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ABSTRACT
In radiation therapy using electron and photon beams the dosimetry chain
consists of several sequential phases starting by the realization of the dose
quantity in the Primary Standard Dosimetry Laboratory and ending to the
calculation of the dose to a patient. A similar procedure can be described for
the dosimetry of epithermal neutron beams in boron neutron capture therapy
(BNCT). To achieve the required accuracy of the dose delivered to a patient the
quality of all steps in the dosimetry procedure has to be considered. This work
is focused on two items in the dosimetry chains: the determination of the dose
in the reference conditions and the evaluation of the accuracy of dose
calculation methods. The issues investigated and discussed in detail are:
a) the calibration methods of plane parallel ionization chambers used in
electron beam dosimetry, b) the specification of the critical dosimetric
parameter i.e. the ratio of stopping powers for water to air, (SI p)™?Tter, in
photon beams, c) the feasibility of the twin ionization chamber technique for
dosimetry in epithermal neutron beams applied to BNCT and (d) the
determination accuracy of the calculated dose distributions in phantoms in
electron, photon, and epithermal neutron beams.
The results demonstrate that up to a 3% improvement in the consistency of
dose determinations in electron beams is achieved by the calibration of plane
parallel ionization chambers in high energy electron beams instead of
calibrations in ^Co gamma beams. In photon beam dosimetry (SI p)™frter can
be determined with an accuracy of 0.2% using the percentage dose at the 10 cm
depth, %dd(10), as a beam specifier. The use of %dd(10) requires the
elimination of the electron contamination in the photon beam. By a twin
ionization chamber technique the gamma dose can be determined with
uncertainty of 6% (1 standard deviation) and the total neutron dose with an
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uncertainty of 15 to 20% (1 standard deviation). To improve the accuracy of the
twin ionization chamber technique in epithermal neutron beams, improvements in chamber materials, and development of neutron beam calibration
facilities for chambers are required. The general accuracy achieved by
treatment planning systems is approximately 4% for photons and 5 to 7% for
electrons. Large (> 10%) deviations in calculated doses are possible even when
relatively modern calculation approaches are used. For treatment planning
systems used in BNCT, intercomparisons and similar validation procedures as
for treatment planning systems for electron and photon beams should be
performed.
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NOMENCLATURE
AAPM
BNCT
CoP
CT
ESTRO
IAEA
IEC
IPEMP
ISO
J10/J20
LET
MC
MRI
NACP
PP
PSDL
QA
QC
SSDL
TE
TLD

American Association of Physicists in Medicine
Boron Neutron Capture Therapy
Code of Practice
Computed Tomography
European Society for Therapeutic Radiology and Oncology
International Atomic Energy Agency
International Electrotechnical Commission
Institution of Physics and Engineering in Medicine and Biology
International Organization for Standardization
Ratio of ionization at depth of 10 cm to t h a t at depth of 20 cm
Linear Energy Transfer
Monte Carlo
Magnetic Resonance Imaging
Nordic Association of Clinical Physics
Plane Parallel
Primary Standard Dosimetry Laboratory
Quality Assurance
Quality Control
Secondary Standard Dosimetry Laboratory
Tissue Equivalent
Thermoluminescent dosimetry

TPR^Q

Tissue-phantom-ratio. Ratio of doses at depths of 20 cm and 10 cm

TPS
WHO
2D
3D

Treatment Planning System
World Health Organization
Two dimensional
Three dimensional

A150
C

Plastic substitute material for muscle tissue
Factor for an ionization chamber to convert the calibration factor in
laboratory conditions to that in a user beam
Factor for a TE ionization chamber to convert the air kerma calibration factor in a 60Co gamma beam to that for neutron radiation
Factor for a TE ionization chamber to convert the air kerma calibration factor in a "Co gamma beam to that for photon radiation
Absorbed dose to a medium from neutron radiation
Absorbed dose to a medium from photon radiation
Depth of the 80% dose level

L

n,K

'Y,K

d(80%)
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EQ
Ez

Mean energy at phantom surface
Mean energy in phantom at depth z

g

katt

Fraction of energy of secondary charged particles t h a t is lost to
bremsstrahlung in air in a 60Co gamma beam
Ratio of kermas for medium 1 to medium 2
Factor to take into account the non-air equivalence of t h e chamber
wall in air in a ^Co gamma beam
Factor to take into account the attenuation and scatter of photons in

iV
ND
NK

the wall of the chamber in a ^Co gamma beam
Calibration factor for an ionization chamber
Absorbed dose -calibration factor for an ionization chamber
Air kerma -calibration factor for an ionization chamber

(K) 2
km

p
Q
i?so
Rp
r
gasl

Factor to take into account the difference of t h e electron and
photon/neutron fluence in an ionization chamber and in a phantom
Electric charge
Half value depth for electrons
Practical range for electrons
Gas-to-wall dose conversion factor

(SI p)\

Ratio of mass collision stopping powers for medium 1 to medium 2

W
%dd(10)
(fitp)\

Energy required to produce an ion pair
Percentage depth dose at 10 cm
Ratio of mass energy absorption coefficients for medium 1 to

lsd

medium 2
One standard deviation

Perturbation factor p can have a subscripts c or u depending on the beam considered i.e.
subscript c for calibration beam and subscript u for user beam. In Publ. IV symbol pu pp is used
for perturpation factor both in calibration and user beams.
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1

AIM OF THE STUDY

The aim of this study is to analyse and improve the reliability of dosimetry of
electron and photon beams in external radiation therapy and neutron beams in
boron neutron capture therapy (BNCT). High energy electron and photon
beams and epithermal neutron beams are considered. The work is focused on
two items in the dosimetry chains: determination of the dose in the reference
conditions and evaluation of the accuracy of the dose calculation methods.
The specific aims of the study are:
a)

to investigate the effect of the calibration methods of the plane parallel
ionization chambers on the accuracy of dose measurements in electron
beams,

b)

to establish a new radiation beam quality specifier for dosimetry of photon
beams,

c)

to evaluate the feasibility of the twin ionization chamber method for dose
determinations in epithermal neutron beams applied to BNCT,

d) to study the accuracy of the calculated dose distributions in phantoms in
electron, photon and epithermal neutron beams.
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2

INTRODUCTION

Radiation therapy is a clinical modality dealing with the use of high doses of
ionizing radiations in the treatment of patients mostly having malignant
tumors. The aim of radiation therapy is to deliver a sufficiently high absorbed
dose to a defined target volume resulting in the eradication of the tumor with
as minimal a damage as possible to the surrounding healthy tissues.
Radiotherapy with external high energy photon beams is the most common
radiotherapy modality [116]. Electron beams are used either as the primary
mode of radiation therapy or combined with photon beams. High energy
electron and photon beams are typically produced by linear accelerators and
also by microtrons [59, 107]. The traditional 60Co gamma units and betatron
electron accelerators are still in use in some radiotherapy centres. For a typical
multi-energy medical linear accelerator the accelerating potential spans
between 4 and 25 MV. The mean energy of the electron beams is between 4 and
22 MeV and of photon beams between 1.5 and 7 MeV [59, 77]. In external beam
therapy, to optimize the dose distribution in a patient the dose is typically
delivered from different directions by beams of modified shape and intensity.
Boron Neutron Capture Therapy (BNCT) is a special radiation therapy
modality where the dose is targeted to the tumor cells by a pharmaceutical
containing the 10B-compound [9]. The therapeutic dose is produced by the highLET particles released in a 10B(n,a)7Li reaction, as the target area is exposed to
thermal neutrons. Most of the unwanted radiation in tissue is gamma
radiation from the neutron capture of hydrogen where 2.23 MeV photons are
emitted. Other significant components inducing dose are the recoil protons of
epithermal and fast neutrons from the neutron capture of nitrogen [31]. In the
modern BNCT neutron beams the mean energy of the spectrum is adjusted at
the epithermal energy range (from 0.5 eV to 10 keV), so that the final
thermalisation of neutrons takes place in the target tissue [32]. The potential
sources for BNCT neutron beams are nuclear reactors, proton accelerators and
neutron emitting isotopes. So far, only nuclear reactors have been used for
neutron production in BNCT treatments [32].
The concept of dosimetry covers the determination of absorbed dose to a
medium both by measurement and by calculation. Dosimetry covers also the
two different aspects of radiation: the description of the radiation quality and
the description of the energy deposited in a medium (the absorbed dose) [57].
Metrology is a field of knowledge of measuring a value of a physical quantity,
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including both the theoretical and the practical aspects of measurement [53].
Measurement of absorbed dose of ionizing radiation is an exceptional area in
metrology as the accuracy achieved in measurements at laboratory conditions
is close to the accuracy required in typical applications. The requirement of
accuracy is most emphasized in radiotherapy where the reference dose in a
clinic should be measured with the same level of accuracy as in a dosimetry
laboratory [6,16,44, 74,117].
To assure the consistency of dosimetry and the metrological traceability of
calibrations, the dosimetry procedures in radiation therapy are guided
internationally. For common radiotherapy modalities, such as external beam
therapy by high energy electrons and photons or by fast neutrons, the guidance
for dosimetry is established by organizations of metrology and medical physics
[18, 39, 47, 52, 80]. In these radiotherapy modalities the improvements in the
dosimetric methods and data come into effect only after the improvements are
implemented in the widely used dosimetry reports and Codes of Practice (CoP)
for dosimetry. For uncommon and specific type of radiotherapy modalities,
such as BNCT, no uniform international guidance for dosimetry exists, so far.
In BNCT the work towards coherent dosimetry procedures was started in
1998, when a European project for a CoP of epithermal neutron beams in
BNCT was launched [111].
In dosimetry of radiation therapy the importance of quality assurance (QA) has
been emphasized since the establishment of systematic dosimetry procedures
[44, 79, 80, 81]. During the recent years interest in quality-oriented systems
has increased in the medical field. The American Association of Physicists in
Medicine (AAPM) has published recommendations for a comprehensive QA for
radiation therapy in 1994 and the European Society for Therapeutic Radiology
and Oncology (ESTRO) has presented a frame for a quality system based on
the guidelines of the International Standardization Organization (ISO) in 1997
[1, 30, 55]. In the BNCT community the validity of quality-oriented treatment
procedures has been recognized [103] and the baselines for a dosimetry quality
program has been presented by Rassow et al. [95].
The experimental dosimetry of electron and photon beams is based on the use
of ionization chambers. Ionization chambers are also recommended as
reference dosemeters for mixed neutron and gamma beams of fast neutrons. In
dosimetry of epithermal neutron beams various types of dosemeters are
required for dose characterization, because of the mixed neutron and gamma
radiation field and the spread of the neutron energy and fluence. The twin
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ionization chamber technique has been applied for the determination of
neutron and gamma doses in epithermal neutron beams for BNCT [93, 100].
The primary measurement standards at the Primary Standard Dosimetry
Laboratories (PSDL) and the dissemination of absorbed dose to users have
traditionally been based on physical quantities "in air". The calibrations of
radiotherapy dosemeters have been, and mainly still are, performed for air
kerma in a 60Co gamma beam [10]. During this decade calibrations for absorbed
dose to water in PSDLs have become available and CoPs based on the absorbed
dose to water are under development [12, 99]. In PSDLs calibrations for
absorbed dose to water in other than 60Co gamma beams are possible [10, 20].
According to the hierarchic system of metrological laboratories the calibrations
of user dosemeters are commonly performed in Secondary Standard Dosimetry
Laboratories (SSDL). To improve the availability of SSDL services world-wide
the International Atomic Energy Agency (IAEA) and the World Health
Organization (WHO) have established a network of SSDLs [41]. SSDLs provide
a direct linkage of national dosimetry standards to the international
measurement system and offer calibration, training and quality audit services
for radiation therapy clinics [34, 39,41]
This work is concentrated on the metrological aspects of experimental
dosimetry and the evaluation of the accuracy of the calculated doses. The wide
use of NACP-type plane parallel (PP) chambers in electron beam dosimetry
and the reported individual variations of the type-related critical parameters of
these chambers in a MCo gamma beam used for calibration have lead to
investigations of different calibration methods of NACP PP chambers [Publ.
TV]. In photon beam dosimetry the validity of the commonly used beam
specifier, i.e. the tissue-phantom-ratio, TPR 2 Q, as a general beam specifier is
investigated and the accuracy of the alternative photon beam specifier, i.e. the
percentage depth dose at 10 cm depth, %dd(10), is studied through the Monte
Carlo (MC) simulations of photon beams [Publ. III]. For epithermal neutron
beams the twin ionization chamber technique has been applied, so far, to
determine only the epithermal+fast neutron dose and the gamma dose. In this
study the feasibility of ionization chambers for the measurement of the total
neutron dose and the gamma dose is investigated [Publ. V\. To investigate the
accuracy of calculated doses by treatment planning systems (TPS) of electron
and photon beams and to improve test methods for QA an intercomparison of
TPSs was performed [Publ. I and II]. For epithermal neutron beams a
comparison of calculated and measured dose distributions is also presented
[PubLV].
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The dosimetry procedures of epithermal neutron beams for BNCT are
described parallel to those of electron and photon beams. The methods and
formalism for the measurement of dose in the reference conditions, the
methods for dose calculation by TPSs, and the principles for QA in
radiotherapy are described. Finally, the outcome of the study is discussed and
the implementations of the results into the international CoPs for dosimetry
are described.

13
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3

QUALITY OF RADIOTHERAPY DOSIMETRY

3.1

Dosimetric accuracy requirements

In radiation therapy with external radiation beams the absorbed dose at the
specification point in a patient should be known with an overall uncertainty of
3.5% (lsd) [16, 44, 74, 117]. The main reason for the requirement of high
accuracy in dose delivery is the typically narrow dose margin between the dose
needed for tumor control and the dose causing complications for healthy
tissues. The size of the dose margin depends on the biologic characteristics of
tissues, the size and shape of the irradiated tissue volumes, the quality of
radiation, as well as the dose fractionation regime. Due to individual nature of
the dose margin, 3.5% (Isd) uncertainty can be regarded as a general level
accuracy requirement for dose delivery [16, 74, 117]. Besides the individual
treatments, the high accuracy in dose delivery is essential to enable a reliable
analysis and a comparison of results of different radiation therapy techniques
and modalities [22, 23, 44].
In BNCT the succcess of a treatment depends on a number of parameters
including tumor location and depth, boron content in tumor and healthy
tissues, and neutron fluence. The biologic effectiveness depends not only on the
quality of ionizing particles present in the tissues, but most importantly on the
intracellular boron concentration [9]. Furthermore, the intracellular boron
concentration is critically dependent on the type of the boron pharmaceutical
used. Mainly due to this complicated, microdosimetric and pharmacokinetic
nature of producing the therapeutic effect in BNCT, generally accepted
accuracy requirements for the delivered dose are difficult to define and so far
they do not exist.
In typical BNCT treatments of brain tumors 30% to 50% of the dose in the
brain is produced by the beam radiation components (non-boron dose) [9, 93].
On the other hand, the dose from the neutron capture by boron is directly
proportional to the thermal neutron fluence, also responsible for production of
the main fraction of the beam dose in tissues. The delivery of a relatively high
beam dose to tissues requires therapeutic accuracy intrinsically and the
According to the recommendations of International Committee for Weights and Measures
(CIPM) the estimated accuracy is expressed in uncertainties. The uncertainties are classified to
those estimated by statistical means (Type-A) and to those estimated by other means (Type-B).
Both types of uncertainties are expressed by standard deviation (Isd). The overall uncertainty
of a process includes combination of both types of uncertainties from all steps in a process [53].
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requirement of accuracy is even more pronounced due to the linkage of boron
and non-boron doses through the thermal neutron fluence. Based on the
arguments above the same level of accuracy as in the electron and photon
radiotherapy can be justified for the beam dose in BNCT.
In the quality standards of ISO the quality is denned as "the totality of features
and characteristics of a product or service that bear on its ability to satisfy
stated or implied needs" [55]. Based on the requirements for curative
radiotherapy it can be stated that the "need" for radiotherapy dosimetry is the
"need of accuracy". Furthermore, to achieve or even get close to the required
accuracy the features of the whole treatment and dosimetry procedures have to
be considered.

3.2

Treatment and dosimetry procedures

The treatment procedures for external electron and photon radiation therapy
and for BNCT radiotherapy includes several sequential phases. The schematic
presentation of the treatment procedures is presented in Table I.
Treatment planning includes all the steps prior to treatment delivery. Dose
planning is a process used to prescribe the target volume, dose and the dose
fractionation regime and also the number, orientation, type and characteristics
of the radiation beams [16, 30]. In BNCT the planning for the concentration
and distribution of boron in a patient is a part of dose planning [9, 27].
In the external electron and photon beam dosimetry the dosimetry chain starts
by the realization of the dose quantity in the PSDL leading by an unbroken
chain of calibrations of ionization chambers to the measurement of the
absorbed dose to water in the reference conditions in a clinic and, finally,
ending to the calculation of the dose to a patient [30, 39, 44, 46]. The beam
specific reference dose of the treatment unit is used for the calibration of the
beam monitoring detectors (or the timer) and for the normalization of the
further relative dose measurements required [39, 44]. Dosimetry enters the
treatment procedure at the phase of dose planning, where the measured
characteristics of the beam and the calibration factors for beam monitor
detectors are used as an input for TPS [2, 46,110].
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Table I. The schematic presentation of the treatment procedure of external
electron and photon radiation therapy and BNCT [9, 16, 27, 30, 46, 48, 65, 93].
Treatment procedure

Treatment

Treatment planning

Follow-up

delivery
Tumor
localization

Dose planning

Plan verification

• CT, MRI,
X-ray
imaging

• Prescription of
target volume,
dose and
fractionation

• Simulation of the • Patient set-up
• Medical
patient set-up
examina• Dose delivery
tions
of the
• Simulation of th*
• Verification
patient
radiation fields
- recording and
• Evaluation of
in the patient by
u
X-rays
results
systems
- in-vivo dosimetry
- portal imaging u

• Patient
positioning
(fixation)

• Dose calculations
byTPS
(optimization)
• Plan of the boron
concentration and
distribution in the
,.

,

2)

patient.

• Determination of
boron
concentration
(blood samples)

Actions performed only in electron and photon beam radiotherapy.
2)

Actions performed only in BNCT.

The dosimetry procedure of epithermal neutron beams in BNCT consists of the
same elements as the dosimetry chain of electron and photon beams. The
differences arise from the complexity of radiation components and from the
variety of dosemeters. The physical quantity of the neutron beam related to the
therapeutic dose is the thermal neutron fluence. The thermal neutron fluence
rate is typically determined by a metal foil activation technique and the
measured neutron fluence is traceable to the standards of activity [43, 45].
With a twin ionization chamber technique it is possible to determine both the
neutron and gamma doses traceable to the standards of dose quantities (air
kerma and absorbed dose).
Metrology in radiotherapy dosimetry deals with the dose measured in the
reference conditions in a clinic and is mainly related to its traceability to the
international measuring system. Besides the actual determination of the dose
to a patient (the dosimetry chain) a lot of dosimetry actions are required in
measurements of the input data for TPS, in QA of treatment units and TPSs,
and in-vivo dose measurements.
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3.3

Quality assurance of dosimetry

It can be summarized that the elements affecting the quality of dosimetry in
radiation therapy are the means of dosimetry (methods and equipment) as well
as the possibilities and practice to carry out the dosimetric actions (quality
policy, organization, education). The means of QA for dosimetry are the
establishment of performance criteria, quality control (QC) and quality audit
measures [1, 2, 30].
Through the use of the methods, data and dosemeters of CoPs it is intended to
unify both the accuracy of dose with respect to the absolute dose and the
consistency of dosimetry between different radiotherapy clinics and
modalilities. The dosimetry recommendations include also guidance for QC.
The performance requirements for manufacturing of the medical electrical
radiation therapy equipment and the recommendations for QC of this
equipment are established by the International Electrotechnical Commission
(IEC) [50, 51]. The basic structure of the organization of a radiotherapy clinic
and the expertise of the staff of the clinic are outlined in the published
comprehensive QA recommendations [1,30].
Quality audit site visits and mailed dosimetry services are organized by SSDLs
and by other national and international organizations [28, 34, 58, 114].
Dosimetric intercomparisons are a widely used method for external verification
of the quality of dosimetry. The intercomparisons are performed either at some
specific level in the dosimetry chain [10, 71, 102] or in order to evaluate some
specific treatment technique [21].
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4

MEASUREMENT OF DOSE IN THE
REFERENCE CONDITIONS

By an ionization chamber the absorbed dose to a medium, D can be determined
according to a relation:
D = QNC

(4.1)

where Q is the measured charge, N is the individual calibration factor of the
chamber for the dose quantity and beam quality used in the calibration
laboratory, and C is the conversion factor of the calibration from the
laboratory irradiation conditions to the reference conditions in a clinic. For Q
the corrections for the influence quantities of charge collection and for the
ambient climatic conditions are required [51]. In a clinic the reference absorbed
dose in external electron and photon beams is measured in defined reference
conditions in a water phantom [39]. The reference conditions fix the beam
geometry (attenuation and scattering conditions) and the position of the
chamber in the beam so that the conversion factor can be specified.
In a mixed neutron and gamma beam the neutron dose can be determined by a
tissue equivalent (TE) ionization chamber [47]:

£>

Dv

TE

In Equation 4.2 Dn andDy are the neutron and gamma doses. clfK and CyE%
are the conversion factors relative to air kerma for neutron and gamma
radiation qualitites, respectively. To determine both the gamma and neutron
doses a twin ionization chamber technique can be applied and a similar
equation as for a TE chamber (Equation 4.2.) can also be written also for a nonhydrogenous neutron insensitive gamma ionization chamber [47].

4.1

Calibration of ionization chambers

In the calibration process the calibration factor N and the conversion factors
Care determined (Equations 4.1 and 4.2). The accuracy of A''depends on
the characteristics of the chamber and the calibration method used. N is
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determined by a direct comparison of the ionization chamber to a standard
dosemeter. The dose quantity, in terms of which N is determined, is either the
air kerma or the absorbed dose to water in a 60Co gamma beam or in a beam
with a quality closer to the user beam. In the SSDLs, typically, only '"Co
gamma sources are available for high energy calibrations. If other beam
qualities are used, the calibrations have to be performed either in a PSDL or in
a radiotherapy clinic.
The conversion factors C can be determined experimentally by using a
reference dosemeter and specific beam qualities or theoretically by methods
based on the cavity theories of dosimetry [8]. The accuracy of C depends on the
dose quantity used to determine N (air kenna or absorbed dose), the reference
dose quantity used in a clinic, the characteristics of the radiation beams and
the characteristics of the chamber. In the dosimetry of electron and photon
radiotherapy the reference dose quantity is the absorbed dose to water and the
measurements are performed in a water phantom [39, 44]. For neutrons the
fluence to dose conversion depends critically on the chemical composition of the
material, and the reference dose is defined directly to the target tissue material
e.g. "ICRU adult brain" for treatments of brain tumors in BNCT [47, 56, 93,
100]. In spite of the definition of the reference dose to the target tissue
material for neutrons, the dose measurements and calculations can be
performed in "simple" materials as water or acrylic plastic [91, 104]. For
reference dosimetry of photon beams small (< 1 cm3), air filled, graphite wall
thimble type ionization chambers are recommended. For dose measurements in
electron beams, depending on the electron beam energy, both thimble
chambers and flat, coin shaped PP chambers with graphite windows are
suitable [51, 39, 40]. For neutron dosimetry ionization chambers made of TE
plastic and flushed with TE gas are recommended [47].
The formalism of the conversion factors C, based on cavity theories for
dosimetry, for the ionization chambers typically used in the electron, photon
and neutron dosimetry are summarized in Table II.
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Table II. Conversion factors C for typical ionization chambers in electron,
photon, and neutron dosimetry. Abbreviations are explained in the text. [7, 39,
40, 47, 81]
Type of
the
ionization
chamber

Dose quantity
and radiation
quality used
for individual
calibration of
the chamber

Radiation Conversion factor
quality
to be
measured

Thimble

Airkerma

Electrons
and
photons

Co gamma

Plane
parallel

Airkerma

l(S!p)aJfrter]u

<Wair)u

Electrons

M

Co gamma

Absorbed dose to Electrons
water
and
photons
M
Co gamma or
electron/photon
Neutrons
TE-thimble Airkerma

Thimble
and plane
parallel

ter

l(Slp)™fr ]c

CTE

^Co gamma

^S'P)^?rer^u

c

,,

r
L

•.,
^

In Table II (S/p)\,

(ju/p)\and

(Wair)u

(Wair)c Pc

wall ^tissue-,
g"s ^wall lu
^

pu

iM/P)Zll]C

,w
,.
^-"gaslu
{WSaS)C

{K)\ are the ratios of mass collision stopping

powers for electrons, ratios of mass absorption coefficients for photons, and
ratios of kermas for neutrons, respectively. All ratios are expressed in medium
1 to medium 2. r^ is the gas-to-wall conversion factor for neutrons. W is the
energy required to produce an ion pair in the gas of the ionization chamber.
km is the factor which takes account of the non-air equivalence of the chamber
wall in a ^Co gamma beam. katt is the correction factor for attenuation and
scatter of photons in the chamber relative to air in a 60Co gamma beam, p is
the product of several factors and takes account of the perturbation of the
electron and photon (or neutron for TE chamber) fluences in the chamber
compared to those in the phantom medium, g is the fraction of energy of
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secondary charged particles that is lost to bremsstrahlung in air in a MCo
gamma beam (value of g is 0.003) [39, 47]. Subscripts c and u refer to the
calibration and user beam qualities, respectively.
In this work the calibration procedures of NACP PP chambers [72] are studied
and the individual variations of the values of factors km , kmkatt and pc are
determined experimentally for several PP chambers [Publ. W\.
The variation of CK , C^, and CD relative to the user beam quality is mainly
defined by the variation of (SIp)%£ler and a minor contribution is induced by
pu For electron and photon beams the value of the ratio {Wair)u l(Wair)c can be
considered to be unity [7, 40]. In the reference conditions in water for typical
accelerator spectra the variation of the values of (SI p)™?ter is approximately
13% for electron beams and 6% for photon beams [7, 40]. In electron beams the
change of electron spectra and (5 I p)aS-'er relative to the depth in water have
also to be considered. For neutrons the values of C%fK change approximately
with a factor of three relative to neutron energy due to change of critical
parameters K$g'" and WTE [56, 100, Publ. V]. In this study the values of C™K
were evaluated for the total epithermal neutron spectra (including thermal
neutrons) and a change of 13% relative to the depth up to 150 mm was found
[Publ. V]. According to the results of Raaijmakers et al. the variation of the
value of C%EK is approximately 5 to 6% for the epithermal and fast components
of the spectra they used [92]. For a total neutron spectrum the value of C%fK is
close to 1.30, whereas for epithermal and fast neutrons it is close to 0.90. In all
the studies mentioned for neutrons the changes of the values of cj^ are
referred to brain tissue and assuming the value of pu to be equal to one.

4.2 Specification of beam quality
For the evaluation of the conversion factor C, the energy spectrum of the
particle fluence of the beam has to be specified. In the dosimetry of electron
and photon beams the spectrum of an individual beam is not explicitly
determined. In these beams relatively simple, easily measurable beam quality
specifiers are used [7, 12, 15, 39, 40]. These beam quality specifiers are based
on the indication of dose or ionization characteristics relative to the depth in
water at a specific beam geometry. The relations between a beam specifier and
(SI p)™frter andp are determined experimentally as well as by MC calculations.

21

STUK-A164

In CoPs these relations are given as tables or figures for typical accelerator
spectra and common ionization chambers [7, 39].
In the CoPs for electron beams the selections of {SI p)™?rter andp are based on
the use of two measured beam energy specifiers, i.e. the depth of 50% of the
maximum dose, R50, and the practical range of electrons, Rp [39, 40, 52, 80].
First, Rso is used to determine the mean energy at the surface of the
phantom, £ 0 [12]. £ 0 , in turn, and Rp are used to determine the mean energy
at the reference depth in a phantom, Ez . The relations of Eo, Rp, and Ez are
based on MC simulations of the beams. Finally, Eo is used for the selection of
(SI p)at/er and Ez for the selection of p.
The accuracy of Rso as an electron beam specifier depends on the
characteristics of electron scattering and on the level of photon contamination
in the beam in water [12, 39]. In the recent studies Sorcini et al. investigated
the effects of the energy and angular spread on the characteristics of the depth
dose curve in water produced by a high energy electron beam [108, 109]. They
also introduced novel range parameters for evaluation of £ 0 [109]. The effect of
photon contamination in electron beams has recently been studied by
Klevenhagen et al. [62], Ding et al. [25], and Sorcini et al. [108, 109]. According
to these studies the absorbed dose determined by ionization chambers in
heavily photon contaminated electron beams (£ 0 > 17 MeV) may be too low,
even as much as 1.0 to 1.2%. Ding et al. and Sorcini et al. have also developed
methodologies to take account of the contribution of contaminant photons to
the measured absorbed dose in electron beams. A simplified procedure where
both the reference depth and (5/p)^ r ' er are defined by Eo is presented by
Burns et al. [19]. In the approach by Rogers et al., where the absorbed dose to
water is used as a calibration quantity, the conversion factor CD is expressed
directly by R^ [98,99].
For photon beams a widely adopted beam quality specifier is the tissuephantom-ratio, TPRj2^ [7, 15, 39]. TPR2° is defined as a ratio of the absorbed
dose to water at the depth of 20 cm to that at the depth of 10 cm on the central
beam axis in a water phantom, with a 100 cm source-to-detector-distance and a
field size of 10 cm x 10 cm at the detector level. The precursor of TPRJ^, the
ionization ratio, J1(/J20, was used to specify the nominal accelerating potential,
(S/p)a?r'er, and p [14, 80]. Other types of photon beam quality specifiers,
mainly used to specify the nominal accelerating potential, are the depth at
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which the dose fell to 80% of the maximum dose, d(80%), and the percentage
dose at the 10 cm depth, %dd(10) [17, 67]. In this study the validity of
the %dd(10) as a beam specifier i.e. to determine {SIp)^frter is investigated
[Publ. III]. Karlsson and Nystrom have demonstrated the use of a device for
measuring the half value thickness of a photon beam in a narrow water
column. The half value thickness they used to determine (SI p)™"rter especially
in non-reference conditions [60,89].
For accurate neutron dosimetry the characterization of the neutron spectrum
is essential [47]. For epithermal neutron beams this requirement is
emphasized due to the spread of the neutron spectrum at the thermal energy
range and due to the energy dependence of dosemeters. For the determination
of the neutron spectrum in a phantom a set of metal activation foils and wires
with different cross-sections relative to neutron energy has been applied [43,
45, 91]. In this work the neutron spectrum was calculated by using
deterministic methods and verified by the activation foil technique [Publ. V].
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5

CALCULATION OF DOSE TO A PATIENT

5.1

Treatment planning systems

The core of a TPS is the algorithm responsible for the calculation of the dose
distribution in a patient. The algorithm should take into account all beam
geometries and beam modification devices as well as the full extent of the
patient anatomy [46]. The dose calculation algorithms can be classified into
"correction" based approaches (matrix methods, methods of beam generating
functions, and methods of separation of the primary and scattered dose
components) and into those using beam modelling [22, 46, 70, 83]. The
"correction" algorithms reconstruct the beam in a homogenous medium and use
separate corrections for beam shaping, patient contour, and heterogeneities.
With the "correction" algorithms a separate calculation procedure is also
required for the calculation of the output factors (monitor units) of the modified
beams [70]. The "correction" based algorithms are typically 2D calculation
approaches, although permitting the dose in 3D locations. By the model based
algorithms the fluence transport in a medium is directly modelled by either
deterministic (radiation transport equations and 3D convolution methods) or
stochastic means (MC calculations). The model algorithms are suitable for
efficient 3D calculations and capable of calculating the dose in "absolute units"
i.e. dose per unit fluence.
In spite of the differences in the principles for dose calculation, the "correction"
and model based approaches also have a lot of common features. All calculation
algorithms require some measured data of the beam as an input. In the model
based approaches the measured input data is mainly needed for "tuning" the
beam specific parameters [70]. All dose calculation methods are also
approximative: the "correction" based approaches due to their initial nature
and the model algorithms due to the limited calculation time in clinical use
and/or the inadequate input data.
Although the trend in TPSs for electron and photon beams is towards the 3D
convolution model based dose calculation algorithms [37, 70], the "correction"
type dose calculation approaches are still common [2, 4, 101]. Due to long
calculation times, MC techniques are still mainly used as a complementary
method for convolution techniques [62, 102, 122] and as a reference method in
the verification of other calculation methods [24]. An extensive list of MC based
treatment planning projects is included in the work of DeMarco et al. [24].
In this study the accuracies of the six TPSs, using "correction" type dose
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calculation approaches for electron and photon beams, were compared
[Publ.II].
For the treatment planning in BNCT the fluence and dose calculations are
mainly performed by MC methods [83, 125]. Deterministic radiation transport
calculation methods, common in reactor physics, are also used for dose
calculations in epithermal neutron beams [83]. Raaijmakers et al. have
modified algorithms designed for external electron and photon radiotherapy
and used them for dose calculations of the mixed epithermal neutron and
gamma beam in BNCT [94].
The implementation of a modern conformal treatment technique requires a
TPS with totally 3D dose calculation algorithms. An efficient use of a 3D
algorithm also requires accurate 3D patient data and a visualization for 3D
images [82, 110]. These characteristics are standard features in the newest
TPSs as well as software tools for image fusion, automatic contouring, beam's
eye view display, digitally reconstructed radiographs, and dose volume
histograms [2, 101]. All these features have to be included also in the QA
procedure of a TPS [2].
According to ICRU the calculated relative doses should not differ by more than
2% (low dose gradient area) or 2 mm (high dose gradient area) from dose
measurements [46]. A detailed summary on the performance requirements for
external electron and photon beams has been published by Van Dyk et al.
[120]. The tolerance values by Van Dyk et al. can be summarized as 3-4%
(/ 4 mm) for photons and 5-7% (/ 5 mm) for electrons. The tolerance values by
Van Dyk et al. are expressed relative to the maximum dose higher values being
typically adopted at high dose regions. Tolerances in the distance (mm) are for
high dose gradient regions. Tolerance values are valid for tests of a complicated
geometry using radiation fields of a modified shape and intensity together with
inhomogeneities. Van Dyk et al. considered their tolerance values as practical
achievable criteria and they also pointed out that the criteria are not limits
beyond which no further improvements are necessary. For the accuracy of the
calculation of the beam output (absolute dose) they recommended a tolerance
ofl%.

25

STUK-A164

5.2 Verification of calculated doses
In commissioning and in QA of a TPS, to verify the accuracy of the calculated
doses, calculated and measured doses are compared. Typically the comparisons
are performed in separate tests for different shapes of beam and phantom
surface and inhomogeneities [105, 120]. The calculated doses are also verified
by the in-vivo measurements of a patient and the measurements of the
delivered dose in a phantom [2, 106,120]
The accuracy of the calculated dose depends on the accuracies of measured
data, data entry and output, calculation algorithm, and the physical data [46,
88,120]. For the measurement of the comparative relative doses (non-reference
geometries) a variety of dosemeters can be used. The selection of the most
suitable dosemeter should be based on the optimization of the energy, angular,
and dose rate dependences of the dosemeter. For electron and photon beams
typical on-line dosemeters are small ionization chambers and diodes. Passive
dosemeters, such as TLD and films, can be used, especially in solid phantoms
[61, 71]. For dosimetry in phantoms, the novel application of fricke dosimetry
is the use of fricke gels read out by nuclear magnetic resonance [90]. In this
study lithium tetraborate (LLB4O7) TLD, ionization chambers, silicon diodes
and diamond detectors are used for the measurements of relative dose
distributions in electron and photon beams [Publ. I , Publ. II].
For the verification of calculated doses accessory softwares have been
developed, although not widely implemented in the commercial TPSs [2, 24, 35,
69]. AAPM Task Group 23 provides a test package for the quantitative analysis
of treatment planning systems for photon beam radiation therapy. The test
package includes measured input data and comparative data for the
verification [4]. The Collaborative Working Group of the National Cancer
Institute in the USA also provides measured verification data for electron
algorithms [105].
For in-vivo dosimetry in electron and photon beams semiconductor diodes and
TLD are used and recommended [75, 119]. Methods to use electronic portal
image devices for in-vivo dosimetry of the patient and for QA of accelerators
have been developed. [11, 78,119].
For the experimental verification of calculated doses of epithermal neutron
beams the dosemeters used in fast neutron therapy can be used if special
attention is paid to their response for thermal neutrons [45, 73]. In BNCT
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dosimetry for the detection of thermal neutron fluence in phantoms, activation
foils [91, 112], boron doped proportional counters [5, 112], and diodes [29, 36]
have been used. For neutron and gamma dosimetry, TLD [115,124], fricke gels
[33] and microdosimetric techniques [66, 123] have successfully been applied.
Especially for in-vivo dosimetry in BNCT a method of prompt gamma detection
from the neutron capture of boron has been developed [121].
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6

DISCUSSION

In the estimation of the overall uncertainty of a process the uncorrelated subuncertainties are added in quadrature and the importance of the largest
uncertainties is pronounced [54]. In the dosimetry chain for electron and
photon beams the "weakest links" are the determination of the calibration
factor of an ionization chamber for the user beam quality and the calculation of
the dose to a patient [16]. For dosimetry of epithermal neutron beams in BNCT
the same steps as for electron and photon beam dosimetry can be considered as
most meaningful. This work is concentrated on studing these steps of the
dosimetry procedures.

6.1

Calibration of ionization chambers

At the time of closing this study the general attempt to calibrate radiotherapy
dosemeters in terms of absorbed dose to water instead of air kerma is going to
be fullfllled. For electron and photon beams, AAPM, IAEA and ICRU are
preparing dosimetry recommendations based on absorbed dose [42, 49, 99].
Due to the elimination of conversions of quantities the advantages of the
absorbed dose to water calibrations are obvious for photon dosimetry [7, 96,
97], whereas for electrons these advantages are partly lost [98]. Primary
standard equipment for absorbed dose are mainly developed for photon
radiation [12] and the radiation quality dependent systematic components of
the uncertainties in the dose conversion procedure for electrons are not
cancelled out to the same extent as in case of photons [98]. However, regardless
of the quantity used for calibration (air kerma or absorbed dose to water),
(S/ p)™ter and p of the user beam are directly related to the measured
absorbed dose i.e the dose to a patient.
For electron dosimetry by PP chambers, the chamber to chamber variations of
the fluence perturbation effects (km,kmkatt and/?c) in a ^Co gamma beam
increase the uncertainty of the measured dose. In CoPs these effects are
assumed to depend only on the type of the chamber and the beam quality. If a
PP chamber is calibrated in a 60Co gamma beam (for air kerma or absorbed
dose to water) the uncertainty of the absorbed dose measured in the reference
conditions in an electron beam by this chamber is 3.4 to 3.5% (lsd) [40]. If a PP
chamber is calibrated for absorbed dose to water in a high energy electron
beam, the uncertainty of the measured dose is 2.9% (lsd), even if a thimble
type chamber with an air kerma calibration is used as a secondary standard
[40]. The described improvement of the accuracy is mainly due to the
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elimination of the individual variations of the fluence perturbations of PP
chambers in a MCo gamma beam. In this study 3% chamber to chamber variations of km,kmkatt andp c factors are found. Publ. IV is adopted as a reference
study in the CoPs for electron dosimetry by IAEA and IPEMB [40, 52].
Since Publ. IV, Nilsson et al. have studied the effects of chamber and phantom
materials on the perturbation factors pu of PP chambers in electron beams [84].
The results of Nilsson et al. verify that for NACP chambers pu in electron
beams is close to unity in water, the deviation being less than 0.5%. However,
as related to pu , even with well guarded chambers the contribution of lateral
scatter might not be negligible [84]. Ding and Cygler have determined pu
relative to Rso in electron beams for other types of PP chambers using NACP
PP chambers as a reference [26].
Burns et al. have demonstrated deflections from theoretical predictions in the
ion collection efficiency (recombination effect) of NACP PP chambers in
electron beams of high dose per pulse [20]. Using the commonly applied two
voltage method for the determination of the recombination correction, Burns et
al. obtained up to 1% overestimation for recombination correction. For the
accurate calibration of NACP PP chambers in electron beams, the total
saturation behaviour of the collection efficiency has to be determined. In the
dose measurement the effect of the overestimated recombination is cancelled
out if the same "dose rate per pulse" and collecting potentials are used both in
the calibration and in the actual dose measurement [20, 40]. The possible
overestimated recombination effects can partly explain the large variations of
the perturbation effects of PP chambers obtained in this study. This item is
under research at the moment. Nisbet et al. have studied the polarity effects of
the collection potential in NACP chambers and emphasize the requirement of
polarity correction i.e. the use of both polarities of the collection potential in
accurate measurements [85]. The methods of accurate recombination and
polarity corrections have been implemented in the recent dosimetry CoPs of
IAEA and IPEMB [40, 52].
For the calibration of PP chambers in electron beams, the arrangement of
laboratory conditions in a clinic can be difficult due to practical considerations.
In Finland, the calibrations of PP chambers are performed by the staff of the
SSDL-Helsinki, during their regular site visits to clinics. By this arrangement
the same reference thimble chamber can be used as a standard in different
clinics and the consistency of calibrations can be increased.
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In dosimetry of epithermal neutron beams, the main drawback of using a TE
ionization chamber for neutron dose determinations in a phantom is the
subtraction of the signal due to large gamma dose [Publ. V]. In this study, in a
highly thermalised neutron beam the uncertainty of 6% (lsd) of the gamma
dose is manifested as an uncertainty of 18% (lsd) in the neutron dose
measured by a TE chamber. Another significant source of uncertainty is the
uncertainty of the conversion factor C™K. For an A150-plastic TE ionization
chamber CnK to brain tissue can be determined with an uncertainty of 7 to
10% for the total epithermal neutron spectrum [Publ. V]. The energy response
of a chamber and the uncertainty of C^fK can be reduced if TE chambers made
of brain tissue equivalent materials instead of muscle tissue equivalent A150plastic can be used. So far, only liquid brain substitute materials are available
[104]. The uncertainty of cJ,fK can also be expected to be reduced through the
calibrations of chambers in neutron beams. Unfortunately, the availability of
these types of calibrations in neutron beams at PSDLs is limited. The total
uncertainty of the determination of the neutron dose to brain tissue by an
A150-plastic TE chamber in a phantom is 15 to 20% [Publ.V, 93, 100].

6.2

Specification of photon beam quality

For typical clinical photon beams (S / p)™?ter can be expressed within a
variation of 0.7% relative to TPR j ^ and with an uncertainty of 0.7% (lsd) [6, 7,
39, 86]. For TPRJQ as a general photon beam specifier the following limitations
can be stated [Publ. Ill, 68]: a) The relation between (5//0)^> ter and TPR^j
depends on the filtration of the beam; for the light filtered beams as used in
some PSDLs as well as for the high energy racetrack microtron beams
differences up to 1.0% in (S/ p)™?r'er compared to the typical clinical beams are
found for the same value of TPRJ$. b) The relation between (SI p)™ter and
TPR10 is not linear and the accuracy of TPR j ^ is decreased at higher energies;
1% change in TPR j2° leads to 0.4% change in (SI p)^Tr

at tiie

TPR w

v a l u e of

0.8 and to 0.1% change at the TPR j ^ value of 0.7. c) As a ratio, TPRJ^ is not
a very illustrative parameter for beam specification.
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In this study the characteristics of TPR^ and an alternative photon beam
specifier, %dd(10), are investigated by simulating photon beams by an EGS4
MC code [Publ. III]. A linear relationship within 0.2% between (SIp)™?rter an.&
%dd(10) was found both for clinical and for lightly filtered photon beams. The
main disadvantage of %dd(10) as a photon beam specifier is the effect of the
electron contamination of the beam at the depth of the dose maximum. The
contribution of electrons to the dose at the depth dose maximum in the
phantom is between 2 to 5% and increases with the increasing beam energy
[Publ. Ill, 68, 107]. Without corrections in clinical photon beams the effect of
contaminant electrons introduces a maximum deviation of 0.7% to (SIp)™?r'er
when determined by %dd(10). As a continuation to Publ. Ill of this study Li
and Rogers have studied methods to eliminate the contaminant electrons by
metal filters [68]. They define a cubic relation within 0.2% between (SIp)™?fer
for a realistic, contaminated photon beam and %dd(10) when the contaminant
electrons are excluded from the beam by a 1 mm thick lead filter.
In the measurement of %dd(10), attention has to be paid to the type of the
ionization chamber used. Due to the change of perturbation factors, pu, of
thimble and cylindrical chambers relative to the depths of the dose maximum
and 10 cm in water [Publ. Ill], PP chambers are preferred in the
measurements of %dd(10). Mainly for practical considerations, especially for
the use of a lead filter, the outcome of the use of %dd(10) as a photon beam
specifier for dosimetry will be verified through the experiences in practical
dosimetry work. Comparative dose measurements using different beam quality
specifiers will give more information of practical aspects. This kind of a study
is planned for the future. Publ. Ill of this study and the study of Li and Rogers
168] are used as a basis for adopting %dd(10) as a photon beam specifier in the
forthcoming dosimetry recommendations of AAPM [99].
The exclusion of the contaminant electrons from a photon beam is desirable not
only for dosimetry but also for reducing the skin dose of a patient. It can be
expected that the use of the %dd(10) specifier in dosimetry will encourage the
manufacturers to develop medical accelerators with less contaminated photon
beams.
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6.3

Verification of calculated doses

For electron dose calculations only a few intercomparisons of TPSs have been
published since Publ. II. Dose calculation algorithms for electrons have been
tested by several groups, most recently by Samuelsson et al. for a 3D pencil
beam algorithm [102]. They used basically the tests described by the
Collaborative Working Group of the National Cancer Institute [105]. The
general consistency between measured and calculated relative dose
distributions found by Samuelsson et al. was within the 5 to 7% (/ 5 mm) limits
stated by Van Dyk et al. [120]. The largest deviations detected by Samuelsson
et al. were near the edges of the radiation fields (7%) and in and under the
bone and lung inhomogeneities (2 to 4mm). The authors considered the 4 mm
deviations related to the doses of the lung inhomogeneity too large to be fully
accepted [102]. The calculated results for the beam output were within 1% of
the measured values. Although the tests used by Samuelsson et al. are not
totally comparable to the tests used in this study [Publ. II], the results of both
studies illustrate the same behaviour of the limitations of the dose calculation
algorithms. In both studies the largest inaccuracies in dose calculations were
detected in the lung inhomogeneities where calculations overestimate the dose.
In this study the maximum differences of measured and calculated doses were
10%.
Since Publ. II, intercomparisons for photon dose calculations by TPSs have
been performed at least by Van Bree et al., Masterson et al., Aird et al., Cheng
et al. and by Alam et al. [3, 4, 21, 71, 118]. Van Bree et al. and Cheng et al.
tested the accuracy of the calculated tangential beams in breast treatment [21,
118]. Van Bree et al. circulated a breast phantom in six clinics having different
TPSs of 2D calculation algorithms. In the study of Cheng et al. TPSs also with
3D calculation features were included in the intercomparison and no
measurements were performed. Aird et al. investigated the consistency of the
measured and calculated doses of nine TPSs using a "head and neck" phantom
and a "bronchus" phantom. Mastersson et al. tested six non-commercial 3D
algorithms and Alam et al. compared the calculations of two TPSs. In all these
tests the general consistency of the measured and calculated relative doses
were 3 to 4% (/3mm). Similarly, as for electrons, the largest discrepancies were
related to the dose calculations near or in the lung inhomogeneities. In a few
studies also large individual (clinic related) discrepancies were found. Van Bree
et al. detected up to 10% and Aird et al. up to 7% differences between the
calculated and measured doses. These were mainly explained by the
inaccuracies in the input data [3, 118]. Alam et al. detected up to 19%
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inaccuracies of the calculated doses for a pencil beam based algorithm. They
thought the discrepancy to be related to the inaccuracies in the user dependent
fitting parameters of the algorithm [4]. The calculated beam output was
typically within the limits of the estimated uncertainty of the measured dose,
i.e.1% (lsd), expressed relative to the dose in the reference conditions in a
clinic.
The accuracy of the calculated photon doses was also verified in the large
intercomparison of 62 radiotherapy clinics by Thwaites et al. and the similar
intercomparison of 4 clinics by Nisbet et al. [87, 113]. In these studies the
consistencies of the measured and calculated doses were compared in five
points in a simple phantom with a lung substitute insert. As in the TPS tests
the general consistency of the calculated and measured doses (including the
beam output in these comparisons) was better than 3 to 4%. Thwaites et al.
found also large individual variations of - 8 % to +16% for a few TPSs. The
largest deviations were due the exclusion of the lung inhomogeneity correction
and the software error of a TPS.
For photon beams, in addition to the intercomparisons mentioned, a large
number of tests are performed for individual algorithms and treatment
techniques. Intensive studies for a model based 3D pencil beam calculation
algorithm have been performed by Kudos et al. and Hurkmans et al. [38, 63,
64]. The limitations of the algorithm were clearly illustrated as 3 to 14%
deviations of relative doses with an increasing trend relative to the increasing
beam energy being detected in and close to lung inhomogeneities [64]. In the
lung inhomogeneity study MC calculated dose distributions were used as a
reference. In phantom studies for small fields and curved surfaces (simulated
head and neck area) the algorithm overestimates the dose from 2 to 5% [38].
The absolute output was calculated with an accuracy better than 3% [63].
In the studies reviewed above, ionization chambers, diodes, TLD, and film
dosimetry were used for the measurement of doses. For the same type of
L i ^ O , pellets as used in this study [Publ. I] the energy dependence has been
studied by MC simulations by Mobit et al. [76]. According to their results the
energy response (relative to dose in water) of L i ^ O , pellets is constant within
1% in the energy range of 2 to 20 MeV of monoenergetic electrons. For photons
this variation was 3% in the energy range of 1 to 10 MeV [76]. The findings of
Mobit et al. support the results of this study [Publ. I], that considering the
energy response, the LL,B4O7 pellets are well suitable for the measurements of
relative dose distributions in a tissue equivalent phantom in electron and
photon beams. The tests used for intercomparison of TPSs in this study
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[Publ. II] are similar to those used more recently [3, 4, 21, 71, 105, 118, 120].
For the validation of algorithms and TPSs these types of tests can be adopted
from the existing test packages [4, 105]. For quality audit purposes unspecific
but sensitive comprehensive tests with phantoms including curved surfaces
and inhomogeneities could be more practical [87,106,113].
Based on the results of this study [Publ. II] and the results of the reviewed
recent studies for TPSs for electron and photon beams the following
conclusions can be made: a) The accuracy level stated by Van Dyk et al. [120]
i.e. 3 to 4% (/ 4 mm) for photons and 5 to 7% (/ 5 mm) for electrons is generally
achieved by TPSs. b) The accuracy level stated by ICRU (2% / 2 mm) [46] can
be achieved in simple geometries and occasionally in geometries of curved
surfaces and with inhomogeneities. The criteria of ICRU can be considered
objective for the accuracy of a TPS. c) Large inaccuracies ( > 10%) are possible
even with a modern TPS.
For epithermal neutron beams used in BNCT intercomparisons of TPSs have
not been performed, mainly because of a small number of systems available.
For the validation of an MC based TPS Zamenhof et al. performed a test in a
head phantom [125]. They detected an approximately 10 to 15% consistency
between the measured and calculated relative neutron dose rates and a 5 to 6%
consistency for the gamma dose rates [125]. Using a semi-empirical calculation
algorithms, Raaijmakers et al. found a 2% consistency between the measured
and calculated relative thermal neutron fluences and a 5% consistency for
gamma ray doses in a solid head phantom [94]. Also up to 30% deviations for
the calculated thermal neutron fluences were found close to the air boundaries
[94]. In this study the consistency of the measured and calculated doses was 5
to 6% for gamma radiation and 18% for neutron radiation [Publ. Vj. In all the
studies mentioned for epithermal neutron beams the uncertainties of doses
(lsd) are at the same level as the consistency of measurements and
calculations.
In the verification of the performance of a modern TPS, either in electron and
photon radiotherapy or in BNCT the statement of J.R. Cunningham [22] is
still in a great validity: "All calculation procedures must be tested by
comparison with carefully carried out experiments. The importance of
experimental testing, preferably by the creator of the calculation method, cannot
be overestimated. Although several calculation procedures are available, being
approximate, they must be expected to have limitations and it must be realized
that there will be irradiation conditions that will fool them".
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7

SUMMARY

In electron beam dosimetry, the accuracy of dose determinations can be
improved remarkably through the direct calibrations of plane parallel
ionization chambers in high energy electron beams. These calibrations can be
performed fluently by an SSDL during periodic site visits to a clinic. In photon
beam dosimetry, the accuracy of dose determinations can be improved by using
the percentage dose at the 10 cm depth, %dd(10), as a beam quality specifier.
To quantify the final improvement of the accuracy in photon dosimetry, the
experiences of the users of %dd(10) and the results of the comparative dose
measurements using different beam specifiers are to be waited. For electron
and photon beam reference dosimetry, the results of this study have been
adopted in international Codes of Practices for dosimetry.
In dosimetry of epithermal neutron beams a reasonable accuracy in the
determination of gamma and neutron doses by ionization chambers was
achieved. To raise the accuracy close to the level achieved in electron and
photon beam dosimetry, improvements in tissue equivalent chamber materials
and calibration methods in neutron beams should be seeked and used. For
dosimetry of epithermal neutron beams in boron neutron capture therapy
(BNCT) the work towards coherent dosimetric methods has been started under
the European program. The results of this study are available for this program
and for the forthcoming Code of Practice in BNCT dosimetry in Europe.
In dose calculations by treatment planning systems for electron and photon
beams, the development of dose calculation algorithms has not diminished the
value of experimental dose verification. Discrepancies of calculated doses can
be expected also for modern treatment planning systems and comparative
studies shall be performed. In BNCT the value of intercomparisons is
emphasized because of the unique, individual beam facilities and a variety of
dosimetry methods used. Furthermore, the relatively large uncertainties of the
measured doses in epithermal neutron beams in BNCT broaden the limits of
consistency between individual clinics. For the quality assurance of a
treatment planning system in BNCT the similar validation procedures as used
for electron and photon beams should be performed.
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APPLICATION OF Li2B4O7 TL DETECTORS FOR CONTROL
OF INHOMOGENEITY CALCULATIONS BY RADIOTHERAPY
TREATMENT PLANNING SYSTEMS
Antti Kosunen and Hannu Jarvinen
Finnish Center for Radiation and Nuclear Safety
PO Box 268, SF-00101 Helsinki, Finland
Abstract — The performance of a radiotherapy treatment planning system (TPS) for the calculation of absorbed dose
distribution should be tested initially, and then regularly by a practical test method. The use of Li2B4O7 TL pellets in a
water-equivalent plastic phantom (RMI solid water) for such testing was studied. A simple inhomogeneous field was
selected as a test case. Selected depth- dose curves and profiles were measured for wCo gamma rays, 15 MV X rays and
20 Me V electrons. The results of measurements were compared with dose distributions calculated using some commercial
TPSs. The results suggest that differences of several per cent in the relative dose values can be expected when different
algorithms are applied. The precision of TLD is sufficient to reveal such differencens and to study their importance.

axes. The depths of the profiles were 80 mm and i20
mm. The structure of the phantom and the locations
of the measured depth-dose curve and the profiles
are illustrated in Figure 1.
In the profile measurements, the TL dosemeters
were placed at 1 cm intervals. In depth-dose
measurements, the distance between the dosemeters
was the thickness of the plastic or the cork plates.
The phantom with TL pellets was irradiated to the
absorbed dose of 1 Gy at the depth-dose maximum.
The source to surface distance was 100 cm and the
field size of the beam 15 cm x 15 cm at the surface
of the phantom. ^Co gamma rays, 15 MV X rays
and 20 MeV electrons were used for the irradiation.
The radiation beam axis was 5mm off from the
centre of the cork cube (see Figure 1.)

INTRODUCTION
The performance of radiotherapy treatment
planning systems (TPSs) for the calculation of
absorbed dose distributions should be tested
initially, and then regularly by a practical test
method. Measurements in a water phantom are not
always practical or convenient, at least for regular
quality control of TPSs. In this study preliminary
measurements are carried out to study the
application of TLDs in a water-equivalent plastic
phantom for such testing. A simple inhomogeneous
field is selected as a test case. Results of
measurements are compared with dose distributions
calculated using some commercial TPSs. This study
is part of a more comprehensive study, in which the
characteristics of different TPSs are intercompared
for several test cases. The purpose of such work is to
develop suitable methods for the regular quality
control of TPSs(1).

Radiation
' beam axis

MATERIALS AND METHODS
The measurements of the dose distributions were
carried out in an inhomogeneous phantom. The
phantom was constructed of water-equivalent plastic
(RMI solid water) and natural cork. Cork was
selected for the inhomogeneity as it is often used as
a lung substitute. The measured density of cork was
0.23 g. cm"3. The cork inhomogeneity was a 5 cm
cube, constructed of 5 mm thick plates. The solid
water phantom was also made of plates of various
thicknesses from 2 mm to 20 mm.
The depth-dose curves and the profiles in the
phantom were measured using Li2B4O7:Mn,Si
pellets (diameter 4.6 mm and thickness 0.8 mm).
The depth-dose curves were measured along the
beam axis and the profiles along the main profile

1

_

_!_

i _

_

_

Figure 1. Structure of the phantom and the locations of
measured and calculated depth-dose curves and profiles.
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Figure 2. Measured and calculated depth-dose curves on
the radiation beam axis for a '"Co gamma beam. The
continuous line is the measured curve and the crosses are
the measured points. The broken line is calculated using
TPS1.
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60

80 100 120 140
Depth (mm)

160 180

Figure 4. Measured and calculated depth-dose curves on
the radiation beam axis for a 15 MV X ray beam. Notation
as in Figure 2.
The dose distributions were calculated using two
TPSs for the photon beams and one TPS for the
electrons.

Dose (%)
tee

RESULTS AND DISCUSSION
The measured and the calculated depth-dose
...ea.
curves and the profiles are presented in Figures 2 7. The depth-dose curves are normalised to each
other at the depth-dose maximum. The profiles are
E0
normalised to the depth-dose maximum of the
se
respective depth-dose curves. The measured curves
40
\\
are fitted and smoothed relative to the measured
values. The fitting for the measured curve is selected
30
\
so that the standard deviation of the differences
20
between the measured points and the fitted curve is
10
about the same as the standard deviation obtained
from the irradiation of all dosemeters to a constant
absorbed dose. The standard deviation was about
Profile (mm)
Figure 3. Measured and calculated profiles at a depth of 80 1.4%.
For the ^Co gamma beam the coincidence of the
mm for a ^Co gamma beam. Notation as in Figure 2. The
dotted line is calculated by TPS 2.
depth-dose curves (Figure 2) is within about 3%
(relative dose). The coincidence of the profile is
within about 7% as seen in Figure 3. For 15 MV
The TL dosemeters were read using a commercial photons the coincidence of the depth-dose curves is
TLD reader (Alnor Dosacus). The sensitivity factor within about 4% and that of the profiles within
for each of the dosemeters was taken into account in about 5% (Figures 4 and 5). For both photon
the results.
energies the maximum difference between the
The integrated TL output over the main glow calculated and measured curves is seen inside the
peak (~100°C-300°C) was considered as the TL cork inhomogeneity.
response of the dosemeter. The low temperature
For 15 MV photons the rise at the end of the
glow peak was eliminated by the TLD reader.
measured depth-dose curve is evidently due the
The energy dependence of the TL response has fitting of the curve (Figure 4). The spatial difference
already been studied(2). The TL response varies in the penumbral region on the positive side of the
within 2% for nominal beta energies from 4 to 20 measured and the calculated profiles is due to the
wrong set-up of the radiation field at the irradiation
MeV and within 5% for photon energies in the ^
(Figure 5).
to 18 MV range.
98

1
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The depth-dose curves for 20 MeV electrons is
shown in Figure 6. The coincidence of the measured
and calculated depth-dose curves outside the
inhomogeneity is within about 6%. Inside the
inhotnogeneity the difference is about 10%. The
shape of the measured profile inside the
inhomogeneity is also quite different from that of
the calculated profile (Figure 7). The calculated
profile outside the inhomogeneity differs about 10%
at the 'shoulders' of the profile. The measured
profile has a steeper dose gradient in the penumbral
area than the calculated profile. At the 120 mm
depth the dose on the radiation beam axis is about
the same, but again the measured profile is sharper
in the penumbral area.
In all measurements the observed differences
between the measured and calculated depth-dose
curves indicate that the precision of the TL
measurements is good enough for this kind of
comparison of TPSs.
From the results of the profile measurements it
can also be seen that the spatial resolution of TL
dosemeters even in the non-linear dose gradient
area is sufficient for the purpose of the
intercomparison.
The mass stopping power ratio of water and
lithium borate is almost constant for electron
energies from 20 MeV to 5 MeV. From 5 MeV to 2
MeV the change in the ratio is within 4%, as the
lithium borate has the smaller stopping power(3). For
this reason the TL curve is not corrected for the
depth in phantom for 20 MeV electrons. To get
more accurate results inside the inhomogeneity, the
corrections based on cavity ionisation theory are
necessary for both photons and electrons.

RADIOTHERAPY
a . Dose (%)
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Figure 5. Measured and calculated profiles at a depth of 80
mm for a 15 MV X ray beam. Notation as in Figure 2.
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100-
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Depth (mm)

160

130

Figure 6. Measured and calculated depth-dose curves on
the radiation beam axis for a 20 MeV electron beam.
Notation as in Figure 2.

CONCLUSION
The precision and spatial resolution of lithium
borate TLD measurements in the water equivalent
plastic phantom seem adequate for the detection of
differences greater than about 2% in relative dose
and about 2 mm in the position of isodoses. This is
the level of accuracy generally required for dose
calculations^. Comparison of the measured and
calculated dose distributions for the simple
inhomogeneity field suggest that differences up to
several per cent in relative dose can be obtained
when different TPSs are used. However, to be able
to judge the accuracy of dose calculations inside the
inhomogeneity, the results of measurements should
be corrected in accordance with cavity theory. For
electrons of 20 MeV, stopping power corrections
can be assumed to be negligible for measurements
with lithium borate in the RMI solid water phantom.
The results of this study indicate that a suitable
method for regular quality control of TPSs could be
based on TLD measurements in a water-equivalent
plastic phantom.

20

Cork

„ „ Dose(%)

-120 -160

-88 -63

-40

-21
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40

E0

83

130
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Profile (mm)

Figure 7. Measured and calculated profiles for a 20 MeV
electron beam. The upper pair of curves corresponds to a
depth of 80 mm. The lower pair of curves corresponds to a
depth of 120 mm. Notation as in Figure 2.
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Abstract
Dose distributions calculated by six different treatment planning systems (TPSs), used by the hospitals in Finland or in Russia,
were compared with measured dose distributions. Five typical cases of irradiation were selected: regular fields, oblique incidence,
irregular field, wedge field and inhomogeneity in a water equivalent phantom. The beam data for each TPS where those pertaining
to the beam where the comparative relative measurements were performed. The results indicate that the dose distributions produced
by different TPSs can differ from each other as well as from the measured dose distributions up to a level which is not acceptable
in terms of the ICRU recommendations. Greatest differences seem to be related to the omission or undue consideration of the scatter components of the beam.
Key words: Radiotherapy; Treatment planning; Dose intercomparison distributions

1. Introduction
The dose distribution in water can be determined at
best within about 2.5%, 1 standard deviation, uncertainty [6,15,16]. This is mainly achieved by the international
standardization of radiotherapy dosimetry and improved quality assurance. On the other hand, the overall
accuracy of 5% for the target absorbed dose is required
to control the tumor and to avoid serious complications,
as stated by ICRU [4]. Other groups have proposed a 3 4%, one standard deviaton, uncertainty in the dose delivery to the dose specification point [1,2,3,10]. By adding
the uncertainties in quadrature, this means that the
uncertainty of the dose planning should not exceed
about 2-3%. This uncertainty is divided between the
uncertainty of the anatomical data and the uncertainty
* Corresponding author.

of the dose distribution calculated by the treatment
planning system (TPS). According to the ICRU [5] a
computer-produced dose distribution can be considered
to be accurate enough if it differs from the measured
dose distribution by less than 2%, or 2 mm in position
of isodose curves involving very steep dose gradients.
This requirement is also in close agreement with the requirements stated above [1,2,3,10]. To achieve this level
of accuracy it is necessary to investigate all steps of the
dose calculation: beam data, calculation algorithms, interpolation procedures, etc.
The results of some earlier studies [13,20,21] have
demonstrated the uncertainties of dose calculation when
carried out by different TPSs for several clinically relevant cases. In most of the studies, as well as in some
published quality assurance programs of the TPSs depth
dose values at selected points have been compared instead of complete dose distributions [9,11], or only sim-
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pie beam geometries were tested [12]. For example, the
oblique incidence test by Westermann and Mijnheer [19]
was carried out by comparison of dose values at two selected points at one depth. Furthermore, the beam data
used for the calculation have often been (for convenience) those pertaining to a particular beam of the user
of the TPS.
In this study complete dose distributions have been
used for the intercomparison, and the beam data pertaining to the beam where the comparative
measurements have been performed, have been used for
all TPSs. With this method, uncertainties in the basic
beam data are almost cancelled out in the intercomparison and a good understanding of the calculation algorithms is obtained.
The aim of this work was twofold: (1) to get familiar
with the capabilities and limitations of the TPSs included in the intercomparison; and (2) to get experience on
the test procedures in order to develop efficient methods
for systematic quality assurance testing of TPSs. Five
commercial TPSs used in the Finnish hospitals were included, as well as one TPS developed and maintained by
a research hospital in St. Petersburg, Russia (Central
Research Institute of Roentgenology and Radiology,
CRIRR). The study was undertaken as a part of the cooperation in the field of medicine between Finland and
Russia. The details of the tests and specific results as
well as the estimation of the uncertainties are presented
in the STUK A-report by Kosunen et al. [8].
2. Materials and methods

The most important characteristics of the TPSs are
shown in Table 1. More information about most of the
algorithms mentioned in Table 1 has been given
elsewhere, e.g. by Johns and Cunningham [7] and Sontag and Cunningham [14].
Five typical cases of irradiation were selected: regular
fields, oblique incidence, an irregular field, a wedge field
and an inhomogeneity in a water equivalent phantom.
These cases are either typical of clinical practice or cases
where errors of calculation are to be expected. Both
photon and electron beams were used. Some of the tests
were not performed for all TPSs. The details of the tests
and the conditions of comparison are summarized in
Tables 2 and 3 and in Figs. 1-4.
To reveal the capabilities of the TPSs as completely as
possible and to allow a direct comparison with the
recommendations by the ICRU [5], relative dose distributions (depth dose curves, profiles and isodose curves)
were produced for comparison. Depth dose curves were
produced for the central axis and for selected off-axis
positions. The off-axis depth dose curves were parallel
to the central axis. The off-axis positions were selected
to be representative of the possible discrepancies between calculated and measured data, but not in the
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region of a very steep dose gradient in the lateral direction. Information from profiles and isodose curves were
used to study the accuracy of the isodose position in the
lateral direction. Except for the test of an irregular field,
all curves were normalized to the central axis dose
maximum.
Three parameters were used to analyze the relative
dose distributions:
1. Relative dose (DD%), when the dose gradient
was less than 1%/mm (assuming 100% at the central axis dose maximum). Relative doses were
calculated at the depths of the measured relative
doses.
2. Depth of relative depth dose (dDD %; on the descending part of the depth dose curve), when the
dose gradient was more than 1%/mm, and
3. Lateral distance from the central axis to the position of relative depth dose (rDD% ).
The relative dose values and the isodose lines selected
in each case are shown in Table 2.
For the analysis of the results, the difference between
calculated and measured relative dose, depth of relative
depth dose, or lateral distance were determined.
For the comparison of results the following requirements based on ICRU report 42 [5] were used:
1. Difference between calculated and measured
relative dose less than 2% and
2. Difference between the calculated and measured
position of isodose lines involving very steep dose
gradients, less than 2 mm.
In practice, requirement 1 was needed for photons
and requirement 2 for electrons.
The beam data required by each TPS were measured
for the beam where the comparative measurements were
performed. The data were installed in the required forms
in all TPSs, for each case of irradiation. The form and
accuracy of the beam data were the same as in the normal practice of the hospital. The calculations of dose
distributions were also performed according to the normal practice of the hospital, e.g. the size of the calculation matrix was as usual.
The measurements were carried out in a water phantom except for the test of inhomogeneity, where water
equivalent plastic was used [9]. The measurements in
water were performed by CADSCAN (Dosetek) or
BDS-1 (Therados) radiation beam scanners with RKtype ionization chambers, silicon diodes (Therados) and
diamonds [18] as detectors. For the measurements in the
water equivalent plastic phantom, lithium borate —
Li2B4O7 — pellets (Studsvik) were used with sensitivity
corrections. The pellets were read with a Dosacus
(Alnor) TLD Reader.

5"
3

Table 1
Characteristics of the treatment planning systems (TPSs). (1) Calculation was not performed, (2) Calculation was not possible
TPS and its
Regular fields
symbol used
in the figures Photons

Oblique incidence
Electrons

Photons

Electrons

Irregular
field Photons

Wedge field
Photons

Inhomogeneity
Photons

Electrons

(1)

(2)

Van de Geijn

(2)

(1)

(2)

(2)

Van de Geijn

O

Beam modelling
using tabulated
beam data

Beam modelling
using tabulated
beam data

Modified
effective
SSD

Hogstrom
pencil
beam

Wredc-algorithm

Beam modelling
using tabulated
beam data

Equivalent
path length

Hogstrom pencil
beam

3.

A

Beam modelling
using tabulated
beam data

(2)

Modified
effective
SSD

(2)

Beam modelling
using tabulated
beam data

Beam modelling
using tabulated
beam data

Effective
attenuation
correction

(2)

4.

•

Beam generation
using
mathematical
functions

Beam generation
using
mathematical
functions

Modified
effective
SSD

(2)

Clarkson

Beam generation
using
mathematical
functions,
incl. correction
for wedge
attenuation

Equivalent
path length

(2)

5.

A

(1)

(1)

Modified
effective
SSD

Modified
effective
SSD

(1)

(1)

(1)

Equivalent
path length

•

(1)

(1)

(1)

(0

Beam modelling
using tabulated
beam data

(1)

Batho or
Equivalent TAR

(1)

1.

•

2.

V, £gTAR
in inhomogeneity test
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Table 2
Conditions of intercomparison. DD%, Relative depth dose in percent. dDD%, depth of DD%. r DD% , lateral distance of DD% from the central axis.
SSD, source to surface distance was 100 cm in each test. STD, source to tray distance
Test

Regular fields
(see Table 3)

Oblique incidence
(see Fig. 1)
— the angle of
incidence 60°

Radiation
quality

Field size
cm x cm

Compared parameter
DD%, rfDD%, and rom.

Dynaray CH20
10 MV photons

6 x
10 x
25 x
6x

90,70,50

Rocus M

6 x 6
10 X 10
20 x 20
6 X 12

Dynaray CH20
5 MeV electrons

10 x 8
25 X 20

^90.70.50.30.10

Saturne III
18 MV photons

10 x 10

^90.70.50

6
10
25
12

90,70,50,30

r

80.20 W = 5 c m )
50.20 (rf= 15 cm)

r

20 MeV electrons

10 x 10

d

90.70.30
8O.2O W = 5 c m )

r

3.

Irregular field-STD :
68.7 cm
— Size of the shadow
of the block at SSD:
8 cm x 3 cm
— diverging block

Microtron M14
14 MV photons
Alcyon II " C o

4.

Wedge field
(see Fig. 3)
— wedge 60°

Microtron M14
14 MV photons

10 x 10

5.

Inhomogeneity
(see Fig. 4)

Saturne CGR
20 MeV electrons

15 x 15

Alcyon 11

15 X 15

LUE-I5
15 MV photons

15 x 15

16 x 16

90,70,50
(lines A, B and C, Fig. 3)

16 x 16
90,70,30
(lines A, B and C, Fig. 3)

The main steps of the intercomparison procedures are
summarized in Table 4. The following additional
remarks on the different tests can be given in combination with the details shown in Tables 2 and 3 and in Figs.
1-4.
2.1. Regular fields
Square and rectangular fields of photon and electron
radiation were used. The field sizes were chosen to include also sizes different from the ones used as the beam
data. Depth dose curves along the central axis and at
distance rofr parallel to the central axis were determined
at each field size as specified in Table 3.

90,70,50
r
so.2O W = 3 cm)
r
50,20 W- 15 cm)

DD% at
A,B,±AX. ±BX, ±AY, ±BY

2.2. Oblique incidence
The central axis and off-axis depth dose curves were
chosen for the depth dose distribution (Fig. 1). Two profiles for photons and one profile for electrons, perpendicular to the central axis, were included to study the
accuracy of calculations for the lateral position of
isodoses.

2.3. Irregular field
A square field with asymmetrical position of the
shielding block was chosen for the test. Lipowitz alloy
was used as the block material. For the comparison, the
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Table 3
Off-axis distance roff for the off-axis depth dose curve in regular field

cm

test

Field size

6 x 6
10 x 10
20 x 20
25 x 2 5
6 x 12
8 x 10
20 X 25
1

/\4cm

Off-axis distance roff, cm
Photons

Electrons

2
4
8
10
2a

4
8

1 cm
3a
8a

Fig. 2. Positions of the depth-dose curves (lines A, B and C) and the
depth-dose measurement (point D, depth 100 mm) in the irregular
field test. Field size is 16 cm x 16 cm. Shadowed area is the block.

along the shorter main axis.

following depth dose distributions were determined (see
Fig. 2):
line A: distribution near the border of the blocked
area.
line B: distribution in the least disturbed area,
line C: distribution near the block in the corner of
the field (the area most subject to errors in
any known algorithm),
line D: distribution within the blocked area; as the
dose varies very slowly in this area, only dose
at a fixed depth (100 mm) was determined.
For 14 MV photons, the calculated values for line A
for one of the TPSs appeared to be in the area where the
position of the dose maximum was not well defined.
Therefore, for accurate normalization, dose maximum
along line B in the least disturbed area was chosen as the
normalization point in this test.
2.4. Wedged field

Central axis and two off-axis depth dose curves
together with two profiles were selected for comparison
(Fig. 3).

Beam

Central axis
/ / /

/
S(2(
/

. Surface of the

BO0/
^^ f\'

•rOlGly
' / // / //.y it /-A<

//y/

<fy
5 cm

\

i

•*..

y

r^ianeoftrte
fleWsize

- .

Fig. 1. Positions of the depth-dose curves and profiles (broken lines)
in the oblique incidence test. +Side and —side are referred to in the results in Fig. 5.

2.5. Inhomogeneity
Instead of a water phantom used in some earlier studies (11,20], an inhomogeneous phantom was constructed
of water equivalent plastic (RMI solid water*) and natural cork. The solid phantom and inhomogeneity were selected to ensure spatially precise measurements of dose
distribution not only close to, but also inside the inhomogeneity. Cork was selected for the inhomogeneity,
as it is often used to simulate lung tissue.
The performance of calculation algorithms would
best be seen in the calculation of dose in close vicinity
of the inhomogeneities. However, because the
measurements are also most inaccurate in these areas,
percentage dose levels at selected points (see Fig. 4) outside the border area were used for the intercomparison
in this study. Relative dose values at these selected
points were chosen here for comparison, as the
measurements of complete depth dose curves by TLD
are quite time consuming. Doses at the points were compared in both main lateral axes (x and y). For the xdirection the centre of the cork cube was shifted 0.5 cm
from the central beam.
3. Results and discussion

The results of different tests are summarized in Figs.
5 through 11, where the differences between the
calculated and measured values (relative dose, depth of
lateral distance) are shown. Differences are presented in
percent of the measured values. A plus sign in the difference indicates that the calculated value is greater than
the measured one. The tolerance level, based on the requirements given in ICRU report 42 (shadowed area), as
well as the tolerance level where the estimated uncertainty of the measurements is taken into account (broken
line) are also shown in the figures. The difference between the calculated and measured values can be considered significant when it exceeds the broken line.
•RMIs solid water™ user information. Manufactured by Radiation
Measurements Inc. Box 327, Middleton, Wl 53562-0327 USA.
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Central
axis

2 cm
• 3 cm

15 cm]

Beam
Central

Surface of the
phantom
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i 11 i.i i n
L : 5cm

i\k'
\

12cm

i l l

Fig. 3. Positions of the depth-dose curves and profiles (broken lines)
in the wedge field test. + and — are referred to in the results in Fig. 9.

In general, the differences between the calculated and
measured values can be due to the following reasons: (1)
Differences between the basic characteristics of the radiation beams (spectral or other) used for the
measurements of the TPS input data and the reference
data; (2) uncertainties in the measurements (both beam
data and reference data), including uncertainties in the
set-up and the fluctuation of beam flatness; and (3)
shortcomings of the calculation algorithm. As noted
earlier, the errors in the first point will cancel out due
to the chosen method of intercomparison. The third
point is the actual point of interest in this study and
therefore, the uncertainties caused by the second point
have to be estimated.
The most important uncertainty in the measurements
is the uncertainty in the adjustment of the detector to the
required position in the water phantom. This uncertainty was estimated to be ± 0.5 mm (1 S.D.). Using typical
values of the dose gradient in different points of the
depth-dose curve (0.2-0.5%/mm), this corresponds to
about ± 0.4% uncertainty in the relative dose on the
central axis measurements and ± 0.6% uncertainty on
the off-axis measurements, respectively.
As the measurements of beam data and the comparative measurements of dose distributions have not
been carried out at the same time, the uncertainties related to the beam parameters and the stability of the radiation field were estimated on the basis of the
long-term experience on the machine behaviour, or
using the data published by K.-A. Johansson [6]. The estimation of uncertainties was carried out for both central axis and off-axis curves, taking into account the

4cm : 4cm
Fig. 4. Position of the cork cube (side of 5 cm) and the points for the
depth-dose measurements (-A, A, +A, - B , B and +B). L for x-main
axis was 3.0 cm and for jMnain axis 2.5 cm. Field size was 15cm x 15
cm.

uncertainties of SSD, field size setting, concurrence of
radiation and light fields, and the fluctuations of beam
flatness and beam quality. The estimation of uncertainties is described in detail in STUK A-report [8].
In the test for the inhomogeneity, where
measurements were carried out with TL-dosimeters in a
solid phantom, the uncertainty of TLD-measurements
was estimated to be ± 1.2% for photons and ± 2.2%
for electrons (1 S.D.). For electrons, this value includes
the uncertainty caused by the energy dependence of the
stopping power ratios at different depths.
3.1. Regular fields

The agreement between the calculated and measured
values was in all cases within the tolerance level (± 2%)
for central axis dose distributions.
Larger scatter was found in off-axis results for large
field sizes (> 20 cm x 20 cm) for 60Co and 10 MV Xray beams. However, the consistency was better than
5%. The results suggest that the calculated profiles at
large depths were more flat and at small depths less flat
than the measured profiles. The differences between the
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Table 4
Scheme of intercomparison procedures
1. Enquiry of the beam data required by each TPS.
2. Determination of the beam data for each radiation beam used.
3. Installation of the beam data in the required forms on each TPS.
4. Comparative measurements of the dose distributions for each test.
5. Calculations of the dose distributions for each test.
6. Comparison of the results of measurements and calculations.
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Fig. 5. Differences between the calculated and measured lateral
distances for 80%, 50% and 20% isodoses. Oblique incidence test, 18
MV X-rays and field size 10 cm x 10 cm. (1) Dose level could not be
found by measurement. (2) Dose level was not calculated by TPS5
(closed triangle). Symbols are explained in Fig. 1 and in Table 1.
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Fig. 6. Measured and calculated isodoses for 20 MeV electrons. Oblique incidence test, field size 10 cm x 10 cm. Continuous lines are
measured isodoses and broken lines are the pencil beam calculations
(TPS2).

calculated and measured values represent the shortcomings of the calculation algorithms; they were mainly related to interpolation errors associated with the scarcity
of the beam data. It seems that the beam data are not
sufficient for accurate interpolations by the algorithms
used.
Remarkable differences were not found were the
beam modelled either by tabulated data or mathematical
functions (see Table 1). The uncertainties of the
measured doses were typically about ± 1%.
3.2. Oblique incidence
For the 18 MV photon beam and for 20 MeV electrons (for the two TPSs for which electron calculation is
possible), all depth dose results were within the tolerance limits when the uncertainty of the measured dose
was taken into account.
The consistency was worse when the lateral distances
of the isodoses are considered. In the plus-side of the 18
MV photon beam (see also Fig. 1) the calculated
distances from the central axis are smaller than the

Fig. 8. Differences between the calculated and measured 90%, 70% and
50% relative doses. Irregular field test, 14 MV X-rays and field size 16
cm X 16 cm. (!) 50% dose level not calculated by TPS2 (circle). (2)
90% dose level could not be found by TPS3 (triangle) and TPS4
(square). Symbols are explained in Table I.

measured distances. This is seen for all TPSs and for
both depths, and the effect seems to increase for the
smaller relative doses (80% - 50%). Only for one TPS,
denoted by a square the differences in the plus-side were
within the tolerance level when the uncertainty on the
measured value has been taken into account. The effect
is opposite in the minus-side of the beam. The differences are higher than could be explained by the uncertainty of measurement, which includes also the
uncertainty of the set up of the gantry angle. As the
measured and calculated penumbras are almost consistent, it seems that the measured beam is 'bending'
towards the surface more than the calculated beams.
The discrepancy is associated with the shortcomings of
the calculation algorithm, as the modified effective SSDmethod (Table 1) does not take into account the change
in scatter with lateral position and with depth. The observation agrees with the findings of Westermann and
Mijnheer [20].
For the same reason, the results for lateral distances
for 20 MeV electrons show similiar discrepancy even
when the calculation algorithm is the modified SSD-

Line A
Line B
Line C
90 70 30 90 70 30 90 70 30
Depth 3 cm
80% 20%
E+2

Depth 15 cm
50% 20%

fciSls
{Mill

o -2
Fig. 7. Differences between the calculated and measured 90%, 70% and
30% relative doses. Irregular field test, '"Co gamma rays and field size
16 cm X 16 cm. (1) 30% dose level not calculated by TPS2 (circle). (2)
90% dose level could not be found by TPS3 (triangle) and TPS4
(square). Symbols are explained in Table 1.
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Fig. 9. Differences between the calculated and measured lateral
distances for 80%, 50% and 20% isodoses. Wedge field test. 14 MV xrays and field size 10 cm x 10 cm. Symbols are explained in Fig. 3 and
in Table 1.
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Fig. 10. Differences between the calculated and measured relative
doses (see Fig. 5). Inhomogeneity test, 20 MeV electrons and field size
15 cm x 15 cm. Symbols are explained in Table 1.

method or even two-dimensional pencil-beam algorithm
(see Table 1). This is illustrated in Fig. 6.
3.3. Irregular field

The results for 60Co gamma radiation (Fig. 7, see
also Fig. 2) indicate that the differences between the
calculated and measured values are within the tolerance
limit for one TPS (TPS6). The good accuracy of the results by TPS6 is explained by the large amount of the
input data. TPS4, where the calculation is based on the
Clarksons method (Clarkson-Cunningham type of sector's summation), yields also good consistency of results
for all lines. In the worst case the difference is up to 7%
(TPS2). This occurs close to the block at line A. Under
the block at point D the calculated dose value varies
from 7% to 19% of the dose at depth-dose maximum for
different TPSs. The measured percentage dose at this
point was 15%.
For 14 MV photons (Fig. 8), the best consistency between calculated and measured values (< 2%) is achieved by TPS4. TPS6 was not included. The maximum
difference was about 6% (TPS3). Near the beam and

TPS5

block edge (point C) the calculated doses can differ up
to 9%. Under the block at point D the spread of the
calculated doses for three TPSs was from 7% to 12%
while the measured percentage dose was 9%. The best
results were for TPS4 when the Clarkson-Cunningham
-algorithm is used.

TPS2

Fig. 11. Comparison of isodose charts calculated TPS2 (right) and
TPS5 (left). Inhomogeneity test, 20 MeV electrons and field size 15
cm x 15 cm.

3.4. Wedged field
For the depth dose values in the wedge field test, the
results for the central axis and for the 2 cm off-axis curve
coincide reasonably well. For the 3 cm off-axis curve,
the calculated values by TPS4 were 3-5% lower (for
90% and 70% levels) than the measured values. This difference is significant in terms of the estimated uncertainty (about 1%). The difference for TPS4 can be associated
with the uncertainties in the wedge beam profile modeling. The plate part of the profile is modelled by linear
fit and that does not take in any deformation of the profiles (e.g. hot spots, overcompensation).
In this test the accuracy of the field size setting has a
large effect on the intercomparison of specified distances
in the lateral direction. Therefore, the total uncertainty
of the measured values shown in Fig. 9 is quite large.
Taking into consideration the uncertainty of the
measured values, the calculated values of distances in
the lateral direction are almost consistent. However, at
most points the calculated values of the distance are
greater than the measured ones and a comparison of the
measured and calculated isodoses revealed that there
was a difference between the calculated and measured
gradients in the lateral direction.
3.5. Inhomogeneity
For ^Co gamma rays the differences between the
calculated and measured dose values were insignificant,
when the uncertainty of the measurement (± 1.6%) was
taken into account.
For TPS6, the difference between the two possible algorithms, Batho and Equivalent - TAR, seems significant for the dose at point A inside the inhomogeneity.
The dose at point A is about 4% higher for the
Equivalent - TAR calculation. This result is in agreement with the results of Tang et al. [17], and is well explained by the difference of these algorithms.
The two TPSs, which are using the equivalent path
length correction (TPS 2 and TPS 4) agree well as expected.
For 15 MV X-rays the results were practically the
same as in the 60Co case. The calculated and measured
results were almost consistent when the uncertainty of
measurement (± 1.8%) was taken into account. However, clear differences (up to 4%) were found between
dose values calculated by the two nominally the same algorithms (equivalent path length correction, TPS2 and
TPS4). These differences between calculated doses can
only be explained by the possible differences in the inhomogeneity correction algorithms. The overall con-
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sistency of the values was about the same inside and
outside the inhomogeneity.
For 20 MeV electrons (Fig. 10), there are considerable
differences, up to 10%, between the calculated and
measured dose values, and up to 20% differences (point
A) between the values calculated by the different TPSs.
Comparing the complete dose distributions (Fig. 11),
the differences become most evident. The observed differences are mainly explained by the shortcomings of the
calculation algorithms; an inaccurate correction for the
scatter in lateral as well as in depth direction and interpolation errors between calculated dose values.
4. Conclusions
By specification, the treatment planning systems used
in this study are not all capable of calculating all selected
cases of treatment. Intercomparison of a group of systems in respect of their specified capabilities revealed
that the results of calculation by the different TPSs can
differ from each other and from the results of
measurements. The largest differences are observed for
the cases where the radiation beam intersects a scattering object: an inhomogeneity, a shielding block, a wedge
filter, excess tissue. The many well-known algorithms of
the TPSs, still widely used in the hospitals, cannot take
into account the variation of the scattering conditions in
various cases. Even the relatively modern approaches to
calculation of electron dose distributions cannot meet
the accuracy requirements. The method of corrections in
the algorithms and interpolation errors, associated with
too coarse a grid of calculation, or the scarsity of beam
data, seem to be the reasons for the observed differences. Improved algorithms, and increased amount of
input data together with improved hardware for their
realization are necessary to cope with the accuracy requirements.
A suitable quality assurance program for testing the
capabilities of the TPSs could be based on a selection of
tests as used in this study. This could be done in a single
phantom. The three parameters used for the analysis of
results, the relative doses, the depths for relative dose
levels and the lateral distances for selected isodose levels
seem to be practical means for the comparison of the
performance of TPS with the accuracy requirements.
However, great care should be taken to choose the
points for comparison, as an improper choice may not
reflect the shortcomings of the calculation algorithm but
the inaccuracy of test conditions.
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It is argued that %dd(10), the percentage depth dose at 10 cm in a 10X 10 cm2 photon beam
at a SSD of 100 cm, is a better beam quality specifier for radiotherapy beams than the commonly
used values of TPRfJJ or nominal accelerating potential (NAP). For radiation dosimetry purposes, TPRfo is not an ideal beam quality specifier because (i) stopping-power ratios for the
same value of TPRfo can vary by up to 0.7% for thick-target bremsstrahlung beams; (ii) the
value of TPRio becomes insensitive to beam quality changes for high-energy beams; and (iii) it
has little intuitive meaning. In contrast, %dd( 10) in a pure photon beam specifies stoppingpower ratios within 0.2% for all thick-target bremsstrahlung beams, maintains its sensitivity for
high-energy beams, and has a simple physical and clinical meaning. It is shown that for all
thick-target bremsstrahlung beams the spr (water/air) = 1.2676-0.002 224[%dd( 10)] with a
rms deviation of 0.1%. The effects of electron contamination in typical high-energy clinical
beams can be corrected for using previously published experimental results or by reducing
electron contamination using lead scattering foils.

I. INTRODUCTION
Assessing beam quality plays a fundamental role in radiation dosimetry, but there has been no completely satisfactory single parameter that can act as a beam quality specifier. As a result, different approaches have become
common for different purposes. In most radiation dosimetry protocols TPRJO values are used, whereas for manufacturer's specifications the nominal accelerating potential
(NAP) in MV or percentage depth dose at 10 cm,
%dd{\Q), are used.
Clinical dosimetry protocols usually use the value of
TPRJO- This value is determined by measuring the absorbed dose on the beam axis at depths of 20 and 10 cm for
a constant source-detector distance and a 10 cmX 10 cm
field at the plane of the chamber. Strictly speaking, the
definition is in terms of absorbed dose at two depths, but
the ratio of ionization measurements in the two geometries
gives an acceptably accurate value because stopping-power
ratios and other factors required to convert ionization to
dose do not change much with depth.
The idea of using measured ratios of ionization or dose
at two depths was first introduced in the Nordic dosimetry
protocol (NACP) to specify the accelerator energy.1 The
AAPM protocol2 went one step further, based on the work
of Cunningham and Schulz3 and directly associated the
beam quality index with the stopping-power ratios needed
in the dose equation of the protocol. They found that there
is a universal curve relating these two quantities based on
analytic calculations of stopping-power ratios and TPRJQ
for a variety of clinical photon spectra. They needed to
relate their calculated TPRfo with the experimental values
in order to produce a universal curve relating experimental
TPR2Q values and stopping-power ratios because their calculations only included first-order scattering. Andreo and
Brahme showed that for clinical photon spectra one could
accurately calculate values of TPR2§ using Monte Carlo
techniques, and found that they obtained a universal curve
relating stopping-power ratios and TPR2,,.4 They also
1181
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showed that for a given nominal accelerator energy there
are up to 1.3% variations in the stopping-power ratio. It is
for this reason that TPR 2 Q is used rather than nominal
accelerating energies. However, this is not the final answer,
since Andreo has shown that stopping-power ratios vary
by up to 1.5% for bremsstrahlung beams with the same
value of TPRJO- 5 This variation applies to extreme spectra
and is much greater than the variation found in clinic-like
beams. However, the National Physical Laboratory has
reported different measured absorbed-dose calibration factors for ion chambers in different bremsstrahlung beams
with the same value of TPRJQ but generated with and without a thick aluminum filter in place behind a high-Z
target.6 The variation of up to 0.5% is related to the variation in stopping-power ratios for a given value of TPRIQ.
This is a significant problem for standards laboratories offering absorbed dose calibration services for accelerator
beams and potentially represents the largest source of uncertainty in the calibration factor.
High-energy photon beams also lead to other problems
with TPR 2 Q as a beam specifier. As will be shown below,
the high-energy swept beams from the new racetrack microtron accelerators have considerably different curves of
stopping-power ratios versus TPR2(j values compared to
other "typical clinical beams." Furthermore, for highenergy beams, TPRJQ is an insensitive quality specifier. For
example, a 1% change in TPR2o for values near 0.8 leads to
a 3-MV change in the nominal accelerating potential (near
20 MV) and a 0.4% change in water to air stopping-power
ratio. In contrast, for values of TPRfo near 0.7 a 1%
change corresponds to a 0.1% change in stopping-power
ratio and only an 0.5-MV change in the NAP.
Manufacturers and others have often specified beam
quality in terms of a nominal MV which is not well defined.
The obvious definition in terms of the energy of the electrons from the accelerator is not very useful because this
energy is usually not well known. More importantly, the
beam quality is strongly affected by the type of beam flat-
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tening used (see LaRiviere7 and references therein for a
good discussion). LaRiviere proposed that the beam quality in MV should be specified in terms of %dd(W), the
percentage depth dose at 10-cm depth in a 10xl0-cm 2
field at a source to surface distance (SSD) of 100 cm with
/}_JC|[%<!d(10)-46.78]/26.09 ( M V ) ,

(1)

which is a good fit to the "experimental" data, although
there is scatter in the initial data caused by the lack of a
clear definition of Q. He also showed that a similar relationship between Q and the depth of maximum dose, «fm3X,
could be derived, but he argued that this is not as good as
using %dd{ 10) values because the depth of dose maximum, as opposed to the dose maximum itself, is harder to
measure and more subject to electron contamination problems. LaRiviere concluded that beam quality in MV should
be specified using Eq. (1), but in practice his method
amounts to using %dd{ 10) as the beam quality specifier.
However, LaRiviere took one more important step. Using a combination of calculations based on published spectra and experimental depth-dose curves, he showed an excellent correspondence between %dd(lO) and the doseweighted mean energy of the photon beams Ed (MeV),
viz.,

Ed—

'68 (MeV).

(2)

Having discovered this strong correlation, he did not pursue it, but noted that Ed might correlate well with the value
of TPR20,. Following this paper, Owen at the NPL showed
that if measured absorbed-dose calibration factors are plotted as a function of a calculated value of Ed, a universal
curve is obtained instead of different curves of calibration
factors which depended on how the beam is filtered and are
not uniquely specified as a function of TPRjjj.6
Following these leads, we have done an extensive series
of Monte Carlo calculations for many different clinical and
other realistic bremsstrahlung spectra. We have confirmed
the variation in stopping-power ratio for a given TPRfo
value as reported by Andreo.5 We have found that
%dd{10) does not correlate particularly well with the
value of TPRJO as hoped for by LaRiviere, but we do find
a very close correlation between Ed and stopping-power
ratios, as suggested by the NPL work. Most importantly,
for all thick-target bremsstrahlung beams we find a very
tight linear relationship between calculated values of
%dd(lO) and stopping-power ratios. We show that our
calculations are in good agreement with a large amount of
experimental data, except for high-energy beams where
contaminant electrons play a role. Suggestions on how to
deal with this problem are made. The conclusion of this
work is that manufacturers, clinicians, and those doing
radiation dosimetry could all make direct use of %dd( 10)
as a beam quality specifier. This avoids many of the current
problems while making use of a well-defined and routinely
measured quantity.
Medical Physics, Vol. 20, No. 4, Jul/Aug 1993
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II. CALCULATIONS
The original intention was to follow the technique of
Andreo and Nahum8 and use precomputed data for monoenergetic photon beams and fold these data with spectra
from a variety of accelerator beams to produce the parameters of interest. To this end a code called DDSPR was
written and documented.9 However, it was found that several of the parameters of interest associated with the maxima of depth-dose curves are not derived with sufficient
accuracy using this technique. This is because of the various interpolations required and the lack of spatial resolution about the regions of maximum dose in the databases
employed. To overcome these shortcomings, it was found
easiest to do the complete Monte Carlo calculation for
each of the spectra involved.
The calculations are done using the EGS4 Monte Carlo
code system for simulating electron and photon
transport.10 Central-axis depth-dose curves are calculated
as a function of incident beam radius using the user code
DOSRZ. The incident photon beams are circular, parallel,
and incident normally. This code has been extensively
benchmarked.11 Calculations are done for a sufficient number of histories to reduce the statistical uncertainty on the
dose in individual depth bins to a few tenths of a percent or
less (up to 60X106 histories). The default PRESTA electron
transport algorithm is used.12 Electron histories are
tracked down to a kinetic energy of 500 keV at which point
their residual range is 1.8 mm. The values of TPR20, are
calculated for 100-cm2 parallel photon beams by least
squares fitting the calculated depth-dose curve to an exponential between depths of 10 and 20 cm. To calculate the
dose maximum, percentage depth dose at 10 cm and the
depth at which the dose fell to 80% of £>max, the parallel
beam results are transformed to point source results at a
SSD of 100 cm by using a simple 1/r2 correction, assuming
a point source. The depth bins are adjusted for each spectrum, so that the maximum of the depth-dose curve has at
least three bins of 3.3 mm thickness. In the selection of the
maximum value of the dose, a distinct bias would be introduced by selecting the peak value on the depth-dose curve.
Because of the statistical fluctuations one would usually
pick a slightly too high value. To avoid this, the number of
bins near J5max is kept at three or more and the depth-dose
curve is fit using a least squares fitting routine which selected the best analytic representation of the curve from
before the dose maximum to about 20-cm depth. In all
cases excellent fits are obtained and Z>max is taken as the
maximum of the fitted function and the uncertainty is obtained from the statistical uncertainty on the fitted values.
The residuals are comparable to the fitting uncertainty,
which is typically 0.2%. Once the value of Dmzx is determined it is straightforward to obtain the dose at a depth of
10 cm as a percentage of D,,^—again the fitted dose at 10
cm is used to reduce the effects of statistical fluctuations in
a single bin. The statistical uncertainty on the calculated
value of %<W(10) is 0.2% or less. The analytic fit is also
used to determine depth at which the dose fell to 80% of
The Spencer-Attix stopping-power ratios are deter-
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sults of Andreo and Brahme4). The comparison shows exceptionally good agreement for the latest calculations (at
the 0.1% level) and reasonable agreement with the previous values or those done with the DDSPR code. These differences are much less than the systematic uncertainties in
the calculations involved.
The dose weighted mean energy is calculated by the
code DDSPR9 using the equation

Andreo 1992
present Monte Carlo
current DDSPR
Andreo and Brahme

D(z)

V\

with

D(z,Ej)= p 1 ™ <f{E)K(z,E)dE,
TPRf.

FIG. 1. Values of Spencer-Attix water to air stopping-power ratios versus
TPRio, calculated here using the full Monte Carlo calculations or the
DDSPR code, and as calculated by Andreo and Brahme (Ref. 4) and
Andreo (Ref. 15). The spectra used are those calculated by Mohan et aL
(Ref. 18).

mined using an EGS4 user code called SPRRZ(V5).13 This
code also uses the PRESTA algorithm and calculates
stopping-power ratios "on the fly". This code has been
checked in detail against the more standard techniques
used by Malamut et al with the EGS4 code'4 and gives the
same results to within 0.1%. It has also been checked in
detail against the results for monoenergetic beams of
Andreo15 and found to agree within about 0.1%, except
above 20 MeV where the present results are up to 0.3%
lower (which is consistent with previous comparisons14).
The electron collision stopping powers of ICRU Report
No. 3716 are used in the EGS4 code, as implemented by
Duane et aL17 For all Spencer-Attix stopping-power ratios, a value of A =10 keV is used. The stopping-power
ratios are calculated for parallel beams of various radii
incident on a water phantom. The results presented here
are for 100-cm2 beams and are at a depth of 10 cm, although variations in stopping-power ratios between 5 and
10 cm are less than 0.2% except for beams above 25 MV.
The statistical uncertainty on the stopping-power ratios is
0.1% or less in all cases.
The input spectra used for the calculations come.from a
variety of places, which are described in detail in the Appendix. In many cases the complete accuracy of these spectra is not critical to the arguments here because, in the end,
a beam quality specifier will be proposed which is close to
unique. Thus, even if the actual beam from a particular
accelerator differs from what is used here, one can use the
measured beam quality specifier to determine the stoppingpower ratio for that beam.
Figure 1 compares the present results for the calculated
stopping-power ratios as a function of TPR$) using both
the full Monte Carlo calculations and the results from
DDSPR for the clinical spectra calculated by Mohan et aLls
to the latest results of Andreo13 (which supersede the reMedical Physics, Vol. 20, No. 4, Jul/Aug 1993

(3)

(4)

where <j>(E) is the incident photon fluence spectrum,
K(z,E) is the precomputed photon fluence to dose (at
depth z) conversion factor for photon energy E, and
D(zjij) is the dose delivered by photons in energy bin Ej
with mean energy £? e a n . Note that the dose weighted
mean energy refers only to the incident spectrum, is dependent on the depth referred to and tends to increase as
the depth increases because higher-energy photons contribute relatively more dose at greater depths. In this work we
consistently use 2 = 10 cm, although LaRiviere did not explicitly state what depth he was using in his calculations.7

III. RESULTS
A. Stopping-power ratios versus TPR™

Figure 2 presents the calculated stopping-power ratios
versus TPRJO for a variety of bremsstrahlung beams plus a
series of monoenergetic beams. This figure confirms Andreo's results5 which showed that TPRfo is not a unique
specifier of beam quality for determining stopping-power
ratios. Under extreme conditions there is a spread of over
2% in the stopping-power ratio for a given TPRJO value—
but that is for a monoenergetic beam compared to a Schiff
thin-target bremsstrahlung spectrum. A more relevant
comparison is between the curve for clinical spectra represented by the curve for the spectra of Mohan et al.,n and
the values for the spectra in the calibration beams at NRC.
Here the difference is up to 0.7%. Thus, if an ion chamber
were calibrated in the NRC 20-MV beam, the calibration
factor would be roughly 0.7% low compared to an ion
chamber calibrated in a "clinical" beam with the same
TPR^Q value. This situation occurred in a recent comparison of the ion chamber calibration factors determined using the German and Canadian primary standards of absorbed dose in a 20-MV photon beam. The German
laboratory uses a clinical accelerator and to the extent that
its beam matches those of Mohan et al, it could be expected that the NRC ion chamber calibration factor would
be about 0.7% lower for beams with the same value of
TPRfo (assuming, of course, that the primary standards
are independent of these effects, as is normally the case).19
Another important feature of Fig. 2 is that the two
points for the racetrack microtron accelerator beams are
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FIG. 2. Values of stopping-power ratios versus TPR^J for nine families of
photon spectra. Monoenergetic beams with energies of 1.25, 2, 3, 4, 5, 6,
7, and 10 MeV ( O ) ; the Mohan et al spectra (Ref. 18) plus a w Co
spectrum (Ref. 20) ( • ) ; 30 and 50 MV calculated spectra for the racetrack microtron (closed $ ) ; measured spectra from thick targets (110%
of CSDA range) of Al «>), Pb (A), and Be ( X ) (Refs. 22 and 23);
aluminum thick-target spectra filtered by an additional 14 cm of Al (V);
calculated thin-target Schiff spectra for Al ( • ) ; and spectra in NRC
calibration beams at 10 and 20 MV ( • ) . All the beams for flattened, i.e.
practical beams, are shown as closed symbols.

not on the standard clinical curve. This implies values in
the AAPM TG-21 or IAEA dosimetry protocols will not
apply to those accelerators since the protocol values are
based on the "typical" clinical spectra represented here by
the Mohan et al. spectra.
A final point worth noting is that the values for the
aluminium thick-target bremsstrahlung spectra filtered by
14 cm of aluminum are very close to the "clinical spectra."
This confirms the NPL's approach in their calibration facility of using a thick aluminum filter to make their thicktarget spectrum more clinic-like.

dose-weighted mean energy / MeV

FIG. 3. Values of %dd(10) versus calculated dose-weighted mean energies of the incident beams. The symbols show the current results for all
the thick-target bremsstrahlung and *°Co spectra described in the caption
of Fig. 2. The dotted straight line is LaRiviere's fit to his measured
%dd(,lO) values (Ref. 7).

24-MV spectrum of Mohan et al. As will be discussed below, this is likely due to electron contamination in the
experimental beams. This would increase the dose maximum and thereby decrease the measured value of
%«W(10). On the other hand, there could also be a systematic problem at higher energies for LaRiviere's rather
crude evaluation of Ed (for which he specified no depth
dependence).
Figure 4 shows the calculated values of stopping-power
ratios versus Ed. Rather than the scatter in the stoppingpower ratios seen in Fig. 2 for a given TPRJQ value, here we
see virtually no scatter amongst any of the curves for a

stopping-power ratio vs dose-weighted mean energy

B. Comparison to LaRiviere

LaRiviere expressed some hope that %dd(l0) would
correlate well with TPRJo so that the value of %dd{ 10)
would be useful for dosimetry purposes. We have done
such a comparison and find scatter in the data that is comparable to that found in Fig. 2 for stopping-power ratios
versus TPRJQ. The reasons for this will be clear below.
We have also compared our calculated dose-weighted
mean energies versus %dd(10) curves to LaRiviere's calculated mean energy versus measured %dd(\Q) curves.
He found a close linear relationship between %dd{ 10) and
log Ed, which is shown as a dotted straight line in Fig. 3.
We also find a very tight relationship between these quantities for all of our thick-target bremsstrahlung spectra.
Our values are within 1% of LaRiviere's linear fit for
beams with %dd(\0) values less than 78%. For higherenergy beams our results have increasingly higher values of
%dd( 10) for a given Ed, about 2.5% of £>max for the
Medical Physics, Vol. 20, No. 4, Jul/Aug 1993
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FlO. 4. Calculated Spencer-Attix water to air stopping-power ratios versus dose-weighted mean energies of incident photon spectra for all the
bremsstrahlung spectra presented in Fig. 2.
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FIG. 5. Calculated Spencer-Attix water to air stopping-power ratios
(based on ICRU 37 stopping powers) versus percentage depth dose at 10
cm for the thick-target bremsstrahlung and '"Co spectra described in Fig.
2. The straight line shown is the linear fit to all the bremsstrahlung beams
given by Eq. (5) with a rms deviation of 0.0013 and a maximum deviation
of 0.003.

thick-target bremsstrahlung spectrum, no matter how it is
created or filtered. This is an interesting result that is consistent with Owen's result at the NPL, which showed that
absorbed-dose calibration factors fell on a universal curve
when plotted against a calculated £ d . 6 Since LaRiviere
found a uniquejrelationship between measured values of
%dd(10) and Ed (see Fig. 3), one can immediately see
that measured %dd(\0) can be used to determine Ed
uniquely which, in turn, can be used to specify stoppingpower ratios uniquely. However, it can be even easier.

C. Stopping-power ratios versus %cW(10)

Figure 5 presents the central result of this paper, showing that for all the thick-target bremsstrahlung spectra
considered here, there is a very well-defined linear relationship between the calculated %dd{ 10) values and the water
to air stopping-power ratios for these beams. We find
r\ water

PI*,

=1.2676-0.002 224[%<ta( 10)],

(5)

fits all 22 data points with a rms deviation of 0.0012 and a
maximum deviation of 0.0028 (and this is for an unfiltered
30-MV thick target of Pb). This unique relationship must
be compared to the obvious spread in the families of curves
in Fig. 2 (excluding the non-thick-target spectra, which are
not included in Fig. 5).
This figure suggests completely bypassing the concept of
Ed and using %dd(10) to determine stopping-power ratios.
Medical Physics, Vol. 20, No. 4, Jul/Aug 1993

values of %dd(W) (given as a fraction PPD), and the dose at 10-cm
depth divided by the dose at the calibration depth that changes from 5 to
7 cm at a value of TPR™ of :=0.76. The experimental data are a representative sample from the database of the Radiological Physics Center
from their site visits at many different clinics. The long-dashed line is the
estimate of the mean value of the measured values which is used in Sec.
Ill 0 to estimate electron contamination effects.

D. Electron contamination
The above suggestion ignores the discrepancies in Fig. 3
between the calculated %dd{ 10) versus Ej curves and the
straight line fit to the measured %dd(10) data. To investigate this discrepancy further we have compared our calculated values to a large selection of measured data extracted from the Radiological Physics Center's database.
Figure 6 shows two sets of RPC data as a function of
TPRJg. The first is %dd{lO) (actually fractional depth
dose, PDD, rather than %) and the second is the ratio of
dose at 10 cm to that at the calibration depth (5 cm for
TPR]g<0.76, 7 cm for higher energy beams). Also shown
are our calculated values for "clinical" spectra (the Mohan
etal. series). In this comparison we assume that the calculated values of TPRfo are accurate based on previous
studies that show Monte Carlo calculations can accurately
calculate depth-dose curves past the region of electron
contamination.18'4 On this same basis one would expect the
Monte Carlo calculations to be accurate when calculating
the ratio of doses at 10 cm and the calibration depth. This
is confirmed in the upper curves in Fig. 6. Note that the
curve is in two parts because the calibration depth changes
from 5 to 7 cm for a value of TPRfS of about 0.76. The
calculations are in good agreement with experiment, and
the experimental results are tightly grouped. The lower
part of the figure shows the %dd( 10) versus TPR^j values.
Here the experimental data exhibit much more scatter, presumably because the dose maximum must be measured to
determine %dd'(10) whereas it cancels out in the other
dose ratios. Even with the more highly scattered experimental data it is clear that the calculated values of
%dd(W) are 1% or 2% high for large values
?g
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FIG. 7. Two estimates of the relationship between measured values of the
percentage depth dose at 10 cm, %dd(W) and those calculated here.
Those measured include electron contamination at the maximum dose,
whereas the calculations are for pure photon beams. The curves are based
on the differences between the measured and calculated values of
%dd( 10) in Figs. 3 and 6 and on the assumption that the TPR?§ and Ed
values are correct. The underlying data show considerable fluctuation and
these corrections apply only to typical clinical accelerators.
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not affect the value of the dose maximum in a 10 X 10-cm2
beam.
Although electron contamination plays a role in defining %dd{ 10), even if we completely ignore a 2% electron
contamination, the error introduced in the stopping-power
ratio is about 0.4%. However, we can do better than that.
Making use of the data presented in Fig. 7, the measured
%dd{ 10) can be corrected for electron contamination with
sufficient accuracy to reduce the uncertainty in the
stopping-power ratio to 0.2% or less. Another approach is
to utilize thin high-Z scattering foils, which can substantially reduce the electron contamination without significantly affecting the beam quality.20'21 For example, we find
that although lead filters of up to 1 mm thickness reduce
the beam intensity by up to 7%, they have no practical
effect (<0.03%) on the calculated values of TPR 2 °,
stopping-power ratios, or %dd( 10) in a 24-MV, 100-cm2
clinical photon beam. At the same time these filters completely eliminate electrons originating in the accelerator
head, although there is still some electron contamination
from photon interactions in the air and the filter itself. This
needs to be investigated further for high-energy beams, but
it seems very likely that procedures can be developed that
remove electron contamination from the dose maximum,
at least while determining beam quality for small area
beams.
IV. OTHER ISSUES

and possibly 1% low for low values of TPR?°. Calculations
with the other beams used in this study would predict even
higher values of %dd{ 10) for a given TPR2° and thus
cannot explain the discrepancies at high energies.
However these results are consistent with the results in
Fig. 3, where it is also found that the calculated %dd( 10)
values are too high compared to measurements for highenergy beams. As discussed above, this is likely due to
electron contamination affecting the measured dose maximum. In Fig. 6 there is no uncertainty in the TPR 2 Q part of
the data, and thus the differences can be associated with
the calculated %dd{ 10) values, unlike the case in Fig. 3,
where there is some uncertainty in LaRiviere's values of
If it is assumed that the measured and/or calculated
values of TPRJO and Ed are correct in Figs. 3 and 6, then it
is possible to determine the relationship between the calculated and measured %dd( 10). If there were perfect measurements and no electron contamination, the measured
and calculated values would be the same, as represented by
the solid line in Fig. 7. However, electron contamination
implies the measured values of %dd{\0) are less than the
calculated values. Figure 7 shows that the data in Figs. 3
and 6 imply the same electron contamination effects on
average. This gives some confidence that this is a reasonable approach, but note there is considerable fluctuation in
the experimental data. This may represent real machine to
machine variations and/or measurements uncertainties.
Also note that although there appears to be no correction
needed below %dd(W) values of 74% [11 MV from Eq.
(1)], this only means that the electron contamination does
Medical Physics, Vol. 20, No. 4, Jul/Aug 1993

Measuring %dd{ 10) requires measuring the dose maximum and the dose at 10 cm depth. The replacement correction factors (/"repi) will differ in these locations, and
thus the photon depth-dose curve is not just given by the
depth-ionization curve. At dose maximum the replacement
correction should be unity because in photon beams it is
just a gradient correction factor. However, past the maximum dose it becomes 0.992 for a farmer-like chamber in a
low-energy beam and closer to unity for high-energy
beams. If this change is ignored when measuring
%dd(\0), then the measured %dd(\0) will be high by
0.7% for low-energy beams and somewhat less so for
higher energy beams. There is also a small variation in the
stopping-power ratio with depth (0.2% or less9) which
would have a small effect on measurements of %dd(\0).
Another alternative to %cW(10) is the depth at which
the dose falls to 80% of dose maximum. Figure 8 shows
that this parameter also is a good specifier of stoppingpower ratios. Although an alternative to %dd(l0), this
quantity suffers from the same problems concerning electron contamination.
V. CONCLUSIONS

With care, it appears possible to use %dd(10) as an
accurate indicator of beam quality. LaRiviere has shown it
is a good indicator of the nominal accelerating potential in
MV and the present results indicate it is a better indicator
of stopping-power ratios than the value of TPR 2 Q. The
value of %dd(lO) maintains better sensitivity to beam
quality changes for high-energy beams than does the value
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FIG. 8. Spencer-Attix water to air stopping-power ratios versus d$Q, the
depth at which the dose falls to 80% of the maximum dose (in cm), for
the thick-target bremsstrahlung and w Co spectra described in Fig. 2. The
value of dgo specifies the stopping-power ratios uniquely within a few
tenths of a percent.

of TPRfo- The final, perhaps greatest, advantage of
%dd{ 10) is that the parameter %dd{ 10) is a physically
meaningful and clinically useful parameter, whereas TPRf§
values provide no intuitive insight into the quality of the
beam being considered. The only drawback with %dd{ 10)
is the problem of electron contamination of the beam. Global corrections can be made based on the experimental
data presented here, and a proposal for a more definitive
approach that reduces electron contamination using scattering foils is being investigated. It would be more satisfying to have a good understanding of why this unique and
linear relationship occurs between %dd(\0) and stoppingpower ratios, however, such an understanding awaits further insight. Whatever the explanation, it is not very simple
since it must take into account that the variation in the
stopping-power ratios is primarily related to the difference
in the density effect on the stopping powers of water and
air, whereas the parameter %dd(\0) is related to photon
interactions in water.
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APPENDIX: INCIDENT PHOTON SPECTRA

The calculations require knowledge of families of incident photon spectra which are obtained from a variety of
experimental and calculated sources.
Medical Physics, Vol. 20, No. 4, Jul/Aug 1993
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For the ^Co beam a calculated spectrum is used which
included a 30% fluence contribution from photons scattered from the source capsule and collimators.20 For typical clinical accelerator spectra, the calculated spectra of
Mohan et al. are used.18
Calculations are also done for two photon beams at 10
and 20 MV which are used for standards work at NRC.
They are generated by a thick target of aluminum and
flattened by two different conical aluminum flattening filters. Another two beams are 30- and 50-MV beams from
the Scanditronix 50-MV racetrack microtron in which
bremsstrahlung beams from a thick tungsten/copper target
are swept across the field to achieve flatness. For these last
four spectra, preliminary EGs4-calculated on-axis photon
spectra are obtained from the NRC user code ACCEL which
models cylindrically symmetric accelerator heads (this is a
minor modification of the NRC user code FLURZ described
in detail in Ref. 14). The flattening filters are modeled as a
stacked set of cylinders. The details of these calculations
are not critical, and the spectra are only used as representative of different spectra.
The calculations also make use of a series of measured
spectra generated at 0° by 10-, 15-, 20-, 25-, and 30-MeV
beams of electrons incident on thick targets (110% of the
CSDA range of the incident electrons) of aluminum, lead,
and berylium.22'23 These measured spectra have been
shown to be in good agreement with Monte Carlo calculated spectra for the same configurations.
Another pair of spectra is obtained by starting from the
measured 10- and 20-MV thick target aluminum spectra
and analytically filtering these by an additional 14 cm of
aluminum. This extra filter is thought to have some of the
characteristics of flattening filters in clinical accelerators,
and also bears some relationship to the filtering used at the
NPL.6
The final family of spectra are calculated using the standard Schiff 0° formula for 10-, 20-, and 30-MeV electrons
incident on a thin target of aluminum.24
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Abstract
OPTIMUM CALIBRATION OF NACP TYPE PLANE PARALLEL IONIZATION CHAMBERS FOR ABSORBED DOSE DETERMINATION IN LOW ENERGY ELECTRON
BEAMS.
For absorbed dose measurements of low energy electron beams in external radiotherapy, plane parallel ionization chambers are recommended. The calibration of such chambers
can be carried out either in a high energy electron beam by comparison with a cylindrical
chamber, or in a ^Co y beam on the basis of the known air kerma rate at the calibration
point. The former is generally considered as a primary method, while Secondary Standard
Dosimetry Laboratories (SSDLs) can usually apply only the latter method. The detailed procedure of ^Co 7 beam calibration has not been well established, except in the Nordic countries, and it has been shown that the correction factors needed in ^Co calibration are very
sensitive to even minor differences in the construction materials of the chambers. New
methods for calibration at ^Co y beams by the SSDLs have been proposed, and the
preferred method is still under discussion. The calibration related correction factors k^,
(fcnAtt)pp ^ d Pu,pp have been determined experimentally for a number of NACP type plane
parallel chambers manufactured by two companies (Scanditronix and Dosetek). Results indicate that up to 3-4% chamber to chamber variations in these factors are possible, as no significant differences between the chambers manufactured by the two companies were detected.
Direct calibrations of the NACP plane parallel chambers in electron beams with a single high
quality thimble chamber as a reference are recommended.

1.

INTRODUCTION

For absorbed dose measurements of low energy electron beams in external
radiotherapy, plane parallel ionization chambers are recommended. According to
recommendations by the Nordic Association of Clinical Physics (NACP) [1] the
NACP type plane parallel chamber shall be used in absorbed dose determinations in
low energy electron beams. The NACP formalism for low energy ( < 10 MeV) dose
measurements has also been adopted in the Code of Practice of the International
Atomic Energy Agency (IAEA) [2].
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The calibration of plane parallel chambers can be carried out either in a high
energy electron beam by comparison with a cylindrical chamber, or in a ^Co 7
beam on the basis of the known air kerma rate at the calibration point [1, 2]. The
former is generally considered as a primary method, while Secondary Standard
Dosimetry Laboratories (SSDLs) can usually apply only the latter method. The
detailed procedure of ^Co 7 beam calibration has not been well established [3],
except in the Nordic countries [1], and it has been shown that the correction factors
needed in ^Co calibration are very sensitive to even minor differences in the construction materials of the chambers [4, 5]. New methods for calibration at ^Co 7
beams by the SSDLs have been proposed [3, 5], and the preferred method is still
under discussion.
The scope of the study described here was twofold. Firstly, it was investigated
whether there are fundamental differences between NACP type chambers of nominally the same kind manufactured by two companies (NACP chambers made by
Scanditronix, Sweden, and Calcam chambers made by Dosetek, Finland). Secondly,
different calibration methods were studied to find out which one would give the best
consistency for plane parallel chamber calibrations. Calibrations in air in a ^Co 7
beam with and without a PMMA backscattering phantom were studied. Calibrations
in a water phantom in a ^Co 7 beam were also performed. The consistency of the
direct calibration in an electron beam was also estimated.
Very similar problems have been investigated by several authors, most
recently by Rogers [4], Andreo et al. [5] and Wittkamper et al. [6].

2.

FORMALISM, MATERIALS AND METHODS

2.1. Basic formulas and critical parameters
As far as possible the notation used by the IAEA for the parameters has been
adopted. The notation used by the NACP has been adopted for the parameters concerning the NACP chamber.
The basic aim of the ionization chamber calibration is to determine the ratio
of the absorbed dose to air inside the air cavity of the chamber to the charge
measured, i.e. the absorbed dose to air factor ND. This is needed for the calculation
of the absorbed dose to water from measurements in water, using the Bragg-Gray
principle.
To determine ND from absorbed dose to water measurements and using the
cylindrical chamber as a reference, ND can be formulated as follows:
»r
_
•<V),PP ~ ~T.

Av.cyl

*"j>7",pp lS w,air/'u,PP

_
~

-ftp,cyl-H?r,cylPu,cyl/'cel
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where pn is the perturbation correction factor for different electron production and
scattering in the chamber wall and in air compared with water, p^ corrects for the
total effect (in calibration and in measurement) of the central electrode non-air
equivalence of the cylindrical chamber, MpT is the pressure, temperature and
recombination corrected reading of the electrometer, and indices " p p " and "cyl"
refer to the plane parallel and cylindrical chambers respectively.
If the calibration of the plane parallel chamber is performed in water in a high
energy electron beam (method (1) in the following) the critical parameters affecting
the consistency of calibrations are the pa and p^ factors for the cylindrical chamber. Pu for the NACP plane parallel chamber in the electron beam is assumed to be
1.000 as the chamber is well guarded (3 mm thick guard ring).
If the calibration is performed in water in a ^Co y beam (method (2) in the
following) pu values for both the cylindrical and the plane parallel chamber become
critical. pu for the plane parallel chamber can no longer be taken as 1.000 and the
expected uncertainty is also increased.
To determine ND from air kerma measurements and using the cylindrical
chamber as a reference, ND can be formulated as follows:
(2)
where K& is the air kerma free in air at the calibration point, g is the fraction of
the energy of secondary electrons lost to bremsstrahlung in air and MpT>pp is the
pressure, temperature and recombination corrected reading of the electrometer.
According to the NACP [1], the measurement by the NACP chamber is performed
at a depth of 4 mm in a Perspex phantom. Factor k^ is the product of three factors,
1^, &;,„ and the backscatter from the PMMA phantom used in the calibration: k^
takes into account the lack of air equivalence of the ionization chamber material; Jfcatt
takes into account the attenuation and scatter of the photons in the ionization chamber
material, including the buildup cap.
When air kerma measurement by the NACP chamber is performed using a
graphite buildup cap without the backscattering phantom, the notation (fc,nfcatt)pp is
used instead of &pP. In the calibration in air in a ^Co 7 beam (method (3) in the following) the factor k^ or (fcm&att)pp is the critical parameter.

2.2. Evaluation of the consistency of calibrations
The direct calibration of the plane parallel chamber in a high energy electron
beam (method (1)) must usually be carried out by the user of the equipment. The
consistency to be expected in such calibrations can be evaluated by comparing results
of absorbed dose measurements at various electron beam energies using different
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cylindrical chambers (the reference chambers at calibration). The published values
for pu cyl and^ ce i (Eq. (1)) are then applied.
The consistency of the calibrations at ^Co 7 radiation (methods (2) and (3))
is dependent on the consistency of factor pnpp (Eq. (1)) or k^ (Eq. (2)) for different
plane parallel chambers, whether exactly or nominally of the same type. These factors must be considered unknown a priori and their values have to be determined for
each nominally different type of plane parallel chamber. For non-homogenous chambers, as the great majority of plane parallel chambers used in practice are, theoretical
calculations of />UiPP and App are very difficult and their values must be determined
experimentally, making use of calibration method (1). This is the reason why
methods (2) and (3) are considered secondary to method (1), which is considered
primary.
The consistency of calibrations through methods (2) and (3) can now be evaluated by studying the consistency of />U)PP and kpp for different plane parallel chambers. By determining NDtVp through method (1) in an electron beam, factors p u > p p
and fcpp can be calculated from Eqs (1) and (2) respectively.
2.3. Chambers and other equipment
2.3.1.

Calibrations and measurements in electron beams

To estimate the consistency of calibrations in electron beams with different
cylindrical chambers as the reference, the data from nine calibrations of high energy
electron beams (>18 MeV) were analysed. In each calibration two cylindrical
chambers were used, one from the Finnish Centre for Radiation and Nuclear Safety
(STUK) and the other from the user. All chambers were thimble chambers of type
NE 2571. Data were collected from the routine calibrations performed during site
visits by STUK. The accuracy of these routine measurements was not as high as
expected from the proper calibrations of dosimeters. For example, the output of the
accelerator electron beam was not normalized to an extra reference (see below).
Philips SL25, CGR Saturne 20 and Varian Clinac 1800 and Clinac 2500 accelerators
were involved. Both scattering foil and scanning beam electrons of the Saturne
accelerators were used.
For the determination of NDtPp needed for the evaluation of methods (2) and
(3), two electron beams of nominally 20 MeV were used from Varian Clinac 2500
and Clinac 1800 accelerators. The IAEA formalism [2] was followed for the determination of the energy parameters. The depth dose curve was measured using the
NACP chamber. Two cylindrical ionization chambers of type NE 2571 were used,
one with aluminium and the other with graphite central electrode. The chamber with
the graphite central electrode was our own modification (Table I). The latter type
was included to check the value of the p^ correction. Three reference ionization
chambers (0.1 cm 3 , Therados RK type) were used parallel to the measuring cham-
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TABLE I. CHARACTERISTICS OF THE IONIZATION CHAMBERS USED
Typel
(separate
waterproof housing)
NE2561
standard
Cavity dimensions
Length (mm)
Diameter (mm)
Wall
Material
Thickness (g/cm2)
Thickness (mm)
Electrode
Material
Diameter (mm)
Buildup cap
Material
Thickness (g/cm2)
a
b

NE2571 NE 2571 NACP-1
modified*1

Type 2
(watertight)

Calcam-1

Calcam-2

9.2
7.4

24.0
6.3

24.0
6.3

2.0
16.4

2.0
16.4

2.0
16.4

Graphite
0.09

Graphite
0.065

Graphite
0.065

Graphite

Graphite

Graphite

0.5

0.5

0.5

Aluminium Aluminium Graphite Graphitized Graphitized Graphitized
polystyrene polystyrene polystyrene
1.7
1.0
0.9
10.0
10.0
10.0
Deldrin
0.600

Graphiteb Graphiteb

Graphite central electrode modification by the authors.
Buildup cap of the SSDL Helsinki.

ber. Two of the reference chambers were placed at the opposite corners of the collimated beam in order to control the symmetry of the beam during the measurements.
The third reference chamber was in water below the measuring chamber and all the
measurements were normalized to this refernece. At least five readings were taken
for each measurement. The symmetry variation was less than 0.5%.
All measurements in electron beams were performed at the depth of maximum
dose. The polarity effect of the chambers (ratio of the charges collected with negative
and positive collecting voltages) was checked and the recombination correction was
determined using the Boag formulation. The atmospheric and recombination corrections were taken into account for all chambers used. The polarity effect was less than
0.5% for all the plane parallel chambers and less than 0.2% for all the cylindrical
chambers. The recombination correction was less than 1.5% for all the plane parallel
chambers except for one chamber of type NACP-01 (serial No. 03-10), for which
it was 2.3%. For all the cylindrical chambers the recombination corrections were
less than 2.3%.
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Calibrations in water in ^Co 7 beam

To estimate the consistency of the calibrations in water in a ^Co 7 beam, pu
for the plane parallel chambers was used as the parameter for comparison and calculated from Eq. (1). ND for the plane parallel chambers was determined from the
comparison with cylindrical chambers in a high energy electron beam. The absorbed
dose to water in the ^Co 7 beam was determined by a secondary standard chamber
of type NE 2571. The standard chamber was calibrated for the absorbed dose to
water at the Bureau international des poids et mesures (BEPM) in 1992.
For these calibrations two groups of the same type of plane parallel chamber
were used: three NACP-1 and two Calcam-1 chambers. Characteristics of all the
ionization chambers used are presented in Table I. The calibrations in water in the
^Co 7 beam were performed at a depth of 5 cm and a source to chamber distance
of 1 m. The field size was 10 cm X 10 cm. For the NACP chambers the middle of
the air cavity was positioned at the calibration distance.
2.3.3.

Calibrations in air in ^Co 7 beam

To estimate the consistency of the calibrations in air in the ^Co 7 beam, k^
and (fcm&att)pp were used as the parameters to be compared. Either k^ or (fcm&att)pp
was calculated from Eq. (2). ND was determined from the comparison of the plane
parallel and the cylindrical chamber in a high energy electron beam (as above). K&
was determined using the secondary standard (NE 2561). The method for determination of &pp is the same as used by Andreo et al. [5] and Wittkamper et al. [6].
In measurements with the PMMA backscattering phantom three groups of
plane parallel chambers were used: three NACP-1, two Calcam-1 and seven
Calcam-2 chambers (Table I). In the air measurements without the backscattering
phantom only the NACP-1 and Calcam-1 chambers were used, and graphite was
used as a buildup material. The thickness of the graphite buildup cap was 3.95 mm,
with a density of 1.63 g/cm3. The backscatter factor was determined using the
NACP-1 and Calcam-1 chambers and four Calcam-2 chambers. In all measurements
in air the separate waterproof housing of the NACP-1 and Calcam-1 chambers was
removed.

3.

RESULTS AND DISCUSSION

The maximum difference between the measured absorbed doses to water in
high energy electron beams using different cylindrical chambers was 1.1%.
The results for the &pp, (AyfcattV and p UiPp values are presented in Table n .
For £pp the variations from chamber to chamber are large for all types of NACP
chamber. For NACP-1 chambers the variation (max./min.) is 1.9%, for Calcam-1
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TABLE H. VALUES OF
CHAMBERS TESTED
Chamber
type
Type 1
Calcam-1
— Max./min. (%)
— Mean
NACP-1

— Max./min. {%)
— Mean
Type 2
Calcam-2

— Max./min. (%)
— Mean
Estimated uncertainty,
type A (%)
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AND p u , p p FOR THE NACP TYPE

*PP

(Wpp

AI.PP

1.000
1.032
3.2
1.016

0.961
0.996

1.026

1.001
1.020
1.009
1.9
1.010

0.963
0.979
0.966

1.025
1.010
1.026

3.6

0.979

1.7

1.6

0.969

1.020

0.5

0.7

1.017
1.012
1.023
1.011
1.013
1.015
1.032
2.1
1.017
0.5

chambers 3.2% and for Calcam-2 chambers 2.1%. The chamber to chamber variations for all types of NACP chamber are much larger than the differences between
the mean values for the chamber types. The difference in fcpP is 0.6% between the
mean values of types NACP-1 and Calcam-1 and 0.7% between those of types
NACP-1 and Calcam-2.
Compared with the kpP values reported by other workers significant differences can be found. The k^ value determined by Andreo et al. [5] for NACP-1
chambers was 0.992. Our mean value for NACP-1 chambers is 1.010, which is
1.8% higher. For NACP-2 chambers (watertight model made by Scanditronix)
Andreo et al. obtained 0.998 for £pp. Our comparable value for Calcam-2 chambers
(1.017) is 1.9% higher. However, for Calcam-2 chambers these differences can be
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partly explained by the higher measured backscatter. Our experimental backscattering factor, determined with four Calcam-2 chambers, was 1.039 ± 0.001. This is
0.8% higher than the value of 1.031 quoted by Mattsson et al. [7].
For (kjc^pp the chamber to chamber variation is 1.7% for the NACP-1
chambers tested. The mean value of (&mfcatt)pp is 0-969. For the two Calcam-1 chambers the difference is surprisingly high: 3.6%. If the difference between the thicknesses of the graphite and Perspex buildup caps (about 0.7% higher attenuation for
graphite) and the measured backscatter with the Perspex phantom for both NACP-1
and Calcam-1 chambers (1.031) are taken into consideration, the mean values
obtained for /CpP and (itm^tOpp a r e consistent to within 0.5%. Compared with the
results of Wittkamper et al. [6] our (<fc,nfcatt)pp values for NACP-1 chambers are
about 1.0% smaller. Wittkamper obtained a value of 0.980. This difference for
NACP-1 chambers is explained by the thicker graphite buildup cap that we used.
For j3u>pp the chamber to chamber variation is 1.6% for the three NACP-1
chambers tested. The mean value of /?U)PP is 1.020. Wittkamper obtained 1.012 [6]
on the basis of a comparison of measurements with plane parallel and thimble type
chambers (with pUjCyi for a thimble chamber in a ^Co y beam). Our value is based
on the direct calibration of the thimble chamber for absorbed dose to water.
For the NE 2571 chamber with the aluminium central electrode the obtained
value of />cel was 1.006. This is 0.2% lower than the/?^ correction suggested by the
IAEA [1].

4.

CONCLUSIONS

For factors &pp, (fcmfcattV and Ai,pp> chamber to chamber variations of up to
3-4% are possible within nominally the same type of plane parallel chamber, while
the differences in the mean values between different types seem to be less than 1 %.
If the mean value of the factors is used in the calibration of plane parallel chambers
in a ^Co y beam, differences of up to 2% are expected when compared with direct
calibration in a high energy electron beam.
On the other hand, the consistency of careful calibrations with the user's
instruments in a high energy electron beam is expected to be somewhat better than
about 1 %. This could be improved, and the general advantage of the consistent
SSDL calibrations partly retained, if the known high quality and well controlled
equipment of the SSDL is used as the reference in all electron beam calibrations (e.g.
in connection with quality audit site visits by the SSDL).
In summary, direct calibrations in electron beams should be preferred. For the
best consistency, the same piece of high quality reference equipment should be used
in all calibrations of plane parallel chambers in user beams.
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Abstract — The validity of the twin ionisation chamber technique for determination of gamma and neutron doses in an epithermal
neutron beam has been studied by comparison of measured and calculated dose distributions in a water phantom. The measurements were performed in two epitherma! neutron beams, designed for boron neutron capture therapy (BNCT), at the FiR 1
TRIGA nuclear reactor using two pairs of A150 tissue-equivalent and non-hydrogenous Mg(Ar) ionisation chambers. Doses were
calculated by the two-dimensional discrete ordinates radiation transport code (DORT) applying the fiuence-to-dose conversion
factors by ICRU. At the dose maximum in the phantom 5% consistency between measured and calculated results was achieved
for both neutron and gamma doses. Improvements in chamber materials and precise knowledge of the fluence perturbation effects
of the chambers are needed to decrease the measurement uncertainty to an acceptable level.

INTRODUCTION
BNCT is a radiotherapy modality where a tumour
with higher IOB concentration than the surrounding healthy tissue is irradiated with neutrons'". The therapeutic
dose at the target area arise from the neutron capture
reaction l0B(n,a)7Li that produces particles with a
range of a cell dimension. The important neutron
interactions in tissue are neutron capture reactions
'H(n,7) 2 H and 14N(n,p)l4C* and elastic scattering
between epithermal as well as fast neutrons and
hydrogen nuclei. The neutron capture of hydrogen
produces also gammas of 2.2 MeV energy and the
incident photons from the reactor core and structures
span the range 0-15 MeV"-2). The most important
interactions of photons in tissue are Compton scattering and the photoelectric effect.
Utilising a combination of a tissue-equivalent and
a neutron insensitive, non-hydrogenous ionisation
chambers, neutron and gamma doses can be determined separately in a neutron beam. This twin
ionisation chamber technique is a commonly recommended method for dosimetry in fast neutron
therapy0-41. In epithermal neutron beams the use
of ionisation chambers is more complicated as a wide
neutron spectrum from thermal to fast neutrons has
to be considered in determination of the response
of the ionisation chambers. Raaijmakers and
Konijnenberg' si and Rogus et alib' have used twin
ionisation chambers in epithermal neutron beams for

determination of the gamma dose and the dose from
epithermal and fast neutrons. In their measurements
the contribution of thermal neutrons was subtracted
from the responses of the tissue-equivalent and the
non-hydrogenous chambers by making use of the
experimentally determinated thermal neutron sensitivity of the chamber and knowledge of the thermal
neutron fluence rate of the neutron beam measured by
activation foils. The experimental determination of
the thermal neutron sensitivity of a chamber requires
the use of a 6Li thermal neutron shield on a chamber,
which raises difficulties since the shield also disturbs
the gamma fluence'71. This approach also reduces the
independence of the ionisation chamber technique as
the thermal neutron fiuence rate of the beam has to
be determined by other means (activation foils).
The object of this work is to validate the applicability
of the twin ionisation chamber technique for determination of gamma and neutron doses in water in an epithermal neutron beam and, especially, for determination
of the total neutron dose, including the dose by thermal
neutrons. This validation is done through comparison of
measured and calculated dose distributions in a water
phantom. Absorbed doses are determined as the
absorbed doses to brain tissue because the BNCT treatments at FiR 1 are aimed at treatment of brain
tumours'8'. For convenience, further on in this article
short expressions 'absorbed dose' and 'dose' are used
to mean 'absorbed dose to brain tissue'.
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MATERIALS AND METHODS
The Finnish 250 kW TRIGA II pool-type research
reactor (FiR 1) operated by the Technical Research
Centre of Finland (VTT) was used as a neutron
source' 910 '. Two epithermal neutron beams used in the
dose determinations; beam FiR(K75) with a total intensity of 6.0 X 108 n.cm - 2 .s~' and beam FiR(K63) with
a total intensity of 1.4 X 109 n.cm~2.s~' free-in-air were
produced by 750 mm and 630 mm thick moderators,
respectively. The neutron spectra of both these beams
are highly thermalised in water. The relative contributions of thermal, epithermal and fast neutrons to the
total neutron fiuence in the FiR(K63) beam are
presented in Table 1.
For both beams the neutron and gamma dose distributions were measured and calculated in a cylindrical
water phantom at the longitudinal central axis (depthdose curve) and, for the FiR(K75) beam, also at right
angles to this axis at 24 and 54 mm depths (dose
profiles). Water was selected as a phantom medium
because the attenuation and scattering features of an epithermal neutron field in water are similar to those in
brain tissue"" and as the water phantoms have been
used in the dosimetry of epithermal neutron
beams*5-6-12'. The diameter and the length of the water
phantom was 20 cm and the walls of the phantom were
made of 5 mm thick PMMA. The cylindrical phantom
was attached on a large cubic phantom so that the ionisation chambers could be moved by a computerised
detector scanner. The diameters of the beam apertures
were 11 cm in the FiR(K75) and 14 cm in the FiR(K63)
beam. The construction of the beam collimator and
phantom set-up is presented in Figure 1.

the effective point of the chamber. In measurements, the
chambers were inserted in rubber shields to make them
waterproof. Methane based TE gas mixture (N2 3.2
vol%, CO2 32.4 vol% and CH4 64.4 vol %) and "extra
pure argon gas (99.9999%) were used for TE(TE) and
Mg(Ar) ionisation chambers, respectively. Gas flow
rates and pressures in the chambers were measured and
regulated with rotameters. Prior to all measurements
effects of ambient atmospheric conditions, gas pressure,
ion recombination and polarity of collecting potential
were determined and these were taken into account in
the charge collected03'. Keithley 6517 and NE Farmer
2570 Electrometers were used for charge collection.
During the measurements the stability of the beam output was monitored with the on-line beam monitoring
system of the BNCT facility*91. Although the output of
the beam was stable within approximately 1%, all
measured results were normalised to the reading of the
beam monitor detector.
With ionisation chambers the gamma and neutron
doses were determined applying the formalism of the
twin ionisation chambers presented by ICRU(4). The
pair of equations used was:

Lrthiated polyethylene
epithermal-thermal
neutron shield

Absorbed dose measurements
In dose measurements two pairs of tissue-equivalent
(TE) and a non-hydrogenous Mg Ar gas flow ionisation
chambers were used. Technical characteristics of the
ionisation chambers are presented in Table 2. The thimble chambers were used with build-up caps to ensure
charged particle equilibrium in the chamber wall, and
the geometrical centre of the gas cavity was used as
Table 1. The relative contributions (%) of thermal, epithermal and fast neutrons to the total neutron fluence in
FiR(K63) epithermal neutron beam.

In air
In phantom
depth 10 mm
depth 25 mm
depth 150 mm

Thermal
below
0.414 eV

Epithermal
0.414 eV
to 10 keV

Fast
10 keV
to 17 MeV

7.8

89.0

3.2

65.8
84.6
99.1

33.7
15.2
0.4

0.5
0.2
0.5

•;

Lead

Bi gamma shield

Figure 1. Construction of the beam collimator and set-up of the
phantom. The cylindrical water phantom was attached on the
Li plastic beam aperture ring. Detectors were moved in three
dimensions by the mechanics in the larger cubic water
phantom. C; cylindrical phantom. IC; ionisation chamber. WP;
large water phantom.
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(lb)

In Equations la and lb the subscript u refers to detectors
with a low neutron sensitivity and the subscript t to
detectors with approximately equal sensitivity to gamma
and neutron radiation. Mu and Mt are the measured signals corrected for atmospheric conditions, polarity and
recombination. N|?ram is the calibration factor of the ionisation chamber for absorbed dose to brain tissue in the
^Co gamma beam. Dg and Dn are the gamma and
neutron doses to be determined in the mixed field, k and
h are the ratios of the responses of the ionisation
chamber to the neutrons and photons in the mixed beam,
respectively, to its response to the 60Co gamma radiation
used for calibration. According to their definition k and
h are called as 'relative sensitivities' of the ionisation
chamber.
The calibration factors for absorbed dose to brain
tissue in the 60Co gamma beam (NJrain) were derived
from the air kerma calibration of the ionisation chambers using the mass absorption coefficients of brain
tissue and air for conversion of air kerma to absorbed
dose to brain tissue(14-l5). Air kerma calibrations (freein-air) of the ionisation chambers were performed in the
Secondary Standard Laboratory of STUK. For 2.2 MeV
gamma radiation of the mixed neutron beam the relative
sensitivities (hu and ht) were determined through the
calibrations in water in a 60Co gamma beam and in a
6 MV photon beam of a linear accelerator at the Radiotherapy Department of Helsinki University central Hospital. The dose weighted mean energies of 60Co and
6 MV photon beams were used in the interpolation of
the sensitivity to 2.2MeV (l6) . For reasons explained in
the discussion, values of zero for the relative neutron
sensitivities of the Mg(Ar) ionisation chambers (ku)
were used. For TE(TE) ionisation chambers the relative
neutron sensitivities (k,) were determined at each
measurement point in water. kt values were calculated
according to the formalism presented by ICRU(4):

k

'

_ (S A ,5O,T E )C W c [(^/p) b r a i n / (tx/p) AI50 ],
ix
E)n"n
(Kbra;n/KA15o)n
'

(2)

In Equation 2 subscript c refers to the ""Co gamma
beam quality in calibration and subscript n to neutron
quality. For the quotient of A150-wall to TE-gas stopping power ratio and the gas-to-wall absorbed dose conversion factor for neutrons (S A | SaTE /r A150TE ) and for the
mass absorption coefficient ratio between brain and
A150 plastic [(|x/p)brain/((x/p)A150] values of unity were
used <14l5l7) . The energy required to produce an ion pair
in methane based TE gas by secondary electrons of 60Co
gamma radiation (Wc) was 29.2eV <l8) . The parameters
depending on neutron spectrum; the energy required to
produce an ion pair in TE gas by secondary charged
particles of neutrons (Wn) and the kermas of brain tissue
and A150 plastic (Kbrain, KAIS0) were calculated by
applying the methods presented by Jansen etaPZ) and
by using the neutron fluence spectra in the phantom. As
a function of neutron energy, for the values of Wn data
from Jansen era/ ( l 8 ) and for kerma factors, data from
ICRU<I4'15) were used. In the thermal neutron energy
region the kerma factors were weighted due to sparse
energy resolution of the neutron spectra. The weighting
procedure of kerma factors is explained in the next section on absorbed dose calculations.
The effect of the neutron fluence perturbation in the
wall of the thimble TE(TE) ionisation chamber in the
FiR(K75) beam at 25 mm and 54 mm depths in water
was determined through MCNP Monte Carlo simulations. The perturbation factor was defined as a ratio of
the total number of ion pairs (K/Wn) produced in TE
gas by the neutron spectrum in the ideal cavity (i.e. in
water) to that produced by the spectrum in the simulated
chamber. The neutron spectra in these two cases were
determined by the MCNP simulation of the chamber in
the phantom in the FiR(K75) beam. The number of ion
pairs was calculated for each energy interval in the
neutron spectra and integrated over the spectrum.

Table 2. Technical characteristics of the ionisation chambers.
Manufacturer and
chamber type

Wall and build-up
cap material

Thickness of wall
and build-up cap.
[mm]

Volume
[cm3]

Gas

Exradin, T2
Thimble TE(TE)

A 150 plastic

1 +4

0.53

Tissue-equivalent

Magnesium

1+2

0.53

Argon

A 150 plastic

5

1

Tissue-equivalent

Magnesium

3

2

Argon

Exradin, M2
Thimble Mg(Ar)
Far West, IC-17
Spherical TE(TE)
Far West. IC-I7M
Spherical Mg(Ar)

189

A. KOSUNEN et al

Absorbed dose calculations
The epithermal neutron beams at FiR 1 have been
modelled by calculation with the DORT code" 9 ' using
the BUGLE-80 cross section library'20*. The models
included the geometry and materials of the FiR 1 reactor
core, the epithermal neutron moderator, the collimator
and the phantom. These models give the absolute fluence rates and the spectra of neutrons and photons for
both beams in the phantom. To verify the DORT beam
models and to adjust the beam intensities in calculations, the calculated and the measured thermal neutron
fluence rates in a water phantom at the depth of fluence
maximum were compared. The thermal fluence rates
were measured by diluted gold activation foils. In the
adjustments, the beam intensities in the models were
multiplied by the ratios of the measured and the calculated thermal fluence rates. The beam intensity adjustments were +5.5% and -3.6% for the FiR(K75) and the
FiR(K63) beams, respectively. Absorbed doses were
calculated applying the neutron kerma factors and photon mass energy absorption coefficients of ICRU(IS) for
the calculated neutron and photon fluence spectra. Due
to sparse energy resolution of the BUGLE structure in
the thermal energy region, spectrum weighted kerma
factors were used in the neutron dose calculations. For
this purpose the 47-group BUGLE spectrum at 2.5 cm
depth was expanded to the 640-group SAND-II structure using the POTOFINE program'2 •>. Since the thermal energy region is covered by only two BUGLE
groups, the thermal spectrum was represented by a
Maxwellian distribution at room temperature joined to
the expanded spectrum at 0.14 eV. The ICRU neutron
kerma factors were converted to the SAND-II structure,
extending the ICRU data at the lower end assuming a
1/v dependence. Finally, the FLXPRO program from the
LSL-M2 code package(22) was used to condense the
ICRU kerma factors into the 47-group BUGLE struc-

ture. Strictly, an individual weighting spectrum should
be used for each position in phantom, but that would be
rather tedious. The simplified procedure with a common
weighting spectrum was considered sufficiently accurate
for this purpose.

RESULTS
The determined relative gamma sensitivities (ha and
h,) are 1.005 for both of the thimble ionisation chambers
and 1.005 and 1.015 for the spherical Mg(Ar) and
TE(TE) chambers, respectively. The variation of relative
neutron sensitivities of the TE(TE) ionisation chambers
(k,) as functions of the neutron energy and depth in
water are presented in Figures 2 and 3. At the depths
of the dose profiles, k, decreased approximately 1.0%
in the lateral direction relative to the value at the central
beam axis. The calculated neutron fluence perturbation
factors were 0.969 and 1.010 at depths of 25 mm and
54 mm, respectively.
The distributions of the measured and the calculated
gamma and neutron doses at the central beam axis in
the water phantom are presented in Figure 4 for
FiR(K75) and in Figure 5 for FiR(K63). For both types
of the TE(TE) ionisation chambers the measured
neutron doses were determined according to the Equation lb applying the gamma doses measured by the
thimble Mg(Ar) chamber. For reasons described in the
discussion, the gamma doses measured by the spherical
Mg(Ar) chamber were not used for gamma dose
subtraction.
For the FiR(K75) beam, the measured and the calculated dose profiles in water in direction perpendicular to
the central axis are presented in Figure 6.
The estimated uncertainties are presented in
Table 3 (23) .
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Figure 2. Relative neutron sensitivity of TE(TE) ionisation
chamber for absorbed dose to brain tissue (k,) as function of
neutron energy. Presented at BUGLE-47 energy intervals.
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Figure 3. The relative neutron sensitivities of the TE(TE) ionisation chambers at the central beam axis in a cylindrical water
phantom. FiR(K63); continuous line, FiR(K75); broken line.
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DISCUSSION

depth dose maximum. In the FiR(K75) beam (Figure 4)
for the large spherical Mg(Ar) chamber the approximately 15% low gamma doses relative to calculations
at the maximum depth dose can partly be explained by
the large size of the spherical Mg(Ar) ionisation
chamber compared to the sharpness of the dose peak.
As a thick-wall photon detector of finite size, the dose
measured by the Mg(Ar) chamber will be averaged over
the detector volume resulting in underestimation of the
gamma dose at the peak. Beyond the depths of dose
maximum the effect of the chamber size is averaged due

In both epithermal neutron beams, gamma doses measured by the thimble Mg(Ar) ionisation chamber and
calculated by the DORT code coincide within 5% at the
601
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Figure 4. Gamma and neutron dose distributions at the central
beam axis in a cylindrical water phantom for FiR(K75) beam.
Beam aperture 11 cm. The lower set of curves for neutron and
the upper set for gamma dose. Calculated by DORT; continuous line. Measured by small thimble chamber; closed circles
and by large spherical chamber; crosses. Error bars represent
the uncertainty of the dose.
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Figure 5. Gamma and neutron dose distributions at the central
beam axis in a cylindrical water phantom for FiR(K63) beam.
Beam aperture 14 cm. The lower curves for neutron and the
upper curves for gamma dose. Calculated by DORT; continuous line. Measured by small thimble ionisation chamber; filled
circles. Error bars represent the uncertainty of the dose.

Figure 6. Dose profiles at 24 mm and 54 mm depths for
FiR(K75) beam. Beam aperture 11 cm. Dose profiles are normalised to the calculated dose in the dose maximum at the
central beam axis, (a) Gamma radiation, (b) neutron radiation.
Calculated by DORT; continuous line. Measured by thimble
Mg(Ar) and TE(TE) ionisation chambers; closed circles. Error
bars represent the uncertainty of the dose.
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to the almost linear dose gradient and the measured
doses come closer to the calculated ones. It is evident
that a large, 2 cm3 ionisation chamber is not suitable
for the accurate measurements of dose distribution in
this phantom.
Due to the photon and electron equilibrium in the
thick wall, the perturbations of the photon scatter and
attenuation in the TE(TE) and Mg(Ar) chambers, relative to the situation in water, are not considered. However, the Mg(Ar) chamber also introduces another type
of fiuence perturbation as it disturbs to some extent the
photon fiuence in water around the chamber. The
Mg(Ar) cavity acts as a 'hole' in water relative to hydrogen concentration and produces a deficiency in the
gamma fiuence from hydrogen neutron capture. In water
around the chamber this decreased gamma fiuence is
mainly in the fiuence directed outwards from the
chamber and is assumed to have only a second order
effect on the gamma fiuence entering the Mg surface.
The effect of the stem of the chamber has been verified
to be negligible at the FiRl(K75) beam in air (l3) . To
decrease the uncertainty of the dose measurements in
the phantom more information is needed on the fiuence
perturbation and the stem effects of the chambers.
Based on experiments in a 'pure' thermal neutron
beam by Raaij makers et alm the thermal neutron sensitivities, for the same type of thimble Mg(Ar) chambers
as used in this study, were found to vary approximately
with a factor of 2.6 from chamber to chamber. They
also observed a 70% increase in the thermal neutron
sensitivity for one of the Mg(Ar) chambers during a
period of one year. According to Raaijmakers et al the
reason for the differences and the change in the thermal
neutron sensitivities of the Mg(Ar) chambers were
thought to be related to the contamination and ageing
of the chamber materials. A possible source of contamination was thought to be the diffusion of oil vapour
Table 3. Estimated uncertainties for the measured absorbed
dose to the brain tissue [1 SD % ] .
Parameter

Spatial accuracy
Reactor power
Measured charge

Uncertainty
[I SD %]
0.5
1.0
0.5
1.0

Gamma dose

Combined uncertainty
Neutron dose
Gamma subtraction
h,
ki

Combined uncertainty

1.0
6.0
6.3
19.0
1.0
10.0

21.5

from the bubble chamber at the gas outlet. Applying
the minimum value of the thermal neutron sensitivities
determined by Raaijmakers et al to the Mg(Ar) chamber
used here, leads to approximately a 28% decrease in
the measured gamma dose and further to about an 80%
increase in the neutron dose at the dose maximum in
water. In our study, the consistency of the measured and
calculated gamma and neutron doses in a highly
thermalised neutron beam, obtained with ku = 0, supports the assumption of a negligible thermal neutron
sensitivity for the thimble Mg(Ar) chamber used. Compared to studies of Raaijmakers et al, a smaller contamination of Ar gas is also expected as the bubble chamber
was not used for gas flow control. For the Mg(Ar) ionisation chamber the extremely low sensitivity for fast
neutrons is based on the studies of Watermann etal,
where a 0.02 relative sensitivity at 1 MeV neutron
energy was determined'24'. The determined relative
gamma sensitivities of the thimble ionisation chambers
(hu, ht) are consistent with values of Raaijmakers and
Konijnenberg<5).
Using the gamma dose values measured by the thimble Mg(Ar) ionisation chamber and the calculated relative sensitivities for TE(TE) ionisation chambers the differences of the measured and the calculated total
neutron doses are -18% for FiR(K75) and +5% for
FiR(K63) beams. In both beams of this study the gamma
dose rate was approximately four to five times the
neutron dose rate and, taking into account the gamma
and neutron sensitivities of the TE(TE) ionisation chambers, an approximately 6% decrease in the gamma dose
is manifested as about an 18% increase in the neutron
dose. This effect of inversely related gamma and
neutron doses in measurements is clearly seen in comparison to calculated doses at the dose peak; in the
FiR(K75) beam the relatively high measured gamma
dose leads to a low neutron dose, whereas in the
FiR(K63) beam the situation is just the reverse. It is
concluded that in an epithermal neutron beam in a tissue
substitute phantom, the high gamma dose subtraction is
the main drawback for the use of the twin ionisation
chamber technique in neutron dose determinations.
The k, of the TE(TE) chamber has a constant value
of 1.42 at the thermal energy region and a drop to 0.18
around 200 eV (Figure 2.). At the fast neutron energy
region the average value is 0.865. The drop in k, is due
to a peak in Wn values, whereas the difference between
the thermal and fast neutron sensitivities is caused by
chance in the ratio of brain tissue and A150 plastic
kerma factors. The ratio of brain tissue and A150 plastic
kerma factors has a value around 0.64 at the thermal
neutron region, whereas it comes close to unity in the
fast neutron region. This change is due to mismatch in
the nitrogen concentrations in these two materials16'. For
the variation of k, values with depth in water (Figure 3)
the build-up is due to thermalisation of the spectrum in
water and the maximum value of the neutron sensitivity
is received around the depth of thermal fluence
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maximum. At greater depths the relative contribution of
the fastest neutrons present in the spectrum is increased.
As these fast neutrons have high kerma factors, the contribution of fast neutron kerma is increased remarkably
and although approximately 0.5% of the neutrons are
considered as fast neutrons at 150 mm depth (Table 1)
they represent approximately 35% of the total neutron
kerma at this depth. Increase in fast neutron kerma
increases the ratio of kerma closer to unity and lower
values at neutron sensitivity are gained (Equation 2).
Although the thermal neutron fluence is condensed in
two energy bins in BUGLE structure, this sparse energy
resolution doesn't have a noticeable effect on the uncertainty of k, as the ratio of kerma factors is constant
within 1 % over the thermal region. The inaccuracies in
the thermal neutron fluence of the spectrum compared
to the fluences of the epithermal and fast components
cause inaccuracy also in the k, of the spectrum. This is
because of the higher k, in the thermal energy region
and for this reason A150 plastic is not an ideal detector
material for determinations of the absorbed dose to
brain tissue.
Contrary to the measurements, the sparse energy resolution of the BUGLE-80 format at the thermal energy
region has a noticeable effect on the calculated doses,
as the absorbed dose is directly related to the brain
kerma factors. This effect has been partly taken into
account by use of spectrum weighted kerma factors, but
the accuracy of the dose calculations can be improved
by increasing the resolution of the neutron spectrum in
the thermal energy range.
The TE(TE) chamber introduces a perturbation of the
photon fluence at the calibration in a 60Co beam in air,
as well as a perturbation of the neutron fluence when
the chamber is used for dose measurement in water in
a neutron beam. In water in the neutron beam the perturbation of the photon fluence can be considered negligible due to similar attenuation and scattering features
and hydrogen concentrations of the A150 plastic and
water"41. Except for the study of the neutron fluence
perturbation at the two depths in the phantom, these perturbations are not taken into consideration for the
TE(TE) chambers in this study. The net effect of the
perturbations, presumably less than 5%, is taken into

consideration in the estimation of the uncertainties for
the kt factor. The neutron fiuence perturbation of the
TE(TE) chamber can be eliminated by the use of a
detector equivalent material as a phantom medium and
the manufacturing of these tissue-equivalent liquids is
also under research in Finnish BNCT project"".
The measured and calculated relative dose profiles for
the gamma dose coincide within 5% and the neutron
dose profiles within 13%. These results can be considered satisfactory although smaller detectors will be
more suitable for characterisation of the dose distributions in phantom.
CONCLUSIONS
In epithermal neutron beams the twin ionisation
chamber technique presented in this study, using a calculated relative sensitivity for the total neutron spectrum, results in a reasonable accuracy of doses in a
water phantom compared to calculations and to the
results of other studies in epithermal neutron beams.
However, for this method to be used as the primary
method for the dosimetry of epithermal neutron beams
for BNCT of brain tumours, the estimated overall uncertainty of the determined dose is not satisfactory and
should be improved. There are a few factors which are
of importance for improving the uncertainty; the uncertainty of gamma dose determination, use of a brain
tissue-equivalent detector and phantom materials, precise considerations of fluence perturbation in the phantom and geometric and stem effects of the ionisation
chambers.
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