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Abstract

When a medium is irradiated with electrons, electric
charges are injected into the medium. If this is an electric
insulator and its extension in the beam direction is larger
than the electron range, the electrons are trapped inside
the medium. In this work the influence on the ionization
chamber dosimetry of the charge trapping in insulating
phantom materials, such as polystyrene and polymethyl-
methacrylate (PMMA), has been investigated. It has been
shown that the electron fluence inside a cylindric ioniza-
tion chamber used in these materials increases when the
number of electrons trapped in the phantom increases.
The influence of various parameters, such as electron
energy, accumulated absorbed dose, type and purity of
the phantom material, radiation induced conductivity and
ionization chamber construction are discussed. The effect
can cause errors of several per cent in the dosimetry. We
conclude, in agreement with the conclusion of GALBRAITH
et coll., that insulating phantom materials should there-
fore be avoided in electron beam dosimetry.

A major difference between roentgen and electron
beam absorption is that the latter will produce a net
deposition of charge in the irradiated medium. In
roentgen beam absorption an approximate charge
particle equilibrium exists for depths behind the
absorbed dose maximum, which means that the
same number of charged particles enters and leaves
a mass element and thus, no net charge deposition
arises. In the build-up region, where no charge parti-
cle equilibrinm exists, a depletion of charge will
result.

The charge deposition at different depths in water
irradiated with electrons has been calculated by

KESSARIS (18) and BERGER & SELTZER (2). KES-
SARIS solved the transport equation for electrons by
the moment method under the continuous slowing
down approximation and BERGER & SELTZER used
a Monte Carlo technique to calculate the deposition
of charge in water irradiated with electrons. The
predictions made by KESSARIS and BERGER & SELT-
ZER are in reasonable agreement with the charge
deposition measurements carried out in phantoms of
polystyrene and water by LAUGHLIN (20) and VAN
DYK & MACDONALD (26), respectively. Calculated
and measured charge deposition curves are shown
in Fig. 1.

In conducting phantom materials, such as water
and graphite, the deposited charge is rapidly distrib-
uted in the material. However, in insulating materi-
als, such as PMMA (polymethylmethacrylate) and
polystyrene, most electrons are trapped at the depth
where all their kinetic energy has been dissipated.
After an irradiation of such a phantom a charge
distribution similar to those shown in Fig. 1 will thus
remain in the phantom and can do so for a very long
time. If the phantom is repeatedly irradiated with
electrons, of a certain energy, the amount of charge
in the phantom can increase until spontaneous elec-
tric break-down occurs in the material, and a so
called Lichtenberg figure is formed (7). This hap-
pens when the attendant electric field exceeds the
dielectric strength of the material. For PMMA a
value of the dielectric strength of 13.5 MV c¢cm™'
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has been reported (7). Under certain conditions, this
very large electric field can influence the electron
fluence in the material during irradiation. A compli-
cating factor is that also in very good insulators,
such as PMMA and polystyrene, a radiation induced
conductivity will be present in the irradiated volume
during and after the irradiation (4). This will alter
the charge distribution inside the phantom. Further-
more, the conductivity and its decay after the irra-
diation is different in different materials and de-
pends also on temperature, dose rate and purity of
the material. It is thus very difficult to make accu-
rate predictions regarding the accumulation and
storage of charges in insulators after irradiation with
electrons.

Various aspects of the charge build-up in insulat-
ing materials during irradiation with electrons, in-
cluding calculations of the electric field, have pre-
viously been discussed in the literature, (7, 8, 9, 13,
19, 21, 25, 27). All these studies have been made
using extremely high dose rates. Some of the find-
ings are therefore not applicable to the low dose
rates normally used in therapeutic electron beam
dosimetry. Furthermore, none of the investigations
have been directly related to problems in therapy
electron beam dosimetry. However, recently GAL-
BRAITH et coll. (5, 6) during the commissioning of a
radiotherapy linear electron accelerator, observed
that the reading per accelerator dose monitor unit
from a cylindric ionization chamber irradiated with
electrons in a PMMA and polystyrene phantom in-
creased with accumulated absorbed dose. In the
worst case an increase of 26 per cent in the ioniza-
tion chamber reading per monitor unit was ob-
served. The increase was explained by the influ-
ence, on the electron fluence in the chamber, by the
space charge distribution and its attendant electric
field. It is remarkable that this effect has been unde-
tected for so many years, considering that these
materials have been and are being used in electron
and photon beam dosimetry at most radiotherapy
departments in the world. The importance of this
observation can best be seen by the fact that most
international and national dosimetry protocols rec-
ommend the use of polystyrene or PMMA in elec-
tron beam dosimetry (1, 14, 15, 23, 24). It is thus
most important to further investigate the effect and
to find out if it is a general problem in radiation
dosimetry or something which depends on certain
experimental conditions. As a contribution to this
discussion we have repeated some of the experi-
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Fig. 1. Charge distributions in water produced by electrons. Both
theoretic and experimental curves are given. Experimental
curves: V 9.8 MeV VAN DYk & MACDONALD (26), [] 14.2 MeV
VAN DYK & MAcCDONALD (26), A 20 MeV LAUGHLIN (20) (nor-
malized). Theoretical curves: © 20 MeV moment method CSDA
(normalized) KessAris (18). 1L 20 MeV Monte Carlo, straggling
included (normalized) BERGER & SELZER (2).

ments by GALBRAITH et coll, and also done some
additional investigations and considerations.

In preparing the reports by MATTSSON et coll. (22)
and NACP (24), several solid phantom materials
were compared with water in electron beams. Meas-
urements were made in different conducting materi-
als, A-150, graphite, water and aluminium and in
two insulating materials, polystyrene and PMMA.
Measurements were made with electron beams with
energies between 2 and 30 MeV. Complete depth
jonization curves and the ionization at the depth of
the absorbed dose maximum in the different materi-
als were measured. The phantom materials were
given very large accumulated absorbed doses. The
measurements were made with the plane-parallel
ionization chambers described by MATTSSON et
coll. (22). These measurements did not reveal any
variation in chamber response with accumulated ab-
sorbed dose in PMMA and polystyrene. In order to
find out if these phantom materials had different
properties from those used by GALBRAITH et coll.,
their measurements using a cylindric Farmer cham-
ber (0.6 cm®) were repeated. In addition measure-
ments were carried out using other types of cham-
bers in order to study the influence of the chamber
design.
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Fig. 2. The experimental conditions in the ‘Ume& experiment’ are
indicated in the inserted drawing. The increase in the signals for
the chambers per accelerator dose monitor unit are indicated as a
function of the accumulated absorbed dose to the dose-maximum
of the phantoms (or more strictly to a water phantom given an
identical irradiation).

Experimental procedure

Independent measurements were made at the de-
partments in Gothenburg and Umea. The following
irradiation conditions were used in Gothenburg:
electron radiation from a linear accelerator MEL
SL 75/20), mean energy at the phantom surface
(Eo) 9.4 MeV, a cylindric ionization chamber with
a graphite wall manufactured by Nuclear Enterprise
Model 2505/3 and a plane-parallel chamber with
graphite walls NACP-01 (22).

The measurements were made in polystyrene,
PMMA, graphite and water. Two types of polysty-
rene, clear and white, were used. The solid phan-
toms consisted of machined slabs (200 mmXx200
mm) of varying thickneses. Holes were made for the
ionization chambers in a slab of each material. The
effective point of meaurement of the chambers was
placed close to the depth of the absorbed dose maxi-
mum. The experiments were performed both with
slabs of polystyrene and PMMA never irradiated
before and also slabs which had been used in dosi-
metry for many years.

The ionization chamber measurements were car-
ried out at 3 Gy min™~! for an absorbed dose to dose
maximum of approximately 2 Gy. To increase the
accumulated dose the phantoms were irradiated in
between the measurements at a dose rate of 10 Gy
min~!. In each of these irradiations 100 Gy was
delivered.

For each accumulated absorbed dose level meas-
urements were made alternately in the insulating

phantom material and in a conducting material. The
same ionization chamber was used in the insulating
and in the conducting materials. When measure-
ments were made in water the ionization chamber
was covered with a thin sleeve of PMMA to prevent
water leakage. Two or three measurements in each
phantom were made to determine the ratio of cham-
ber signal per monitor unit between the insulating
and conducting material. In each measurement at
least five readings were taken. The measurements in
the conducting phantom were used to check the
constancy of the ionization chamber system and
also of the accelerator and monitor chamber sys-
tems. These measurements were repeated for the
different accumulated doses.

In Umea the following irradiation conditions were
used: electron radiation from a microtron (MM 22),
Ey=7.1 MeV, cylindric chambers with walls of a
mixture of graphite and Araldite.

The measurements were made in PMMA and A-
150 (conducting). Two ionization chambers were
placed with their centres at 2.5 cm depth in PMMA
(not irradiated before) and in A-150 (see Fig. 2). The
effective point of measurement of the chambers
were at the slowly descending part of the depth dose
curves (at about 80 per cent depth dose) in the two
materials. The absorbed dose rate (to water) was
approximately 4 Gy min~! at the depth of the dose
maximum and 5 Gy was delivered to that point at
each irradiation. The durations between stop and
start of the irradiations were 30 seconds.

In both sets of experiments the ionization cham-
ber readings were corrected for changes in the air
pressure during the measurements and in the tem-
perature of the phantoms. Recombination correc-
tions have not been applied as constant dose rates
and polarizing voltages were used in the measure-
ments.

Results

Fig. 2. (Umea experiment) shows that the signal
from the cylindric chamber inside the PMMA phan-
tom per accelerator dose monitor unit increases
with the absorbed dose to the phantom. As expected
the signal for the simultaneously carried out meas-
urements in A-150 is constant. These results are in
good agreement with the experiments by GAL-
BRAITH et coll. (6), thus the increase was 0.02 per
cent/Gy in the present experiment (at E,=7.1
MeV) compared with 0.022 per cent/Gy (at Ey=6
MeV) for GALBRAITH et coll.
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From the ‘Gothenburg-experiment’ it is possible
to compare the response of a cylindric chamber
irradiated in a polystyrene or PMMA phantom of
different irradiation history with that for a similar
irradiation in a water phantom. Such factors are of
great interest in practical dosimetry as measure-
ments sometimes are made in plastic phantoms even
if the absorbed dose to water in a water phantom is
to be determined.

The values in Table 1 are the ratios of the readings
taken in new phantoms of polystyrene and PMMA
to those in water. Column two gives the ratios
for measurements in white polystyrene to water and
column four the ratio for PMMA to water. These
values have been normalized for unity for zero accu-
mulated absorbed dose in columns three and five. In
polystyrene the signal increases 3.7 per cent after an
accumulated absorbed dose of 100 Gy. Between 100
and 200 Gy no increase is observed and after 200 Gy
the signal decreases. In PMMA the increase in re-
sponse is less than in polystyrene but the saturation
is not reached for doses used here. Measurements
were also made in a PMMA phantom used in elec-
tron beam dosimetry for many years. The signal
increase after an added absorbed dose of 100 Gy
was in this case about 0.5 per cent. Also these
results are in fair agreement with the results by
GALBRAITH et coll. for corresponding electron ener-
gies.

Corresponding measurements but with a plane-
parallel ionization chamber are reported in Table 2.
The values in column two are for clear polystyrene
and the values in column three for PMMA. In these
measurements graphite was used as reference phan-
tom material. In clear polystyrene the increase in
chamber signal with accumulated absorbed dose is
very small. No increase at all is observed in PMMA.
The increase in ionization chamber signal with accu-
mulated absorbed dose depends thus on the cham-
ber construction.

Discussion

The signal per accelerator dose monitor unit for a
cylindric ionization chamber used in an insulating
phantom material irradiated with electrons increases
with the accumulated energy imparted to the phan-
tom. The correlation between signal increase and
accumulated absorbed dose has been clearly dem-
onstrated both for PMMA and polystyrene.

It is evident that a space charge distribution is
built up in insulating phantom materials during elec-

Table 1

Ratios of ionization chamber signal per accelerator monitor unit
measured in white polystyrene, Iy, or PMMA, lpyma, and
in water, 1,4e., for the cylindric ionization chamber. An indica-
tion of the high precision in the measurement procedure was that
the I .r measurements for each accumulated dose level was
constant within 0.1 per cent. Thus, I .., does not increase with
the accumulated dose. The standard deviation of Iyaer for a
single measurement was also about 0.1 per cent

Accumu- Ioory Tomma

lated 7-\:’_31: Iwa!er

dose

(Gy) Not nor-  Nor- Not nor-  Nor-

malized malized malized malized

0 0.988 1.000 1.000 1.000

100 1.025 1.037 1.0t1 1.011

200 1.023 1.035 1.015 1.015

300 1.013 1.025 1.018 1.018

Table 2

Symbols in analogy with Table 1. The measurements were made
with a plane-parallel chamber (the NACP chamber)

Accumulated Loy Ienmma

absorbed

dOSC Igraphile Igraphi!e

(Gy) normalized normalized
0 1.000 1.000

100 1.001 1.000

200 1.003 1.001

300 1.000

tron irradiation. The space charge is concentrated
within a narrow layer located between the depth of
the dose maximum and the end of the electron range
(26). This is also where the ionization chamber is
placed during calibration measurements.

For a homogeneous phantom without hole the
electric field can be considered as generated by
infinite planar charged sheets. From symmetry
considerations it is clear that in this case only the
component of the electric field perpendicular to the
charged sheets exists. When the chamber is inserted
this will act as a cylindric equi-potential surface in
the phantom causing the electric field close to the
hole to be directed towards the hole. It must be
pointed out that the electric field inside the ioniza-
tion chamber only depends on the polarizing voltage
and chamber construction and therefore is not af-
fected by the external electric field produced by the
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space charge. The observed signal increase is
caused by an increasing number of electrons enter-
ing the cavity from different directions. When these
electrons, which normally would have missed the
cavity, enter the electric field surrounding it, they
are deflected in the direction of the field, i.e. to-
wards the cavity. Electrons which have passed
through the ionization chamber will experience the
retarding force of the electric field as soon as they
leave the chamber wall. With the dose rates used in
radiation therapy this repelling force will not be
large enough to stop the electrons and then acceler-
ate them back into the cavity.

It can be seen from Fig. 1 that the deposited
charge density decreases with electron beam energy
and so does the electric field. The increase in cham-
ber signal with accumulated absorbed dose can
therefore be expected to increase with decreasing
electron beam energy in agreement with the experi-
mental results reported and by GALBRAITH et coll.
The effect can also be expected to vary with the
depth of the ionization chamber in the phantom, as
the electric field will do so.

The variation with beam energy will be masked by
the fact that most hospitals use the same set of
phantoms for all beam qualities available at the de-
partment. Electron beam calibration measurements
are made at the reference depth, which in most
cases are the same as the depth of the absorbed dose
maximum. This means that the phantom block with
the hole for the chamber is always placed in the
region where the charge deposition is large. In each
measurement, irrespective of electron energy, new
charge will thus be deposited to approximately the
same region in the block. The accumulated charge
from all previous irradiations will therefore influ-
ence all the following measurements, including pho-
ton beam measurements. The variation with depth
will not be observed in routine dosimetry if the
change of measuring depth is made by adding or
removing slabs of phantom material in front of that
containing the chamber, keeping the material behind
the same.

The influence of the space charge is very similar
to the in-scattering effect responsible for the pertur-
bation effect in electron beam dosimetry and acts as
a magnification of this effect. The realization of this
fact might be of importance for the interpretation of
the experimentally determined perturbation factors
reported by JOHANSSON et coll. (16). These factors
were significantly larger than corresponding factors

calculated by HARDER (11). Part of the difference
has been explained by too rough approximations
used in the original paper by HARDER (12). Howev-
er, as JOHANSSON et coll. (16) made all measure-
ments in PMMA it is possible that part of the spread
in the experimental values comes from the influence
of the space charge build-up. Work is now under
way, where the measurements by JOHANSSON et
coll. are repeated in water.

As discussed the conductivity of an insulator dur-
ing irradiation is increased. The increase can be
several orders of magnitude. This conductivity will
have a significant influence on the internal electric
field as it tends to distribute the charge within the
irradiated volume. In electron beams, a limited vol-
ume of the phantom is irradiated, where the accu-
mulated charge is concentrated. The conductivity of
the unirradiated parts of the phantom is so low that
very little of the charge is transported into this
region. If the phantom subsequently is used in a
high energy photon beam the whole phantom will be
irradiated, which means that the previously accu-
mulated charge now can be distributed over a much
larger volume and the electric field be reduced. This
can be part of the explanation why the increase in
chamber signal with accumulated absorbed dose has
been undetected for so long.

It is well known that discharge patterns, Lichten-
berg figures, are easily formed in PMMA but not in
polystyrene. This has been explained by a faster
removal of deposited charges by the radiation in-
duced conductivity in polystyrene than in PMMA
(19). This limits the electric field in polystyrene to a
level well below that for electric breakdown, which
means that at a certain electric field approximately
the same number of electrons are being removed as
injected. This fact also explains why the increase in
the signal from a cylindric ionziation chamber used
in polystyrene saturates after approximately 100 Gy
(Table 1). The saturation effect is much less in
PMMA than in polystyrene, which is explained by
differences in the radiation induced conductivity be-
tween the two materials (19).

The decay of the radiation induced conductivity
after the irradiation differs widely from material to
material (4). PMMA has a very short decay time
(seconds) while the decay can take hours in polysty-
rene. This is important to realize if these materials
are used for high precision measurements.

The radiation induced conductivity depends also
on the purity of the material. As a rule, the materials
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which contain the most impurity, i.e. filler, plasti-
cizer etc. exhibit the greatest change in conductivity
(3), which means that the charge build-up in materi-
als from different manufacturers can be very differ-
ent.

No increase in the signal with accumulated ab-
sorbed dose was observed with the plane-parallel
NACP-chamber. One reason for this is that the ma-
terial behind the air cavity and side walls is graphite.
The graphite block, about 6 mm deep, occupies the
space where otherwise the charge build-up having
the largest influence on the electron fluence in the
cavity would occur. With the plane-parallel cham-
ber there will thus be very little charge build-up in
the vicinity of the cavity. Another reason is that the
collecting electrode is surrounded by a guard ring
preventing electrons, entering through the side
walls, from reaching the collecting volume. The
conditions are thus completely different with the
plane-parallel chamber compared with the cylindric
one. It can thus be concluded, that it is possible to
reduce the effects of the charge accumulation in
insulating phantom materials with a chamber con-
struction similar to that used in the NACP chamber.

As mentioned most dosimetry protocols recom-
mend the use of polystyrene or PMMA as phantom
material in electron beam dosimetry. The most com-
mon combination is a cylindric ionization chamber
in a polystyrene phantom. This is most unfortunate,
as systematic uncertainties of several per cent may
be introduced in the dosimetry. Recently, compari-
sons of absorbed doses measured in water and poly-
styrene were published (10, 17, 22). The spread in
the reported values is large which partly might be
due to the influence of the space charge build-up as
different types of chambers, cylindric and plane-
parallel, were used by the different investigators.

One main concern is to evaluate how the dosi-
metry recommendations published by NACP are
influenced. NACP (23) (photon beams with energies
between 1 MeV and 50 MeV and electron beams
with energies between 10 MeV and 50 MeV) recom-
mends the use of a cylindric chamber and a plastic
phantom for absorbed dose monitor checks and en-
ergy checks. NACP (24) (electron beams with ener-
gies between 1 MeV and 15 MeV) states that plane-
paralle] chambers shall be used and that plastic
phantoms can be used especially for energies below
5 MeV, not only for absorbed dose determination at
the reference depth but also to measure complete
depth ionization curves for subsequent conversion

to corresponding curves in water. It is also stated
that the plane-parallel chamber should be calibrated
by comparison against a calibrated cylindric cham-
ber in high-energy electron or *°Co gamma-beams.
The comparison should be made in a phantom made
of PMMA.

The recommendations in the NACP (23) must be
reconsidered regarding the points cited. The most
serious problem in the procedures described in
NACP (24) is probably the use of a PMMA phantom
for the calibration of a plane-parallel chamber. As
the influence of the charge accumulation is different
with the plane-parallel and the cylindric chambers
errors of several per cent can be introduced in the
dosimetry.

It was also recommended that depth ionization
curves be measured in plastic phantoms. LACKNER
et coll. (19). GROSS & NABLO (8) and HARRAH (13)
have demonstrated a marked range shortening for
electrons in insulating plastics, due to the space
charge build-up. However, these observations were
made with extremely high dose rates. With the dose
rates used in electron beam therapy the influence of
the space charge on the electron ranges is negligible.
The charge injection rate is too low to produce an
instantaneous electric field large enough to reduce
the electron ranges (8). The use of insulating plastic
phantoms for the measurement of depth ionization
curves is thus not a serious problem, provided the
NACP chamber is used.

When an ionization chamber is used in water it is
necessary to prevent water from leaking into the
chamber. The most commonly used method is to
use a watertight sleeve made of polystyrene or
PMMA. As the wall thickness of the sleeve is thin,
usually 1 to 2 mm, the charge accumulation is limit-
ed. Also, as the whole sleeve normally is being
irradiated, the radiation induced conductivity tends
to distribute the charges into the surrounding water.

Conclusion

It is concluded that all dosimetry systems that dis-
turb the electric field from the accumulated charges
in an insulating phantom, are likely to be affected by
the accumulated charge. If, for example, film is used
for depth dose measurements in polystyrene the film
will act as a grounded plate inserted into the poly-
styrene.

We conclude, in support of the conclusion of
GALBRAITH et coll., that the use of insulating phan-
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tom materials such as PMMA and polystyrene in
radiation dosimetry must be avoided. Errors of sev-
eral per cent can otherwise be introduced. The rec-
ommendations given in most dosimetry protocols
regarding the use of solid phantoms must be recon-
sidered. Measurements should instead be made in
water phantoms. When an ionization chamber is
used in water it is necessary to protect the chamber
with a water-tight cover. If this is made of PMMA or
polystyrene it must be made as thin as possible to
avoid charge build-up effects.
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