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Abstract

An IAEA Co-ordinated Research Project was designed to validate the data and procedures included in the
International Code of Practice Technical Reports Series (TRS) No. 381, "The Use of Plane Parallel Ionization
Chambers in High Energy Electron and Photon Beams". This work reviews and analyses the procedures used and
the data obtained by the participants of the project. The analysis shows that applying TRS-381 generally
produces reliable results. The determination of absorbed dose to water using the electron method in reference
conditions is within the stated uncertainties (2.9%). Comparisons have shown TRS-381 is consistent with the
AAPM TG-39 protocol within 1% for measurements made in water. Based on the analysis, recommendations are
given with respect to: (i) the use of plane parallel ionization chambers of the Markus type, (ii) the values for the
fluence correction factor for cylindrical chambers, (iii) the value of the wall correction factor for the Roos
chamber in 60Co beams, and (iv) the use of plastic phantoms and the values of the fluence correction factors.

1. Introduction

An International Code of Practice for Dosimetry entitled "The Use of Plane Parallel
Ionization Chambers in High Energy Electron and Photon Beams" (Technical Reports Series
No. 381) [1] was published by the IAEA in 1997 in order to complement and extend the
widely used Code of Practice Technical Reports Series No. 277 [2] for the determination of
absorbed dose in radiotherapy photon and electron beams. The scope of TRS-381 was the
calibration and use of plane parallel ionization chambers in electron beams, as well as relative
dose measurements in photon and electron beams.

A Co-ordinated Research Project was designed to investigate the accuracy of the data
and the procedures included in the Code of Practice TRS-381 [1]. The main objectives of the
project were:



• to compare absorbed dose to water determinations under reference conditions with
different detectors and methods that have shown high accuracy in other circumstances,

• to compare absorbed dose to water determinations under conditions that include the use
of plane parallel ionization chambers in different plastic materials commonly used as
dosimetry phantoms,

• to compare TRS-381 [1] with TRS-277 [2] and other dosimetry protocols recently
issued by different national organizations (AAPM TG-39 [3]) using different types of
plane parallel ionization chambers and phantom materials included in the TRS-381 [1].

The Co-ordinated Research Project operated between 1996 and 1999, during which time
two research co-ordination meetings took place (Vienna, 1996; Barcelona, 1998) where the
project participants presented their results and discussed their findings. As a result of a fruitful
scientific interaction, agreements were reached with regard to the adoption of common set-ups
and conditions for measurements made by the participants. These agreements minimized the
likelihood of systematic errors and enabled more accurate comparisons.

By September 1999 participants submitted to the IAEA a final report on their activities
carried out in relation to the project. These reports have been compiled in the present
publication. A consultants meeting was convened in Vienna in November-December 1999 in
order to analyse the contributions from a general perspective and to extract conclusions of
interest for radiation dosimetry performed with plane parallel ionization chambers using TRS-
381 [1]. The following analysis is the result of that meeting.

Results are grouped by topic and discussed from a global perspective. Contributions are
referred to in the text by the code assigned in the third column of Table I, giving the list of
participants. The topics included are:

(i) measurement of dose distributions in electron beams;
(ii) determination of the M),air factor of plane parallel chambers;
(iii) selection of stopping power ratios;
(iv) absolute dose determination with Fricke dosimetry;
(v) use of plastic phantoms;
(vi) comparison with other dosimetry protocols; and
(vii) cavity perturbation correction factor, pcav, for Farmer type ionization chambers.

2. Measurement of dose distributions in electron beams

Contributors: BEL, GER-2, SPA.

There are different detectors available for the measurement of dose distributions as a
function of depth along the central axis. The detectors recommended in TRS-381 [1] for this
purpose are plane parallel chambers. It is, however, convenient to use solid state detectors
such as diodes and diamonds. Usually it is assumed that the reading of the diodes and
diamonds is proportional to absorbed dose to water and the measured relative distributions are
then taken directly as dose distributions without correction.

2.1. Use of different types of plane parallel chambers

Results using ionization chambers show that the range parameters agree when ion
chambers that comply with the properties recommended in TRS-381, Table I, p. 15, are used
(e.g. NACP, Roos). When a Markus type chamber is used in electron beams the effective
point of measurement has been found to be shifted by about 0.5 mm from the front surface of
the cavity towards its center. This may be essential for dose measurements in the vicinity of
steep dose gradients.



TABLE I. PARTICIPANTS IN THE CO-ORDINATED RESEARCH PROJECT

Scientific investigators

BRUNETTO, M.
VELEZ, G.
GERMANIER, A.

VAN DER PLAETSEN, A.

ROOS, M.

LIZUAIN, M.C.
LINERO, D.
PICON, C.

MATTSSON, 0.
PALM, L

SVENSSON, H.
BJÖRELAND, A.

Affiliation (of chief scientific investigator)

Grupo de Espectroscopia
Facilitaci de Matemàtica, Astro y Fisica
Universidad Nacional de Córdoba
Ciudad Universitaria
5000 Córdoba, ARGENTINA

Radiotherapie-Oncologie
A.Z. St. Lucas
Groene Briel 1
B-9000 Ghent, BELGIUM

Laboratorium 6.43
Physikalisch-Technische Bundesanstalt
Bundesallee 100
D-38023 Braunschweig, GERMANY

Institut Català d'Oncologia
Av. Gran Via s/n, km 2,7
E-08907 L'Hospitalet, Barcelona, SPAIN

Department of Radiation Physics
Sahlgren University Hospital
S-413 45 Göteborg, SWEDEN

Department of Radiation Physics
University Hospital
S-901 85 Umeå, SWEDEN

Contribution
reference
ARG

BEL

GER-1

GER-2

GER-3

SPA

S WE G-l

SWE G-2

SWEU

2.2. Use of diode and diamond detectors

For the type of diode and diamond detectors used in the present investigations, the range
parameters i?ioo, R50 and Rp agree with those from measurements using NACP and Roos
chambers within the estimated experimental uncertainties.

A small uncertainty in the range, e.g. of the order of 0.5 mm, affects the determination
of the mean beam energy at the phantom surface by the order of 0.1 MeV approximately. This
has a small effect on the resulting stopping power ratio (and therefore in dose determination)
except at the lowest energies.

3. The Â D,air chamber factor of plane parallel chambers

In this section ratios of the JVb,air factors, /?wau values for the Roos chamber and
recombination correction factors are discussed.

3.1. Comparison oj'No.air factors derived in cobalt-60 and electron beams

Contributors: ARG, BEL, SPA, SWE G-2.

The preferred method for the determination of the M),air chamber factor is the electron
beam method described in Section 9.1.1 of TRS-381 [1], where a plane parallel chamber is
cross calibrated in a high-energy electron beam against a cylindrical reference chamber. The
determinations of JVb,air in a cobalt-60 beam by the in-air or in-phantom methods are therefore
compared with this method in Table II. All participants used the NE2571 as the reference
chamber. In one case a Capintec chamber was also used; unfortunately, these measurements
could not be taken into account due to technical problems.



TABLE II. RATIOS OF NDM VALUES DETERMINED IN COBALT-60 (IN-PHANTOM AND IN-AIR)
WITH THOSE DETERMINED IN A HIGH ENERGY ELECTRON BEAM

ND,air values: cobalt-60 in water method/electron beam method

Markus: 1.004 NACP: 0.995 Roos:1.012

std dev 0.003 2 chambers from 2 centres std dev 0.02

4 chambers from 4 centres 12 chambers from 4 centres

PVair values: cobalt-60 in air method/electron beam method

Markus: 1.008

1 chamber from I centre

It is unclear whether all the measurements reported take into account the water
equivalent thickness of the front wall of the chambers. In high-energy electron beams the
influence of this omission is negligible due to the small dose variation with depth around i?ioo-
It is more important, however, for the cobalt-60 in-phantom measurements where a steep dose
gradient exists.

M),air values derived using the cobalt-60 in-phantom method are compared first in
Table II with those derived using the electron beam method. The two methods agreed, within
0.5% approximately, for measurements made with the Markus and NACP chambers. However
the methods did not agree for measurements made with the Roos chamber (the average ratio
was 1.012). These results are discussed under Section 3.2 on/9wan (see also Section 8 onpcav).

Next in Table II, Nu,a\r values derived using the cobalt-60 in-air method are compared
with those derived using the electron beam method. Measurements were only made with a
Markus chamber at one Centre, giving an average ratio of 1.008.

Afo.air values derived using the cobalt-60 in-air method have been compared with those
derived using the cobalt-60 in-phantom method. Measurements were made with two Markus
chambers at each of two Centres obtaining an average ratio of 1.003.

3.2. Value of the pwau factorfor the Roos chamber in cobalt-60

Contributors: ARG, BEL, SPA, SWE G-2.

Two different methods can be mentioned for the determination of pWaii-

1. The value of />wan given in TRS-381 [1] is based on a comparison of dose determinations
based on primary standards of air kerma and absorbed dose to water for cobalt-60.
Therefore, in addition to the uncertainties introduced by the assumptions and data
involved in using TRS-381 [1] (e.g. the omission of wall effects of all chambers in
electron beams, pcav and pce\ of the reference chamber in the electron beam and &att, km

and &cei of the reference chamber in the cobalt-60 beam) the uncertainty of the air kerma
calibration of the reference chamber and the uncertainty of the absorbed dose to water
calibration of the plane parallel chamber, including the uncertainties of the respective
primary standards also enter into this determination.



2. The second determination of pwaii uses a cross calibration between cylindrical and plane
parallel chambers in a phantom, in a cobalt-60 beam and in a high-energy electron
beam. Since A^air is assumed to be independent of beam quality in TRS-381 [1], the
results can be used to determine pwan of the plane parallel chamber. The assumptions,
and the data, are similar to those of method 1 (instead of the factors katu km and kce\ of
the reference chamber, the factors pwaii and pce\ of this chamber in the cobalt-60 beam
enter into the respective expression). However, only the quotient of the corrected
readings of both chambers in the electron beam and in the cobalt-60 beam enter into this
determination of pwa\\. No reference is required to the primary standards.

The value recommended in TRS-381 [1] for the Roos chamber (pwan = 1.003) has been
used in the determination of the Afo,air ratios included in Table II. Applying the second method,
the results of Table II indicate that the value for pwan is underestimated by 1.2% (i.e. />wan
should be 1.015). This is discussed further in Section 8.

3.3. Recombination correction

Contributor: GER-3.

The determination of the recombination correction may be facilitated by the application
of analytical relations. Based on an experimental investigation a relation was deduced
including the initial recombination and the proper contribution of the free electron in plane
parallel chambers. It has been shown that the use of the Boag formula (as recommended in
TRS-381 [1]) usually leads to uncertainties of the order of only 0.1% for conventional beams.
However, it has been shown that these simple relations are not applicable in all cases.

Additionally, experimental results of the voltage dependence of the response for various
chambers demonstrate again the importance of applying the two voltage method twice (e.g. in
the cobalt-60 beam and the electron beam) as recommended in TRS-381 [1].

4. Stopping power ratios

Contributor: GER-1.

The selection of stopping power ratios according to DIN 6800-2 [4] may produce a
slight improvement compared to TRS-381 [1] for typical clinical beams with a broad energy
distribution when compared with the Monte Carlo results of Ding et al. [5]. However, in order
to draw definite conclusions, experimental results (obtained using, for example, Fricke
dosimeters) from different clinical accelerators are necessary.

A comparison between the water/air stopping powers given in TRS-381 [1] and those
recommended in the forthcoming International Code of Practice based on standards of
absorbed dose to water [6] has been carried out by the reviewers. The latter set of data
originate from calculations by Ding et al. [5] using Monte Carlo simulations which included
details of the accelerator heads of clinical accelerators for a variety of accelerator types (see
Appendix B in the new Code of Practice [6]). To enable the comparison, the values in TRS-
381 [1] have been recasted to the conditions used in the new Code of Practice [6], namely,
electron beam quality specified in terms of i?5o and depths scaled according to R50. The two
sets of data are shown in Fig. 1, where very good agreement can be observed except at large
depths; this is expected, according to the discussion on beam contamination included in
Appendix B of TRS-381 [1].
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Figure 1. Stopping power-ratios for electron beams in TRS-381 [1] (circles) and in the forthcoming
International Code of Practice based on standards of absorbed dose to water [6] (lines without symbols). The
filled circles correspond to s,,,i<7;> values at the reference depths in each case.

It is interesting to emphasize, however, that the largest difference occurs for beams with
an energy close to 50 MeV (RSQ = 20 cm approximately); this is striking, as the values in TRS-
381 are for monoenergetic electrons whereas the new values at this energy correspond to a
racetrack microtron, whose beams are almost monoenergetic. The reasons for the discrepancy
are not well understood but are believed to be related to the different Monte Carlo
calculations, even if in the two cases they were made with the same code (EGS4).

5. Absolute dose determination with Fricke dosimetry

Contributors: BEL, SWE-U.

One group (BEL) reported measurements made in PMMA, but they were difficult to
interpret with regard to the quantity determined. Therefore they have been omitted from this
discussion.

The ratio of Av using the electron beam method to that found by using the Fricke
method was determined at two laboratories. The Fricke results have been normalized at
cobalt-60. The results from the Belgian laboratory were difficult to interpret. As the results for
the Markus chamber do not appear to be consistent with the others, they have been omitted
from the following analysis.

There is no energy dependence in absorbed dose to water determinations for beams with
energies Eo in a range from 5.7 to 45 MeV. The mean ratio of the electron beam method
divided by the Fricke method was found to be 0.998 with a standard deviation of 0.003 and a
standard deviation of the mean of 0.0008.



6. Use of plastic phantoms

Although water is recommended as the phantom material, measurements are also
possible in plastics. If plastic phantoms are used, the required quantity is still absorbed dose to
water in a water phantom.

Three steps are required to use plastic phantoms:

1. Determine the range parameters in water from those measured in plastic by range
scaling.

2. Convert the depth of interest in water to an equivalent depth in plastic by depth scaling.
3. Apply the fluence correction hm to the reading obtained in plastic to determine absorbed

dose in water using the stopping power ratios water to air for the water phantom.

6.1. Scaling of depths and ranges

Contributors: BEL, SPA, SWE-U.

It has been demonstrated that the density of plastic must be measured and taken into
account in order to get accurate range scaling. Density figures provided by the manufacturer
may not be accurate.

Good agreement was found between the i?5o,w /RSO,PMMA measured and that given in the
TRS-381 [1].

No significant differences were found between the i?ioo measured in PMMA and its
scaled depth measured in water for the energy range 4-20 MeV (from BEL & SWE-U) taking
the width of the dose maximum into account.

6.2. Fluence correction factor, hm

Contributors: ARG, BEL, SPA, SWE-U.

The correction factor hm is determined as the quotient of the reading at depth in water
and the reading at the scaled depth in plastic.

Measurements of hm by the participants presented at the meeting in Barcelona (ARG,
BEL, SPA) showed a large spread. This was attributed to the large dose variation with depth
when the depth is not near R\QQ (particularly at low energies), so these data have not been not
taken into account in the discussion.

The correction factor hm was re-evaluated (by ARG, SPA, SWE-U) using depths in
water and plastic at R\oo, where the dose variation with depth is small. It was shown that i?ioo
in water coincides approximately with the scaled i?ioo in plastic. The results are plotted in
Figure 2.

The measured values of hm for PMMA are about 0.4% low compared with the values
given in TRS-381 [1] at all energies. The results for three types of plane parallel chamber,
from three centres agree within about ±0.2%. The measurements of hm with Farmer chambers
appears to be approximately 0.6% lower than those recommended in TRS-381. However, the
data are almost entirely from one laboratory.
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Figure 2. Factor hm to correct for the difference in the electron fluence in a PMM A phantom compared to that in
water at equivalent depths. Data shown correspond to TRS-381 [1], filled circles; NACP plane parallel
chamber, triangles; Roos plane parallel chamber, circles; Markus plane parallel chamber, squares; Farmer NE
2571 cylindrical chamber, inverted triangles.

7. Comparison with other protocols

Contributors: GER-1, SPA, SWE-U.

For a Philips SL75/20 linear accelerator, in the reference conditions, the change in
stopping power ratios between DIN 6800-2 [4] and TRS-381 [1] caused by the different
selection procedures, amount to 0.8% at most. The difference is however decreased by 0.2%
due to the polynomials used to determine the mean energies. Therefore the resulting stopping
power ratios in these two protocols differ by less than 0.6%.

TRS-381 and IPEMB96 essentially use the same data and methods, so there is very little
difference between the results obtained with these two Codes of Practice.

The differences in Afo.w determined according to the protocols TG-39 [3], TRS-277 [2]
and TRS-381 [1] for the Roos and NACP chambers (when the Farmer chamber was used as
the reference chamber) were less than 1%, when measurements were made in water phantoms,
(except for the lowest energies). However, up to 2% difference was found for measurements
made in PMMA phantoms.

Dw determined from TG-39 [3] using a NACP chamber is between 0.5% and 0.7%
lower than that found by following TRS-381 [1]. There appears to be a small trend with
energy: The ratio Dw found from TG-39 [3] divided by Dw found from TRS-381 [1] is lower
at high energies (e.g. above 10 MeV).



8. Cavity perturbation correction factor, />cav, for Farmer type chambers

Contributors: SWE G-l.

The pcav values used in all current dosimetry protocols are based on the values
determined by the SWE-G1 group in 1978, and these are also used in TRS-381 [1]. The
original values were measured in a PMMA phantom using cylindrical ionization chambers
with different radius and walls made of a mixture of graphite and epoxy resin. These results
have been confirmed using the same set of ionization chambers but different electron beams.
Additional measurements have been made using an improved experimental set up, where
graphite ionization chambers of different radii have been used in water and in graphite
phantoms. The measurements in water with graphite chambers were made in order to
determine perturbation correction factors for Farmer type chambers in situations encountered
in hospitals. The measurements in graphite were made in order to avoid mixing cavity and
wall effects; in these cases, which correspond to using wall-less chambers, the linear relation
between pcav and the chamber radius measured in 1978 was also verified.

The new pcav values are closer to 1 than the previous values. For energies relevant to the
calibration of plane parallel ionization chambers in high-energy electron beams the change is
up to about 1%, decreasing with energy.

If the current />cav values were replaced with the new values, the Â o.air factor would be
reduced by the same amount for all the chambers when the recommended electron beam
method is used. If new /?cav values are adopted, all the determinations of the absorbed dose
based in the electron beam method would change.

Some remarks on the above results can be elaborated, based on the results of the
comparisons between the electron beam method and the cobalt-60 in-phantom method. Using
the current pcav values an inconsistency in the value for /)waii of the Roos chamber at cobalt-60
has been found; this can be resolved with the use of a different pwau factor for the Roos
chamber, which would need to be increased by about 1% compared with the recommended
data, as already described. If, on the other hand, the latest pcav values (reported by the SWE-
Gl group) were used, then the inconsistency of the data for the Roos chamber would be
removed, but then an inconsistency in the data for the NACP chamber would appear; this
could be resolved using a different pwan factor for the NACP chamber, which would need to be
reduced by about 1% compared with the recommended data. Due to the large impact of a
change in the values used for />caV; further investigations on this correction factor would be
necessary before recommendations can be made on the use of the new values.

9. Conclusions

The present analysis shows that the results of applying the Code of Practice TRS-381
[1] generally produces reliable results. The determination of Dw using the electron method in
reference conditions is well within the stated uncertainties (i.e. 2.9%); this has been
demonstrated by comparison with results obtained with the Fricke method for measurements
made in water (having an accuracy within 1% relative to cobalt-60).

Different comparisons have shown that TRS-381 [1] is consistent with the AAPM TG-
39 protocol [3] within 1% for measurements made in water. However it has been
demonstrated that if measurements are performed in plastic phantoms the differences increase
considerably. Therefore, the use of plastics is not recommended.



Based on the present analysis, the following specific recommendations can be given to
theusersofTRS-381 [1]:

• If a Markus type chamber (which does not comply with the desirable chamber
properties recommended by TRS-381) is used for the dosimetry of electron beams, a
shifted effective point of measurement must be used; this is situated 0.5 mm from the
surface of the cavity towards its centre.

• The values of the fluence correction factor yocav for cylindrical chambers, used as
reference for the calibration of plane parallel chambers, given in TRS-381 appear to be
low according to the latest investigations. Considering the large impact of a change in
pcav, it is recommended that the values for pcav given in TRS-381 continue being used
until further results are available.

• To resolve the discrepancy found for the pwaii correction factor at cobalt-60 of the Roos
chamber (which may be related to the current values of /9cav, for the cylindrical
reference chamber) it is recommended to increase the perturbation correction factor
Pwaii for the Roos chamber by 1.2% at cobalt-60, resulting in a />wan value equal to
1.015.

• There are considerable technical problems with measurements made in plastic
phantoms. For this reason it is recommended not to use plastic phantoms if at all
possible. If the use of plastics is unavoidable, then the value of the factor hm for plane
parallel chambers in PMMA phantoms (Table XVIII, in TRS-381) should be reduced
by 0.4%. The density of the plastics should always be determined.

There is a typographical error in Table IX of TRS-381, where the central electrode
material of the chamber NE 0.6 cm3 Robust Farmer has been erroneously written (twice) as
"aluminium"; it should read A-150.
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