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Experimental and theoretical studies of radiationinduced conductivity in spacecraft polymers
Andrey Tyutnev, Vladimir Saenko, Evgenii Pozhidaev, Renat Ikhsanov

over, free charge carriers begin to dominate the RIC.
Consequently,
the
electronic
processes
(trapping,
recombination etc.) can be described by the conventional
homogeneous kinetics.

Abstract— We have reviewed the basic results in the
radiation-induced conductivity and the bulk charging of
polymers obtained by our group during the past 30 years, which
are mostly unknown in the West. Special attention is given to a
new experimental technique extensively used in our
investigations based on an electron-gun technology allowing
combined induced conductivity and carrier mobility
measurements. Quasi-band and hopping theories of the carrier
transport are critically discussed.

To make these processes amenable to analysis it is
customary to use the ion-pair radiolysis mechanism.
According to this approach, ionizing radiation is thought to
produce only isolated ion pairs, an average distance between
sibling charges being r0 (3 – 9 nm) while their radiation yield
G0 is 3 to 5 pairs per 100 eV of absorbed energy. Free charge
carriers appear by means of the field assisted thermal
dissociation of geminate pairs (the well-known Onsager
problem). Dissociation probability f depends strongly on r0,
electric field F0 and temperature T [1].

Keywords: electrons, polymers, model calculations, spacecraft
application

I.

INTRODUCTION

Bulk charging of polymers (or dielectrics in general) and
radiation-induced conductivity (RIC) in them, are two closely
related phenomena, one leading to the accumulation of excess
charges while the other causing their neutralization. Knowing
RIC of dielectrics is essential for estimation of the electric
fields emerging in these materials under space environment
and as such is of great interest to the spacecraft charging
community. For the past 30 years, we have extensively studied
the RIC of ordinary polymers including those qualified for the
spacecraft application. For this purpose we used an electrongun facility ELA-65 capable of supplying continuous or
pulsed beams of accelerated electrons producing a uniform
ionization in thin (up to 30 micrometers) polymer films
stressed by an applied electric field. To interpret a vast
experimental data, we have developed an extended semiempirical model of RIC based on the concept of the multiple
trapping quasi-band theory incorporating relevant radiation
chemistry results. The model allows describing the temporal
evolution of RIC of the spacecraft thermal blankets during a
magnetic substorm with due account of the accumulated dose,
thermal cycling and dose annealing in combination with the
standard fast electron transport in the polymer films, which is
the primary reason for their charging.

The temporal and spatial evolution of a geminate pair
depends critically on the mobility of charge carriers. The most
advanced analysis of geminate recombination has been given
by J. Noolandi (chapter 9 in [1] but only for time-independent
mobility. This assumption breaks down in polymers: charge
transport in them is dispersive rather than Gaussian (see
below). As a result, the changeover from geminate to free
charges in polymers lasts 6 to 10 decades in time compared to
1.5 or 2.0 in organic crystals. Nevertheless, the free ion yield
(survival probability Ω∞) to a good approximation is thought
to be independent of the charge carrier transport (dispersive or
Gaussian), so that these results apparently still hold in
polymers as well.
According to [1], values of r0 (≈ 6-8 nm) and G0 (3.5 –
4.2) found in liquids may be used in solid state as well
because on the time scale of pair formation (≤10-12s) these two
aggregate states may be considered identical. But some
differences are sure to appear at later times because of the fact
that in solids, contrary to liquids, ion diffusion is frozen,
charge carrier transport takes on a hopping character and the
long range tunneling is by no means to be neglected. So, some
modification to the Onsager theory is only to be expected. In
the absence of the appropriate analysis, we are confined to use
the former theory by simply changing r0 to fit an
experimental data.

II. RIC MODEL FORMULATION
Free carrier production by radiation in polymers is a twostep process. The first one involves electrons and holes whose
spatial distribution is distinctly non-homogeneous. As a result,
they drift under the combined action of the applied electric
field and the Coulomb potential. The resulting RIC at this early
stage is called geminate. Once the geminate recombination is

There is a vast group of polar polymers, in which the pair
dissociation into free charge carriers is suddenly interrupted
by their immobilization in deep traps sometimes in “hot” state
in the process of thermalization. At small doses (< 102 Gy),
the RIC ( γ r ) strictly reproduces the radiation pulse shape, so
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that we may introduce parameter

of the transport band); E1 is the parameter of the trap

K p characterizing the

distribution; T is the temperature; ρ ( E , t ) is the time
dependent density distribution of trapped electrons; νo is the
frequency factor; k is the Boltzmann’s constant and e is the
electronic charge. Dispersive parameter α , which defines the
major temporal features of the transient curves, simply equals
−1
the ratio kT / E1 . Also, τ 0 = ( kc M 0 ) is the lifetime of
mobile electrons before trapping.

prompt component of RIC

γ r (t ) = K p R(t )

(1)

where R (t ) is the time-dependent dose rate. The above
introduced parameter does not depend on either F0 or T . At
large doses (> 103 Gy), there happens pairs overlapping and
carrier detrapping, so that a small delayed component of RIC
appears at a pulse end while at a step-function irradiation K r

The RFV model predicts that over an extended time
α
interval, there happens an algebraic RIC build-up ( γ r ∝ t )

linking γ r and the constant dose rate R0 increases by one
order of magnitude. In fact, both parameters are the lowest
among polymers. Typically, the first one is around 10-15
F/(m·Gy) and the second equals some units of 10-14 F/(m·Gy).
This approach forms an empirical description of RIC in
spacecraft insulators with parameter K r fitting available
experimental data referring to the worst-case scenario [2].

and decay ( γ r ∝ t
) after the pulse end, both exhibiting a
power law dependence on time for a small signal irradiation
regime. The main experimental procedure is to process current
transients in logarithmic lg j − lg t coordinates which allows
−1+α

direct determination of

Some words of caution are in order. First, the above
equations refer only to the so-called free charge carriers,
which escape the geminate (or track) recombination and drift
under the action of the mean macroscopic electric field.
Second, their motion proceeds only via the transfer band,
direct tunneling between traps being forbidden.

Accounting for the RIC in some of the most popular
spacecraft polymers requires more sophisticated description as
in this case we deal with the free charge carriers, which can
travel distances as large as a film thickness and whose
generation yields and mobilities substantially change with an
applied electric field and temperature. In this case, the induced
conductivity may rise many orders of magnitude during
irradiation thus invalidating the above mentioned empirical
approach. Instead, we should use the semi-empirical RoseFowler-Vaisberg (RFV) model [3].

Processing experimental results obtained under small
signal pulsed or continuous irradiation, allows one to
determine the main model parameters such as E1 (already
mentioned above), the schubweg

The basic equations of the RFV model are as follows:

⎧ dN
⎪
= g 0 − kr N 0 N ,
⎪ dt
⎪
⎡M
⎤
⎛ E⎞
⎪ ∂ρ
⎛ E ⎞
= kt N 0 ⎢ 0 exp ⎜ − ⎟ − ρ ⎥ −ν 0 exp ⎜ −
⎨
⎟ρ,
⎝ kT ⎠
⎝ E1 ⎠
⎣ E1
⎦
⎪ ∂t
⎪
∞
⎪ N = N 0 + ρ dE.
∫0
⎪⎩
at t = 0 N 0 (t ) and

ρ ( E, t )

α (or E1 ).

ν0

μ0τ 0 ,

the frequency factor

and its effective activation energy Eaν .

Continuous irradiation with a constant dose rate (the socalled step-function excitation) features an overshoot, so that a
current transient approaches its steady-state value from above:
RIC passes through a maximum γ rm at a time tm . These two
quantities are uniquely related:

(2)

γ rmtm = D(α ) μ0 e / kr

(3)

This formula allows further classification of polymers with
the free-ion conductivity based on the applicability of the
Langevin mechanism of the bimolecular recombination, which
dictates that

are both zero.

By definition, RIC is equal to γ r (t ) = eμ 0 N 0 (t ) . Thus,
system (2) refers to unipolar (for convenience, electron)
conduction.

krL = (e / εε 0 ) μ0

Here N(t) is the total concentration of excess electrons;

(4)

Here, ε is the relative permittivity of a polymer and ε 0 is
the electrical constant. Substituting this expression into Eq. 3,
we obtain

N 0 (t ) is the concentration of mobile electrons in extended
states (in transfer band) with microscopic mobility μ0 ; g 0 is
the generation rate of free charge carriers (assumed constant
during irradiation); k r – the recombination coefficient of
mobile electrons with localized holes acting as recombination
centers; kc is the trapping rate constant; Мо is the total
concentration of traps exponentially distributed in energy
( E is positive and is taken downwards from the energy level

γ rmtm = D(α )εε 0

(5)

Values of D(α ) are tabulated [3]. Some typical values
are as follows: 0062 ( α =0), 0.066 (0.05), 0.14 (0.1), 0.25
(0.2), 0.39 (0.3) and 0.83 (0.5). It turned out that this criterion
was satisfied in polyethyleneterephthalate (PET), polystyrene
(PS) and polypyromellitimide (PPMI) (in the last polymer
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only approximately) while in low density polyethylene
(LDPE), polypropylene (PP), polytetrafluoroethelene (PTFE)
and especially in polyvyniledenefluoride (PDF2) it was grossly
violated in a sense that kr
krL . In such a case, one speaks
about non-Langevin recombination (see below). It is in this
group of polymers that exceptionally large reduced
conductivities K rm = γ rm / R0 has been reported to the effect
that the total collection of the generated carriers seems
possible [4].
The RFV model predicts a steady-state conductivity
the limit t → ∞ :
Δ

γr

First, there appears an additional equation, which describes
the trapping kinetics by radiation induced traps (free radicals)
during irradiation

dN t (t ) / dt = kc N 0 (t )( gt t − N t )

Here, N t (t ) is the concentration of electrons trapped by
free radicals whose generation rate is g t . Second, the last
equation of the RFV model (the balance equation) should now
include an additional term N t (t ) . Parameter λ = gt / g 0
uniquely defines dose effects observed, of which two are to be
noted. The first prevents the steady-state condition as now the
long-time current behavior, still under irradiation, follows an
asymptotic law

in

αΔ

⎡ sin(απ ) g 0 ⎤ ⎛ ν 0 ⎞
γr = ⎢
⎥ ⎜ ⎟
⎣ απ kr M 0 ⎦ ⎝ kc ⎠

(6)

γ r ∝ t −1

and Δ = (1 + α ) .
−1

γ rm / γ r
γ rm

are listed below for the dispersion

and

γr

times

We have developed a computer program to solve RFV
equations for various irradiation regimes and annealing times
[10, 11]. Extension of the RFV model to the case of the
bipolar transport is considered in [12] while the variant with
the composite trap distribution is given in [13]. Below, we
present the most general results pertaining to the step-function
irradiation of a model hole-only polymer with the following
parameter values: α = 0.35, μ0 = 10-5 m2/V s, τ 0 = 3 × 10-11

parameter as a variable: 100 ( α = 0), 55.3 (0.05), 33.9 (0.1),
8.35 (0.3) and 3.37 (0.5) [3] (it is assumed that η = 100 which
is typical for the drift-diffusion approximation).
Since both

(8)

The second appreciably increases annealing
necessary for a full recovery of the test sample.

There exists a strict relationship between conductivities at
the maximum and at the steady-state: their ratio depends on
α and the parameter η = kr / kc Some representative values
of the ratio

(7)

s, ν 0 = 2 × 107 s-1 and k r = 7 × 10-14 m3/s. The last parameter
refers to the Langevin recombination for ε = 2.6 as in PS.
Then, dose rate 450 Gy/s corresponds to the carrier generation
rate g 0 = 1.66 × 1022 m-3 s-1, which means that the radiation

feature the same algebraic
Δ

dependence on dose rate ( R0 ), it is highly plausible that
researchers confused the former with the latter at dose rates
less than 1 Gy/s (X-ray tubes, Co60 gamma-sources): they
certainly mistook tm (minutes and hours) for an equilibration
time, which in reality was at least two or three orders of
magnitude longer. And only with the advent of electron,
proton and α -particle accelerators producing steady-state
beams with dose rates from 10 to 103 Gy/s, the true nature of
RIC current transients could have been established [5, 6].

chemical yield G fi is equal to 0.6 free electrons per 100 eV
absorbed energy.
III. COMPUTATION RESULTS
Fig. 1 presents a typical transient curve in both lin-lin and
log-log coordinates. It is seen that detailed analysis of the
transient is possible only on logarithmic scale. At short times
(less than 1 ns), we see the prompt component γ p of RIC. For

It is interesting to note that track effects were absent in
polymers with geminate conductivity, weak in polymers
featuring non-Langevin recombination while PET, PS and
PPMI exhibited an enhanced sensitivity to an irradiation
(electrons, gamma-rays and neutrons, 10 MeV protons or 27
MeV α -particles in that order [7, 8]).

times

ν 0t

1, the conductivity rises as t

α

, reaches a

(1−α )
−
2

, leveling off at the steadymaximum , then falls as t
state value. Linear representation of the curve shown on the
insert graphically demonstrates that equilibration of the
process (a cross on the graph) happens at times, which are
extremely long compared to tm .

It is an advantage of the RFV model that it capable of
accommodating dose effects observed in a polymers after
accumulation of doses in excess of 103 Gy. It is known that
irradiation of polymers results in generation of free radicals,
which act as very deep traps (in fact, no thermal detrapping
occurs) for both electrons and holes. As a first approximation,
one may assume that radical concentration is proportional to
the accumulated dose (rate constant for trapping of mobile
electrons has its previous value). Under these conditions, the
conventional system of rate equations of the RFV model
slightly modifies [9].

The steady-state trap occupancy follows the Fermi

⎛ ν0 ⎞
⎟
⎝ kc N 0 ⎠

distribution with the Fermi level E f = kT ln ⎜

where N 0 is the quasiequilibrium concentration of mobile
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electrons. It follows that traps with

E ≥ 3 E f are totally

filled while for the reverse inequality they are almost empty.
kT ), the occupancy is given by an
For shallow traps ( E
expression f = exp(− E f / kT ) .

∞ (or the original run) (1),
g 0 = 1.66 × 1022 m-3s-1, λ =0.

Fig. 2. RIC-curves for various rest times:
6

5

4

2

10 (2), 10 (3), 10 (4), 10 s (5).

Fig. 1. Computed curve of RIC in a model polymer. The insert
shows the initial part in linear coordinates. The cross corresponds to
the quasi-stationary value of the curve.

It is important that the conventional RFV model envisages
that consecutive long-time irradiations differ markedly and the
more so, the less is the rest time between irradiations (Fig. 2).
Thus, curve 1 corresponds either to an irradiation of a
fresh sample or to the repeated run after extremely long rest
time. Curve 2 demonstrates that even the rest time 106 s
(slightly less than 12 days) is not enough to restore the
polymer to its original state. It is seen that a typical annealing
time 104 s ( ∼ 2.8 h) is by far too small to recover an original
transient shape. This effect aggravates considerably as
parameter α gets smaller.

Fig. 3. RIC curves for
and 1 (6).

λ =0 (1), 10-4 (2), 10-3 (3), 10-2 (4), 10-1 (5)

g 0 = 2.2 × 1023 m-3s-1.

Taking into account the generation of free radicals during
irradiation (the main manifestation of the radiation chemistry
in polymers) appreciably modifies the current transient shapes
(Fig. 3). An annealing pattern discussed earlier also
remarkably changes (Fig. 4). It is gratifying that even for λ =
1 (curve 6 on Fig. 3) the current transient does not change its
shape at times t ≤ 10tm which is especially important for
parameter fitting.
As mentioned above, radical formation serves to remove
the steady state, whereas annealing, times tend to increase
dramatically. We do not intend to touch upon the subsequent
transformation of free radicals (neutralization kinetics) which
is specific for every polymer. Considering it would have
entailed the loss of the universal applicability of the modified
RFV model, the property for which it has been developed in
the first place [3, 9].

Fig. 4. RIC curves for α =0.3, и λ =0 (1-3) и 0.001 (4-6). First (1,
4) and repeated (2, 3, 5, 6) irradiations. Annealing time 104 (2), 103
(3), 106 (5) and 102 с (6).
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g 0 = 4.5 × 1022 m-3s-1
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IV. CHARACTERISATION
POLYMERS

OF

C.

SPACECRAFT

Low density polyethylene is used mainly as an insulator
for rf-cables and various wires but it deserves special
consideration due to its unique properties in terms of the RFV
model. First of all, its dispersion parameter is exceptionally
large (0.5) among technical polymers. More to that, it features
a non-Langevin bimolecular recombination contrary to Mylar,
Kapton and PVK (to be considered later). It is interesting that
at high temperature (80º C), the recombination reverts to the
conventional Langevin regime. Also, frequency factor is
rather small (3 × 105 s-1) but it is a quantity that may be
directly measured using short (40ns to 10 μ s) electron

We chose to characterize three polymers rather familiar to
the spacecraft community, plus one photoconductive polymer
polyvinylcarbazole (PVK), which deserves a special attention
due to its role in advancing our knowledge about charge
carrier transport in disordered organic solids. Below, we refer
to room temperature properties only if not stated otherwise
[14-16].
A.

LDPE

PET

Here, we enumerate RFV model parameters for 12 μ m
thick films of Mylar (Du-Pont, USA) commercial polymer
under condition that an irradiation time is more than 1 ms.
Dispersion parameter α = 0.05 and Δ ≈ 0.95, making the
dose rate dependence of γ rm almost linear and

pulses [3]. RIC properties of LDPE are as follows. Arm =
2.9 × 10-12 Ω m-1 (s /Gy)0.67 at 4 × 107 V/m ( Δ = 0.67, κ =
0.7). Predicted ratio γ rm / γ r is only 3.37 while times tm and
−1

t differ by 3.5 decades (Fig. 5).

Arm = γ rm / R0Δ = 1.3 × 10-13 Ω −1 m-1 (s /Gy)0.95 at 107 V/m.
This parameter exhibits a non-linear dependence on the
κ
electric field Arm ∝ F0 with κ = 0.8 for an experimentally
relevant field range around 2 × 107 V/m. At 4 × 107 V/m Arm
rises to 3.5 × 10-13 Ω m-1 (s /Gy)0.95. Frequency factor ν 0 is
−1

large (3 × 108 s-1), μ0τ 0 = 1.7 × 10-15 m2/V and k r = 6 × 10-14
m3/s. Mobile carriers in Mylar are electrons.
Theory predicts that current should diminish after passing
its maximum by about 55 times (in experiment, for dose rate
75 Gy/s it decreased by a factor of 50 during continuous
irradiation for an hour). Also, the time of an expected
equilibration t is at least 5 orders of magnitude larger than
tm . Annealing times in PET are exceptionally long.
B.

Fig. 5. Experimental (1) and computed (2, 3) in LDPE with (2)
and without (3) taking into account the formation of free radicals.

PPMI

Now we consider RIC of another popular polymer among
spacecraft polymeric materials, and namely 25 μ m thick
films of Kapton (Du-Pont, USA). In this polymer α = 0.22

An experimental run (830 Gy/s, 1h irradiation time)
exhibited a deviation from theoretical behavior for times t ≥
30 s, clearly implicating an influence of the free radicals being
formed during irradiation. Assuming λ = 0.19, allows fitting
of the experimental curve quite well, as Fig. 5 also
demonstrates. The above value of λ was found by directly
measuring in vacuum the radiation chemical yield of free
radicals by ESR method. This is certainly a big success of the
modified RFV model.

−1

and Δ = 0.82. Arm = 0.83 × 10-13 Ω m-1 (s /Gy)0.82 at 107
V/m ( κ = 0.7 in a field range (0.5 to 10) × 107 V/m). Majority
carriers in Kapton are holes.
The most interesting property of this polymer reveals itself
at high dose rates. At 300 Gy/s we registered γ rm = 3 × 10-11

Ω −1 m-1 ( tm = 0.14 s). The current decay continued to the 20th

D.

second of irradiation (equilibration time should have been
approximately equal to 1 hour at which time it should have
fallen by a factor of 15) and after decreasing by 1.5 times it
started to rise continuously. This property of PPMI is well
known. In vacuum, this meta-stable conductivity relaxes very
slowly to its original (dark) value during several hours but
abruptly accelerates after air admission to the vacuum
chamber. The mechanism of the above phenomenon in highly
dosed Kapton films is still to be proposed.

PVK

This polymer stands by itself in the history of charge
carrier transport in disordered organics [17-21]. Being
photoconductive, it was extensively investigated not only by
RIC method but also by the time of flight (TOF) technique. It
served as a test ground for verifying the basic concepts of
radiation chemistry of non-polar liquids and dense gases.
These include the Onsager mechanism of carrier generation
via isolated geminate pairs, the Langevin recombination of
carriers homogeneously distributed in the bulk and the quasiband dispersive transport of holes in the presence of an
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∼ 185 μ m thick [33, 34]. At large dopant loadings (30 to 50

exponential trap distribution (the precursor of the RFV
model).

weight %), carrier mobilities could easily reach values by far
exceeding those in ordinary polymers. Changing dopant
concentration revealed that carrier transport is not quasi-band
but hopping. TOF transients exhibited flat or slightly sloping
plateaus suggesting possible equilibration of the transport
process. As a result, the CTRW model of the hopping
dispersive transport has been abandoned in favor of the GDM
which allows such an equilibration [33].

At the same time and independently of this, there emerged
a new concept of the hopping transport via field and thermally
assisted tunneling of holes on the cubic lattice of transport
centers (in PVK, the pendant carbazole groups of the
macromolecules). Initially, it was a continuous time random
walk (CTRW) theory of Scher and Montroll [20], soon
followed by the Gaussian disorder model of Bässler [21]. Both
were shown to be formally equivalent to the quasi-band
multiple trapping model (MTM) with respectively an
exponential or the Gaussian trap energy distributions [22].

Our latest results with a typical MDP, and namely PC
doped with 30wt.% of the aromatic hydrazone DEH, obtained
by the above mentioned radiation-induced TOF technique in
all of its three variants (near surface, uniform and with the
variable width of the generation zone) definitively established
the non-equilibrium (mildly dispersive with apparent α ≥
0.75) character of the carrier transport. Flat plateau formation
has been shown to be a direct consequence of the formation of
the depleted (of dopant molecules) surface layers interfering
with the TOF transient [35, 36].

We have managed to combine both experimental
techniques (RIC and TOF) using a new radiation-induced time
of flight method based on the electron-gun facility ELA-65
providing single electron pulses (1 μ s to 10 ms) and stepfunction irradiations (of up to 2 h duration) of monoenergetic
electrons with 1 to 65 keV energy. Single pulses of 1 to 6 keV
electrons allow one to perform TOF experiments while 65
keV electrons are used to study RIC of a polymer in the same
conditions (electric field and temperature) [3, 23].

Theoreticians have shown that the GDM can be reduced to
the quasi-band theory using the concept of the transport level
[37, 38]. Based on this argument, we have developed a
straightforward procedure to convert the GDM into an
equivalent multiple trapping model with the Gaussian trap
distribution (MTMg). Some additional correction might be
necessary to fit experimental data [39]

RIC studies allow RFV parameters to be determined rather
accurately. Dispersion parameter is 0.62 ( Δ = 0.61), Arm =
5 × 10-12 Ω m-1 (s /Gy)0.61 at 107 V/m ( κ = 1.2 in the field
range (1 to 5) × 107 V/m). At dose rate 180 Gy/s, there is a
good agreement between theory and experiment up to 70 s, at
which moment the conductivity began to rise just as it happens
in Kapton films. Other RFV parameters are as follows:
μ0τ 0 = 1.7 × 10-15 m2/V, ν 0 = 2 × 106 s-1, Eaν = 0.35 eV and
−1

MTMg model is formulated as follows. Its basic
parameters are those appearing in the GDM as given by the
dipolar disorder formalism due to Borsenberger and Bässler
[33, 34]. These are the total disorder energy σ , the mobility
of carriers μ0 extrapolated to zero electric field (via Poole-

kr = 6 × 10-14 m3/s.

Frenkel functional dependence) for temperature T → ∞ and
the mean distance ρ between dopant molecules calculated

V. HOPPING CHARGE CARRIER TRANSPORT

using the lattice gas model ( ρ = ( N d )
dopant concentration).

RFV model has been developed to describe RIC in
technical polymers on the semi-empirical level. Much effort
went into investigations of the carrier (hole and electron)
mobility in them. For this purpose, researchers applied the
famous TOF technique which proved so successful in the case
of organic crystals (anthracene, stilbene etc.) [24-26].
Unfortunately, technical polymers which are low mobility
materials defied TOF experimenters obtaining scientifically
important information about limits of the quasi-band theory
[27].

−1/3

There is a simple relationship between

μ0 =

where N d is the

μ0

and

ρ

e 2
ρ ν hh
kT

(9)

allowing one to define frequency ν hh which may be related to
the

zero-field

frequency

factor

ν 00

of

the

model

(ν 00 = 6ν hh ). MTMg parameters σ and μ0 are taken to be
the same as given above. The last parameter of the model, the
lifetime of the quasifree carriers τ 0 , is found from the

The breakthrough occurred around 1975 when researchers
from the Xerox Research Lab. started optical TOF
investigations first in PVK and its charge-transfer complexes
[28-30] and then in molecularly doped polymers (MDPs) [31,
32], very much pressed by the emerging electrophotographic
industry. It was a real revolution in studies of the charge
carrier transport in disordered organics.

relationship ν 00τ 0 = 3.0 [39].

It is known that the GDM (and even more so, the MTMg)
is incapable of explaining consistently the origin of the PooleFrenkel (PF) effect. Carrier mobility in PVK [30] and MDPs
[33, 34] has a specific field dependence

MDPs proved an ideal object for these investigations.
Indeed, they consist of a mixture of an electron-donor or
acceptor molecules in a host polymer such as polystyrene (PS)
or polycarbonate (PC). MDP films are prepared by bladecoating binary solutions onto Ni covered PET substrate films

μ = μ0 k PF = μ0 exp( β PF F01/2 )

6

(10)
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Here, β PF is the so-called Poole-Frenkel constant but
unlike the conventional effect in semiconductors, it is
temperature dependent and sign changing. The dipolar
disorder formalism introduces this dependence in a prescribed
manner [33, 34] and uses it to extract model parameters as
mentioned above. The question arises what is the MTMg
parameter best fit to account for the PF effect, if only in a
prescribed manner?

MT formalism while staying within the hopping conduction
mechanism.
In doing so, we rely on the fluctuation free volume theory
[42] to account for the energy scatter of hopping centers. The
total concentration of the free volume microvoids in
amorphous polymers is around 1025 m-3 which is much less
than the total concentration of the hopping centers (~ 3.8 ⋅ 1027
m-3 in PVK). These may now be thought of as belonging to
two separate groups: the unperturbed majority of sites
constituting a regular lattice as far as two first coordination
spheres are concerned (identical to the appropriate real or
hypothetical polymer single crystal) and forming a transfer
band to provide microscopic mobility μ0 ≈ 10-6 ÷ 10-4
m2/V·s, and a rather small population (<1%) of sites in close
association with microvoids which may be presumed traps.
Trap energy distribution is due to short range interactions
affecting the microvoid size and might well be taken to be
exponential. To complete the formulation, one needs to
specify the frequency factor as a unique property of traps. It is
assumed that due to configuration or steric limitations ν 0 falls
to very low values (~ 105 s-1) at sufficiently low temperatures
and ceases to be temperature dependent. This limitation,
though, is effectively lifted at higher temperatures by the
rotational rather than the translational diffusion. In parameter
fitting, we insist that μ0 should be ~10-5 m2/V·s [3]. Also, we
would like to stress the ubiquity of an exponential trap
distribution [3, 20, 43]. One possible explanation is offered in
[44] where it has been shown that states localized because of
long wavelength potential fluctuations give rise to the
exponential band tails for three-dimensional random systems.

The sought parameter seems to be the frequency factor
ν 0 . Indeed, according to [40], the rate-limiting step in the
dipolar glass model [41] is thermal releasing of holes trapped
by critical traps whose radius is effectively controlled by the
applied electric field. Finally, we have

ν 0 = k PFν 00

(11)

k PF is supposed to be close to the ratio of the
carrier mobilities found at a given field strength F0 and that
at F0 → 0 . In our analysis, we put k PF equal to this ratio
The factor

which has been taken from data for polycarbonate doped with
30 wt.% of the aromatic hydrazone DEH at room temperature.
Parameter values are as follows:

μ0 = 0.01 cm2 / V s, σ

0.13 eV, ν 00 = 1.25 × 10 c and τ 0 = 2.4 × 10
11

-1

-11

=

c [39]. Also,

k PF is approximately 5.0 at 2 × 10 V/m (295 K). Comparing
7

these figures with those of PVK as given by the RFV model,
we see that values of μ0τ 0 are too low while those of ν 0 are ,
on the contrary, too high and these differences should cancel
each other as both approaches are bound to give the same
results concerning times of flight and current shapes in this
particular MDP.

VI. MOBILITY MEASUREMENTS IN POLYMERS
Multiple trapping theory, which is an integral part of the
RFV model (see second equation in system (2), allows easy
extension to accommodate the conventional time of flight
experiment. Here, a sheet of holes is pulse generated near the
front electrode and drift to the rear electrode under the action
of a constant and uniform electric field F0 (due to a small
signal regime, no field perturbation occurs).

An intriguing situation has emerged as RIC results for
PVK can now be explained by both RFV and MTMg
approaches with widely different parameter values, just as it
happens in MDPs generally. As indicated earlier, α = 0.62 in
PVK but appreciable difficulties do appear for hopping
models in technical polymers featuring even smaller
dispersion parameters up to 0.05 in Mylar films (see above).
This problem is now under close examination but it seems that
there could be no alternative to the RFV model as far as
describing RIC in spacecraft polymers is concerned. This
happens because of simplicity of the RFV analytical
expressions but also because of a well-known experimental
fact clearly contradicting the hopping mechanism as such.
Here, we refer to low ν 0 in LDPE (3 × 105 s-1) with unusually

Adding the continuity equation for holes, TOF current
transients may be solved analytically for α ≤ 0.6 [45, 46] and
the transit time is given by:

ttr = ν 0−1 (

high activation energy of the frequency factor Eaν (0.5 eV)
seemingly contradicting its expected value in the GDM
approach. The following reasoning is helpful in this respect.

Here,

Γ(1 + α ) L 1/α
)
2 μ0τ 0 F0

(12)

Γ( x) is the gamma-function and L is the film

thickness. The presence of α as a power index in Eq. 12,
emphasizes the importance of the numerical value of the
dispersion parameter. For model parameters cited in Sect. II,
we find that predicted time of flight is around 1.6 s for L = 20
μ m and F0 = 108 V/m. Decreasing α to 0.22 (Kapton)
makes it unacceptably large (roughly 5 × 104 s) while
−1

It has become evident that the GDM should be profoundly
modified to make it applicable to RIC results in polymers
including PVK and LDPE [3]. A lot of effort has been
expended in order to find an appropriate approach tor account
for the disorder effects in such a way as to retain an overall

7
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increasing α to 0.62 (PVK) drastically reduces ttr to ∼ 0.9
ms which could have been easily accommodated with an early
TOF technique. This fact explains the success, which
accompanied TOF studies in PVK (see also [47, 48]).

Initially,
we
tested
polar
polymers
(polymethylmethacrylate in the first place) [52-55] irradiated
by electron, proton and α -particle beams. Unlike Gross, we
abandoned the famous range-energy relation for
monoenergetic electrons but rather treated the problem selfconsistently with the charge and dose deposition curves taken
from experiment or Monte-Carlo simulations. Mathematically,
the problem has been reduced to a Volterra equation of the
second kind [52]. Temporal behavior of the total current in the
polymer (the current flowing from the rear electrode to
ground) agreed with theory.

If α ≥ 0.7 or if we deal with the MTMg, it becomes
imperative to use numerical calculations (see [39] for details).
VII. BULK CHARGING EFFECTS
To tackle the problem of the bulk charging of the
spacecraft thermal blankets, we would employ the RFV
model.

Later, we included polymers, which required application
of the RFV model to describe their RIC (PET, PS etc) [56].
This work reported for the first time an interesting
phenomenon of the total current reversal and explained it by
RIC overshoot during step-function irradiation by electrons,
protons and α -particles (the effect increases in that order) in
agreement with the RFV model.

We investigated bulk charging of thin (3 to 10 μm) Mylar
films metallized on both sides and used as thermal blankets on
spacecraft operated at the geosynchronous earth orbit under
following conditions [49]:
an average dose rate to high energy electrons and
protons…3 × 10-3 Gy/s;

1
2
E(x,t)

substorm parameters:

ρ(x,t)

duration………………………………3 hours
10 to 50 keV electron flux

I0

e-

(average energy 20 keV)……………. 8 ⋅ 10 −11 A/cm2
0

dose rate at the irradiation surface ……~ 10 Gy/s

l

h

x

maximum/minimum temperature … .+150oC/-100 oC

I3(t)

Laboratory testing of Mylar films was conducted using 20
keV electron irradiation at 10 Gy/s for a duration of 103 s.
Computer simulations have been based on the RFV model for
α = 0.05.

I1(t)

The results of laboratory testing and computer calculations
show that maximum RIC γ rm ≈ 1.3 ⋅ 10 −12 Ω −1 m −1 and occurs
− 0 .5

at t = 1.7 s. Then, the conductivity falls as t
equilibrium is reached (computer results) {16, 50].

I2(t)

Fig. 6. Schematic representation of the split Faradey cup
experiment. 1- collimator, 2 – the Faradey cup. Polymer
film (thickness h) with grounded metal contacts. l – the
maximum range of incident electrons.

until an

Let as assume that 50% of the incident electrons stop in
the film. In this case, we deal with the uniform bulk charging
regime. The maximum electric field Fm is found at the
electrodes and reaches ~ 3.0x107 V/m at the end of the
simulated substorm. Temperature affects the results
significantly: at 150oC (sunlit condition) Fm reduces to 0.8x107
V/m while in dark (-100oC) it rises to 1.2x108 V/m. In this
case, the punchthrough breakdown of the film seems probable.

VII. CONCLUSIONS
In this paper, we gave a general overview of the main
experimental and theoretical results accumulated in the field
of the RIC and bulk charging of spacecraft polymers obtained
under typical laboratory conditions: one-dimensional
treatment of the problem (step-function irradiation with
monoenergetic charged particle beams, characteristic
dimension of the irradiated spot by far exceeds the thickness
of a polymer film), theoretical models were applied in their
simplest form and calculations are performed to the first order
of magnitude and comparing theoretical predictions to
experimental results was limited to a semi-quantitative level
only. The prime aim of these investigations was to qualify
polymers for spacecraft application.

Dark conductivity (~ 10 −16 Ω −1 m −1 ) or the steady-state
RIC due to R0 = 3 × 10-3 Gy/s ( γ~r ≈ 4 ⋅ 10 −16 Ω −1m −1 ) are
only minor effects and does not change the above conclusions.
We also conducted experiments based on the split Faraday
cup technique, first introduced by B. Gross in 1974 [51] to
study bulk charging of polymer films by low energy electrons
(Fig. 6). This method of investigating polymer bulk charging
may be compared with the famous time of flight technique in
the area of carrier transport. The results are worth mentioning.

Now that the spacecraft technology matured to the point of
successful commercial exploitation, the center of radiationinduced investigations moved away from a polymer
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characterization to a scientifically oriented studies of the basic
laws governing their behavior in radiation environment
generally.
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Bulk charging of polymers (or dielectrics in general) and radiation-induced
conductivity (RIC) in them, are two closely related phenomena, one leading to the
accumulation of excess charges while the other causing their neutralization. Knowing
RIC of dielectrics is essential for estimation of the electric fields emerging in these
materials under space environment and as such is of great interest to the spacecraft
charging community.
We tested more than 30 polymer types (PS,
PETF, LDPE, PTFE, PMMA, PI, PVC, PP,
PVK etc.) using various irradiation
facilities:
- Co-60 source,
- pulsed reactors,
- electron, proton and alpha-particle
accelerators,
- universal irradiation source ELA-65
electron gun.
Pulsed (8 and 40 ns as well as 1 to 10
ms),
semi-continuous
and
strictly
continuous (up to 1 hour) irradiation
regimes have been employed in a broad
field and temperature range.
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Empirical model of the radiation-induced conductivity (RIC)
Time dependent irradiation, short times (total dose <103 Gy):

γ r (t ) = K p R(t )

γ r (t ) - radiation-induced conductivity (RIC), Ω −1m −1
R(t ) - time-dependent dose rate, Gy/s
Kp

- parameter that characterizes the prompt component of RIC,
~10-15 F/(m·Gy)

Continuous irradiation, long times (total dose >103 Gy):

γ r = K r R0
K r - parameter that characterizes the delayed component of RIC,
~10-14 F/(m·Gy)

This approach is to be used as a worst-case scenario only.
SCTC-2014, 13th Spacecraft Charging Technology Conference
June 23-27, 2014, Pasadena, California
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RFV-model: multiple trapping mechanism
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The basic equations of the RFV model
generation term

recombination term

 dN
 dt= g 0 − kr N 0 N
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trapping term
release term


 t

dN t

= kc N 0  λ ∫ g 0 (t ')dt ' − N t 
 dt
 −∞


 filling of radiation-produced traps (free radicals)

∞
N =
N 0 + ∫ ρ dE + N t - material balance equation

0

γ r = eµ0 N 0 - radiation-induced conductivity

As we show later, the frequency
factor depends exponentially on
the square root of the applied
electric field (the Poole-Frenkel
law).
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Typical RIC-curve under step-function irradiation
∆

α∆

 sin(απ ) g0   ν 0 
−1
γr = 
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 απ k r M 0   kc 
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if Langevin mechanism of the bimolecular recombination rules
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Computed curve of RIC in a model polymer:
step-function (continuous) irradiation

α = 0.35
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RIC-curves for various rest times between repetitive irradiations

α = 0.35

SCTC-2014, 13th Spacecraft Charging Technology Conference
June 23-27, 2014, Pasadena, California

8

Spacecraft Charging Technology Conference 2014 - 152 Viewgraph

Computed curve of RIC in a model polymer
(effects of radiation-produced traps)

α = 0.35

γ ∝ t −1
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Computed curve of RIC in a model polymer:
effects of annealing times
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Experimental and computed RIC curves in LDPE

α = 0.5

- non-Langevin mechanism of the bimolecular recombination!

γ rm=
tm 100 × D(α )εε 0
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ELA-65 electron-gun facility

ELA-65 is capable of supplying continuous or pulsed beams of accelerated
electrons (2 to 50 keV energy) irradiating polymer films stressed by an applied
electric field.
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Schematic representation of the split Faraday cup experiment
1
2
E(x,t)

ρ(x,t)
e-

I0

0

l

h

x
I3(t)

I1(t)

I2(t)

1- collimator, 2 – the Faraday cup, h - polymer film thickness,
l – the maximum range of incident electrons (for a case of non-penetrating
electrons)

I1 (t ) + I 2 (t ) = I 0

I 2 (t ) / S = J Σ (t ) = jconv ( x, t ) + jdiff ( x, t ) + jdisp ( x, t ),

where S – an irradiation area
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Experimental set-up for time-of-flight measurements as applied to
molecularly doped polymers (MDPs)
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Time
of flight experiment (TOF)

{ x, E , t}

- independent variables

{ N ( x, t ), N

0

( x, t ), ρ ( x, E , t )} - dependent variables

Monopolar transport (holes), small signal mode:

 ∂ρ
 E 
k
N
M
ρ
ν
=
−
−
exp
(
)

0
c 0
−
 ρ - multiple trapping equation
t
kT
∂



∂ N
∂ N0
F
µ
+
=
0 - continuity equation

0 0
t
x
∂
∂

+∞

N N 0 + ∫ ρ dE - material balance equation
=
0


(

where (in this case) ν 0 = ν 00 exp β PF F0

) - Poole-Frenkel law

Initial and boundary conditions are to be specified.
h

Measurable quantity:

e
j (t ) = µ0 F0 ∫ N 0 dx
h
0
1/α



−1 Γ (1 + α ) h
ttr = ν 0 
 2 µ τ F 
0 0 0 
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Conclusions
•

In this paper, we gave a general overview of the main experimental and theoretical
results accumulated in the field of the RIC and bulk charging of spacecraft
polymers obtained under typical laboratory conditions: one-dimensional treatment
of the problem (step-function irradiation with monoenergetic charged particle
beams, characteristic dimension of the irradiated spot by far exceeds the thickness
of a polymer film), theoretical models were applied in their simplest form and
calculations were performed to the first order of magnitude and comparing
theoretical predictions to experimental results was limited to a semi-quantitative
level only. The prime aim of these investigations was to qualify polymers for
spacecraft application.

•

Now that the spacecraft technology matured to the point of successful commercial
exploitation, the center of radiation-induced investigations moved away from a
polymer characterization to a scientifically oriented studies of the basic laws
governing their behavior in radiation environment generally.

•

We have presented an example of this conversion by applying an electron-gun
technique not only for studying RIC in polymers (replacing giant particle
accelerators and pulsed nuclear reactors) but also for deepening our understanding
of the carrier hopping transport in disordered organics (in molecularly doped
polymers at least) by making possible time-of-flight experiments with uniform
excitation unattainable so far for the traditional optical variant of this technique.
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