
THE USE OF PLANE-PARALLEL CHAMBERS FOR THE DOSIMETRY OF
ELECTRON BEAMS IN RADIOTHERAPY

A.E. NAHUM
Joint Department of Physics,
Royal Marsden Hospital and Institute of Cancer Research,
Sutton, United Kingdom

D.I. THWAITES
Department of Medical Physics and Medical Engineering,
Western General Hospital,
Edinburgh, United Kingdom

Abstract

This paper reviews the use of plane-parallel chambers for the absolute determination of
absorbed dose in water at the reference depth in low-energy electron beams. The geometrical
and electrical properties of the most commonly used commercial designs of chamber are
described. It is shown that there is now firm experimental evidence that the perturbation
factors for two commonly used chamber designs differ significantly from unity below Et — 5
MeV. Furthermore, there is also mounting evidence that the material behind the air cavity
can influence the chamber signal due to differences in backscattering compared to that of the
phantom material. The theoretical work on the perturbation in electron beams caused by gas
cavities in condensed media has been critically examined. It is argued that none of the
existing analytical approaches convincingly models the physics except at small depths, but
that these limitations will be overcome by Monte-Carlo simulations in the near future. The
different approaches to calibration of plane-parallel chambers are discussed. The failure of
simple models to give kUJ>p and pwall values at MCo which agree with experimental
determinations is emphasised. A recent compilation of the measured values of these correction
factors for a wide range of chamber types and experimental conditions is given. New Monte-
Carlo work which largely explains and correctly predicts the experimentally observed
behaviour of chambers of non-homogeneous construction in a ^Co beam is described. It is
concluded that the most reliable method of obtaining the NDfip factor is still by
intercomparison with a cylindrical chamber in a high-energy electron beam. Finally problems
with the use of non-water, i.e. plastic, phantoms are reviewed, including charge-storage
effects andfluence conversion factors.

1. INTRODUCTION

Plane-parallel chambers have a long history in radiation dosimetry [1,2]. There have
been a number of important designs, including free-air chambers for the absolute
determination of exposure and now air kerma, and extrapolation chambers in which one can
gradually reduce the distance between the electrodes by mechanical means.

This report is concerned with a special type of plane-parallel chamber designed for use
in electron beams, especially at low energy. Electron beams down to as low as 2 MeV are
used in radiotherapy. The practical range in water of such beams can be as small as 1 cm.
Clearly it is difficult to fulfil the requirements of a Bragg-Gray detector, which should cause
a negligible disturbance of the electron fluence present in the medium; the dimensions of even
the smallest detector will inevitably be a significant fraction of the electron range. Cylindrical
or thimble ion chambers such as the widely used Farmer chamber have internal diameters of
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the order of 6 mm. One should expect that such chambers will cause an appreciable
perturbation in low-energy electron beams.

Morris and Owen [3] designed a plane-parallel chamber which was intended for
accurate dose determination in electron beams below 5 MeV in incident energy. The front
entry window was an aluminized Melinex film only 0.006 mm thick. The air volume was a
disc-shaped cavity 26 mm in diameter and 2 mm long in the beam direction. There was an
outer guard area 3mm in width. Morris and Owen considered that they had demonstrated that
the chamber exhibited a perturbation effect of only 0.5% at an electron energy at the depth
of the chamber of 0.5 MeV. They stated that this very low value was due to the guard ring
which excluded from the measured signal those electrons scattered in through the sides of the
air cavity. Figure 1 illustrates this important point This chamber, originally known as the
Pitman Model 631 and later re-christened the Vinten Model 631, formed the basis of the HPA
code of practice [4].
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FIGURE 1. Film measurements across the front surface of an cavity in a PMMA phantom at
the depth of maximum dose in anEo-6 MeV electron beam; the effect of the guard ring in
reducing the perturbation is clearly demonstrated (from 18]).

Other designs of plane-parallel chamber for use in low-energy electron beams soon
followed [5-7] and a great deal of work has since been done on investigating the properties
of such chambers, e.g. [8-10]. The use of plane-parallel chambers in low-energy electron
beams is now specified in all national dosimetry protocols e.g. [7, 11-14]. Plane-parallel
chambers can, in principle, also be used in photon beams. They are particularly useful where
one requires to make measurements very close to the phantom surface such as in the build-up
region in high-energy beams. However, large perturbation effects have been demonstrated in
such cases [15].

The IAEA protocol [16] also recommended the use of plane-parallel chambers in low-
energy electron beams but was not very specific, merely referring the reader to the procedure
in [7]. This present work describes the current status of the use of plane-parallel chambers.
It will cover, in particular, the problematic aspects of the subject such as the seemingly
unpredictable behaviour of current chamber designs in the *°Co radiation often used for
calibration, summarized recently by Rogers [17], the different options for the calibration of
such chambers e.g. [11,18], and the fact that some of the widely used commercial models
exhibit a distinctly non-negligible perturbation effect at the lowest electron energies e.g. [9].

18



It will help in what follows to set down the expression for absorbed dose to water
derived from measurements with a plane-parallel chamber. Using the notation in the IAEA
[16] protocol, we have

P_ (1)

where the perturbation correction factor pu is specific to the effective point of measurement,
Pt]Fl that is assumed for the chamber in question. In the case of plane-parallel chambers, Ptff

is always taken to be the centre of the inside surface of the entrance window. The factor pu

is generally assumed to be unity i.e. there is no perturbation of the electron fluence at the
depth of Ptg by the air cavity, or by the body of the chamber. We shall see in later sections
that this is not always a justified assumption.

The factor ND is the absorbed-dose-to-air chamber factor; A^ is shorthand for ND/dr

(known as N in [11]). For cylindrical (thimble) chambers this is derived directly from the
•gas

air-kerma calibration factor A^. For plane-parallel chambers the situation is much less
straightforward and forms the subject of section 7 on Calibration Methods.

2. PROPERTIES OF COMMONLY USED PLANE-PARALLEL CHAMBERS

Table I gives the material, geometrical and radiation performance characteristics of a
number of commonly used commercially available plane-parallel chambers designed for use
in low-energy electron beams. The table does not contain any data on non-unity perturbation
correction factors in electron beams, nor on the behaviour in wCo beams at calibration; these
are dealt with in later sections. It can be noted that the IAEA protocol [16] gives the
following recommendations for plane-parallel chamber design for use with electrons where
Eo < 10 MeV: front window thickness preferably < 1 mm; collecting electrode diameter < 20
mm; guard width > 3mm; polarity effect (% difference in response between the two polarities)
< 1%; negligible polarity effect; water immersible.

A detailed scale drawing of the widely used NACP chamber is shown in Figure 2. The
following description, taken from [7], illustrates the points that need to be considered when
designing a chamber for measurement in low-energy electron beams. The very narrow air gap
(2 mm) and the presence of the guard ring minimize perturbation effects. The collecting

Guard

Ventilation note Collecting electrode

Insulating layer

10mm

FIGURE 2. The NACP chamber design (from [7]). See text for description.
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TABLE I. THE SPECIFICATIONS OF COMMERCIALLY AVAILABLE PARALLEL-
PLATE IONIZATION CHAMBERS DESIGNED FOR USE IN LOW-ENERGY ELECTRON
BEAMS.

CHAMBER

Vioten631
131

NACP 18]
(Scandetronix,
Dosetek)

PTWM23343
(Maikus)
[5]

Holt/Memorial
[6]

Capintec PS-033

Exradin

PTW/Roos
Type 34001

MATERIALS

fl|nmini<CMi mHirm wall
graphited melx. electrode
styrene copolymer back
wall

graphite window,
graphited rexolite
electrode, rex. body

graphited polyethylene
window, grapbited
polystyrene electrode,
PMMAbody

graphited polystyrene
wall and electrode,
polystyrene body

aluminised polyethylene
wall, carbon-impregnated
air-equ. plastic electrode

air-, polystyrene or
tissue-equ. conducting
plastic wall and electrode

graphited PMMA window
and electrode

WALL
THICK.

0.006
mm

03mm

- 2 3
mgem'2

4mm

25)im

03mm

lmm

PLATE
SEP'N

2x1 mm

2mm

2mm

2mm

2.4mm

lmm

2mm

EFF.
DIAM

20mm

10mm

43mm

25mm

16mm

20mm

15mm

GUARD
RING

3mm

3.2mm

0.7mm

5 mm

2.4mm
/03mm
(?)

5mm

4mm

POLARITY
EFFECT

<0.2%

<03%

<03% spec,
larger
reported

<1% spec,
larger
reported

- 1 %

n/a

<03%

LEAKAGE

. <10- |4A

<iaMA

<IO- | 4A

<10-uA

<ia'*A

<l(T'iA

n/a

electrode is very thin (<0.1 mm) and is mounted on a thin insulating layer (=0.2 mm) in order
to achieve a negligible polarity effect. The front wall (0.5 mm thick to enable measurements
to be made at small depths) and back wall are made of one single material (in this case
graphite). The other material (slanted lines) is Rexolite, a form of polystyrene.

The guard ring plays a crucial role in minimizing the perturbation as discussed in the
previous section (see also section 5). The widths given in Table I are all greater than the plate
separation except for the PTW/Markus chamber and the Capintec PS-033 for which one might
expect some measurable perturbation at the lowest energies. The electrical effect of the guard
is illustrated in Figure 3 from [1]. The NACP design corresponds to d. The PTW/Markus
design is similar to a except that the guard width is actually less than indicated in the figure.

Gerbi and Khan [19] measured the polarity effect of the Holt/Memorial [6],
PTW/Markus [5] and Capintec PS-033 plane-parallel chambers in 6-24 MV x-ray beams and
in 9- and 22-MeV electron beams. In the electron beams they found a 1-2% effect at d^, but
this increased to as high as 4.5% at greater depths. In the buildup region of the high-energy
x-ray beams a difference in collected charge between the two polarities as high as 30% was
measured. Earlier, Mattsson et al [8] had shown that only the NACP [7] and the Vinten
Model 631 chamber [3] had negligible polarity effects at <4,« in electron beams.
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FIGURE 3. Electric field patterns near the edge of a plane-parallel chamber for various
guard ring (GR) configurations; charge-collecting electrode denoted by C. (from [I]).

3. MEASUREMENTS OF pu IN ELECTRON BEAMS

Measurements with plane-parallel chambers in electron beams have been made by a
number of workers in order to investigate whether the perturbation correction factor pu in Equ.
1 really is negligibly different from unity at z = d^. The bulk of the experimental work on
determining pu (Prtp, in [11]) has been carried out by comparing plane-parallel chambers
against cylindrical chambers in electron beams with their effective points of measurement
placed at the same depth. A number of experiments have been carried out on the
PTW/Markus chamber which has a narrower guard ring than is believed to be necessary to
ensure that pu is unity [20,21]. Some of this work has indeed yielded pu values as low as
around 0.95 at E, = 2 or 3 MeV [9]. However, the problem with such measurements is that
the use of cylindrical chambers at these energies involves the large uncertainties in the values
of the corresponding pu for the cylindrical chambers [21,22].

Other experimental methods have involved comparing one plane-parallel chamber
against another one, the latter being assumed to have unity perturbation correction factor. The
instrument usually used as a reference is the NACP chamber (see above). Alternatively,
comparisons have been made against the Fricke dosimeter [9,23]. These latter measurements
are consistent with the assumption that the NACP chamber has an energy independent
response down to E, = 2 MeV. However, measurements with the Fricke system in low-energy
electron beams are technically very difficult due to the relatively large volume of Fricke
solution, which naturally can only yield a dose averaged over the volume, and the possible
effects of the wall material of the vessel containing the solution [24].

It must be realised that all such measurements provide estimates not just of the
perturbation due to the effect of the air cavity, but rather a composite correction factor which
includes all components not explicitly taken into account, e.g. any electron backscatter
deficiency effects - see section 5. Furthermore, there may even be other effects of the guard
ring due to the electric field distribution at the edge of the air volume, as shown in Figure 3.
It has been suggested that such an effect could be part of the explanation for the response of
the PTW/Markus chamber [25].

All of the measurements reported in the literature have shown that the NACP and
Holt/Memorial designs of chamber have a pu equal to unity within a few tenths of one
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TABLE H. EXPERIMENTAL DETERMINATION BY KUCHNIR AND REFT [28] OF
PERTURBATION FACTORS FOR SEVERAL PLANE-PARALLEL CHAMBER TYPES.
Prtpts as a function of Eo, the mean energy at the surface, and £,, the mean energy at the
depth of measurement. The values were determined by comparison with a Farmer chamber
using Pnplxjt£ from [11] and were normalised to 1.000 at the highest electron energy.

Eo E,
(MeV)

4.7 2.5
5.2 3.1
8.0 4.7
11.0 6.4
14.0 7.6
17.0 12.3
20.6 18.4

NACP

0.993
0.997
0.994
0.990
0.996
0.993
1:000

Markus

0.966
0.976
0.993
0.994
0.998
0.991
1.000

Holt

1.002
1.004
1.003
0.995
0.997
0.994
1.000

Capintec

0.969
0.964
0.985
0.976
0.986
0.991
1.000

Exradin

0.985
0.984
0.992
0.992
0.994
0.989
1.000
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06o
U -98-

-97

e -96 -

-95 -

-94 -

-93 i

105 10 15 20
MEAN ENERGY AT DEPTH Ez

FIGURE 4. Experimental determinations of the perturbation factor pu, at dmaj, as a function
of E. for the PTW/Markus chamber. Data points: 0(27]; v[28); x [29]; O(30]; • [9]: A
(31 ]. The full curve is the least-squares fit to the data in [26]: pu = 1 - 0.072exp(-.336Ej.
and the dashed curve is the adopted in [14] (adapted from [26]).

22



percent, even at the lowest energies investigated. Other chambers exhibit pu values which can
be significantly different from unity. By way of a summary of the work to date, Figure 4,
adapted from [9] and [26], is a compilation of measurements by many different authors for
the FTW/Markus chamber.

Table II presents some recent results for a number of chambers investigated by
Kuchnir and Reft [29]; their reference chamber was a cylindrical one, however (see above).

4. THEORETICAL WORK ON PERTURBATION IN ELECTRON BEAMS •

The explanation for perturbation effects in low-density i.e. gas cavities was put
forward by Harder [32]. He realised that the angular distribution of primary electrons changed
with depth in electron beams and that this could lead to irregular patterns of (primary)
electron fiuence in and just behind gas cavities. He coined the term in-scattering for the
phenomenon of an increased fiuence in an ionization chamber, and suggested that a
perturbation factor less than unity was needed to correct for the effect It must be emphasised,
however, that all discussion of perturbation effects is meaningless unless they are referred to
a particular depth in the undisturbed medium. This is expressed in the following definition of
a perturbation factor peav which corrects solely for the effect of the air cavity:

wmr^ *tr ea» Pern
(2)

where O ^ f ' , « ) and O ^ refer to the primary electron fiuence in the undisturbed medium (at
z = Ptm and in the cavity (averaged over the volume) respectively. Further one should note
that this definition of the perturbation correction factor is only consistent with Equ. 1 if at the
same time any "distortions" in the energy spectrum of this fiuence caused by in-scattering
etc. are negligible. Otherwise it would not be possible to use the standard computations of the
stopping-power ratio, which are based on the Bragg-Gray requirements of identical fluences,
differential in energy, in the medium and in the detector material.

Harder [32] used multiple-scattering theory, as developed by Rossi (see [20]) to derive
an expression for the increase in fiuence in a gas cavity. However, his derivation was strictly
only valid for an initially plane-parallel beam on a very thin cavity [20,33]. Morris and Owen
[3] applied the Harder theory to the geometry of their chamber design, modifying it to take
account of the all-important guard ring. They obtained a value of pcav - 0.995 for E. = 0.5
MeV, compared to 0.96 when the guard ring was not taken into account They conducted
experiments using an extrapolation chamber and showed that when varying the plate
separation between 1 and 3 mm at E. = 2 MeV there was no evidence for any perturbation
effect.

Olofsson and Nahum [33] made measurements with a specially constructed chamber
with a thick cavity designed to show a large perturbation. They compared their measurements
with the predictions of the Harder theory [32] and also with a refined version of the multiple-
scattering approach given in [20] and in [21]. None of the theories predicted the measured
values accurately, but the Svensson-Brahme expression [21] performed well at depths less
than the dose maximum. It is important to realise that neither of the above theories took into
account the decrease in planar electron fiuence with depth, which sets in just before the depth
of maximum dose. One should not expect predictions to agree, therefore, except at small
depths. A theoretical approach that takes account, in approximate fashion, of the effect of
electron loss has been developed [34]; the fiuence in the air cavity was modelled by a fine
mesh of straight electron tracks, with their angular distribution given by Fermi-Eyges theory
[20]. This model predicted that the perturbation correction factor should eventually become
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greater than unity at depths beyond the dose maximum. Gajewski and Izewska [35] applied
the Fermi-Eyges form of multiple-scattering theory to the geometry of the PTW/Markus
chamber. They also modelled electron loss in a similar manner to [34]. Their theory yielded
pcav = 0.973 at E. = 2.2 MeV, which is consistent with experiment.

The assumption behind the position of P,s is that the chamber samples the electron
fluence incident through the front window, with all electrons entering through the side walls
prevented from reaching the sensitive air volume due to the geometry of the guard ring. This
in turn assumes that there are relatively few electrons travelling at large angles; it is obvious
that electrons incident at right angles to the beam direction "will be able to contribute to the
measured signal, irrespective of the width of the guard ring. However, at depth close to or
beyond that of maximum dose such perpendicular electrons must be present. In fact, an
appreciable fraction of the chamber signal at large depths arises from backscattered electrons.
Consequently the choice of the inside of the front window for Ptff irrespective X)f depth cannot
be justified.

BjSrngard and Kase [36] contains a very interesting discussion on the nature of the
perturbation caused by differences in density between the air cavity and the surrounding
chamber wall. In particular, they questioned the approach employed in [11] where the electron
fluence correction factor, i.e. peav, and a gradient correction factor (instead of Ptff) are treated
as two independent perturbations. They argued that this implied that the electron fluence could
be perturbed even when no field gradient was present, which they contended was unphysical.
They pointed out that the assumption in [11] that the gradient correction was unity at dmtx was
unjustified as both the directional distribution and the energy spectrum are changing rapidly
at this depth.

Direct Monte-Carlo simulations of the dose in an air cavity at a depdi in low-energy
electron beams are currently underway [Ma, private communication]. Such simulations make
very heavy demands on computer time to achieve the desired sub 0.5% precision even when
the technique of correlated sampling is exploited [24]. Thus it is only just now possible to
carry out such simulations. // would be prudent to wait for the results of these calculations
before finalising any new recommendations on plane-parallel chambers.

5. BACKSCATTER EFFECTS IN ELECTRON BEAMS

Hunt et al [37] drew attention to the possibility of backscatter corrections for parallel-
plate chambers irradiated in electron beams. They investigated the change in chamber
response for different electron energies (in the range 5 - 14 MeV) for varying thicknesses and
diameters of backscattering material and for varying backscatter material type. Electron
backscatter was found to be proportional to atomic number of the scatterer and inversely
proportional to the electron energy. Using PMMA as the scatterer backing the air volume of
a chamber it was shown in [35] that the backscatter effects saturated at 4 mm thickness,
independent of electron energy. However scattering effects did not saturate with diameter of
the scatterer until diameters of several cm were reached, increasing with electron energy.
Comparative measurements with different parallel-plate chambers showed differences in dose
up to around 2% at lower energies, which were interpreted as a deficiency of electron
backscatter into the air volume from the material backing the volume, as compared with
water. This data has been linked by Klevenhagen [38] to his previous work on higher atomic-
number scatterers [39]. KJevenhagen [38] has provided correction factors to allow for electron
backscatter deficiency relative to water for a range of materials likely to back the air volume
in practical chambers. Very recently, theoretical calculations of the effect of electron
backscatter on the signal in an air cavity have been performed with a semi-empirical electron
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transport code [40]. The results show a similar energy dependence as the Klevenhagen
experimental data [39]

In summary, the above work strongly suggests that backscatter plays a role in the
response of certain plane-parallel chambers. It should be part of any theoretical treatment of
the variation of pu with electron energy and with chamber material, but has so far not been
taken into account (see section 4). Note that in the AAPM notation, this effect would be
included in the factor P,^,, as Prtpl only concerns the effect of the air cavity. It is suggested,
therefore, that in future pu should be written as the product of two factors:

( 3 )

where the superscript e may be used to distinguish the factors from those applying in a '"Co
beam at calibration.

Recent Monte-Carlo work [17,41] on the response of plane-parallel chambers in *°Co
beams (see next section) shows that here too electron backscattering has a significant effect
on chamber response. This serves to emphasise the near impossibility of designing a chamber
which is perturbation-fret in both electron and photon radiation.

6. RESPONSE IN COBALT-60

6.1. Introduction and Experimental findings

Plane-parallel chambers are not intended for absolute dose determination in
megavoltage photon beams. However, many of the current calibrations of such chambers (see
next section) are performed in a MCo beam, against a cylindrical. Farmer-type chamber which
has been supplied with an Nx or NK calibration factor. Thus it is essential to know how a flat
chamber behaves in a Cobalt beam i.e. one wishes to know what the perturbation factor is.

Almond and Svensson [42] proposed a simple 2-component theory for the response
of non-thick-walled cylindrical chambers in megavoltage photon beams. It was shown
experimentally [22] that this theory worked reasonably well for the common designs of
thimble chamber and values of pwal, based on this expression have been incorporated into
many of the current national dosimetry protocols e.g. [11] as well as adopted by the IAEA
[16].

Mattsson [8,43] investigated the effect of different wall materials in plane-parallel
chambers on their response at a range of photon qualities. The response of different chambers
was always normalized in a high-energy electron beam, it being assumed that any wall effects
were negligible in such a beam. A subsequent theoretical treatment of the wall effect [44] has
supported this assumption. It was found that the Almond-Svensson expression failed to predict
the measured behaviour. Mattsson [43] ascribed the difficulties to the non-homogenous nature
of the materials surrounding the air cavity in the NACP chambers he investigated. Since then
several other investigations have confirmed these findings, e.g. [10,45]. Thus it has been
difficult to obtain reliable values of the wall perturbation for use at the Cobalt calibration, e.g.
[46].

6.2. Monte-Carlo Work

Rogers [17] has investigated the response of parallel-plate chambers in *°Co radiation
using the EGS4 Monte-Carlo system; the "new code" CAVRZ was employed. The PRESTA
algorithm for optimising the electron transport steps was used together with a value of 1%
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for ESTEPE; the choice of the parameters in the electron transport algorithm when simulating
the dose in small air cavities is discussed in [47].

Rogers has introduced the factor KeoKV which effectively describes the difference in
chamber response, at Co-60, between that of a chamber with a completely homogeneous wall
material, i.e. which acts as a thick-walled chamber in a "Co beam, and that of the actual
chamber under investigation. In ICRU terminology [20] we can write

(4)

where we identify km as the correction for non-air equivalence of the (cylindrical) chamber
wall in the expression [16,20]:

Nn = N^il-g) *_ JL. . (5)km

It is argued in [17] that Kearp is essentially the same quantity as P^,, the correction for non-
medium equivalence of the chamber wall, when the chamber is irradiated in phantom. The
only difference between them is due to the effect of scattered photons from the rest of the
phantom, which would not be present in the in-air calibration situation.

The geometry of the calculation was intended to correspond to the in-air "Co
calibration. Thus 0.5 gem'2 of buildup material was added to the front face of the chambers;
this material was chosen to match that of the chamber's predominant material.

These Monte-Carlo simulations confirmed the surprising behaviour of certain plane-
parallel chambers in "Co radiation that had been found in experiments, e.g. [43,45]. The
energy deposition in the air cavity, i.e. the chamber response, was shown to depend very
strongly on the material behind the cavity. This was ascribed to changes in electron
backscattering (cf section 5). The results supported the conclusions of others [43,45,48] that
when more than one medium is involved, "naive" models of ion chamber response are not
valid, e.g. the 2-component expression [42] referred to earlier. Such models did not even
predict the correct direction of the change in response when different materials were used for
buildup caps (with the materials elsewhere unchanged). Reasonable agreement between the
Monte-Carlo results and the various experimental ones was obtained. It was concluded that
the Markus, Holt/Memorial and Exradin chambers could be treated as if they were
"homogeneous" chambers i.e. Kc(mp and Pwall were both unity for build-up caps and phantom
materials matching the composition of the chambers. The Capintec PS-033 and NACP
chambers were, by contrast, definitely non-homogeneous in their behaviour. Thus for these
chambers one simply cannot trust any simple theoretical model, which is consistent with the
original findings of Mattsson [41]. This emphasized the need for very careful experimental
determinations of "Co correction factors for plane-parallel chambers. One can also conclude
from [17] that ? reasonable degree of confidence can now be placed in the Monte-Carlo
simulation of chamber response [24,49].

7. CALIBRATION METHODS

Plane-parallel chambers are not generally provided with buildup caps unlike cylindrical
chambers. They are not built to be irradiated free in air in a "Co beam. Nevertheless, some
means of calibrating them must be found. Mattsson et al. [8] reviewed the various
possibilities. These included comparisons against a cylindrical chamber in a "Co beam in-air
and in-phantom and in a high-energy electron beam in-phantom. In all cases the aim is to
derive an ND (= N^) factor for the chamber such that the Bragg-Gray expression can be
applied as in Equ. 1.
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The NACP code [7] considered this question in detail. Its primary recommendation
was that the calibration should be carried out by the user in a high-energy electron beam. ND4>p

is then given by

ND.PP
 = * fltCy< " •* («)

where puxyl is the perturbation factor for the cylindrical chamber in the electron beam, pU4v for
the plane-parallel chamber. The chambers are placed with their PtjSs at the same depth and
Eo should be at least 18 MeV in order to minimise the uncertainty on pUJtyf, it is assumed that
pU4V is unity at this energy for any chamber. The subsequent realisation that charge-storage
effects could affect ion chamber readings means that the use of solid insulating plastic
phantoms as specified in [7] should be avoided (see next section).

The alternative NACP recommendation, for those clinics which did not have access
to a high-energy electron beam, was to perform the calibration in a wCo beam where the air
kerma rate was known at a particular position. The chamber must have build-up material
placed in front of the entrance window. Material is also placed behind the chamber to
provide backscatter i.e. the chamber is irradiated in-phantom at the depth of the dose
maximum. This measurement yields a value for {NKfp)B, where it should be emphasised that
the effect of backscatter from the phantom is included (denoted by subscript B). Then NDf>p

is given by

where Qcpp\ is equivalent to kjc^ for cylindrical chambers [16,19,48] but now includes a
correction for backscatter from the phantom. The value of (kppfi for the NACP chamber had
been determined experimentally [8] as 0.996±0.006 for this particular geometry. It was noted
in [7] that the theoretical prediction of (^P)B, based on the 2-component theory [42] evaluated
for the material in the front window of the chamber, did not agree with experiment. This is
exactly what subsequent investigators have found [10,18,45]. It was stated in [7] that this
second calibration method should be performed at the National Standards Laboratory in order
to reduce the uncertainties.

A different approach was taken in the UK codes [4,13] and has also been more
recently discussed by Attix [51]. Here the calibration is carried out bv the user in a *°Co
beam. The Vinten model 631 flat chamber (see above) is compared against the NE2561
secondary standard chamber in a PMMA phantom with their centres at 5 cm depth in a ^Co
beam. Once again the wall effect of the plane-parallel chamber must be known in *°Co
radiation and, as for the NACP chamber, theoretical predictions did not agree with experiment
[13].

This in-phantom method yields the NDpp value directly through

)
D}pp

(8)

which is essentially the same as Equ. 6. except that now the comparison is done in a w C o
beam rather than in a high-energy electron beam: the subscript Co has been added to the /?„,„
factors to emphasise this. In fact, the UK code [13] was not based on the ND formalism,
giving instead Ct values for the 631 chamber. Other protocols have recommended one or both
of the methods mentioned so far. The IAEA protocol [16] merely referred to NACP[7] .
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METHOD A

plastic, vacar
or gxaphita
phancoa

pp ehaabar

plastic, watar
or graphita
pbantea

FIGURE 5. 7/i€ r/jree alternative methods for calibrating a plane-parallel chamber in a ^Co
beam: A - determining NK4V by inter comparison with a cylindrical chamber with a known
^Kxyi' B ' as for A but with the plane-parallel chamber placed in a plastic phantom; C -
determining ND4>p directly by an intercomparison with a cylindrical chamber with a known
NDxyl at a reference depth in a phantom, with PtS at the same depth for the two chambers
(adapted from [18]).

The issue of calibration has been reconsidered in two recent reports [18,25]. The three
possible calibration methods in a wCo beam are shown in Figure 5, taken from [18]. Method
B is the same as that in [7] and Method C is equivalent to that in [13,51], both of which have
been described above. Method A is a variation on method B but without the phantom; thus
minimal backscatter is involved. It is recommended in [14].

Laitano et al [18] have determined experimentally the correction factors (i.e. kpp, pwallfp

etc.) for the three alternative methods in Figure 5 for the various commercially available
chambers. The plane-parallel chamber under study was always compared to the reference
cylindrical chamber in a high-energy electron beam. The expression they and other authors
used to derive the (pvtllvp)co factors required to derive NDfp from Equ. 8 was

(9)
PP/Co

This expression follows from combining Equs. 6 and 8 and then requiring that the NDs be the
same irrespective of radiation quality; the factor (p^X is assumed to be unity as in Equ. 6.
Their results provide writers of future protocols with a very useful compilation data, which
is reproduced here in Table HI:
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TABLE m. CORRECTION FACTORS FOR THE CALIBRATION OF PLANE-PARALLEL
CHAMBERS IN A COBALT-60 BEAM. Experimental determinations by Laitano et al [18]
corresponding to the geometries A, B and C in Figure 5. The factors were derived by
comparing the plane-parallel chamber with a reference cylindrical chamber made out of pure
graphite including the central electrode in both a 60Co and a 20-MeV electron beam. The
statistical uncertainties (1 o) are ±0.5% on the average.

Experimental
condition

Build-up
material

Phantom
material

In-air
A2

PMMA

Al

Graphite

In-air
Bl

PMMA

B2

Polystyrene

In-phantom
Cl C2

PMMA Poly-
styrene

C3

Water

Correction
factor <**>*

Chamber type

PTW M23343
(Markus)

Capintec

PTW M23346
(Schulz)

Holt/
Memorial

NACP 02

0.988

1.002

0.993

0.971

0.997

1.015*

0.996

0.978

1.030

1.047

1.039

1.018

1.039

1.057

1.040

1.018

1.014

1.001

0.985

0.997

1.016

0.982

0.968

0.988

1.006

1.006

1.004

0.985

0.997

1.026

1.011

0.996

1.009

1.020

* Polystvrene build-up
The Holt chamber is specifically designed to be used only in a polystyrene phantom

TABLE IV. A COMPARISON BETWEEN THE CORRECTION FACTORS OBTAINED IN
[18] AND THOSE OF OTHER AUTHORS. Data refers to the calibration of plane-parallel
chambers in a cobalt-60 beam. See Table TV for the meaning ofAl, C2 etc. Data from "other
authors" modified by applying pct, = 1.008 where necessary.

Chamber type

PTW M23343
(Markus)

Capintec
PS-033

Holt/
Memorial

NACP 02

Experimental
condition

Al
Cl

Bl«
C2

C2

Al

Bl«
Cl
C4

Correction factors

This work

0.99710.4%
I.001±0.4%

1.04710.5%
0.96810.4%

1.00610.5%

0.97811.0%

1.01811.0%
1.016± 1.0%
1.02111.0%

Other authors

0.99310.4%'
1.00411.1%"

1.04410.6%'
0.95111.3%"

0.985"
1.01110.2%'

0.98210.5%*
0.980i0.4%1

1.01510.6%'
1.00610.3%'
1.027ci

Ratio
Other/This

0.996
1.003

0.997
0.982

0.979
1.005

1.004
1.002
0.997
0.990
1.006

1 WittkSmper et al [45];k Kubo et al [31];c Mattsson et al [8]; * Krithivas and Rao [53];' Kubo [54]
' Uncertainty not reported by authors; • Data normalized to a 10.5x10.5 field
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Laitano et al [18] also made a compilation of the correction factors determined by
other workers and corrected these, where necessary, for the effect of the graphite central
electrode of the Farmer cylindrical chamber, taking pet, = 1.008 at "Co. It should be noted,
however, that Andreo et al [52] have recently questioned this value. These comparisons are
given in Table IV.

To summarize, there are a number of alternative calibration methods, some of which
are in use in the various national protocols. The user must be given clear guidance as to
which method is preferable in a given situation. There are strong arguments in favour of the
intercomparison in a high-energy electron beam as it avoids any factors concerned with the
response of the plane-parallel chamber in a *°Co beam. The new AAPM recommendations
[26] endorse this conclusion.

There will be some clinics which do not have access to either high-energy electron
beams or to "Co. In such cases factors must be determined for use at other photon qualities,
e.g. 4 MV; the new UK electron code, currently in preparation, will contain such data. Our
own measurements (unpublished) and those by Wittkamper et al [45] for qualities up to 8 MV
indicate only very small changes from the "Co values given above.

8. NON-WATER PHANTOMS

Water is the preferred phantom material for absolute determinations of the absorbed
dose. However, for low-energy electrons and plane-parallel chambers the positional
uncertainties can become significant and some of these chambers may be difficult to
waterproof. Thus all protocols make separate recommendations which recognise the need for
solid phantoms for use with plane-parallel chambers.

Typically some standard industrial plastics have been used, mainly PMMA and
polystyrene. In older protocols, essentially pre-1981, no major differences were recognised
between these and water, except for electron density differences. However, it is now accepted
that four types of problems may be associated with their use:

i) depths must be scaled to the equivalent depth in water. A number of approaches have
been used, scaling by electron density, by stopping power or range, by 50% depth, etc.
A discussion of some of these can be found in [55].

ii) because of different scattering properties, electron fluence build-up changes with
material [7,56,57]. This can give up to about 3% corrections to measurements in
polystyrene at about 5 MeV effective energy at the measurement point [58,59].
PMMA is often taken to exhibit negligible differences to water due to this. However
there is evidence to support corrections of up to about 1% at lower energies [60].

iii) for insulating phantoms, charge-storage effects, arising from electrons stopped in the
material and unable to disperse, can modify the measured ionisation in a cylindrical
cavity during subsequent irradiation [61,62]. These effects can be large, depending on
the material, the accumulated dose and the dose-time history of the phantom. Charge
storage effects are minimised by using phantoms made up of a series of sheets, each
as thin as possible and no more than 2 cm, rather than using solid block phantoms
[63]. They do not appear to affect measurements with plane-parallel chambers. The
principal calibration method recommended in [7] can be influenced by this effect as
it involves an intercomparison between a plane-parallel chamber and a cylindrical one
in a plastic phantom in a high-energy electron beam.

30



iv) sample variations can occur between different manufacturers, mixes or batches of the
same nominal plastic. For example, there are well-documented differences for electron
beam measurements carried out in clear or white polystyrene [57].

Some protocols recommend alternative materials specifically formulated for dosimetric
purposes and available commercially. For example, A-150 plastic is included in [12,16]; it
is conducting and therefore eliminates charge-storage problems. Epoxy-based water-substitutes
are included in [55] and are likely to be increasingly mentioned in new protocols for low-
energy electrons. They exhibit negligible charge-storage effects and can show only.small
effects of types (i) and (ii) above, depending on formulation. However, there may be different
formulations available under similar generic names; thus sample variability cannot be ruled
out.

9. SUMMARY AND CONCLUSIONS

This report has covered most of the aspects of the use of parallel-plate chambers. Its
main points are:

% Sufficient data now exists on the commonly used plane-parallel chambers to
recommend overall pu factors in low-energy electron beams; these depart significantly from
unity for certain chambers

• Plane-parallel chamber response in "Co radiation is now much better understood but
it is still not possible to predict correction factors theoretically; measurements must be
performed. A large body of such data is now available

• The method of choice for calibrating plane-parallel chambers (i.e. deriving ND) is an
intercomparison with a cylindrical chamber in a high-energy (£„> 20 MeV) electron beam.
The main issue is the reduction of uncertainties involved in the determination of ND. A second
issue is whether the user or the Standards Laboratory carries out the calibration.
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