14th Spacecraft Charging Technology Conference, ESA/ESTEC, Noordwijk, NL, 04-08 APRIL 2016

1

3D NUMIT: A GENERAL THREE DIMENSIONAL INTERNAL CHARGING CODE
Wousik Kim(1), James Z. Chinn(1), Ira Katz(1), Kit Frankie Wong(2)
(1)

Jet propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA, Wousik.Kim@jpl.nasa.gov
(2)
Space Systems/Loral LLC., 3825 Fabian Way M/S H-21, Palo Alto, CA 94303-4604, USA, fwong@sslmda.com

ABSTRACT
A general three dimensional internal charge analyse
method, 3D NUMIT was developed by combining a
Monte Carlo radiation transport simulation tool such as
MCNPX or GEANT4 and a commercial FEA software
such as COMSOL. The method was validated in one
dimensional cases with the analytical solution and
NUMIT 2.0 and in a three dimensional case with
previously developed CB_IESD. The internal charging
behaviour of a semi-rigid coax cable in space was
successfully analysed using this 3D NUMIT method.
1.

INTRODUCTION

One of the most concerning space environment effects is
internal charging in dielectric materials and floating
metals, especially for missions encountering a high
radiation environment such as NASA’s proposed Europa
Mission and ESA’s Jupiter Icy Moons Explorer (JUICE).
Sufficiently energetic electrons can penetrate the
spacecraft structure or electronics chassis and stop within
dielectrics and floating metals. Electrons can accumulate
in dielectrics over time due to the dielectrics’ very low
conductivity. If the electric field resulting from a charge
buildup becomes higher than the breakdown threshold of
the dielectric, discharge may occur, potentially damaging
near-by sensitive electronics. Indeed, numerous
spacecraft anomalies and failures have been attributed to
this phenomenon [1], referred to as internal electrostatic
discharge (iESD). Therefore, accurate assessment of the
risk of iESD for a given space environment and dielectric
geometry is important for spacecraft reliability. To
evaluate the risk of iESD, several 1-D computer models
of internal charging, including NUMIT2.0 [2] and
DICTAT [3], have been widely used. However, these 1D models need to approximate a geometry to one
dimensional layers, which sometimes is very difficult, if
not impossible, with large errors especially for complex
3-D geometries including cables and circuit boards with
complicated metal traces. To address these issues, we
previously developed a 3D internal charging code,
CB_IESD (Circuit Board Internal Electrostatic
Discharge) [4]. This home-built code uses charge
deposition and dose rate profiles as input from a Monte
Carlo radiation transport code, and solves the slow
charge conductions and resulting electric fields and
potentials through electron continuity, Ohm’s law, and
Poisson’s equations both internal to the circuit board and
in the surrounding space. CB_IESD is useful, however it

is limited to simple circuit board cases with maximum
one floating trace. Here, we have developed a general
internal charging simulation tool, 3D NUMIT, which can
be applied to any dielectric and/or floating metal
geometry.
2.

iESD Modelling

The internal charging is divided into two time regimes;
very fast penetration of energetic electrons and slow
conductions of imbedded charges.
2.1. Fast Dynamics
Energetic electrons penetrate through or stop in the
dielectric materials and/or floating conductors in
question. During this process energetic particles deposit
energies and charges at different positions in different
amounts. The charge deposition profile works as a source
term of charge density and the energy deposition profile
governs the radiation induced conductivity (RIC). As
pointed in Ref. 2, internal charging computer simulation
tools differ in the way that they obtain these energy and
charge deposition profiles. In 1-dimensional iESD tools,
these profiles can be calculated by analytical equations;
simple equations defining the farthest depth and width of
the deposition zone (DICTAT) or complex equations
fitting to theoretical profiles from Monte Carlo
simulations and experimental profiles (NUMIT).
(NUMIT 2.0 also has an option to import these profiles
possibly from Monte Carlo simulation.) However,
estimating the charge and energy deposition profiles in 3D geometry by analytical equations is not possible.
CB_IESD imports the energy and charge deposition
profiles from a Monte Carlo simulation results using
TIGER [5]. Another 3-D internal charging analysis code
being developed by The Aerospace Corporation [6] uses
GEANT4 (a Monte Carlo particle transportation tool) as
an energy and charge deposition computation tool. Like
the other 3-D simulation tools, 3D NUMIT also imports
the energy and charge deposition profiles from Monte
Carlo simulation results.
In 3D NUMIT, we generated the 3-D geometry model,
made grids in the volume of dielectrics and floating
conductors, and calculated charge deposition rate (𝜌̇ ) and
energy deposition rate (𝐷̇ ) at each grid using MCNPX or
GEANT4. Due to the small volume of the grid, long
simulation time was needed to obtain reasonably smooth
profiles. For very complex geometry, a technology
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development for a numerical smoothening will be
important because the computation time can be shortened
with a good smoothening technology.
2.2. Slow Conduction Dynamics
The slow charge conduction in dielectrics is governed by
three equations; (1) Continuity equation, (2) Ohm’s law,
and (3) Gauss’s equation
𝜕𝜌

= 𝜌̇ − ∇ ∙ 𝐽
𝐽 = 𝜎𝐸
𝜎 = 𝜎𝑑 + 𝑘𝑝 𝐷̇ ∆
∇ ∙ (𝜀𝐸) = 𝜌
𝜕𝑡

(1)
(2)
(3)

where, ρ is charge density, J is the current density, E is
the electric field, 𝜌̇ is the charge deposition rate from
incoming electrons, σ is the total conductivity, σd is the
dark conductivity (the reciprocal of the bulk resistivity),
𝑘𝑝 𝐷̇ ∆ is the equation for RIC, ε is the dielectric
permittivity.
In NUMIT 2.0, we solve the 1-D version of these three
equations through series of numerical integrations.
CB_IESD solves these three differential equations by
using home-built code. Due to the limitation of meshing
scheme of the home-built software, CB_IESD can be
used only for rectangular geometry such as circuit board.
To overcome this limitation, 3D NUMIT uses a
commercial Finite Element Analysis (FEA) software to
solve these equations. In this work, we used COMSOL
for this purpose. Now any general 3-D geometry can be
imported and solved due to the flexibility of the meshing
scheme of the commercial software. To general physics
solver COMSOL, the charge deposition rate (𝜌̇ ) and
energy deposition rate (𝐷̇ ) are imported from a Monte
Carlo radiation transport simulation and material
properties (the dark conductivity (σd), the coefficient of
RIC (kp), the exponent of RIC (Δ), and the dielectric
permittivity (ε)) are inputted as constants. These
equations are numerically solved to calculate the charge
density (ρ), current density (J), and electric field (E) as
functions of position and time.
3.

Figure 1. Pseudo-1-D geometry for the comparison with
1-D simulation methods
When charge deposition rate and conductivity are
uniform in space and constant in time inside the
dielectric, the problem can be solved analytically and the
potential is given by Eq. 8 in Ref. 4. Fig. 2 compares the
3D NUMIT results with analytical solutions, which
shows almost perfect match.

VERIFICATION

First we validated this newly developed method with one
dimensional cases. For this purpose, pseudo-1-D
geometry was built as shown in Figure 1. A dielectric
layer is sandwiched by thin front and thick backside
grounded metal layers.

Figure 2. Potential in dielectric at several time steps,
the analytical solutions are shown as lines and 3D
NUMIT results are shown as circles
3D NUMIT was also compared with one-dimensional
NUMIT 2.0. The dielectric thickness was 1.03 mm and
the exactly same depth profiles of charge deposition rate
and energy deposition rate were used in the simulations
for the both methods. Again the both methods showed
almost identical results. As an example Fig. 3 shows the
resulting electric fields as function of depth after 10 hours
of charging.
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Figure 3. Electric field cross the dielectric depth for
NUMIT 2.0 (Blue) and 3D NUMIT (Orange) after 10
hours of charging.
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(a)

As the final verification, 3D NUMIT was compared with
our previous simulation tool, CB_IESD in a 3-D
geometry, a circuit board shown in Fig. 4

Figure 4. Model geometry used for the comparison
between 3D NUMIT and CB_IESD. The trace in blue is
floating, the other two grey traces are grounded. There
is also a ground plane on the backside of the circuit
board (not visible). Units for the X and Y dimensions
are meters.
The depth profiles of charge deposition rate and energy
deposition were calculated by using TIGER at incident
electron energy of 850 keV and 12.8 pA/cm2 [7] and used
both for 3D NUMIT and CB_IESD. Fig. 5 shows the
calculated potentials on the front surface after 900
seconds by 3D NUMIT in Fig. 5a and CB_IESD in Fig.
5b. Also Fig. 6 compares the surface potentials of the
board across through the floating trace and a grounded
trace (along the yellow line in Figure 5a). The profiles are
similar – the discrepancy in the region between traces can
be attributed to the relatively low fidelity of and
difference between the meshing of the models.

(b)
Figure 5. Calculated potentials on the front surface at
900 seconds by (a) 3D NUMIT and (b) CB_IESD.

Figure 6. Surface potentials of the board across
through the floating trace and one of the grounded
traces, along the yellow line in Fig. 5a.
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Figure 7 shows the potential on the floating trace as a
function of time up to 180 min. Two models agree to
within 4%.

space condition. The electrons have a spectrum at an
electric-orbit-raising (EOR) orbit with isotropic
distribution. A MESH TALLY was used for the energy
deposition rate calculation.

Figure 7. Comparison of the potentials on the floating
trace from 3D NUMIT and CB_IESD. Results agree to
within 4%. Maximum error occurs at 180 min.

4.

EXAMPLES

As an example, 3D NUMIT was applied to a 3-D object,
a “cable”, which is very common in spacecraft but is not
straight forward to approximate to one dimensional
layers. Fig. 8 shows the geometry used in the simulation;
semi-rigid coax cable is sitting on a thick aluminium
plate.

(a) 1 hour

Figure 8. Geometry used in 3D NUMIT calculation;
semi-rigid coax cable is sitting on a thick aluminium
plate. The grids used in COMSOL are shown at right.
Charge Deposition Rate

Energy Deposition Rate

Figure 9. The charge deposition rate and the energy
deposition rate used in the calculation.
The charge deposition rate and the energy deposition
rate shown in Fig. 9 are calculated using MCNPX at

(b) 22 hours
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(c) 100 hours
Figure 10. Simulated electric field in the insulator at
three time steps, 1, 22, and 100 hours. It also shows the
electric field calculated with 1-D approximation
representing the top portion of the insulator.
Fig. 10 shows the simulated electric field in the insulator
at three different times; 1, 22, and 100 hours. It can be
seen that at the beginning, top insulator is charged first
but as time passed the charging level at the top and
bottom portion of the insulator become similar. Fig. 10
also shows the electric field calculated with 1-D
approximation representing the top portion of the
insulator at each time step.
5.

SUMMARY

By combining a Monte Carlo radiation transport
simulation tool such as MCNPX and GEANT4 and a
commercial FEA software such as COMSOL, the
internal charging analysis method in three dimensional
object was developed. The method was validated in one
dimensional cases with the analytical solution and
NUMIT 2.0 and in three dimensional case with
previously developed CB_IESD. The internal charging
behaviour of semi-rigid coax cable was successfully
analysed using this 3D NUMIT method.
6.
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