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Simulation of Electron Radiation on Outgassing
of Spacecraft Materials
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In this work, mathematical models of influence of electron radiation on outgassing of spacecraft materials and
condensation of generated volatile products are given. Data of experimental investigations of outgassing kinetics of
materials irradiated with different electron flows and results of numerical analysis of the processes are presented.

Nomenclature
Ai0, Ai1 = parameters depending on composition of material

and electron radiation spectrum
ai = parameter defining influence of electron radiation

on desorption kinetics of i component
Ci (x, t) = concentration of i component of outgassing process

in material
Di = effective coefficient of diffusion of i component
Fi (t) = dependence of flux of i component emitted from

material through the unit of surface on time t
h = thickness of material
kci = effective coefficient of remission of i component

from the surface element
ki = effective coefficients of desorption of i component
Mci(t) = dependence of mass of i component deposited on a

condensation surface element on time t
Msi(t) = dependence of mass of i component in sample on

time t
Ri = concentration of i component in material at initial

moment
Srad

i (x, t) = i-type volatile-product source function determined
by influence of electron radiation on material

S0 = surface area of sample
αcs = geometrical factor that depends on arrangement of

volatile-product source with respect to the
condensation surface

α0, α1 = effective coefficients of linear reduction
of absorbed energy in spacecraft coatings from
low-energy and high-energy spectrum parts of
space electron radiation, respectively

βi = effective first-order reaction rate with i component
δMs(t) = time dependence of a sample mass loss
λk = characteristic value of differential equation
σ rad

i → j = weighting coefficient of radiation-enhanced
destruction of i component through j channel

υ = evaporation rate of material
� = electron flux
χci = chemical reaction rates with involvement of i

component on condensation surface
χ rad

i = chemical reaction rates with involvement of i
component
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Introduction

O UTGASSING of the materials intended for application on
outer spacecraft surfaces is the major source of volatile prod-

ucts (VP) that are able to condense on contamination-sensitive sur-
faces. Outgassing of polymeric materials subjected to electron ra-
diation is the result of their radiochemical decomposition and ther-
mal desorption of generated and existing VP. Deposition of out-
gassing products is caused by condensation of high-molecular VP
and polymerization of low-molecular VP on spacecraft surfaces.
The following factors exert influence on radiation-enhanced adsorp-
tion, desorption and diffusion, which are the basic mechanisms for
VP outgassing and condensation processes that occur in the near-
surface layer of a VP source and on condensation surface of indi-
vidual outgassing components: 1) radiolysis of organic components
in material and changes of VP diffusion, desorption and adsorp-
tion coefficients; 2) various radiation-induced defects generated on
VP condensation surfaces under the action of ionizing radiation; 3)
structural changes of the near-surface layers, both the VP sources
(for example, loosening) and condensation surfaces; and 4) genera-
tion of electric fields as a result of accumulation of volume charge
in materials.

Usually, absorbed dose in the near-surface layer of spacecraft ma-
terials is determined by the low-energy part of spectrum of space
ionizing radiations. The profile of the radiation dose to which the
spacecraft external surfaces are subjected can be simulated in labo-
ratory by exerting influence of electron fluxes with different energies
upon them.

Outgassing and Condensation Model
From mathematical models discussed in Refs. 1–3, it follows that

change of the concentration of i type outgassing component in VP
source under the exposure to electron radiation can be described
with the help of the differential equation

∂Ci (x, t)

∂t
= Di

∂2Ci (x, t)

∂x2
−

M∑
j = 1

σ rad
i → j Ci (x, t)

− χ rad
i Ci (x, t) + Srad

i (x, t)

for x ∈ (0, h − υ · t), t > 0, υ · t < h (1)

that satisfy the initial condition

Ci (x, t)|t = 0 = Ri , x ∈ [0, h] (2)

and boundary conditions[
Di

∂Ci (x, t)

∂x
+ (ki + ai )Ci (x, t)

]∣∣∣∣
x = h − υ · t

= 0

Di
∂Ci (x, t)

∂x

∣∣∣∣
x = 0

= 0, t > 0 (3)
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a)

b)

Fig. 1 Distribution of the absorbed energy in EKOM-1: a) for vari-
ous values of electron energies in laboratory experiments: 1, 20 keV; 2,
30 keV; 3, 40 keV; and 4, 50 keV; and b) in material that is in service in
GEO.

To determine the form of the source function, we have calcu-
lated, with the use of the Monte Carlo method, basic characteristics
concerning interaction of electron radiation with materials under
study. Figure 1 shows curves of distributions of absorbed energies in
EKOM-1 polymer-based white conductive paint.4 Curves in Fig. 1a
give a distribution of the absorbed energy Ea for various values of
electron energies in laboratory experiments; the curve in Fig. 1b
gives a rough distribution of the absorbed dose P of electron radi-
ation per time when material is in service in geostationary (GEO)
orbit.

It was found from the computational results of absorbed energy
of electron radiation in spacecraft coatings when in service that the
VP source function can be represented as follows:

Srad
i (x, t)i = Ai0 exp[α0(x +υ · t − h)]+ Ai1 exp[α1(x +υ · t − h)]

(4)

Parameters Ai0, Ai1 are equal in values to the ratio of absorbed dose
rate in the near-surface layer of material to average energy required
to generate an i-type VP molecule in material being under exposure
to low-energy and high-energy spectrum parts of space electron
radiation, respectively.

To calculate numerically VP distribution within the sample un-
der test if exposed to electron radiation, we have found solution of
Eqs. (1–3). As an example, next is given a solution for υ = 0 where
electron radiation has exerted influence on a sample of material
before the time point t0 and has stopped after it:

Ci (x, t ≤ t0) = 2

∞∑
k = 1

{
Fk exp

(−b0
i t

) + (Gk,0 + Gk,1)

× [
1 − exp

(−b0
i t

)]}
cos λk x

Fk = Ri
sin λkh

λk

k0 2

i + (λk Di )
2

k0
i Di + h

(
k02

i + (λk D)2
)

Gk, j = A j
λk sin λkh + α j · cos λkh − α j exp(−α j · h)

h · (α2
j + λ2

k

) · b0
i

, j = 0, 1

Ci (x, t > t0) =
∞∑

n = 1

Bn exp(−biτ) · cos λn x

Bn = k2
i + λ2

n D2
i

ki Di + h
(
λ2

n D2
i + k2

i

) ·
∞∑

k = 1

A0
k

·
[

sin(λk − λn)h

λk − λn
+ sin(λk + λn)h

λk + λn

]

A0
k = 2

∞∑
k = 1

{
Fk exp

(−b0
i t0

) + (Gk,0 + Gk,1)
[
1 − exp

(−b0
i t0

)]}
(5)

where the upper index 0 is attributed to values of parameters existing
before the time point t0:

τ = t − t0, b0
i = β0

i + λ2
k Di

bi = βi + λ2
n Di , k0

i = ki + ai

β0
i , βi are effective first-order reaction rates that occur in material

β0
i =

M∑
j = 1

σ rad
i → j + χ rad

i , βi =
M∑

j = 1

σi → j + χi

and λk, λn are solutions of appropriate equations:

tgλkh = k0
i

/
(λk Di ), tgλnh = ki/(λn Di )

Having found the distribution Ci (x, t) of i component in a sample
from Eqs. (1–3), dependences of VP mass in material and the flux
through the unit surface of material-vacuum boundary on time t are,
respectively, determined from the following expressions:

Msi(t) = S0

∫ h−υ·t

0

Ci (x, t) dx

Fi (t) = (υ + ki + ai )Ci (h − υ · t, t) (6)

where Ci (h −υt, t) is the concentration of i component in the near-
surface layer of material at time t .

When studying outgassing kinetics of materials in onboard or
laboratory experiments, the total VP flux

Ftotal(t) =
N∑
i

Fi (t)

is usually observed. Part of this flux is deposited on a sensitive sur-
face of the quartz microbalance that is intended to study outgassing
kinetics of polymeric materials. Deposition rate depends on com-
position and energies of molecular flux components as well as on
surface condition, temperature, and space environment (for exam-
ple, electromagnetic or ionizing radiations).

Rate of change of i-component mass Msi(t) in sample and mass
Mci(t) deposited on unit area of condensation surface by time t are
bound by the following system of equations:

dMsi(t)

dt
= −S0(υ + ki + ai )Ci (h − υt, t) (7)

dMci(t)

dt
= −αcs

dMst(t)

dt
− kci Mci(t) − χci Mci(t) (8)

The outgassing rate of the VP source and deposition and re-
emission rates on/from the condensation surface respectively are
defined mainly by the constants in Eqs. (7) and (8).
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a)

b)

c)

d)

Fig. 2 Distribution of VP in polymeric composite (υ = 0,β = 10−7,α0 = 0.01,α1 = 0.01, k = 0.01, D = 0.001): a) A0 = A1 = 0, R = 1; b) A0 = 0.01, A1 = 0.002,
R = 1; c) A0 = 0.01, A1 = −−0.002, R = 1; and d) A0 = 0.01, A1 = 0.002, R = 0.

a) b)

Fig. 3 Space-time dependences of VP concentrations in material: a) stepwise increase of temperature of material and b) actuation of electron
radiation source at t = 400 h.

The total mass of VP deposited on the condensation surface,
change of which makes the mass change sensor to response, can
be determined by summarizing masses of individual components:

Mc total(t) =
N∑

n = 1

[Mcn(t) + �n(t, χcn)] (9)

where �n(t, χcn) is part of n-component VP mass that has chemi-
cally reacted on the condensation surface by time t .

Results of Numerical Computation and Discussion
When calculating, the parameters were chosen in such a way that

results would clearly show the outgassing processes described by
the model.

Figure 2 shows influence of electron radiation on distribution of
VP concentration in material at different model parameters. Fig-
ures 2a and 2b show changes of VP concentration in material at

equal values of D, k, β and temperatures in material under thermal-
vacuum action and when the thermal action is overlapped with
the electron radiation influence, respectively. Figures 2a–2d show
changes of concentrations of the same type VP in the sample.

Here it is seen that in the second case VP concentration in material
becomes greater with time, because of radiation-enhanced genera-
tion of VP in material. Figure 2d is a distribution of VP concentration
generating in material by electron radiation when there was no type
of VP in initial material (R = 0); Fig. 2c gives the eventual case
when radiation is responsible for the concentrations of some VP
components to be reduced.

Figure 3 shows curves of VP concentrations in samples for the
cases when temperature of material increases stepwise (Fig. 3a)
and electron radiation ceases (Fig. 3b) at t = 400 h. In both cases
VP concentration in material decreases more rapidly than before
t = 400 h. It is caused by increasing the outgassing rate in the first
case and by the fact that radiolysis products are no more generated
in the second case.
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a) b)

Fig. 4 Outgassing kinetics at different initial VP concentrations for electron action: a) R = 1: 1, 3—A0 = 0, A1 = 0; 2, 4—α0 = 0.1, α1 = 0.01, A0 = 0.01,
A1 = 0.002; and b) R = 0: α0 = 0.1, α1 = 0.01, A0 = 0.01, A1 = 0.002.

a) b)

Fig. 5 Change of major parameters defining outgassing and VP condensation processes: a) VP deposition kinetics under thermal-vacuum action for
different reemission coefficients kci and b) responses of δMsi(t), dFi(t)/dt, and Mci(t) functions on electron radiation activated at t0 = 40 h.

The mass loss function can be determined from

δMs(t) = S0

N∑
n = 1

[
h Rn − exp(βnt)

∫ h−υ·t

0

Cn(x, t) dx

]
(10)

where hS0 Rn is the outgassing potential for n component.
Figure 4 shows functions of mass loss δMs(t) and outgassing

rate dF(t)/dt from the unit surface of VP source under thermal
vacuum action and influence of electron radiation at various param-
eter values R = 1 (Fig. 4a) and R = 0 (Fig. 4b) with equality of other
model parameters (D = 0.001, k = 0.01, β = 10−6). Outgassing rate
is maximum at initial times in the first case, and it grows up starting
from zero value in the second case.

Effect of electron radiation that exerts influence on source ma-
terial at different re-emission coefficients kci on VP deposition ki-
netics is given in Fig. 5, showing curves of VP mass deposited on
the unit condensation surface Mci(t) by time t . For great values of
kci, VP deposited mass, initially grown as a result of the significant
outgassing rate, reaches maximum and begins to reduce (Fig. 5a).
VP mass chemically reacted on the condensation surface can be
calculated with the help of Eqs. (7) and (8).

Curves in Fig. 5b represent the responses of the mass loss δMsi(t),
mass deposited on the unit condensation surface Mci(t), and out-
gassing rate dFi (t)/dt functions on a stepwise change of the model
parameters resulted from the action of electron radiation at t0 = 40 h.
Electron radiation with time leads to the growth of VP concentration
in the near-surface layer caused by radiolysis of material that sets
off, to some extent, fall of the outgassing rate and leads to increase
of the mass loss in VP source.

Experimental Results
Figure 6 shows the experimental curves of outgassing kinetics

[functions of mass loss δMs(t)] in EKOM-1 samples irradiated by
electrons of different fluxes. To show the effect of electron radia-
tion on the process under study, Fig. 6 also gives the experimen-
tal curve of outgassing kinetics for the thermal-vacuum influence

Fig. 6 Outgrassing kinetics of EKOM-1 irradiated by 10-keV elec-
trons of different fluxes: 1,Φ = 0 (no electron flux); 2,Φ = 5 ×× 1015 cm−2,
electron flux density 5 ×× 1011 cm−2 s−1; 3, Φ = 5 ×× 1016 cm−2, electron
flux density 5 ×× 1012 cm−2 s−1; and 4, Φ = 5 ×× 1016 cm−2, electron flux
density 5 ×× 1011 cm−2 s−1.

(� = 0). When comparing these curves, one can see that there is
no linear dependence between amount of emerged VP and flu-
ence of electron radiation, to which samples of VP sources were
subjected.

When analyzing experimental data obtained for materials irradi-
ated with electrons of the same flux, it was found that the electron
flux density exceeds 1012 cm2 s−1, mass loss of irradiated VP source
caused by the outgassing process reduces (see curves 3 and 4, Fig. 6).

Conclusions
Results of the numerical analysis of electron influence on out-

gassing kinetics show essential dependence of the process on ab-
sorbed dose distribution function and parameters of the mathemat-
ical model of outgassing.

Experimental results for samples irradiated by different elec-
tron flux densities confirmed the hypothesis that outgassing rate
of materials depends on both the spectrum and the radiation flux
densities.
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Analysis of experimental data of outgassing kinetics of electron-
irradiated polymeric materials shows that recommended electron
flux density in such experiments should not exceed 5 × 1011 cm2 s−1.
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