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Abstract
Dielectric-conductor alternating structures are common configurations in space-
craft components. To investigate the intrinsic factors affecting the deep charging
characteristics of such structures, experimental samples with different configura-
tions were designed, and deep charging irradiation experiments were conducted
on the samples using an Sr-90 radioactive source to simulate the space high-
energy electron environment, with the differences in charging potential mea-
sured. Additionally, with the aid of three-dimensional deep charging simulation
software, the deep charging potential and electric field distribution of such struc-
tures under different geometric configurations were calculated. Experimental
and simulation results demonstrate that both the maximum dielectric surface
potential and the maximum electric field inside the dielectric are positively cor-
related with the dielectric width and height. When other conditions remain
unchanged, the wider the dielectric or the higher it is above the conductor sur-
face, the greater the risk of discharge. In cases where tiny gaps exist between the
dielectric and conductor sidewalls, the maximum electric field inside the dielec-
tric is significantly enhanced, making internal breakdown more likely to occur.
Moreover, in the vacuum gap between the dielectric and conductor, the electric
field can easily exceed the breakdown threshold, posing a significant discharge
risk under certain triggering conditions. In aerospace engineering applications,
to reduce the risk of deep charging and discharging in such structures, the di-
electric width should be minimized, the height difference between the dielectric
and conductor should be reduced, and good sidewall contact between the di-
electric and conductor should be ensured, provided that insulation performance
and other requirements are satisfied.
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Abstract

Dielectric-conductor adjacent structures are common in spacecraft components.
To investigate the intrinsic factors influencing the deep dielectric charging char-
acteristics of such structures, experimental samples with different configurations
were designed and irradiated using an Sr-90 � source to simulate the energetic
electron environment in space, with charging potential differences measured dur-
ing the experiments. Additionally, a three-dimensional deep charging simulation
software was employed to numerically calculate the deep charging potential and
electric field distributions for these structures under various geometric configura-
tions. Both experimental and simulation results demonstrate that the maximum
dielectric surface potential and internal electric field correlate positively with
the dielectric width and height (relative to the conductor surface). Under oth-
erwise identical conditions, wider dielectrics or those extending further above
the conductor surface exhibit higher discharge risk. Particularly when a minute
gap exists between the dielectric and conductor sidewalls, the maximum electric
field inside the dielectric intensifies significantly, predisposing the structure to
internal breakdown. Moreover, the electric field within the vacuum gap between
dielectric and conductor can readily exceed the breakdown threshold, creating
substantial discharge risk under certain triggering conditions. For aerospace en-
gineering applications, to mitigate deep charging and discharging risks in such
structures, dielectric width and height differential should be minimized while
ensuring adequate insulation performance, and good sidewall contact between
dielectric and conductor must be guaranteed.

Keywords: energetic electron; deep dielectric charging; experiment; three-
dimensional simulation

In the space radiation environment, high-energy electrons possess strong pene-
tration capability and readily deposit within insulating dielectrics on spacecraft
exteriors or penetrate shielding layers to deposit in internal dielectrics and on
isolated conductor surfaces. This sustained charge accumulation leads to deep
dielectric charging (also termed internal charging) effects, with resulting electro-
static discharges representing a primary space environmental hazard [1-3]. The
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hazard becomes particularly pronounced in the harsh electron environment of
Earth’s outer radiation belt, where energetic electron fluxes (hundreds of keV
to several MeV) can increase by 2-3 orders of magnitude within days during
regular or sporadic high-energy electron storms [4,5], seriously threatening the
safe and reliable operation of geostationary orbit (GEO), medium Earth orbit
(MEO), and highly elliptical orbit (HEO) satellites [6-8].

Deep dielectric charging research primarily focuses on high-resistivity dielectric
materials commonly used in aerospace applications. Isolated conductors that
are not properly grounded should be strictly avoided. Structures containing
large dielectric volumes, such as cable jackets, circuit boards, and various insu-
lating supports and fasteners, constitute high-risk locations for deep charging.
While numerous studies have investigated deep charging simulation experiments
and computational modeling for simple configurations like planar dielectrics [9-
11], relatively few have examined the charging characteristics of more complex
representative satellite configurations [12,13]. In reality, on-orbit charging and
discharging constitute complex physical processes dependent not only on mate-
rial properties but also on specific structural configurations, grounding condi-
tions, and surrounding layouts. Simplifying these structures to one-dimensional
planar models is often inappropriate. Therefore, investigating the charging char-
acteristics and behavior of typical satellite component structures with high deep
charging risk through experimental and simulation approaches holds significant
importance for deep charging protection design in aerospace engineering appli-
cations.

A dielectric-conductor adjacent structure refers to a configuration where dielec-
tric and conductor materials are in direct lateral contact, with the conductor
providing a sidewall grounding path for the dielectric. This structure com-
monly appears in the conductive ring assemblies of Solar Array Drive Assemblies
(SADA). Solar panels transmit power and signals to the spacecraft bus through
metal slip rings and brushes in the SADA conductive ring, with insulating di-
electrics separating different metal slip rings [14]. Since SADA is installed at
the interface between the spacecraft body and outer space, high-energy electrons
can penetrate the SADA housing, causing severe deep charging effects in the
insulating dielectrics between conductive slip rings. Should dielectric charging
induce discharge to a conductive slip ring, the discharge pulse may affect solar
panel tracking control and reliable spacecraft power supply. This study employs
an Sr-90 source to simulate the high-energy electron environment of the outer
radiation belt, designs experimental samples of dielectric-conductor adjacent
structures with various configurations, conducts deep charging irradiation ex-
periments, and utilizes an independently developed three-dimensional internal
charging simulation software to calculate charging potential and electric field
distributions for different dielectric widths, heights, and gap conditions, thereby
analyzing the various intrinsic factors influencing the deep charging characteris-
tics of dielectric-conductor adjacent structures.

chinarxiv.org/items/chinaxiv-201703.00263 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00263


1.1 Experimental Apparatus

The Spacecraft Charging and Discharging Simulator (SCADS) at the National
Space Science Center, Chinese Academy of Sciences, is a dedicated experimen-
tal facility for investigating spacecraft material charging-discharging character-
istics and assessing charging risks for satellite components and equipment [15],
as shown in [FIGURE:1]. The apparatus consists primarily of a vacuum cham-
ber with pumping system, electron irradiation sources, temperature-controlled
sample stage, shielding and transmission system, and parameter measurement
system. Its core components are two distinct electron irradiation sources: a
STAIB EK-100-FL electron gun and an array of seven Sr-90/Y-90 radioactive
sources with a total activity of 350 mCi. The electron gun provides a mo-
noenergetic electron beam with continuously adjustable current density in the
5-100 keV energy range, while the Sr-90/Y-90 sources emit electrons with a
continuous energy spectrum (E_max = 2.28 MeV) through � decay at flux lev-
els around pA/cm², providing good matching with the energy spectrum and
flux of deep charging electrons in the outer radiation belt and serving as an
ideal deep charging simulation source. To simulate various levels of harsh high-
energy electron environments, the electron flux can be controlled by adjusting
the distance between the radioactive source and experimental samples. Dur-
ing irradiation experiments, the parameter measurement system automatically
monitors and records charging-discharging parameters including sample surface
potential, ground current, discharge current pulses, electric field pulses, and
discharge images.

1.2 Experimental Samples

To comparatively investigate the effects of dielectric width and height (the height
difference between dielectric and conductor surfaces) on deep charging behavior
in dielectric-conductor adjacent structures, two experimental samples (#1 and
#2) were designed with the cross-sectional structures shown in

. Both samples measure 98 mm × 60 mm × 8 mm, with polyimide dielectric
and copper conductor materials. Copper strips 2 mm thick are embedded in
insulating grooves of different depths (6 mm and 4 mm). In sample #1, both
the copper strips and the dielectric sections between them have a width of 10
mm, while in sample #2, both have a width of 5 mm.

The conductor in lateral contact with the dielectric (non-isolated) provides a
charge dissipation path for deposited charges within the dielectric. Should poor
contact create minute gaps between conductor and dielectric, charge dissipa-
tion would be adversely affected. To investigate charging effects under such
conditions, sample #3 was designed with dimensions of 40 mm × 40 mm ×
8 mm, using polytetrafluoroethylene (PTFE) dielectric and copper conductor
materials, as shown in

. The copper strip is 2 mm thick with a 4 mm height difference between dielectric
and copper surfaces, with one copper strip having a 0.1 mm gap between its

chinarxiv.org/items/chinaxiv-201703.00263 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00263


Figure 1: Figure 2

Figure 2: Figure 3
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sidewall and the dielectric.

Considering that in engineering applications the voltage applied to SADA con-
ductive ring slip rings is negligible compared to dielectric charging voltage, all
copper strips in the experimental samples were grounded. During experiments,
the front surface (the grooved side) received electron irradiation. The radioac-
tive source was positioned directly in front of the sample, with source distance
adjusted to achieve an electron flux of 5 pA/cm² at the sample center. Through-
out the experiments, vacuum pressure was maintained at 10��-10�� Pa and tem-
perature was kept at room temperature. Surface potentials at two symmetric
positions on each sample were measured non-contactly to compare charging
potential differences.

1.3 Simulation Software and Modeling

While simulation experiments can obtain key charging-discharging parameters
such as surface potential and discharge current pulses, they lack effective mea-
surement means for internal dose deposition details and electric field/potential
distributions. Computer simulation can compensate for these experimental lim-
itations by flexibly selecting input spectrum parameters, calculating dose depo-
sition distributions, and providing temporal and spatial evolution of charging
potential and internal electric fields.

SIC3D is a three-dimensional deep charging simulation software independently
developed at the National Space Science Center, capable of geometric model-
ing and simulation calculations for satellite components with complex three-
dimensional structures [16,17]. Its basic framework is shown in [FIGURE:4].
The deep charging calculation involves two fundamental physical processes:
transport of space radiation electrons within dielectric materials and evolution
of built-in electric fields within dielectrics. Correspondingly, SIC3D comprises
two main modules: a Geant4-based Monte Carlo electron transport module for
calculating high-energy electron trajectories and energy deposition in materi-
als, and a Finite Element Analysis (FEA)-based electric field evolution module
that solves the charge continuity equation incorporating the Radiation-Induced
Conductivity (RIC) model and Poisson’s equation to compute the evolution of
built-in electric fields.

Using SIC3D, geometric modeling and charging simulations were performed for
dielectric-conductor adjacent structures. As shown in [FIGURE:5], four differ-
ent three-dimensional models were established with varying dielectric widths,
heights, and minute gaps between dielectric and conductor. All four models use
polyimide (PI) dielectric material and 2 mm thick copper strips. In model (a),
the dielectric adjacent to copper strips is 10 mm wide and 2 mm high; model (b)
has 10 mm wide and 4 mm high dielectric; model (c) has 5 mm wide and 2 mm
high dielectric; model (d) has the same dielectric width and height as model (a)
but includes a 0.1 mm gap between copper strip and dielectric. Dielectric mate-
rial parameters used in calculations are listed in , with copper strips set at zero
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potential. To facilitate qualitative comparison with experimental results, the
simulation electron source employed the Sr-90 source spectrum, incident from
above the model with electron flux consistent with experiments (5 pA/cm²).

2.1 Influence of Dielectric Width and Height on Deep Charging Char-
acteristics

Under Sr-90 source irradiation, the potential evolution at the two measurement
positions for samples #1 and #2 is shown in [FIGURE:6]. After approximately
2000 minutes, surface potentials approached equilibrium. Sample #1 reached
equilibrium potentials of about -14,000 V at position 1 and -16,500 V at position
2, while sample #2 reached -13,000 V at position 1 and -15,000 V at position 2.
The surface potentials at both measurement positions on sample #1 exceeded
those at corresponding positions on sample #2, indicating that for identical
dielectric-conductor height differences, wider dielectrics develop higher charging
potentials. Furthermore, for both samples, potentials at position 2 exceeded
those at position 1, demonstrating that increased dielectric-conductor height
difference elevates charging potential.

Three-dimensional distributions of charging potential and internal electric field
for models (a), (b), and (c) calculated using SIC3D are shown in [FIGURE:7]
and

Figure 3: Figure 8

. The distributions exhibit similar patterns across different dielectric widths
and heights. The highest negative surface potential appears at the location
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farthest from the copper strip (ground point). If dielectrics are adjacent to
grounded conductors on both sides, the maximum negative potential would
occur at the dielectric center. The maximum internal electric field appears at
the interface between dielectric sidewall and grounded copper strip, similar to
deep charging calculation results for planar dielectrics grounded on front, back,
or both surfaces [10].

Figure 4: Figure 9

shows the variation of maximum dielectric surface potential and internal elec-
tric field with dielectric width and height obtained through SIC3D simulation.
Whether internal breakdown discharge occurs depends on whether the maximum
internal electric field exceeds the material’s dielectric strength. The variation of
maximum electric field with width and height reveals that the built-in electric
field from deep charging intensifies as dielectric width or height increases. The
enhancement of maximum electric field with increasing width relates to the en-
larged electron irradiation area. Assuming electron incident flux J_I, dielectric
irradiation area S_I, ground area S_O, built-in electric field near the ground
plane E, and conductivity �, charge conservation and Ohm’s law at charging
equilibrium yield:

∫ ∫ J ⋅ 𝑑S = ∫ ∫ 𝜎E ⋅ 𝑑S

With other conditions constant, increasing dielectric width enlarges the exposed
irradiation area S_I, resulting in stronger local electric fields near the dielectric
ground plane and increased internal breakdown risk.

The effect of dielectric height on maximum electric field relates to the dose rate
distribution at different depths.
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Figure 5: Figure 10

shows the dose rate distribution in the y=0 plane of model (a) calculated via
Monte Carlo methods. The right half of the dielectric receives no electron
penetration due to shielding by the 2 mm thick copper strip. In the left half, dose
rate decreases along the vertical direction from the dielectric surface. Limited
by the maximum range of incident electrons in polyimide, dose rate becomes
nearly zero below approximately 4 mm from the surface. The conductivity of
dielectric under radiation is:

𝜎 = 𝜎dark + 𝜎RIC = 𝜎dark + 𝑘𝑝𝐷̇Δ

When the dose rate is 0.01 rad/s and using material parameters from , the
radiation-induced conductivity of polyimide exceeds its dark conductivity by
an order of magnitude. Therefore, when the dielectric-conductor surface height
difference exceeds the maximum electron range, the drastically reduced conduc-
tivity near the ground plane (� � �_dark) significantly enhances the maximum
internal electric field according to Ohm’s law J = �E.

From the charging potential simulation results, surface potential, like maximum
electric field, correlates positively with dielectric width and height under certain
conditions. Potential being the spatial integral of electric field, surface poten-
tial depends on internal field strength and distance to ground points. Among
models (a), (b), and (c), model (b) exhibits both stronger internal electric fields
and greater distance from the dielectric top edge to ground points, resulting
in higher surface potential. Surface potential not only indirectly reflects in-
ternal field magnitude but more directly influences discharge risk between the
dielectric surface and nearby component surfaces. If the potential difference be-

chinarxiv.org/items/chinaxiv-201703.00263 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00263


tween adjacent surfaces produces interfacial electric fields exceeding breakdown
thresholds, discharge will occur. Therefore, in dielectric-conductor adjacent
structures, to reduce risks of both internal breakdown discharge and surface-to-
surface discharge, dielectric width and height differential should be minimized
while meeting other requirements.

2.2 Influence of Dielectric-Conductor Gap on Deep Charging Char-
acteristics

Sample #3 was irradiated with the Sr-90 source for over 24 hours to reach
charging equilibrium, with no discharge pulses detected during irradiation. [FIG-
URE:11] shows the potential evolution at two measurement positions. Signifi-
cant differences appear between positions 1 and 2 surface potentials. At posi-
tion 1, where dielectric-copper contact was good, equilibrium surface potential
reached approximately -6,100 V. At position 2, where a 0.1 mm gap existed
between dielectric sidewall and copper strip, surface potential was 32.8% higher
at -8,100 V.

Three-dimensional charging simulation results for model (d) are shown in [FIG-
URE:12]. With a gap present, the maximum dielectric surface potential reaches
-19,000 V, an order of magnitude higher than the -9,146 V maximum potential
in model (a). Comparing electric field calculations between models (a) and (d)
reveals even more significant differences in maximum electric field magnitude
and distribution details. Without a gap, the maximum electric field is 7.4×10�
V/cm, located within the dielectric at the copper strip sidewall interface. With
a gap, the overall maximum electric field occurs in the upper vacuum gap region
between dielectric and conductor sidewalls, reaching 1.4×10� V/cm, while the
maximum electric field within the dielectric occurs near the copper strip edge
at the gap bottom, approximately 3.5×10� V/cm. Both values exceed threshold
electric field criteria for possible vacuum gap discharge and dielectric breakdown
discharge given in NASA-HDBK-4002A [18], with the gap region field strength
exceeding breakdown threshold by an order of magnitude.

The dramatic enhancement of charging potential and electric field due to
dielectric-conductor gaps results from altered charge dissipation pathways.
With good sidewall contact, charges within the dielectric dissipate primarily
through the conductor sidewall over a large area and short distance. When
poor contact creates minute gaps, charges must detour to the contact point
at the gap bottom (the conductor bottom edge). Since the dielectric beneath
this location receives no electron irradiation due to copper shielding, only dark
conductivity participates in charge dissipation, causing significant local electric
field enhancement. In the vacuum gap between dielectric and conductor, the
combination of large potential difference across the gap and extremely small gap
dimensions can produce electric fields exceeding breakdown thresholds, creating
high discharge risk under triggering conditions (e.g., dielectric outgassing).
Therefore, ensuring good electrical contact between dielectric and conductor
sidewalls is critically important in engineering applications.
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3 Summary

This study conducted deep charging irradiation experiments on dielectric-
conductor adjacent structure samples with various configurations using the
Sr-90 source of the Spacecraft Charging and Discharging Simulator, and
calculated potential and electric field distributions at charging equilibrium
for different geometric models using the three-dimensional deep charging
simulation software SIC3D. Experimental and simulation results demonstrate
that under continuous-spectrum high-energy electron irradiation, both the
maximum surface potential of dielectrics adjacent to conductors and the
maximum internal electric field correlate positively with dielectric width
and height. Under otherwise constant conditions, wider dielectrics or those
extending further above the conductor surface exhibit higher discharge risk
between adjacent components and greater internal breakdown risk. Particularly
when minute gaps arise from poor contact between dielectric and conductor
sidewalls, altered charge dissipation pathways cause dramatic enhancement of
the maximum internal electric field, increasing field strength by an order of
magnitude. In the narrow vacuum region of such gaps, electric fields readily
exceed breakdown thresholds, enabling dielectric-conductor discharge when gap
dimensions are small. For dielectric-conductor adjacent structures in spacecraft
(e.g., SADA conductive rings), dielectric width and height differential should
be minimized while ensuring adequate inter-conductor insulation performance,
and good electrical contact between dielectric and conductor sidewalls must be
guaranteed to eliminate gap formation.
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