
150 seconds. The flux values were chosen to double for the
second spectrum which is listed in the third row. The RIC
coefficient is 5.0 1016 for the first 100 seconds and then
drops to 2.0 1017 sec/(Ω cm rad) for the next 150 seconds.

The result of charge piling up almost exclusively at the
back of the dielectric is a much larger electric field near the
back electrode. This situation is illustrated in Fig. 6. In this
case, the electric field at the back edge of the dielectric exceeds
70,000 V/cm after running the simulation model for only three
hours. Note that in Fig. 4, when we had an electrode on each
surface, the maximum electric field had only reached about
one-fourth that value.

Table 1: An example of an electron energy spectrum input file
0
0
0.5
1
2
5

AF-NUMIT3 was also run with the front electrode being
far enough away from the dielectric surface that its existence
was negligible (d → ∞). The program takes no longer to run as
there is no charge deposited within the vacuum to calculate.
The result was as expected: an electric field that went to zero at
the front of the dielectric.

100

5.0E-16

3.6E+04

4.2E+03

4.8E+02

5.5E+01

150

2.0E-17

7.2E+04

8.4E+03

9.6E+02

1.1E+02

Whereas the input example shown in Table 1 is for an
electron energy spectrum, we chose to run AF-NUMIT3 in its
mono-energetic beam mode to demonstrate its ability to handle
a changing RIC coefficient, but it could just as easily have
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Fig. 7: Charge distribution resulting from changing RIC, to be
compared with Fig. 3

Fig. 8: Electric field resulting from changing RIC, to be
compared with Fig. 4

been done with an entire spectrum. In order to illustrate the
difference caused by changing RIC, the circumstances modeled
were identical to that which produced Figs. 3 and 4. This time,
however, the RIC coefficient was 5.0 1016 sec/(Ω cm rad)
for the first hour, changed to 2.0 1017 sec/(Ω cm rad) for the
second hour, and then went back to the original value for the
third hour of simulation modeling. The resulting charge
distribution is shown in Fig. 7. The outcome after the first hour
(red line) is identical to the situation in Fig. 3, as it should be.
After the second hour (green line), during which the RIC
coefficient was more than an order-of-magnitude less, most of
the incoming charge piled up near the center of the dielectric—
where it is actually deposited. The significantly lower
conductivity prevented the charge from moving away as it had
in the earlier simulation. When the RIC was returned to the
earlier value for the third hour (blue line), the two charge peaks
formed as they had in Fig. 3. However, this time they are
higher because less charge has flowed out of the dielectric.

No longer is NUMIT restricted to modeling only a
configuration consisting of an electrode on the surface at each
side of the dielectric. Now the front electrode can be moved as
close or as far from the surface as circumstances dictate. Thus,
the front electrode can represent the charge buildup on one side
of a vacuum chamber in laboratory testing, represent another
surface within the spacecraft, or even be moved infinitely far
away if there is no corresponding place for charge to be
induced in the situation being considered.
Secondly, AF-NUMIT3 can easily be used to test a
scenario in which the radiation induced conductivity (or with
minor modifications, the dark conductivity) is changing as the
simulation proceeds. Such scenarios may occur if the modeler
is interested in exploring the effects of temperature change or
aging. The modeler will need to have conductivity values to
use, but he or she is free to pick whatever values seem
appropriate for the intended exploration.
Both of these enhancements have been tested. The results
have been reasonable—correlating with the expectations
originating from physical intuition.

The electric fields internal to the Kapton that resulted from
running the model with changing RIC are shown in Fig. 8.
Again, as it must be, the result after the first hour (red line) is
identical to the corresponding plot in Fig. 4. During the second
hour, with the greatly reduced RIC, the electric field increased
dramatically (green line), greatly exceeding the values seen
after even three hours in Fig. 4. Then, after the RIC was
increased back to its original value, the electric fields shrank
during the third hour (blue line) to almost as low as the levels
observed in the constant RIC simulation. These results are
broadly consistent with the observation [11] that, at least for
the purposes of this type of modeling, the most important
parameter that determines the magnitude of the electric field is
the value of RIC.
IV.
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