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ABSTRACT

Radiation-induced conductivity (RIC) of polystyrene has been studied experimentally and numerically mostly in a small-signal regime in a
broad time range from some nanoseconds to seconds. It has been established that hole transport is dispersive with a low value of the disper-
sion parameter α = 0.35. We have suggested a direct method of determination of the frequency factor of the Rose–Fowler–Vaisberg model,
which has been parameterized using computer simulations by the trial and error method. The main outstanding concern is the application
of the Onsager theory of geminate recombination concerning the field dependence of the free carrier yield and the possible frequency factor
increase at high electric fields. The effect of hopping transport on the RIC in this common insulating polymer is still to be understood.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048649

I. INTRODUCTION

In our previous paper,1 a new methodological approach
to study the radiation-induced conductivity (RIC) in common
insulating polymers has been suggested and successfully realized.
Time-resolved measurements were made using a small-signal, step-
function irradiation over a broad time interval from microseconds
to several seconds. Experimental results for polyvinylcarbazole
(PVK) and molecularly doped polymers (MDPs) could be rational-
ized within the traditional Rose–Fowler–Vaisberg (RFV) model1,2

based on a quasi-band multiple trapping (MT) formalism based on
an exponential trap distribution.3–5 This approach proved unsatis-
factory for polyimide (trademark Kapton) and Russian-made poly-
ethyleneterephthalate (PET-1) for which a simple exponential trap
distribution had to be replaced by a more complex aggregate distri-
bution taking account of the presence of deep traps.1 In this group
of polymers, polystyrene (PS) stood in between tending to the PVK
and MDP. We believe that a closer look at the RIC of PS may help
to deepen our understanding of this complex phenomenon.

We will show that hole transport in PS is strongly dispersive,
in highly non-equilibrium conditions, with the dispersion parame-
ter α = 0.35 so that the well-developed theory of anomalous charge
carrier transport may be applied for data interpretation.1,5 Also, we

will see that PS unlike PVK is much more suitable for a direct
assessment of one of the major parameters of the RFV model—the
frequency factor and its field dependence, which is currently over-
looked by the engineering community.

Model parameterization needs a well-established correlation
between the dose rate and the carrier generation rate usually pro-
vided by the Onsager field-assisted thermal dissociation of the
geminate electron–hole pairs.6,7

Hole drift mobility in PS has been known to be low8–11 and
the time-of-flight (TOF) technique so effective in studying charge
carrier transport in photoconductive PVK and MDP12 proved
unsuccessful in PS, which lacks photoconductivity in the near UV
region. Thus, ionizing radiation is the only experimental means
presently available for studying hole transport in PS,13 which pre-
sumably features a hopping conduction with benzene rings acting
as hopping centers. In this respect, PS resembles PVK, a test-bed
for studying hopping conductivity in disordered organics.14 But,
there arises a general question about validity of describing the
hopping transport in terms of the quasi-band picture, for example,
based on the MT formulation.15

Now, that experimental and numerical techniques have been
recently upgraded,1,16,17 we plan to perform controlled experiments
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and fulfil numerical calculations to parameterize the RFV model
for PS. Also, we would like to concern some ambiguities in the
interpretation of the prompt component of the RIC in polymers
with the hopping conduction.

II. EXPERIMENTAL

A. Methodology

In our studies like in Ref. 1, we used capacitor-grade, biaxially
stretched PS films (Styroflex, 20 μm thick produced by NSW firm,
FRG). Samples has been cut from the same band 100mm wide with a
shelf life of about 35 years, which is still at our disposal. Specimens
(40mm in diameter) were supplied with evaporated 50 nm Al elec-
trodes, 32mm in diameter. We used only fresh samples for each long-
time irradiation run. Experiments have been conducted at room tem-
perature and most data refer to an electric field of 4 × 107 V/m.

The ELA-65 electron gun provided 50 keV electrons falling
normally upon a polymer sample. A shutter with an opening time
of 0.08 s in long-time irradiations was covered with a conducting
luminescent paint to visualize the irradiated spot. It was found
that for a collimator 20 mm in diameter this spot was 30 mm in
diameter well inside Al electrodes. The dose depth profile has been
typical for 50 keV electrons so that an average dose rate
R0according to our Monte–Carlo simulations18 was 1.7 times larger
than at the sample’s front surface. For the beam current of 1 nA
(1 mV/1 MΩ) passing through a collimator, R0 was estimated to be
1.6 Gy/s. RC time constant was less than 2% of the pulse length
(further details are given in Ref. 1).

B. General phenomenology

An experimentally measured quantity is the RIC current
density jr. The raw data were processed to separate the delayed
component jrd from the total signal: jrd ¼ jr � jp where jp is the
RIC prompt component.1 In the case of the small-signal irradiation
when an applied field is uniform and constant while a dose rate is
uniform, it is useful to introduce normalized quantities: conductiv-
ity γr ¼ jr/F0 and reduced conductivity Kr ¼ γr/R0 with natural
separation into delayed and prompt components.

Our main interest concerns the delayed component that
defines the transport properties of a polymer and is described by a
theoretical model based on the MT approach (the RFV or RFVm
models).1 The reduced prompt conductivity Kp is a material
parameter and needs only once to be determined.

Theoretical RIC response is computed on the whole time
scale. Experimentally, this could be done only in separate time
intervals with subsequent matching of data points at boundaries.

In our previous work1 (see Fig. 3 in it), we plotted values of
Krd ¼ γrd/R0 at specified times and used a B-spline envelope of
these data points as a probe for applicability of the RFV model.
This envelope being close to a straight line over a long time like in
PVK or low-density polyethylene (LDPE) testified in favor of this
tendency. Roughly, PS also fitted this approach but in our later
work,17 we still resorted to the RFVm model for computer simula-
tions of the hole transport in it.

In the RFV model,13 an exponent β ¼ d lg jrd/d lg t stays cons-
tant from tens of microseconds to some seconds and in this case,

β ¼ α (the dispersion parameter of the model). It is important that
at long-time irradiations driving the RIC into recombination-
controlled regime, one observes a power-like dependence of the
maximum RIC on the dose rate R0,

γrm / RΔ
0 , (1)

with Δ ¼ (1þ β)�1.

C. Experimental results

Our numerous results show that Kp is equal to
3.5 × 10−15Ω−1 m−1 Gy−1 s (±20%).19 This value refers to 8- and
40 ns irradiations by 8MeV electrons19 but was reaffirmed on
ELA-50 using triangular 3 μs pulses at low electric fields when RIC
response was totally dominated by a prompt component.16

The above value of Kp has been used in the present work for pro-
cessing RIC curves.

The measured values of Krd at fixed times are presented in
Table I and as star conductivity points at a dose rate of 1.6 Gy/s in
Fig. 1. Center stars refer to pulses ending at 20 μs and 1 ms, respec-
tively, as in Ref. 1. Two far left points at 40 ns and 2 μs were
obtained by processing our previous publications which will be
analyzed in detail in Sec. III D.

Two vertical arrows show the dead zone of ELA-50 where irra-
diations could not be started or properly processed.16 As for the far
right data point with which we encountered a difficulty in Ref. 1, it
will be discussed in Sec. III E.

It is important that the dotted straight line j/ t0:35 runs
through all data points except the far left one which has also a
good reason to divert as will be shown in Sec. III D.

It is important that Δ estimated from the long-time exposures
(see formula 1) agrees with the above value of the exponent β.
Thus, the application of the RFV model for the description of the
RIC in PS seems to be justified.

III. RFV MODEL AND ITS PARAMETERIZATION

A. Problem formulation

The basic equations of the RFV model are well-known,1,13

dN(t)
dt

¼ g0 � krecN0(t)N(t)

@ρ(E, t)
@t

¼ kcN0(t)
M0

E1
exp � E

E1

� �
� ρ(E, t)

� �
� ν0exp � E

kT

� �
ρ(E, t)

N(t) ¼ N0(t)þ
Ð1
0
ρ(E, t)dE

8>>>>>>><
>>>>>>>:

,

(2)
where N0(t) and ρ(E, t) are both zero at t = 0.

TABLE I. Experimentally determined values of Krd (in units of 10−14Ω−1 m−1

Gy−1 s) taken in a small-signal regime at indicated times.

40 ns 2 μs 20 μs 1 ms 5.8 s

0.03 1.2 1.8 9.0 180
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By definition, the RIC is γr(t) ¼ eμ0N0(t). Thus, system (2)
refers to a unipolar conduction with only one sign carriers being
mobile (in our case, holes). The oppositely charged carriers are
immobile and act as recombination centers.

Here, N(t) is the total concentration of radiation-produced
holes (due to charge neutrality, equal to that of electrons). N0(t) is
the concentration of holes in extended states (in the valence band)
with the microscopic mobility μ0; g0 is the generation rate of free
holes (assumed time and space independent during irradiation);krec
is the recombination coefficient; kc is the trapping rate constant;
M0 is the total concentration of traps distributed continuously in
energy E (taken positive); ρ(E, t) is the time dependent density dis-
tribution of trapped holes; ν0 is the frequency factor; T is the tem-
perature; k is the Boltzmann’s constant, and e is the elementary
electric charge. Also, τ0 ¼ (kcM0)

�1 is the lifetime of mobile holes
before trapping. Dispersion parameter α ¼ kT/E1.

The second and third equations in system (2) are generic for a
quasi-band description of the carrier transport in a dielectric with
a unipolar (in our case, hole) conduction. The first equation
(the continuity relation) in the present form describes a typical
one-dimensional RIC problem ignoring any TOF effects. This form
of system (2) plays is used in the present work for identifying RFV
parameters. Changing properly the continuity equation and allow-
ing g0 ! 0, the TOF problem may be adequately treated as well.1

Computer programs for both RIC and TOF experiments have been
compiled and verified.13

B. Model parameterization

Model parameterization proceeds using recommendations
given in our previous publications.1,13 The fact that in our case
α � 0:5, makes the application of the analytic theory developed
in Refs. 5 and 20 quantitatively accurate. It means that TOF-2
experiment (pulsed small-signal irradiation at low (RIC) and high
(properly TOF-2)1 field can be easily dealt with very accurately).

The charge carrier transport in the RFV model is character-
ized by four internal parameters α, μ0, τ0:, ν:0 and one exterior
parameter reflecting specifics of the interaction of ionizing radia-
tions with matter η0 ¼ g0/R0connecting theory (g0) with experi-
ment (R0). Theory of dispersive transport predicts that μ0and τ0
enter all analytical formulas only as a product μ0τ0. More to that,
in a small-signal regime for ν0t � 1, one deals with a more com-
plicated product ς ¼ μ0τ0ν

α
0 uniting all internal parameters.1 The

existing analytical formulas may be used for preliminary selection
of parameter values. Especially valuable is the general analytic for-
mulation for MathCad calculations (taking less than a second) of
both small-signal RIC and TOF-2 experimental setups.1,20

C. Carrier generation rate

It is known that half of the absorbed energy during irradiation
of condensed matter (liquid or solid) is immediately expended on
ionization of molecules producing approximately three electron–
hole pairs per 100 eV of absorbed energy, the other part being lost
on excitation but finally they all degrade into thermal energy.
Thus, the total radiation yield of charged species Gi � 3. This
figure is rather common for crystal and amorphous solids. At this
early time (10−16 s), the spatial distribution of charged species is
highly non-homogeneous (isolated and overlapping geminate pairs
and ionic groups). Somewhat later (10−12 s), there starts a reorgan-
ization process including an initial recombination and spatial
spreading of epithermal electrons. Finally, thermalization of all
charged species completes and only isolated geminate pairs ran-
domly oriented and homogeneously distributed in space are left in
the system.21

From that moment, the irradiated system is readily treated in
terms of the ordinary rate equations if the generation rate of free
electrons is defined through Gfi ¼ fGi, where f is the free carrier
escape probability given by the Onsager theory.6,7 In its conven-
tional form, the electron–hole distance in a geminate pair r0is
assumed to be constant thus greatly simplifying an analysis.22,23

Quantitative investigations of the radiation free career yields
Gfi(F0) have been extensively pursued in dielectric liquids (see
reviews).7,24 In linear hydrocarbons like n-hexane, a typical value of
parameter r0 was 6 nm but in some liquids with exceptionally high
electron mobility (about 10 cm2/Vm) this parameter approached
100 nm. Nothing of the kind could be observed in solids.

Even in crystalline anthracene (electron mobility about
1 cm2/Vm), the free carrier yield in pulsed x-ray irradiated anthra-
cene crystals was found to be only Gfi ¼ 0:03 (f ¼ 0:01) at
4 × 106 V/m.25 In disordered PVK, r0 � 6:3 nm,26 while in PET
(r0 � 3:5 nm)27 and in PS Gfi could be expected to be even lower.28

In Ref. 29, it has been shown that Gi � 3 in PS at an applied elec-
tric field of 2.5 × 108 V/m while in PET the same result has been
registered at slightly lower field of 1.5 × 108 V/m.30

FIG. 1. Computed curve of the RIC according to RFV model parameters indi-
cated in Table II (Sec. III E) best fitting experimental data points (stars) for the
delayed component γ rd (curve 2). Also shown is the total conductivity γ r (curve 1)
with its theoretical prompt component at early times (5.7 × 10−15Ω−1m−1,
indicated by an inclined arrow). All data refer to a dose rate 1.6 Gy/s
(g0 ¼ 1020 m�3s�1).
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Figure 2 shows f as a function of F0 in PS for two most fre-
quently cited values of r0. At small fields, the curves strongly divert
but tend to unity as an electric field goes to infinity. The curves
markedly differ in maximum logarithmic slopes which happen at a
field about 107 V/m amounting to unity (1) and 1.8 (2).

In this critical situation concerning the free carrier radiation
yields, we had to use high electric fields to minimize the uncer-
tainty due to the escape probability. At the chosen field of
4 × 107 V/m, we find from the above figure that f ¼ 0:68 (curve 1)
and 0.3 (2) leading to Gfi ¼ 2:0 (1) and 0.9 (2), respectively.

The general expression relating the carrier generation rate
g0(m

−3 s−1) to the dose rate R0 (Gy/s) is as follows:

g0 ¼ 6:24x1019 ρGfiR0, (3)

where ρ is the polymer density (for PS, 1.06 g/cm3). Calculations
show that even at a high electric field of 4 × 107 V/m, there exists a
noticeable scatter of data for the separation probability. In these cir-
cumstances, we had to make a choice and finally, we chose Gfi ¼ 1.
Then, for a dose rate 1.6 Gy/s, the carrier generation rate would be
1020 m−3 s−1. Remembering that Gfi could be two times larger, we
introduced the necessary parameter changes into Table II (these
changes concern mainly τ0 and slightly krec to accommodate specif-
ically long-time irradiations).

D. Frequency factor

As early as in 1986,19 we fulfilled an extended analysis of the
current decay after pulsed excitation specifically in common

polymers (as an example, LDPE) in terms of the RFV model under
conditions when ν0τ0 � 1 that are typical for them. Numerical cal-
culations have shown that in such circumstances decay transients
form a plateau starting from just a pulse end and extending to a
knee which marks beginning of a current decay in a dispersive
regime following a power law j/ t�1þα. The length of the plateau
(we called it an initial mobility plateau) is approximately equal
to ν�1

0 .
At that time, our main interest was the general laws of RIC

currents under pulse irradiations and in strong electric fields,
frequency factor was considered as a fitting parameter. By the time,
we first seriously took up the problem of direct determination of
the frequency factor (2018),31 high energy electron accelerators for
ns-and μs- pulses were long not available for laboratory practice in
Russia. In this situation, we employed an unprocessed data from
our previous papers32,33(Fig. 3).

Curve 2 on Fig. 3(a) demonstrates that the current decay after
a pulse end in the pulse-time scale decreases very slowly forming a
clear-cut plateau like it happened with LDPE at the end of a 2 μs
pulse (see Fig. 1 in Ref. 33): it is quite understandable as ν0in
LDPE is an order of magnitude smaller (in PS ν0 ¼ 8� 106 s�1

while in LDPE it is 5 × 105 s−1). The same curve represented by
data points in Fig. 3(b) (pulse length increases to 2 μs) loses its
plateau-like form and one needs a careful analysis to confirm the
previous result (ν0 � 8� 106 s�1).

Curves 1 and 2 in Fig. 3(a) clearly demonstrate that frequency
factor depends on the electric field at least at these high fields.
According to Ref. 32, increase of F0 from 0.5MV/m curve (2) to
1.6 MV/m curve (1) increases ν0 by almost eight times.

The same change-over should exist on the build-up stage of
jrd(t) during the pulse itself, but the RIC prompt component
completely masks it. Only numerical calculations [Fig. 3(c)] reveal the
real situation. Indeed, at the earliest times jrd / t (curve 2) but later
on (ν0t � 1) linear relationship break down and the current density
starts to rise as a power law jrd / tα(the same curve at t � 0:5μs).
Note that curve 3 on plate 3c represents curve 2 on plate 3a on a loga-
rithmic scale. It is also clear that the pulse length 20 μs used in the
present study is too long for frequency factor determination.

In processing the above data, we heavily relied on the fact that
the decay part of the RIC curve was plotted in the presence of a much
larger but well-defined prompt component (see dashed vertical lines
at 40 ns and 2 μs on plate 3c). This circumstance allowed us to assess
Krd values at 40 ns and 2 μs and to include them in Table I.

E. Recombination regime

Small-signal irradiation in the long run inevitably leads to a
recombination-limited regime. Our irradiation facility ELA-50

FIG. 2. Calculated curves of the free carrier escape probability as a function of
the applied electric field according to the simplified Onsager model.22,23 r0 ¼ 6
(1) and 3.5 nm (2). Relative dielectric constant ε ¼ 2:6 (PS), room temperature.
Arrow indicates the field 4 × 107 V/m.

TABLE II. RFVm parameters for PS (g0 = 10
20m−3s−1at 4 × 107 V/m).

Parameter α
105 × μ0 m

2/V
s

1011 τ0
(s)

10−6 ν0
(s−1)

1014krec
(m−3 s−1)

Gfi

1.0 0.35 1.0 3.5 8 6.9
2.0 0.35 1.0 1.75 8 6.9
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allows the smallest controlled dose rate 1.6 Gy/s) and we reach the
RIC maximum at about 5 s ( just outside the dead interval for
small-signal irradiations indicated in Fig. 1). So to find a small-
signal data point in line with other measurements on Fig. 1, we
used well-known features of the RFV theory.5,34 For this
purpose, one computes a series of RIC transients for α ¼ 0:35
and ν0 ¼ 8� 106 s�1 (other parameters may be taken from
Table II) for a number of generation rates differing in decades
(as in Fig. 4).

Now, at the time of a current maximum of γrm on 3, we find
that the ratio of a point on curve 1 and γrm is equal to 1.45 as for
any other curve in Fig. 4. In this way, one readily finds a data point
at 5.4 s in the 1–10 s time interval in Fig. 1 as the far right star.
Unfortunately, we overlooked this technique in our previous work.1

Now, Fig. 1 shows that starting from about 2 μs, the RICd
build-up proceeds as a power function of time jrd / t0:35until
recombination limits it by forming a maximum on the current
transient, in full accordance with the laws of the dispersive

FIG. 3. Dispersive calculated curves (α ¼ 0:35 and ν0 ¼ 8 x 106s-1) used for approximate determination of the value of ν0 in PS by comparing experimental data and
calculated curves. Stars on plates A and B are selected data points from unprocessed figures from Refs. 32 and 33. Plate C shows separate development of both RIC
components (Kr (1) and Krd (2 - 5) for three pulse lengths (40 ns, 2, and 20 μs). For details, see text.
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transport. There are some inconsistencies in Krd(t)behavior at early
times as well but they should be ascribed to the influence of the fre-
quency factor as it has already been explained in the preceding
section.

F. TOF effects

Now, using RFV parameters from Table II, we can analyze
two related types of small-signal uniform-excitation experiments.
The first one is a conventional TOF-2 setup (Fig. 5, curve 1), while
the second depicts the current build-up with a constant career gen-
eration rate in the absence of recombination (Fig. 5, curve 2).
Owing to a small value of αin PS, accurate graphical determination
of the transit time is almost impossible. Even in the case of numeri-
cal data (as in Fig. 5), we found that it is only about 6–8 s with the-
oretical prediction 7.13 s (see Ref. 17, formula 8). According to our
numerical calculations drift mobility of holes in a PS film 20 μm
thick 4 × 107 V/m is expected to be 7 × 10−14 m2/Vs.

Published data favor drift mobility about 10−14 m2/Vm at
high fields (see Sec. IV B). An important observation is that an
asymptotic current decay is close to power law t�1:3 � t�1:4 in
accordance with the RFV theory. In the case of PS, the TOF mea-
surement would not in any way help in determining Gfi as it was
with PVK.35

Curve 2 in Fig. 5 is a build-up curve at continuous irradiation
with g0 ¼ const. There is one interesting feature about transit time
tdr . On curve 1, it signals the moment when the current density
suddenly increases its decay rate while on curve 2, it denotes the
time from which the log slope β ¼ d lg j/d lg t starts to diminish to
zero as t ! 1 and the current density reaches its saturation value.
We see that this process lasts for no less than 105 s.

The saturation current density is generation-controlled rather
than transport-controlled entity and is equal to

jsat(A/m
2) ¼ 0:5 g0Le, (4)

where factor 1/2 accounts for a one-type (hole only) conduction.
In high voltage experiments, one must be careful not to step over
the boundary dividing the transport-controlled (for example,
by the RFV model) current densities from the saturation curves
which are parameter independent. In our case, the saturation
current density is equal to 1.6 × 10−10 A/m2 (indicated by a vertical
arrow in Fig. 5). As indicated earlier, saturation current densities
are generation-controlled quantities.

IV. DISCUSSION

A. Hopping nature of the hole transport in PS

As a polymer with hopping conduction, PS should be com-
pared with another such polymer, PVK. In both polymers, the con-
centrations of branched molecular groups (phenyl rings in the
former and carbazole groups in the latter) are very high 6.0 and
3.8 × 1027 m−3, respectively. Ionization potentials of macromole-
cules differ considerably (in vacuum 8.8 vs 7.6 eV) which explains
the fact why PVK is photoconductive, while PS is not. Note that
PVK is much more heat resistant than PS (glass transition temper-
atures being 150 and 90 °C, respectively).

FIG. 4. Reduced RICd transients (α = 0.35) computed for different carrier gen-
eration rates g0: 10

14 (1), 1018 (2), 1020 (3) and 1022 m−3s−1 (4). Every curve
was multiplied by a factor 1020/g0 (curve 3 is given to scale and refers to a
dose rate 1.6 Gy/s). For details see text.

FIG. 5. Calculated TOF-2 (1) and dispersive transient (2) (α = 0.35) under con-
tinuous irradiation for the RFV model with parameters given in Table II.
Intersection of the pre-flight part (j / t�0:65) with the post-flight part (j / t�1:35)
of the curve 1 marked by an arrow is the time of flight (7.13 s). Film thickness
20 μm, electric field 4 × 107 V/m, pulse length 20 μs (1). Carrier generation rate
1020 (1) and 1014 m−3s−1 (2). Bulk recombination neglected in both cases.
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The radiation-related properties of PVK, this classical disor-
dered organic solid, such as a drift mobility and its field dependence,
the Onsager geminate recombination and free carrier radiation yield
and the RIC and its parameterization could be found in our work.35

First RIC experiments with PVK revealed its large RICd compared
with ordinary polymers, α � 0:6 and a readily observed TOF effects
(see Ref. 35). All these questions relating to PS are only started to be
studied in detail.

It is remarkable that the RICd in PVK1,35 or MDP36,37 can be
correctly described in terms of the RFV model (or more generally,
in the context of the MT formalism) without using labor- and
time-consuming Monte–Carlo simulations.38,39 This is in full
accordance with the contemporary approach of the effective trans-
port level which allows to reduce the hopping conduction to the
quasi-band description with an acceptable level of confidenc.40–43

The role of the hopping centers in carrier transport is clearly
seen in PVK and PS. Fortunately, mobility of electrons and holes
have been studied in single crystals of N-isopropylcarbazole44 and
benzene,45 the branching molecular groups acting as hopping centers
in PVK and PS, respectively. In both crystals, electrons were
somehow more mobile than holes by a factor of 3 and almost 10,
respectively, with electron mobility being about 1 cm2/V s. To under-
stand the drastic difference in transport properties of PVK and PS,
one should rely on quantum-mechanical analysis of the hopping
transfer rates, if only on the level employed earlier in Ref. 46 when it
was used to evaluate the effect of molecular rotations on the charge
transfer between disordered carbazole groups in PVK.

One interesting question concerns the prompt conductivity in
substances with a hopping conduction. It is expected that relaxation
of excess charge carriers, introduced instantly into the spatially and
energetically disordered distribution of hopping centers, proceeds
according to the law j/ ( lg νht)/t and the time to complete it is
about ν�1

h lg (Eav/kT) where νh is the jump frequency and Eav is the
energy parameter of the energetical distribution.47–49 This quantity
simulates τ0 in the MT formalism. After thermalization, excess
charge carriers start multiple trapping process in both conduction
types leading to similar current transients. Analysis is much
simpler in the quasi-band model and that is why it was and still is
the preferred instrument in the RIC engineering practice.

Frequency factor ν0(a constant) entering the second equation
in system (2) defines the rate of thermal release of holes captured
by traps with the trapping energy E. Their transport proceeds via
the valence band. In hopping conduction, one deals with hopping
centers and hole transport occurs by jumps between them, the rate
of this process depending on the energy difference and the distance
between them. Theory predicts that generated holes will separate
into two fractions, the minor one occupying energy states slightly
higher than the center of the Gaussian energy distribution while
the majority of holes will reside in much higher states. From now
on, the hole transport starts to resemble the MT one.

From now on, the hole transport starts to resemble the
MT one.

The mobility edge ECbecomes an effective transport level
while the frequency factor gets equal to

ν0 ¼ Γ0exp(�2γa0 þ EC/kT) (5)

where Γ0 is the typical phonon frequency, γ is the inverse localiza-
tion radius, and a0 is a typical hopping distance. Also, one needs to
know rms σof the site energy distribution and temperature which
enter parameters EC and a0.

41 These data are known mostly for
model systems,40–43 but not for technical polymers like PS.

B. Outstanding problems of the RIC in polymers

A serious problem in radiation physics of insulating polymers
and RIC in them, continues to be an evaluation of the field depen-
dence of the free career yield Gfi and an average distance between
sibling charges in a geminate pair. Full scale measurements
encounter formidable difficulties even in crystalline solids,25,50,51

let alone low-mobility polymers in which charge collection in rea-
sonable times is questionable. Another approach to probe Gfi field
dependence is studying the variation of the current decay with
increasing applied field under conditions of a small-signal pulsed
irradiation and a minimum variation of the asymptotic current
decay form (Fig. 6).

First of all, we note that only the build-up of a current density
of the delayed component (Krd ¼ Kr � Kp which is represented by
curve 1a) follows the law jrd / t0:35 while the RIC approaches this
build-up law only at very high fields (upper curves). This procedure
is well illustrated in Figs. 1 and 3(c) for a pulse length of 40 ns.
Specifically, for LDPE this procedure was presented in Fig. 4(a)
in Ref. 1.

According to the theory of a dispersive transport (see pre-
flight part of curve 1 in Fig. 5), the expected current decay should
be close to t�0:65 but we never saw this: at low fields, it

FIG. 6. Experimental TOF-2 current transients measured across 100Ω resistor
(RC < 0.2 μs) and plotted in logarithmic coordinates. Voltage: 50 (1,1a), 100 (2),
200 (3), 400 (4), 800 (5), 1000 (6) and 1200 V (7). Film thickness 20 μm, dose
rate 3.6 × 105 Gy/s, pulse length 20 μs. At small voltages less than 300 V
signals are rather noisy.
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demonstrated the slowest rate of decay t�0:80 increasing it again to
t�1:0 at times which are much shorter than the time of flight of
7.1 s, contrary to the behavior observed in PVK.1,35 At present, this
is still a serious problem waiting for its explanation.

To study the field dependence of the free carrier generation
yield (if only in relative units), we measured RICd current transi-
ents at the pulse end and 10 μs afterwards as indicated by two verti-
cal arrows (Fig. 6). The field range covered in these investigations
extended from 2.5 × 106 to 6 × 107 V/m (Fig. 7). Our data (filled
and open circles) group around a theoretical prediction of the
Onsager theory for r0 ¼ 6 nm (down triangles) based on processed
curve 1 from Fig. 2.

Data points of jrd/F0 measured at the pulse end are typically
higher than those taken 10 μs afterwards. The expected rise of Gfi

in the above field range for r0 ¼ 6 nm (see Fig. 2) is close to 9.6
(the rise of the ratio j/F0 in the same field range for filled circles is
about 20). The upward deviation of these symbols compared with
down triangles at high fields may be partly due to the field depen-
dence of the frequency factor (see Fig. 3(a) and Ref. 32 for more
extended discussion).

Note that stars run substantially lower than even open circles.
It is important that up triangles, even under restrictions of Fig. 7,
run contrary to experiment. In the field range used, Gfi is predicted
to rise for more than 100 times (see curve 2 in Fig. 2). Our data
clearly prefer data for r0 ¼ 6 nm (as in PVK),26,35 but not 3.5 nm
(as in PET).27

Maeda30 in response to Hughes27 results reporting r0 ¼ 3:5 nm
in PET (trademark Mylar) made extensive investigations on PET and
published it as a short note.

Following Hughes, authors of Ref. 30 used the steady-state
current at long-time small-signal irradiations (reached at first

seconds after its start) as a relative measure of the free carrier yield.
Using 6 μm films, they established that the total carrier yield was
close to 3.0 at 1.8 × 108 V/m. On the other hand, working with a
50 μm films, they found that the rise of the ratio j/F0 amounted
only to 5.5 times in the field range of 106–108 V/m (stars in Fig. 7).
This discrepancy may be attributed to the fact that their method
effectively excluded the influence of the rising drift mobility (fre-
quency factor) in high electric fields on the steady-state current
since it was a generation-controlled current while we measured the
transport dependent one. The authors refrained from any com-
ments on r0- dilemma ignited by Hughes’ work.27

Working at very high electric fields (≥108 V/m) with small-
signal long-time irradiations, one should be careful about interfer-
ence of the secondary hole-injection currents from certain electrodes
(for example, gold).29,30

B. Hole mobility

PS is a low-mobility common insulating polymer and the
general situation in this field has been recently discussed in17 and it
was placed in a group of polymers defying the RFV model whose
mobility was explained using the RFVm model. For PS, we had to
make a concession by approximating TOF-2δ1 curve with a conven-
tional dispersive curve with α = 0.3. According to numerical calcula-
tions drift mobility of holes in a PS film 20 μm thick 4 × 107 V/m is
expected to be 7 × 10−14 m2/V s.

The most reliable measurement of the hole mobility in PS has
been done in Ref. 52. The author used in fact a variant of the
TOF-2 method: irradiation time 0.3 s, electron energy 4 keV,
current density 3 nA/cm2, and electric field 4 × 107 V/m.
Unfortunately, measurements were made at 333 K or higher. Even
at 333 K, the mobility was only 10−14 m2/V s, but the post flight
decay followed an algebraic law t�1:6. Electron mobility was negligi-
bly small.

Reference 11 reported controversial results. At room tempera-
ture, mobilities of hole and electrons were almost equal and rather
high (3 × 10−9 m2/V s) at 4 × 107 V/m. In our previously published
paper,53 we found that hole mobility at room temperature was
about 10−13 m2/V s even at 2 × 108 V/m with post-flight curve running
as t�1:35 if only approximately.

V. CONCLUSIONS

We have shown that the RFV model can be used for descrip-
tion of the RIC in PS and we used it to parameterize it with the
only uncertainty about a factor of two concerning the link between
the free carrier rate g0 and the dose rate R0 at a field 4 × 107 V/m.
For the first time, the frequency factor, an important RFV model
parameter, has been found for PS directly from experiment and
have been shown to be approximately equal to 8 × 106 s−1.
Our data for a field dependence of decay currents after pulsed
excitations show that an electron–hole separation r0 in an isolated
geminate pair is more likely to be 6 nm (as in PVK) rather than
3.5 nm as reported earlier by Hughes for PET.

Drift mobility of holes in PS at room temperature still needs a
careful examination at high electric fields. PS is a polymer with
hopping (hole) conductivity and like PVK should be analyzed in
terms of the quasi-band RFV model as is the case with all other

FIG. 7. Field dependence of the ratio jrd /F0 taken at pulse end (filled circles)
and 10 μs afterwards (open circles) from Fig. 6, but also of the ratio jst /F0 given
in Ref. 30 on Fig. 2 (stars) together with two theoretical curves Gfi (F0) taken
from Fig. 2 for r0 ¼ 6 (down triangles) and 3.5 nm (up triangles). All data was
normalized at a field strength of 2.5 × 106 V/m.
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insulating polymers since numerical calculations using the quasi-
band approach are much more effective in the engineering practice
than the Monte–Carlo computer simulations. In conventional dis-
persive transport, there is the following relation between α and the
exponent β1 describing the asymptotic current decay in the small-
signal regimej/ t�β1 : β1 ¼ (1� α). Preliminary results have
shown that experimental value of β1 (0.8–1.0), disagrees with the
theoretical expectation value 0.65 as Fig. 6 demonstrates. This
observation contradicts the RFV model but in view of the vast
information supporting it, the above result certainly needs further
careful investigation.
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