
XA0056573

EXPERIMENTAL DETERMINATION OF/>cav FACTORS FOR
CYLINDRICAL IONISATION CHAMBERS IN ELECTRON BEAMS

A. PALM, O. MATTSSON
Department of Radiation Physics,
Goteborg University,
Goteborg, Sweden

Abstract

The electron beam method recommended for calibrating plane parallel ionisation chambers involves
cavity correction factors for cylindrical chambers. The cavity correction factors in the IAEA TRS-381 Code of
Practice are based on measurements at /?1Oo in a PMMA phantom using PMMA cylindrical chambers having
different cavity radii. In the present work the recommended data were confirmed for electron beams delivered by
modern medical accelerators by using the very same phantom and ionisation chambers that were used in the
original work. From another series of measurements, using four specially designed wall-less chambers in a
graphite phantom, the linear relation between pcav and the chamber radius that is the basis for the experimental
method, was verified. The method was also used to determine the cavity correction factors for a set of Farmer-
like graphite chambers placed in water. Compared to the TRS-381 Code of Practice a smaller correction was
found for the cavity perturbation for the graphite chambers used in water.

1. Introduction

When an air-filled cavity is inserted into a medium irradiated by electrons, the electron
fluence will be perturbed, compared to the undisturbed medium irradiated under identical
conditions. The perturbation at a certain depth depends on the shape and the size of the air
cavity and on the radiation beam quality. In the TRS-381 Code of Practice [1] a correction
factor denoted by pcav is applied to account for the fluence perturbation. The effect is mainly
of concern when using cylindrical ionisation chambers, while the effect is negligible for
properly designed plane parallel chambers. However, cylindrical ionisation chambers are often
used for the cross-calibration of plane parallel chambers, preferably in a high-energy electron
beam [1, 2]. Consequently, the fluence perturbation correction factors for the cylindrical
chambers are of importance also for plane parallel chamber dosimetry.

The fluence perturbation correction factors recommended by most dosimetry protocols
are based on the experimental work of Johansson et al. [3]. These correction' factors were
determined using cylindrical PMMA chambers with different cavity radii, but with the same
cavity length. The measurements were made in a PMMA phantom at the depths of maximum
ionisation for the different chambers. Johansson et al. found a linear relation between the

fluence perturbation correction factor and the cavity radius, in contradiction to the V r -
dependence predicted by Harder [4]. To our knowledge no other theoretical approach has been
presented.1 A few subsequent experimental studies on pcm for cylindrical chambers have been
published [5-9]. However, most of them depend on the original data. Wittkamper et al. [9]
and Van der Plaetsen et al. [8] determined the cavity correction factors for a cylindrical
NE2571 chamber by normalizing to the values of Johansson et al. for Ez=\4.2 MeV. Huq et
al. [6], and Reft and Kuchnir [5] determined the cavity correction factors at depths beyond
dmax for Farmer type cylindrical ionisation chambers by using pcecv values taken from Table
VIII of the TG-21 protocol [10], which is based on the values of Johansson et al.

Note from reviewers. An improved theoretical approach by Svensson and Brahme ("Recent advances in electron and
photon dosimetry", in: .Radiation Dosimetry, Physical and Biological Aspects (Orton, C.G., Ed.), Plenum Press, New York
(1986) 87-170), taking into account the angular spread of the radiation, yields a linear dependence which is in agreement
with the experimental results.
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The aim of the present project was to experimentally determine a new set of jDcav-factors
to be used for Farmer-like graphite chambers placed in water. Measurements were made at
two depths; at the depth of maximum ionisation, and with the effective point of measurement
of the chambers at the reference depth. In order to study any influence of the different spectral
distribution of the electron beams delivered by modern medical accelerators compared to
those used by Johansson et al., the original experiment was repeated using the very same
ionisation chambers and PMMA phantom. Another series of measurements, using four
specially designed wall-less chambers in a graphite phantom, was made in order to verify the
linear relation between pcm and chamber radius that is the basis for the experimental method.

2. Material and methods

Measurements were made with a set of cylindrical ionisation chambers, which were
identical except for the cavity radius. Based on the equality of absorbed dose to water
determined with different ionisation chambers irradiated under identical conditions and using
the formalism given in the TRS-381 Code of Practice, the following relation is obtained

/Wcy'/Vcyl v ncyi ncyirccyl - M'ei NKf v nre{ nKi nref

1V1 J V D,air •V.air.F wall-P eel .Fcav ~~ l v l 1 v D.air^w.air P wall P eel P a\ n\

Here, ref denotes the chamber chosen as the reference chamber used for normalisation,
and cyl denotes any other chamber. For the cylindrical chambers used in this work, the
perturbation correction factors pwa\\ and pK\ cancel out in equation (1). In photon beams the
cavity correction factors, pcav, can be considered unity [1] and equation (1) is reduced to

wcyl yycyl _ jyref jyref
1V1 X-ray 1 v D.air ~ lvl X-ray 1 v D,air z^")

Thus by irradiating the chambers to the same absorbed dose in photon beams the ratio of
the absorbed dose to air chamber factors of the chambers can be determined. This ratio is
assumed to be independent of beam quality for high-energy photon beams.

In electron beams pcav must be included resulting in the following equation

Mcy! Ncyl ncyl - Mref Nref nref

1V1 e i V D,air-Pcav,e ~ JVI e i v D.air/^cav.e ( 3 ^

By combining equation (2) and (3) the ratio of the cavity correction factors for the
chambers in electron beams is obtained as

ncyl

rcav,e

(4)

Johansson et al. [3] found a linear relation between the ratio of the cavity correction
factors in equation (4) and the cavity radius for each electron beam energy. By extrapolation
to zero cavity radius, for which pcm is unity, and re-normalisation, the absolute value of the
cavity correction factor can be determined.

When a plane parallel chamber, for which the cavity correction factor is unity, is used as
the reference chamber and the other chambers are identical cylindrical chambers having
graphite or plastic central electrodes (i.e. pce\ is unity) the following equation, corresponding
to equation (4), is obtained
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.cyl _

X-ray -Fwall.X-ray

As all the cylindrical chambers have the same /?waji in photon beams, here denoted

x_ray, equation (5) can be rewritten

.../cy]
cyl

where A: is a constant

n p p

, _ /^wall.X-ray
CYL

(7)Pwall,X-ray

The ratio in Equation (6) plotted as a function of cavity radius results in a linear relation
for each electron beam energy. By linear extrapolation to zero radius k can be determined and
pcav derived1.

Three investigations were performed. (I) The measurements by Johansson et al. [3] were
repeated using the very same ionisation chambers and PMMA phantom. (II) Four cylindrical
graphite-walled Farmer-like ionisation chambers with different cavity radius were built and
used for the measurements in a water phantom together with a PTW Roos plane parallel
chamber. (Ill) Another set of four cylindrical graphite chambers with different cavity radius
were built and used for measurements in a graphite phantom together with an NACP plane
parallel chamber.

The characteristics of the cylindrical chambers and the experimental details are given in
Table I. Also given in the table are the depth of measurement in the electron beams, the
phantom material, its size, and the plane parallel chamber type used. Water protective sleeves
made of PMMA with a wall thickness of 0.9 mm were used for the in-water measurements.
All measurements were performed using a Varian Clinac 2300CD linear accelerator.

The photon beam measurements were made in beams of 6 MV and 15 MV nominal
energy, TPR^ = 0.68 and 0.76, respectively. The effective point of measurement, using a shift
of 0.6r from the centre of the chamber for the cylindrical chambers and the front surface of the
air cavity for the plane parallel chamber, was positioned at 5 g/cm2 depth. A source to surface
distance of 100 cm and a field size of 10x10 cm were used (15x15 cm for investigation (II)).
When one of the cylindrical chambers was used as the reference chamber the mean value of

/ M^ r a y determined in the two photon beams was used.

1 When the Farmer-like chambers were used in water together with a Roos chamber, this provided an estimate of

Pwaitx-ray' Plan (TPRfo° =0.68)=1.012±0.2%, and j9^s(TPR'o°=0.76)=l.O09±0.2%. Here, only the experi-

CYL

mentally determined standard uncertainty of A: was considered. /7wali x-ray w a s ta^en from the TRS 277 Code of Practice

[11].
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TABLE I. CHARACTERISTICS OF THE SPECIALLY DESIGNED CHAMBERS USED IN
INVESTIGATIONS (I) TO (III)

Cylindrical Internal length Internal radius Wall Wall thickness Electrode Electrode
chamberb (mm) (mm) material (mm) material diameter (mm)

(I) Rm. PMMA phantom, 20 x 20 x 20 cm. NACP02 chamber

JMLS3 15 1.5 Mixture3 0.5 Mixture3 1.0

JMLS5 " 2.5

JMLS7 " 3.5

(II) zref and Rm. Water phantom, 30 x 30 x 30 cm. PTW Roos chamber

RK2 20 1.0 Graphite 0.5 Graphite 1.0

RK4 " 2.0

RK7 " 3.5

RK8 " 4.0 " " " 0.9

(III) Rm. Graphite phantom (bulk density 1.78 g/cm3), 20 x 20 x 20 cm. NACP01 chamber

OM4 16 2.0 Wall-less Graphite 0.9

OM5 " 2.5

OM6 " 3.0

OM8 I 4J)_
a Graphite and epoxy resin.

JMLS3-7 refer to the ct
chambers, and OM4-8 to the second set of graphite chambers.

b JMLS3-7 refer to the chambers used by Johansson et al. [3], RK2-8 to the cylindrical graphite-walled Farmer-like

Measurements were made in electron beams of 6, 8, 10, 12, 15 and 20 MeV nominal
energy. The chambers were positioned at the peak of the depth ionisation curve or at the
reference depths recommended in TRS-381. In the first case the depth of i?ioo was
experimentally determined for each chamber and electron beam energy. In the latter case a
shift of the effective point of measurement from the centre of the cylindrical chamber of 0.5r
was used. A source to surface distance of 100 cm and a field size of 15 x 15 cm were used
(13 x 13 cm for investigation (III)).

The measured charge was corrected for temperature, pressure, recombination, leakage
and polarity. The corrections for ion recombination were determined using the two-voltage
method (Vi/V2 = 3). The polarity effects were derived from the measurements with positive
and negative polarity, and were in most cases found negligible (<0.1%). The accelerator
output during each series of measurements proved to be very stable (one of the chambers was
used for repeated measurements during the measurement series and the quotient of the reading
of two subsequent measurements was typically <0.2%) and therefore generally no external
monitor chamber was used. Repeated measurements were made in order to estimate the
reproducibility of the experimental procedure.
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3. Results and discussion

From investigation (I), the linear relation between pcav and the cavity radius, as
previously reported by Johansson et al. [3], was confirmed. As described in Section 2, the
cavity correction factors can be derived by using either one of the cylindrical chambers or a
plane parallel chamber as reference. In Fig. 1, the good agreement between the pcw factors
determined using the smallest cylindrical PMMA chamber as a reference chamber and the
factors determined using the plane parallel NACP chamber as reference can be seen. The
maximum deviation (0.8%) was found for the lowest energy, for which it was impossible to
position the larger cylindrical chambers at i?ioo-
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FIG. I. pCay as a function of mean energy at depth z for cylindrical PMMA chambers placed at the depths of
maximum ionisation in a PMMA phantom. Data from the present work using the same equipment as Johansson
et al. [3J. Full lines and filled symbols: evaluated relative to the NACP-chamber; dotted lines and open symbols:
evaluated relative to the smallest cylindrical chamber.

In Fig. 2 mean values of the data obtained relative to the cylindrical and the NACP
chamber are shown together with the data recommended in the TRS-381 Code of Practice [1].
pcav is given as a function of the mean energy at depth z, Ez, determined according to the
recommendations in TRS-381. The agreement between the cavity correction factors
determined in the present work and those recommended by the protocol is good. The two sets
of data were determined using the very same instrumentation, but using different electron
beams. Thus, any differences between the correction factors determined in this work and those
given in TRS-381 should not be due to the characteristics of the electron beams used in this
work.

In investigation (II), the measurements were first made with the effective point of
measurement at the reference depth in water. A linear relation between pcm and the cavity
radius was obtained for the higher energies, but not for the lower energies. This makes it non-
feasible to use the extrapolation method described above to derive the correction factors. A
possible explanation can be the narrow depth dose profile in relation to the dimension of the
chambers and the steep dose gradient around zref for the low-energy electron beams. The
measurements were therefore repeated placing the chambers at i?ioo instead. This improved
the situation, and an approximate linear relation was obtained. The resulting cavity correction
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FIG. 2. pcar as a function of mean energy at depth z for cylindrical PMMA chambers placed at the depths of
maximum ionisation in a PMMA phantom. Full lines and filled symbols: data from the TRS-381 Code of
Practice flj; dotted lines and open symbols: data from the present work (average of cylindrical and NACP
chambers), using the same equipment as Johansson et al. [3].

factors are presented in Table II. Again the agreement between thepcav factors derived relative
to the smallest cylindrical chamber and those determined relative to a plane parallel Roos
chamber is good. Mean values of the two data series are given in Table II. The/?cav factors for
the tabulated Ez values were obtained by linear interpolation. In Fig. 3 the data from Table II
are compared with the data from the TRS-381 Code of Practice. A smaller correction was
found compared to the protocol for the chambers used at i?ioo in water. For a 7-mm diameter
chamber, which is similar to a Farmer chamber, the difference was larger than 1% for some

TABLE II. CAVITY CORRECTION FACTORS FOR FARMER-TYPE CHAMBERS
OF DIFFERENT CAVITY RADIUS, r, USED IN WATER, EXTRAPOLATED
FROM MEASUREMENTS AT THE DEPTHS OF MAXIMUM IONISATION

(MeV)

5.15

r = l m m r = 2mm r = 3.5mm r = 4mm

4

6

8

10

12

16

0.992

0.994

0.995

0.996

0.997

0.998

0.978

0.983

0.988

0.992

0.996

0.998

0.970

0.977

0.983

0.988

0.993

0.996

0.962

0.968

0.975

0.981

0.988

0.994
a The mean energy at depth was calculated according to the TRS-381 Code of Practice [1].
b The combined experimental standard uncertainty of the/?cav factors is estimated to be 0.4%.

86



1.01

1.00

0.99

S 0.98
Q.

0.97

0.96

0.95

. . .A-- - 2.0mm

. . . [ > . . 3.5mm

—A—TRS 2.0 (extrapol)

— • — T R S 3.5 mm

Series 1

10 15

Ez (MeV)

20 25

FIG. 3. pOT. factors for graphite-walled Farmer-like chambers of cavity radius 2.0 and 3.5 mm at the depths of
maximum ionisation in water, compared with data from the TRS-381 Code of Practice [1].

energies. In-water calibration of the plane parallel chambers in electron beams with
£z<15 MeV using the /?cav-values recommended in TRS-381 will thus underestimate the jVb,air
factor, and therefore any subsequent absolute dose determination.

In TRS-381 the input parameter for the selection of pcav is the mean energy at the
reference depth but the tabulated data is based on measurements at the depth of maximum
ionisation. To study if the depth of measurement for the same value of Ez has any influence
on the cavity correction factor, actual measurements at zref were compared with the
corresponding factor obtained from Table II for the same Ez. It was found that />cav for a
certain mean energy at depth was closer to unity when the chamber was placed at zref than at
i?ioo- The deviation was of approximately the same magnitude as the estimated combined
standard uncertainty of/?cav (see below), and was therefore not statistically verified.

The complex experimental set-up in water can cause a slightly weaker correlation in the
linearity of pcav versus chamber radius for the in-water measurements. Transition effects
between water, PMMA and graphite and the unavoidable air volumes between the chambers
and the water protective sleeves could cause unpredictable perturbations in electron beams.
Investigation (III) was made in order to study the variation of pcav with cavity radius in a wall-
less situation where all other perturbation effects are minimised. The results are given in Fig.
4 and the linear relation between pcm and the chamber radius is evident. It can be concluded
that the measurement uncertainty during the electron beam measurements in water can be
relatively large due to unpredictable perturbation effects.

The experimental standard uncertainty of the determined />cav values was calculated by
combining the uncertainty components of Eq. (5). From repeated measurements in photon and
electron beams the experimental uncertainties of the Afcyl/A/pp quotients were estimated. A
value of 0.2% was assigned for both photons and electrons. The uncertainty of the
recombination correction was estimated to be 0.1%. The contribution due to the polarity effect
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was estimated to be 0.1% in electron beams. In photon beams this component was assumed to
be negligible. For the PMMA and Farmer-like chambers the value of the constant, k was given
as the mean value of the determinations in five different electron beams (Enon1=6 MeV was
excluded for reasons explained above). The standard uncertainty of the mean was 0.2%. For
the graphite measurements this contribution was 0.5%. The uncertainty of the temperature and
pressure correction was assumed to cancel out in the ratio. The uncertainty of the leakage
corrections was assumed to be negligible. When the chambers are placed at the depth of
maximum ionisation, the effective point of measurement of the chambers is positioned at
somewhat different depths. We are aware that the equality in Eq. (1) is then strictly not valid
and that Ez is not exactly the same at different depths. The mean energy at the depth of the
plane parallel chamber was used throughout. The corresponding uncertainty was assumed to
be included in the uncertainty of the constant, k. The combined experimental standard
uncertainty of the pcav values determined according to Eq. (5) was 0.4% for the PMMA and
Farmer-like chambers, and 0.6% for the wall-less graphite chambers. The same uncertainties
were assumed for thepcav values determined according to Eq. (4).
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FIG. 4. The relative valves of p«,,. as a function of cavity radius for a number of nominal electron energies,
measured using wall-less chambers placed at the depths of maximum ionisation in a graphite phantom.
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4. Conclusions

The measurements using the three sets of cylindrical ionisation chambers placed at i?ioo
in graphite, PMMA and water have confirmed the linear relation between pcav and cavity
radius found by Johansson et al. [3]. Repeating their measurements in PMMA gives
approximately the same pcsv factors in the electron beams used in this work. We conclude that
the characteristics of the electron beams is not of major importance. Compared to the TRS-
381 Code of Practice [1], a smaller correction was found for the cavity perturbation for
Farmer-like chambers when used in water. The difference is small for£'z>15 MeV. However,
for plane parallel chambers calibrated at Ez<\5 MeV in water the use of /?cav-values from
TRS-381 will underestimate the Afo.air factor, and consequently any subsequent absolute dose
determination. Cavity correction factors to be used for measurements in water are given in



Table II. It can be concluded that the measurement uncertainty during electron beam
measurements in water can be relatively large due to unpredictable perturbation effects. The
present work indicates that the experimental method for the determination of the cavity
correction factors is mainly limited to the measurements at depths corresponding to the
maximum ionisation. Monte Carlo simulations would be very useful to determine cavity
correction factors under other conditions.
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