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Previous work has demonstrated that, for photon beam dosimetry, TPR10
20 is not an ideal beam

quality specifier for all bremsstrahlung beams, especially for lightly filtered beams in some stan-
dards laboratories. This paper addresses the following questions: Is TPR10

20 an adequate beam quality
specifier for all modern clinical therapy accelerators? When can nonclinical beams in standards
laboratories be used to calibrate ion chambers or measurekQ factors as a function of TPR10

20? Based
on detailed Monte Carlo simulations of Varian, Siemens, Elekta, and GE~Saturn! accelerators one
can conclude that TPR10

20 is an adequate beam quality specifier for all these machines in the sense
that for a given value of TPR10

20, the value of stopping-power ratios is the same. It is shown that, for
the heavily filtered beams used in standards laboratories, TPR10

20 is an adequate beam quality speci-
fier. It is also demonstrated that, for a larger range of bremsstrahlung beams than previously,
%dd(10)x is a good beam quality specifier for all clinical beams as well as the lightly and heavily
filtered beams in some standards laboratories. A criterion, based on the measured values of TPR10

20

and %dd(10)x for the beam, is proposed for determining whether a nonclinical beam is well
specified by TPR10

20. Agreement between calculations for specific accelerators and measured beam
quality specifiers is shown to be good, but agreement with published data for a variety of clinical
accelerators is not as good. Possible reasons for the discrepancy are discussed.
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I. INTRODUCTION

To use a modern radiation dosimetry protocol~e.g., the
AAPM’s TG-51 protocol for high energy electron and ph
ton beams1 or the AAPM’s TG-61 protocol for x-ray beams2!
it is essential to specify the quality of the beam in order
select the values to use for various parameters. An id
beam quality specifier is one that is easy to measure and
which all parameters of interest are uniquely specified.
accelerator photon beams there are two widely used spe
ers, %dd(10)x , which is used by the AAPM’s TG-51 proto
col, and TPR10

20, which is used by the older AAPM TG-21
protocol3 and the IAEA’s old and new Codes of Practice.4,5

As Andreo6 has pointed out ‘‘TPR10
20 can be meaningless i

the accelerator potential and the target and filter comb
tions used to derive stopping-power data are completely
nored’’ and earlier he stated7 ‘‘...stopping-power ratios... use
today in dosimetry protocols will not necessarily apply
such accelerators~i.e., those in standards labs!, not even
when the quality of the beam is specified in terms
TPR10

20.’’
Given the general agreement that TPR10

20 does not
uniquely specify beam quality for all bremsstrahlung beam
a significant issue is whether TPR10

20 is an accurate beam
quality specifier for all clinical beams. Originally Andreo an
Brahme8 showed a unique relationship between TPR10

20 and
stopping-power ratios based on Monte Carlo calculations
a set of quite crudely measured or calculated clinical spe
from accelerators of an earlier era. In order to increase
data set available for clinical dosimetry, they used a se
bremsstrahlung spectra that they calculated for combinat
of tungsten target and lead filter thicknesses considered
1546 Med. Phys. 30 „7…, July 2003 0094-2405 Õ2003Õ30„7
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them as typical for clinical machines. They chose a sin
target thickness ofr 0/3, wherer 0 is the CSDA range at the
energy of electrons incident on the tungsten target, and
ditional lead filtration ranging in thickness from 1 to 6 cm f
the energy range 2–50 MV. They obtained very tight agr

ment between the (L̄/r)air
water vs TPR10

20 curves for Mohan and
other published spectra and for their Pb filtered ‘‘clinic-like
spectral data sets.8

Although the Mohanet al.9 spectra used by Andreo an
Brahme have been shown to still be representative of mod
accelerators,10 the physical parameters of modern clinical a
celerators may differ substantially from the measured spe
available to Andreo and Brahme~a 2 MeV van de Graaff, 6
MV Mullard and 6 MV Vickers, betatrons, etc.! and certainly
do not match the Andreo and Brahme calculated ‘‘clin
like’’ spectra very closely. For a recent study of nine acc
erator beams from the three major manufacturers of mod
machines~Varian, Siemens, and Elekta!, Sheikh-Bagheri and
Rogers have found10,11 that a typical modern clinical accel
erator target is made of tungsten on a copper base, or gol
of pure copper, with thicknesses much thicker thanr 0/3 at
the relevant electron energies for those materials~for ex-
ample, some typical combinations are 0.7r 0 tungsten with
0.3r 0 copper, 0.2r 0 tungsten with 0.7r 0 copper, 0.7r 0 copper,
etc.!. The typical flattening filters are made of a wide varie
of materials, from aluminum to tungsten. They have ve
complicated shapes or combinations of shapes which are
tially inserted within the primary collimator. Their thick
nesses range from approximately 2 cm of copper to the
cm combined thickness of aluminum and stainless s
where ‘‘thickness’’ is evaluated as the distance from the a
1546…Õ1546Õ10Õ$20.00
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of a quasiconical structure to its bottom. Those thicknes
are not directly comparable to the thicknesses of flat l
filtration used by Brahme and Andreo.8 It is also known that
some clinical accelerators, such as the racetrack micro
machines, use thin targets and in common with the new
motherapy units, do not have a flattening filter.

One of the purposes of the present study is to ask
TPR10

20 an adequate beam quality specifier for the range
modern clinical beams? We show in the following that
is, consistent with the much earlier results of Andreo a
Brahme8 ~except for the swept beams of the racetra
microtron!.

However, this still leaves one significant problem for pr
tocols which allow the use of measuredkQ factors and use
TPR10

20 as a beam quality specifier. Many standards labora
ries have nonclinical accelerators~e.g., those of Canada, Be
gium, Australia, and the United Kingdom! and even those
that do have clinical machines have frequently modifi
them, or they are ‘‘unusual’’ in some other sense. So
question arises, when can we say that a calibration bea
‘‘clinic-like.’’ That is, when can measured calibrations of io
chambers as a function of TPR10

20 be used with confidence in
clinical beams~by which we mean all currently used beam
which are heavily filtered!?

Kosunen and Rogers12 noted that stopping-power ratio
and TPR10

20 values for aluminum thick target spectra filtere
by 14 cm of aluminum are very close to the curve for ‘‘clin
cal spectra’’ that they calculated and suggested that this
firms the approach of the UK’s National Physical Laborato
~NPL! of using thick aluminum filters to make their thic
target spectra more ‘‘clinic-like.’’ At that time, Andreo ar
gued that, since the targets and flattening filters used at
are much thicker than those used in clinical accelerators,
cannot be considered equivalent to those used in clin
practice13 although these are the beams currently used by
NPL as ‘‘clinic-like’’ and accepted as such by the TRS-3
Code of Practice.5

Since the new IAEA Code of Practice offers no quanti
tive criterion for what constitutes a clinical beam, it would
possible for a user following this Code of Practice to send
NE2611 ion chamber to both NPL and NRC and reques
measuredkQ value for a beam with a TPR10

20 value of 0.792.
Based on published values of measuredkQ values from each
laboratory,14 the factors received would differ by about 1.1%
The IAEA TRS-398 Code of Practice provides no criteri
for knowing which was correct, or whether either was app
cable in a clinical beam.

The goal of the current work is to provide just such
criterion. The brute force approach is to do a full Mon
Carlo simulation of each calibration beam and determine
is ‘‘clinic-like’’ in the sense that its calculated stopping
power ratio as a function of TPR10

20 falls on the standard
curve for clinical beams. This approach is used here
beams at NRC and NPL. This requires special expertise.
also propose a criterion which is much simpler to apply. T
‘‘clinic-like’’ status of a calibration beam is determine
based on the measured values of TPR10

20 and %dd(10)x . By
using such a criterion to establish the ‘‘clinic-like’’ nature
Medical Physics, Vol. 30, No. 7, July 2003
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the calibration beam, the use of TPR10
20 as a beam quality

specifier when using measuredkQ values can be rigorously
defended for standard clinical machines. Unfortunately,
will be discussed in the following, the measured data c
cerning this criterion for clinical accelerators is not in go
agreement with the calculated results although agreemen
beams in standards laboratories is acceptable.

Another issue is how to calibrate those beams from m
chines that do not fall on this ‘‘clinic-like’’ curve, namely th
Racetrack microtrons and possibly any new machines wh
have lightly filtered beams. If using TPR10

20 as a beam quality
specifier, these machines require special treatment, whe
if one uses %dd(10)x , they are treated like all other beam
@although strictly speaking this has only been established
the Racetrack microtrons, the wide range of beams for wh
%dd(10)x is shown to work strongly suggests it will wor
for all beams from possible new clinical accelerator type#.

II. CALCULATIONAL DETAILS
The quantities that must be calculated for this study a

(L̄/r)air
water, the Spencer-Attix restricted mass collision sto

ping power ratio, water to air, at 10 cm depth in a wa
phantom irradiated by a 10310 cm2 beam; %dd(10)x , the
photon component of the percentage depth-dose at 10
depth in a 10310 cm2 beam at a source–surface distan
~SSD! of 100 cm; and TPR10

20, the ratio of dose or ionization
measurements at 10 and 20 cm depth at a fixed sour
detector distance~SDD! of about 100 cm for a 10310 cm2

beam at the point of measurement. All calculations are d
using the EGS4/PRESTA system for Monte Carlo
simulations.15,16 The BEAM user-code17 is used to calculate
various spectra as well as all the beam quality specifiers

II. A. Photon beam spectra
The calculations of stopping-power ratios and beam qu

ity specifiers described in the following require detail
photon spectra for a wide number of accelerator beams
number of photon spectra measured or calculated elsew
have been used. They are described briefly in the Appen
and many were used previously by Kosumen and Roge12

The other spectra have been calculated in the present w
~for the NRC standard beams and the NRC soft and h
filtered beams! using full simulations of the NRC linac with
varying incident electron energies and flattening filter thic
nesses. Details of the new simulations are described in
following.

II. A. 1. Calculation of photon spectra using the
BEAM system

NRC 10, 20, and 30 MV photon beams. Sheikh-Bagheri
et al.18 did detailedBEAM Monte Carlo simulations of the 10
and 20 MV photon beams of the NRC linac, which ha
been used for standards work at NRC.

The NRC standard 10 and 20 MV photon spectra are
culated using theBEAM input files of Sheikh-Bagheriet al.18

In addition, those files are modified as follows for a simu
tion of the 30 MV NRC standard photon beam. The target
the 30 MV beam is a fully stopping aluminum block, 6.0 c
thick. The electron beam energy of the NRC linac
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known to61% and the electron beam energy distribution
the 30 MV BEAM simulation was taken as a Gaussian dis
bution with a full width at half maximum~FWHM! equal to
1% of the nominal energy. The electron beam incident on
target is scanned on the surface of a cone with a half ang
2.8° to obtain field flatness. The apex of the cone is po
tioned on the front surface of the target. Due to imperfectio
in the scanning coil the beam wobbles inside a circle of
cm at the front surface of the target. The intensity distrib
tion of the 30 MV electron beam was taken as a Gauss
with FWHM of 0.326 cm.@from Carl Ross~private commu-
nication!#. For benchmarking purposes, values of TPR10

20 for
all three beams have been calculated19 and compared to
those measured at NRC14 and agree within 0.004. The spe
tra used in the present calculations are for 100 cm2 fields at
an SSD of 100 cm.

NRC hard and soft beams. In the early 1990s, Rosset al.
did measurements in a series of beams generated at 10
25, and 30 MeV incident electron energy using a swept be
and a fully stopping target with or without extra aluminu
filters.20 The soft and hard photon beams ranging from 10
30 MV generated from the NRC linac have been modeled
Yang et al.19 using theBEAM code. The hard filtration refer
to an additional 10–15 cm of aluminum located after t
aluminum target. The Monte Carlo simulated photon bea
with hard and soft filtration have been validated by comp
ing tissue-phantom ratios calculated by theBEAM code to
those measured by Rosset al.20 and values agreed within th
experimental uncertainty of 0.5%.19

The spectra of the NRC hard and soft beams have b
obtained using theBEAM input files from Yanget al.,19 modi-
fied to define a field size of 10310 cm2 at 100 cm SSD
(10310 cm2 at 120 cm SDD in the original paper! and to
include a slab of air below the collimator. Simulations
these NRC hard and soft beams generated from the N
linac included the titanium exit window, aluminum target,
square collimator and, in the case of the hardened be
additional aluminum filtration below the target. Geomet
characteristics of the beams used in the simulations are s
marized in Table I. Electron swept beams were simula
using theBEAM source option where the incident beam is
monoenergetic parallel circular beam of radius 0.26 cm,
axis of which sweeps the surface of an imaginary cone w
a sweep angle as in Table I.

TABLE I. Geometry characteristics of the NRC soft and hard beams use
the Monte Carlo simulations.

Beam label
Target thickness

~cm Al!
Sweep

angle~°!
Hardener thickness

~cm Al!

NRC soft 10 MV 2.5 4.2 0
NRC soft 20 MV 4.5 4.2 0
NRC soft 25 MV 5.2 3.4 0
NRC soft 30 MV 6.0 2.8 0
NRC hard 20 MV 4.5 4.2 10
NRC hard 25 MV 5.2 3.4 15
NRC hard 30 MV 6.0 2.8 15
Medical Physics, Vol. 30, No. 7, July 2003
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II. B. Stopping-power ratios

The stopping-power ratios are calculated using theEGS4

user-code SPRRZ,12,21 which calculates Spencer-Attix
stopping-power ratios in a cylindrical geometry starting fro
an input photon spectrum.SPRRZuses an on-the-fly scoring
technique described in detail in the manual forSPRRZnrc, a
new version of the same code which works with the EGS
system.22 All calculations are done using electron stoppi
powers from ICRU Report 37.23

In all cases the reported water to air stopping-power ra
are at 10 cm depth and averaged over a 1-cm-thick disk
radius 2 cm. The incident source is a point 100 cm aw
from the phantom surface and collimated to 100 cm2. The
statistical uncertainties were typically 0.01% based on7

histories. Stopping-power ratio values in this work agr
within 0.1% with previous values, although for an unknow
reason there is a tendency for the current values to be a
0.1% higher than found previously.12,21

II. C. TPR10
20

Values of TPR10
20 are determined by calculating the dept

dose curve,D(z), on the central axis in a normally inciden
parallel beam of photons with the specified energy spectr
The beam is 10310 cm2 and the scoring region 5 mm in
radius. The value of TPR10

20 was originally extracted by fitting
the region from 10 to 22 cm toD(z)5D0e2mz, wherez is
the depth and setting TPR10

205D(20)/D(10)5e210m. How-
ever, this value is systematically lower~by up to 0.5%! than
the simple two point value based on the ratio of doses
depths at 20 and 10 cm and so the latter values are used
statistical uncertainty is reduced to less than 0.1% by usin
billion initial histories in all cases.

II. D. %dd „10…x

Values of %dd(10)x are calculated using theBEAM code
with a point source spectrum at 100 cm incident on a squ
10310 cm2 field. The dose is scored on the central axis
disks of radius 1.5 or 2 cm and thicknesses of 0.3 cm for
first 7.5 cm and 1 cm thereafter. The phantom is 40 cm th
and 28.2 cm in radius. Typically 1 to 2 billion initial photo
histories are used in order to get the statistical uncertain
below 0.1% for the doses scored in each bin.

II. E. Mean energies

To elucidate the difference between TPR10
20 and %dd(10)x

as beam quality specifiers, we do some calculations with
FLURZnrc user code.22 Photon spectra are incident from
point source at 100 cm SSD and the code calculates the m
energy as a function of depth on the central axis~radius,2
cm! of a water phantom of 30 cm diameter and 30 cm dep
These are the only calculations in this study done w
EGSnrc24,25 instead of EGS4. The differences between th
codes in this situation are expected to be negligible.

in
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III. RESULTS

III. A. Stopping-power ratios as a function of TPR 10
20

Figure 1 presents our calculated values of stopping-po
ratios as a function of TPR10

20. These data are very similar t
those published by Kosunen and Rogers12 but include many
more bremsstrahlung beams.

The most important result in Fig. 1 is that the ten ne
results for clinical beams~viz. the Saturn43 beam modele
by Menghi26 and the nine beams from currently used Varia
Elekta, and Siemens clinical accelerators modeled
Sheikh-Bagheri and Rogers10! all lie on the same curve a
the five beams modeled by Mohanet al.9 With the exception
of the clinical beams from the MM50 racetrack microtro
all clinical beams lie on a single curve. This confirms t
earlier results of Andreo and Brahme8 which were based on
far cruder estimates of clinical accelerator spectra, and s
tra measured for another generation of clinical machines

A second important observation is that all heavily filter
beams~closed symbols! fall on this same curve. Thus, fo
example, the heavily filtered beams at NRC and the NPL
on this curve as does the beam used by the Belgian stand
lab. This is despite the fact that these beams in calibra
labs sometimes bear little resemblance to clinical beam
how they are generated~different target and filter material
compared to most clinical beams!.

Another interesting observation is that with the larg
number of spectra used here, it becomes evident that a
the lightly filtered nonclinical beams also appear to fall on
a second curve with lower values of stopping-power ratio
a given value of TPR10

20. For values of TPR10
20 near 0.8, the

difference can be up to 0.7% but as little as 0.2% for TP10
20

values near 0.65. It is the existence of this second family

FIG. 1. Spencer-Attix water to air stopping-power ratios calculated w
SPRRZ ~based on the ICRU 37 stopping powers! vs TPR10

20 ~calculated with
the BEAM code for a parallel beam incident on a water phantom! for 14 sets
of beams. All heavily filtered beams, i.e., clinical and ‘‘clinic-like,’’ ar
shown as closed symbols. Beams referred to as ‘‘NRC m Al,’’ etc.,
measured~Ref. 38! thick target beams where ‘‘Al,’’ etc., refers to the mat
rial of the target, and ‘‘1Al’’ means additional aluminum filtration.
Medical Physics, Vol. 30, No. 7, July 2003
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data points which caused Kosunen and Rogers to conc
that TPR10

20 is not a universal beam quality specifier.12

Figure 2 presents the same data for just the clinical
heavily filtered beams along with cubic and quadratic fits
the clinical beam data only. Over the TPR10

20 range being fit
~0.622 to 0.804! the fits are almost indistinguishable a
though they diverge slightly outside this range. On acco
of the improved agreement with the highest energy N
hard beam, we chose to use the cubic fit which,
TPR10

20.0.62, is given by

S L̄

r
D

air

water

52.13124.533~TPR10
20!17.052~TPR10

20!2

23.788~TPR10
20!3. ~1!

The thin-line curve in Fig. 2 was calculated by Andreo7 and
is used in the IAEA TRS-398 Code of Practice.5 For low-
energy beams of a given value of TPR10

20, the Andreo
stopping-power ratios are up to 0.2% higher than the pres
cubic fit. For example, for a beam with a TPR10

20 value of
0.66, the present fit gives a stopping-power ratio of 1.12
and the fit from Andreo gives 1.1235. Conversely, for
stopping-power ratio of 1.120, the Andreo fit implies
TPR10

20 value of 0.678 and the present cubic fit, only 0.66
The agreement is excellent for TPR10

20 values above 0.74
These differences are not important in view of the over
uncertainty in the stopping-power ratio, but they are n
completely understood. Andreo presents7 tabulated values for
monoenergetic beams and, for example, for a 3 MeV beam
our calculated stopping-power ratio agrees to four signific
figures~1.117!. Our calculated TPR10

20 value of 0.7233 is only
0.1% less than his values of 0.724 and our value at 2 M
are even closer to each other.

e

FIG. 2. Same as Fig. 1 but only for clinical beams~closed symbols! and the
heavily filtered beams at several standards laboratories~NRC, NPL, Gent,
open symbols!. In addition the short-dashed line is a quadratic fit and
solid line a cubic fit@Eq. ~1!# to just the clinical beams~excluding the
racetrack beams!. For comparison, the cubic fit used in the TRS-398 pro
col is shown as the long dashed line~Ref. 5!.
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III. B. Stopping-power ratios as a function
of %dd „10…x

Figure 3 presents the same stopping-power ratio data a
Fig. 2 except now plotted as a function of the beam qua
specifier %dd(10)x . As found previously by Kosunen an
Rogers,12 the stopping-power ratios for all of these spec
fall on a single curve. The data with %dd(10)x greater than
62.46% fit a straight line given by

S L̄

r
D

air

water

51.267620.002 204~%dd~10!x!, ~2!

where the lightly filtered 4 MV beam from the NP
(%dd(10)x559.9%) is excluded from the fit. The rms d
viation is 0.0012 and the maximum deviation is 0.0027. T
figure also presents the curve which is used in the calc
tions of kQ in the AAPM’s TG-51 protocol.21 Note that the
TG-51 values are not a single straight line but two strai
lines with the break at %dd(10)x563.4% and for the presen
calculations this break is made at 62.46%.

The present data are in good agreement with the prev
calculations and confirm the previous conclusion t
%dd(10)x is a good beam quality specifier in the sense tha
uniquely specifies the clinical, ‘‘clinic-like’’ and nonclinica
beams.

III. C. Relationship between TPR 10
20 and %dd „10…x

Figure 4 plots the calculated values of TPR10
20 as a function

of %dd(10)x . Figure 4 includes all of the calculated resu
shown in Figs. 2 and 3. The solid line is a quadratic fit to
all of the heavily filtered data, namely:

TPR10
20520.822810.0342~%dd~10!x!20.000 1776

3~%dd~10!x!
2 ~3!

FIG. 3. Stopping-power ratios as in Fig. 1 except plotted vs %dd(10)x . The
fit, shown as the solid line, is given by Eq.~2! with a rms deviation 0.0012
and a maximum deviation 0.0027. The long dashed line is the fit~Ref. 21!
which is used in TG-51—Ref. 1~note that there are two straight lines wit
the break at 63.4%!.
Medical Physics, Vol. 30, No. 7, July 2003
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The rms deviation of the data about the fit is 0.0034 and
maximum deviation in TPR10

20 values is 0.007. A cubic fit to
the same data and fits to the data for just the clinical bea
are practically indistinguishable. The fit can also be p
formed in the other direction giving

%dd~10!x52430.6212181.9~TPR10
20!

23318.3~TPR10
20!211746.5~TPR10

20!3. ~4!

In this case, a cubic function is essential to get a good
The rms deviation is 0.46 and the maximum deviation
values of %dd(10)x is 0.9%.

Figure 4 shows two families of beams, corresponding
the two families of beams in Fig. 1, one the clinical a
‘‘clinic-like’’ beams, the others the lightly filtered, ‘‘other’’
beams.

This tight grouping of all the clinical and heavily filtere
beams suggests a criterion for establishing if a beam
‘‘clinic-like’’ in the sense that its stopping-power ratio at 1
cm depth is well specified by the TPR10

20 beam quality speci-
fier. One measures the values of TPR10

20 and %dd(10)x and
sees if they lie on the curve within some acceptable to
ance. If so, the beam is ‘‘clinic-like,’’ and if not, then TPR10

20

does not specify the quality of the beam and one must
%dd(10)x . Unfortunately, the sensitivity of this criterion i
not as great as one might like. For example, Fig. 1 shows
the standard 10 MV beam at NRC is not ‘‘clinic-like’’ an
yet its calculated value of TPR10

20 is only 0.006 below the
fitted line in Fig. 4. The TPR10

20 value for NRC’s 30 MV beam
is 0.016 below the curve and thus this beam clearly is
‘‘clinic-like’’ on this basis, as well as based on the results
Fig. 1.

Note that this criterion is only useful for standards labs
establish whether their beams are ‘‘clinic-like’’ or not, but
not needed for those beams reported here since Fig. 1 d
onstrates directly whether they are ‘‘clinic-like’’ or not. Thi
criterion would also be relevant for any new design of acc

FIG. 4. Calculated values of TPR10
20 vs %dd(10)x for the same 14 sets o

spectra as in Figs. 1 and 3. The line is a quadratic fit to all the hea
filtered beams which are shown as closed symbols. The fit to a third-o
polynomial is given by Eq.~3! with an rms deviation 0.0037 and a max
mum deviation 0.007 in TPR10

20 .



1

a
ta
e
es
to

ur
c-

ic

o
t

e
ec
5

ot
fit
d

he

the

ove
ood
ons

nds
s a
tan-

lated

ner

ery
al-

lini-
be-

fer-

for

e

.
orth
the
ted

res

sent
d re-
d
d
eam

1551 N. I. Kalach and D. W. O. Rogers: Which photon beams are clinic-like 1551
erator which is dissimilar to current machines~e.g., the new
tomotherapy machines, except that they do not have
310 cm2 fields!.

Figure 5 presents the same fit to the heavily filtered d
in Fig. 4 along with a variety of individually measured da
taken from various papers14,27–33 and data based on th
AAPM’s TG-46 report which included averaged %dd curv
and TPR10

20 data tables for a large variety of accelera
beams34 @%dd(10)x is deduced from %dd~10! using the gen-
eral formula given in the TG-51 protocol1#. The NPL data are
based on the measured values from NPL but the meas
values of %dd(10)x had to be corrected to account for ele
tron contamination and different field sizes and SSD.32

The short dashed line in Fig. 5 shows a crude fit wh
was needed in the calculation35 of kQ factors for the TG-51
protocol.1 This fit was based on the calculated data
Kosunen and Rogers for the Mohan series of spectra and
50 MV racetrack spectrum.12 These data needed to b
corrected21 and the present data have higher statistical pr
sion as well as many more data points in the fit. Also, the
MV data point is no longer included in the fit since it is n
‘‘clinic-like’’ as defined here. Nonetheless, the previous
appears to agree somewhat better with the measured
than the current fit to the calculated data~solid line, Fig. 5!
although the measured data are scattered.

The long dashed line in Fig. 5 is a quadratic fit to t
measured clinical data in this figure~excluding the two60Co
data points with the lower %dd(10)x values!. The fit is given
by

FIG. 5. Measured vs fitted values of TPR10
20 vs %dd(10)x . The solid line is

the fit to the calculated heavily filtered beams shown in Fig. 4@Eq. ~3!#.
Closed symbols are published measured data for clinical beams~Refs. 27–
31! and the data from the TG-46 compendium~Ref. 34!. Open symbols are
measured data from standards laboratories~Refs. 14, 32, 33!. Note the NRC
data point for60Co uses BJR25’s value for %dd(10)x . The long dashed line
is a quadratic fit@Eq. ~5!# to the measured data for clinical beams~excluding
the two60Co results with lowest values of %dd(10)x!. Also shown for com-
parison is an early crude fit~short dashed line! to similar data by Kosunen
and Rogers for the Mohan spectra and the 50 MV racetrack beam~Ref. 35!.
Note that the data of Khan was given to only two significant figu
~Ref. 31!.
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The rms deviation of the data about the fit is 0.007 and
maximum deviation in TPR10

20 is 0.011@ignoring the one out-
lier with %dd(10)x564.3% from the TG-46 data for a
Clinac-6X#.

Many of the measured data for clinical beams are ab
the present fit to the calculated data. This is not underst
since, for those cases in which there are direct comparis
between measured and the present~average spectrum! calcu-
lated values for beams at NRC and NPL, the agreement te
to be within 1% or often much better. Figure 6 present
comparison of these measured and calculated data for s
dards labs beams. It can be seen that although the calcu
and measured values of TPR10

20 and %dd(10)x may disagree
with the measurements by up to 1%, they do so in a man
which leaves the TPR10

20 vs %dd(10)x curve unaffected~i.e.,
the dashed and solid line for a given set of data are v
similar!. If anything, the measured curves are below the c
culated curves, which is the reverse of the case for the c
cal beams. One would expect that the differences seen
tween the measured and calculated values of %dd~10! for the
clinical machines, which are of the same order as the dif
ences seen with the standards labs machines~see inset, Fig.
6!, would also not affect the overall curve. Nonetheless,
example, the measured clinical data of Palmanset al.30 can
be thought of as having TPR10

20 values which are 1.5% abov
the curve fitted to the calculated data, or the %dd(10)x val-
ues are 2%~2.7% relative! lower than those calculated
These are close to worst cases, and, in particular, it is w
noting that with one exception, the averaged data from
TG-46 report are in good agreement with the calcula
values.

FIG. 6. Comparison of measured and calculated values of TPR10
20 vs

%dd(10)x . In the main panel, open symbols and dashed lines repre
measured data while closed symbols and solid lines are the calculate
sults. The inset shows the ratio of %dd~10! from the measured data set use
by Sheikh-Bagheri to the value of %dd(10)x calculated here and correcte
using Sheikh-Bagheri’s calculated electron contamination for each b
~Ref. 10!.
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In an effort to understand these discrepancies, we ca
late, for the Varian 6 and 18 MV beams, the TPR10

20 values
using point source beams at SSD580 and SSD590 cm,
with field sizes of 10310 cm2 at the detector position
(SSD5100 cm). The results for this more realistic calcu
tion agree~within 0.1% on average! with the values calcu-
lated with a parallel beam, as done in the rest of the pre
calculations and as done in previous calculations of TPR10

20.
However, if rather than using spectra, we do the same ca
lations for a full phase space file, we find that the TPR10

20

values calculated this way are 0.8% and 0.5% higher t
when using a photon spectrum as source~and for the 18 MV
beam, are in good agreement with the measured valu
TPR10

20 for the 18 MV Varian beam at the Fraser Valley Ca
cer Clinic!. At the same time, the values of %dd(10)x calcu-
lated with the full phase space simulation agreed within s
tistics ~which varied from 0.1% to 0.3%!, with the point
source calculations using a spectrum. These results toge
imply that the full phase space calculation of TPR10

20 would
move the calculated values about 1/2 of the way toward
fit to the measured data in Fig. 5. This needs further inve
gation but is a major undertaking~a typical calculation takes
200 h on a 1.8 GHz CPU!. Furthermore we do not hav
sufficient information to redo all the calculations this wa
However, in the process of this project we have calcula
%dd(10)x for 26 beams using a full phase space calculat
and if we compare these results to those calculated using
point source and average spectrum model, we find the a
age difference is 0.04 with a sample deviation of 0.29. T
implies that there is nothing wrong with the simple model
calculating %dd(10)x , although the rather large sample d
viation indicates that the full phase space calculations h
not been done with as much statistical precision nor w
such tightly controlled parameters~e.g., variation in size of
scoring regions, etc!. The measured values may have cons
erable uncertainty as well, but unless there is a system
error in most of the measurements~which seems unlikely!,
this cannot explain the observed difference.

Figure 5 does show that the measured values for the n
clinical lightly filtered beams at the NPL and NRC a
clearly below the fitted line, thereby demonstrating that c
brations cannot be done in these beams in terms of TP10

20.
This is consistent with the direct results in Fig. 1.

IV. MEAN ENERGIES IN THE PHANTOM
AND BEAM QUALITY SPECIFIERS

In a preliminary effort to understand why %dd(10)x and
TPR10

20 specify beam qualities in different manners, we c
culate the mean electron and photon energies as a functio
depth on the central axis of a water phantom irradiated b
100 cm2 beam from a point source at 100 cm SSD. Figur
shows the mean energies of the photons for four differ
beams~the 20 and 25 MV hard and soft beams at NRC! and
Fig. 8 shows the mean energies of the electrons generate
these same photon beams. There are many interesting
tures of Figs. 7 and 8, but for the purposes here, it is imp
tant to note the ordering of the average energies on e
Medical Physics, Vol. 30, No. 7, July 2003
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graph compared to the corresponding beam quality spe
ers. The average photon energy increases in the same
as the TPR10

20 values, but not the %dd(10)x values. In con-
trast, the average electron energy increases in the same
as the %dd(10)x values but not the TPR10

20 values. In other
words, the %dd(10)x values are more closely correlated wi
the electron spectra at a point in the phantom whereas
TPR10

20 values are more closely correlated with the phot
spectra. Clearly, the electron spectra are correlated to
photon spectra as well, but the correspondence is not uni

FIG. 7. Average photon energy on the central axis~0–2 cm radius! vs depth
in a 100 cm2 beam for the NRC spectra shown. The values above e
curve correspond to %dd(10)x and TPR10

20 values for the beams. Note tha
the TPR10

20 values increase with increasing average energy of the be
whereas the %dd(10)x values do not. Values are calculated usingFLURZnrc
~Ref. 22!.

FIG. 8. Average electron energy on the central axis~0–2 cm radius! vs depth
in a 100 cm2 beam for the NRC spectra shown. The values above each c
correspond to %dd(10)x and TPR10

20 values for the beams. Note that th
%dd(10)x values increase with increasing average energy of the elect
whereas the TPR10

20 values do not, i.e., the order of the curves changes
photon and electron average energies. Values are calculated usingFLURZnrc
~Ref. 22!.
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as this rather extreme case points out. Since stopping-po
ratios and other dosimetric quantities are more closely tie
the electron spectra at a given point, it should not be surp
ing that %dd(10)x is a good beam quality specifier for
wider range of beam qualities.

V. SUMMARY AND CONCLUSIONS

The data presented in Figs. 1 and 2 demonstrate
TPR10

20 is an adequate beam quality specifier for the bro
range of clinical accelerators currently available, except
the racetrack microtron which is only lightly filtered. Th
confirms the much earlier result of Andreo and Brahm8

which was based on calculations for spectra from an ea
generation of accelerators and some crude models of he
filtered beams. The present results also demonstrate tha
heavily filtered beams appear to lie on the same curve as
clinical spectra. Thus it is possible to use nonclinical bea
to calibrate ion chambers in terms of TPR10

20 for use in clini-
cal beams, as long as the beam has been established
‘‘clinic-like.’’ Figures 1 and 2 explicitly demonstrate th
‘‘clinic-like’’ nature of the heavily filtered beams in the stan
dards labs at NPL, NRC, and Gent. Figure 4 presents a
terion for establishing if a beam is ‘‘clinic-like’’ based on th
measured values of TPR10

20 and %dd(10)x . This criterion is
only relevant for standards labs. Unfortunately the measu
data available in the literature for clinical beams are not
particularly good agreement with this criterion except for t
averaged data presented in the TG-46 report34 which scatters
about the calculated line. Also the measurements mad
standards labs are in excellent agreement with the calcul
curves.

The equations linking TPR10
20 and %dd(10)x for clinical

beams@Eqs. ~3! and ~4!# are in principle a useful check fo
those implementing TG-51. After measuring %dd(10)x , they
can verify that it is consistent with their previously measur
value of TPR10

20, although as mentioned, currently measur
data in the literature suggest that the measured TPR10

20 values
appear to be higher than predicted by Eq.~3!.

Another application of Eq.~3! is to calculate the effective
clinical TPR10

20 value for a given nonclinical beam. For ex
ample, the 30 MV standard beam at NRC has a meas
TPR10

20 value of 0.794~1! and a measured %dd(10)x value of
88.4~1!%. It is known not to be ‘‘clinic-like’’ so that when
asked for a calibration in terms of TPR10

20, the value ofND,w

is wrong by about 1% when used in a clinical beam. Us
Eq. ~3! tells us that the effective clinical TPR10

20 value for that
beam is 0.811. Equation~1! suggests that the expectedND,w

value is 0.9% lower than if the TPR10
20 were taken at its face

value of 0.794. Similarly, the effective TPR10
20 values for the

20 and 10 MV standard beams at NRC are 0.778 and 0.
respectively, rather than the measured values of 0.758~1! and
0.682~1!. Using these effective TPR10

20 values would imply
agreement within 0.1% between the values ofkQ measured
using the Canadian and French absorbed-dose standard
opposed to the differences of up to 1% found using measu
values of TPR10

20 but consistent with the excellent agreeme
found using %dd(10)x as the beam quality specifier.33
Medical Physics, Vol. 30, No. 7, July 2003
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This concern about whether a beam is ‘‘clinic-like’’ or no
is only relevant when using TPR10

20 as a beam quality speci
fier. If beams are specified in terms of %dd(10)x , the issue
of whether a beam is ‘‘clinic-like’’ or not is not relevan
because %dd(10)x specifies all real bremsstrahlung beam
adequately, i.e., all beams investigated are ‘‘clinic-lik
when using %dd(10)x .
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APPENDIX: SOURCES OF SPECTRA USED

Many of the spectra described in this Appendix have be
distributed as part of theEGS4/EGSnrc code systems fo
Monte Carlo transport.15,25 The spectra are distributed in th
ENSRCformat which is read by a variety ofEGS4andEGSnrc
user-codes22 ~e.g.,DOSRZnrc, FLURZnrc, etc.!. They are avail-
able via http://www.irs.inms.nrc.ca/inms/irs/EGSnr
EGSnrc.html

1. Varian spectra calculated by Mohan et al.

Mohanet al.9 usedEGS336 to model various Varian accel
erators viz. the Clinac-4~4 MV!, 26 ~6 MV!, 218 ~10 MV!,
220 ~15 MV!, and22500~24 MV!. The spectra were veri
fied by calculating tissue-maximum ratios in water.

These spectra have been used by a variety of authors
the years and have been distributed with theEGS4 system.
During the present study it was found that the energy str
ture of the spectra referred to as the 15 and 10 MV Moh
spectra were different from the original spectra. These sp
tra have been re-digitalized from large scale plots supp
by Chen-Shou Chui and are used here. The implied chan
in TPR10

20 are less than 0.003, and for stopping-power rati
less than 0.05%.

2. Clinical accelerators

Sheikh-Bagheri and Rogers have modeled nine be
from clinical accelerators from the major manufacturers: E
kta SL25 6 and 25 MV beams; Siemens KD 6 and 18 M
beams; Varian Clinac-4 MV and Clinac 2100C/2300C 6, 1
15, and 18 MV photon beam.10,11,37 The simulations were
benchmarked against measured depth-dose curves and
off-axis ratios. To obtain spectra for the present work,BEAM

input files have been used with a set of incident elect
beam parameters from Sheikh-Bagheri.37 This set is slightly
different from that presented in the final publications10,11 but
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the differences have been shown to be unimportant to ca
lated photon spectra on the central axis in a 10310 cm2 field
at 100 cm SSD.

Typical statistical uncertainties for the fluence per ene
bin are 0.5% at the maxima of the spectra and 1%–1
elsewhere except for energy bins close to the maximum
ergy.

3. Racetrack Microtron calculated spectra

The spectra from the Memorial Sloan-Kettering Can
Center’s MM50 were modeled by Kosunen and Rogers us
EGS412 and also used here. Note that different MM50 m
chines are configured differently and the models used w
very simple.

4. NPL calculated spectra

Photon beams with nominal energy from 4 to 19 MV f
the accelerator of the National Physical Laboratory~NPL!
were modeled usingBEAM.32 Two sets of beams~‘‘heavy’’
and ‘‘light’’ ! differ by the amount of additional aluminum
filtration added below the lower collimator and up to 4 cm
aluminum attached to the back of the target. Photon spe
have been calculated in the present work using the ph
space files of Walters and Rogers,32 collected at 118–120 cm
SSD for a field size of 10310 cm2.

5. Thick target bremsstrahlung spectra measured
at NRC

Bremsstrahlung spectra from thick targets of Al, Pb, a
Be have been measured absolutely38,39 in the sense of num
ber of photons which emerge from the target into a giv
solid angle along the beam axis per electron incident on
target for electrons of 10, 15, 20, 25, and 30 MeV incide
energy. The spectra have a 220 keV low-energy cutoff. T
targets were cylinders with nominal thicknesses of 110%
the electron CSDA range. Typical uncertainties per ene
bin were from 2% to 5%~systematic uncertainties in spectr
measurements and uncertainties in the beam current ar
included!.

The pair of spectra referred to as ‘‘NRC measured
1Al’’ have been obtained by Kosunen and Rogers12 starting
from the measured 10- and 20-MV-thick aluminum targ
spectra which were analytically filtered by an additional
cm of aluminum.

6. Saturn43 25 MV beam

Enrico Menghi has usedBEAM to model the 25 MV beam
of a Saturn43 accelerator and he has benchmarked his re
against measured depth-dose curves.26 He has provided his
BEAM input files to us and the spectra for a 10310 cm2 field
were generated at NRC using these inputs.

7. Gent 5 and 10 MV spectra

Gent University has an electron accelerator which th
use for dosimetry standards work. As part of their standa
work they have done detailedBEAM models of their two
Medical Physics, Vol. 30, No. 7, July 2003
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accelerator beams at 5 and 10 MV40 and benchmarked thei
calculations against measured depth-dose curves. The a
erator has a Ta target and Pb flattening filter. The spe
presented here were calculated at NRC usingBEAM and the
input files developed by Palmanset al.40 The spectra pre-
sented are averaged over a 10310 cm2 area in a nominal
12312 field since the original values calculated by Palma
et al. were for these larger fields. Recent work41 has pro-
vided data for nominal 10310 cm2 field sizes although thes
have not been used here.

a!Present address: Fraser Valley Cancer Center, BCCA, 13750-96th
Surrey, BC V3V 1Z2, Canada; electronic mail: nkalach@bccancer.bc.

b!Electronic mail: dave@irs.phy.nrc.ca
1P. R. Almond, P. J. Biggs, B. M. Coursey, W. F. Hanson, M. S. Huq,
Nath, and D. W. O. Rogers, ‘‘AAPM’s TG-51 Protocol for Clinical Re
erence Dosimetry of High-Energy Photon and Electron Beams,’’ M
Phys.26, 1847–1870~1999!.

2C.-M. Ma, C. W. Coffey, L. A. DeWerd, R. Nath, C. Liu, S. M. Seltze
and J. Seuntjens, ‘‘AAPM protocol for 40–300 kV x-ray beam dosime
in radiotherapy and radiobiology,’’ Med. Phys.28, 868–893~2001!.

3 AAPM TG-21 ‘‘A protocol for the determination of absorbed dose fro
high-energy photon and electron beams,’’ Med. Phys.10, 741–771
~1983!.

4IAEA, Absorbed Dose Determination in Photon and Electron Beams:
International Code of Practice, Technical Report Series Vol. 277~IAEA,
Vienna, 1987!.

5IAEA, Absorbed Dose Determination in External Beam Radiothera
An International Code of Practice for Dosimetry Based on Standards
Absorbed Dose to Water, Technical Report Series Vol. 398~IAEA, Vi-
enna, 2001!.

6P. Andreo, ‘‘On the beam quality specification of high-energy photons
radiotherapy dosimetry,’’ Med. Phys.27, 434–440~2000!.

7P. Andreo, ‘‘Improved calculations of stopping-power ratios and th
correlation with the quality of therapeutic photon beams,’’ IAEA-SM
330/62 inProc. of Symp. on Meas. Assurance in Dosimetry~IAEA, Vi-
enna, 1994!, pp. 335–359.

8P. Andreo and A. Brahme, ‘‘Stopping-power data for high-energy pho
beams,’’ Phys. Med. Biol.31, 839–858~1986!.

9R. Mohan, C. Chui, and L. Lidofsky, ‘‘Energy and angular distributio
of photons from medical linear accelerators,’’ Med. Phys.12, 592–597
~1985!.

10D. Sheikh-Bagheri and D. W. O. Rogers, ‘‘Calculation of nine megavo
age photon beam spectra using the BEAM Monte Carlo code,’’ M
Phys.29, 391–402~2002!.

11D. Sheikh-Bagheri and D. W. O. Rogers, ‘‘Sensitivity of megavolta
photon beam Monte Carlo simulations to electron beam paramete
Med. Phys.29, 379–390~2002!.

12A. Kosunen and D. W. O. Rogers, ‘‘Beam quality specification for phot
beam dosimetry,’’ Med. Phys.20, 1181–1188~1993!.

13P. Andreo, ‘‘The status of high-energy photon and electron beam dos
etry five years after the implementation of the IAEA code of practice
the Nordic countries,’’ Acta Oncol.32, 483–500~1993!.

14J. P. Seuntjens, C. K. Ross, K. R. Shortt, and D. W. O. Rog
‘‘Absorbed-dose beam quality conversion factors for cylindrical cha
bers in high-energy photon beams,’’ Med. Phys.27, 2763–2779~2000!.

15W. R. Nelson, H. Hirayama, and D. W. O. Rogers, ‘‘The EGS4 Co
System, Report SLAC-265,’’ Stanford Linear Accelerator Center, St
ford, CA, 1985.

16A. F. Bielajew and D. W. O. Rogers, ‘‘PRESTA: The Parameter Redu
Electron-Step Transport Algorithm for electron Monte Carlo transpor
Nucl. Instrum. Methods Phys. Res. B18, 165–181~1987!.

17D. W. O. Rogers, B. A. Faddegon, G. X. Ding, C.-M. Ma, J. Wei, and
R. Mackie, ‘‘BEAM: A Monte Carlo code to simulate radiotherapy trea
ment units,’’ Med. Phys.22, 503–524~1995!.

18D. Sheikh-Bagheri, D. W. O. Rogers, C. K. Ross, and J. P. Seuntj
‘‘Comparison of measured and Monte Carlo calculated dose distribut
from the NRC linac,’’ Med. Phys.27, 2256–2266~2000!.

19C. L. Yang, D. W. O. Rogers, and J. P. Seuntjens, ‘‘Calculation of pho
beam quality specifiers,’’ Proceedings of the 1998 COMP Annual Me



ta

s
ur

en

ers
a-

o.

of

nte
No
0
d

o-

y:
ys

98
y o

c

ma
d

of
9,

, P.
and

A.
n-

ose

,’’

cal
sis,

ted
Al

on
Be,

am

h-
hys.

1555 N. I. Kalach and D. W. O. Rogers: Which photon beams are clinic-like 1555
ing ~Canadian Organization of Medical Physicists, Edmonton, Alber!,
1998, pp. 186–188.

20C. K. Ross, K. R. Shortt, D. W. O. Rogers, and F. Delaunay,A Test of
TPR10

20 as a Beam Quality Specifier for High-Energy Photon Beam
IAEA-SM-330/10, in Proceedings of Symposium on Measurement Ass
ance in Dosimetry,~IAEA, Vienna, 1994!, pp. 309–321.

21D. W. O. Rogers and C. L. Yang, ‘‘Corrected relationship betwe
%dd(10)x and stopping-power ratios,’’ Med. Phys.26, 538–540~1999!.

22D. W. O. Rogers, I. Kawrakow, J. P. Seuntjens, and B. R. B. Walt
‘‘NRC User Codes for EGSnrc,’’ Technical Report No. PIRS-702, N
tional Research Council of Canada, Ottawa, Canada, 2000.

23ICRU, ‘‘Stopping powers for electrons and positrons,’’ ICRU Report N
37, ICRU, Washington, DC, 1984.

24I. Kawrakow, ‘‘Accurate condensed history Monte Carlo simulation
electron transport. I. EGSnrc, the new EGS4 version,’’ Med. Phys.27,
485–498~2000!.

25I. Kawrakow and D. W. O. Rogers, ‘‘The EGSnrc Code System: Mo
Carlo simulation of electron and photon transport,’’ Technical Report
PIRS-701, National Research Council of Canada, Ottawa, Canada, 2

26E. Menghi, ‘‘Simulazione di un acceleratore lineare radioterapico, me
ante codice Monte Carlo BEAM,’’ M.Sc. thesis, Bologna University, B
logna, Italy, March 2001.

27G. X. Ding, J. E. Cygler, and C. B. Kwok, ‘‘Clinical reference dosimetr
Comparison between AAPM TG-21 and TG-51 protocols,’’ Med. Ph
27, 1217–1225~2000!.

28M. S. Huq, P. Andreo, and H. Song, ‘‘Comparison of the IAEA TRS-3
and AAPM TG-51 absorbed dose to water protocols in the dosimetr
high-energy photon and electron beams,’’ Phys. Med. Biol.46, 2985–
3006 ~2001!.

29F. Araki and H. D. Kubo, ‘‘Comparison of high-energy photon and ele
tron dosimetry for various dosimetry protocols,’’ Med. Phys.29, 857–
868 ~2002!.

30H. Palmanset al., ‘‘Absorbed dose to water based dosimetry vs air ker
based dosimetry for high-energy photon beams: an experimental stu
Phys. Med. Biol.47, 421–440~2002!.
Medical Physics, Vol. 30, No. 7, July 2003
,
-

,

.
00.
i-

.

f

-

y,’’

31F. M. Khan, ‘‘Comment on ‘AAPM’s TG-51 protocol for clinical refer-
ence dosimetry of high-energy photon and electron beams’’@Med. Phys.
26, 1847–1870~1999!# Med. Phys.27, 445–447~2000!.

32B. R. B. Walters and D. W. O. Rogers, ‘‘Monte Carlo estimates
%dd(10)x for the NPL photon beams,’’ NRC Report No. PIRS-65
NRC, Ottawa, 1999.

33K. R. Shortt, C. K. Ross, J. P. Seuntjens, F. Delaunay, A. Ostrowsky
Gross, and E. Leroy, ‘‘Comparison of dosimetric standards of Canada
France for Photons at60Co and higher energies,’’ Phys. Med. Biol.46,
2119–2142~2001!.

34J. A. Purdy, W. Harms, W. F. Hanson, P. Kennedy, T. Kirby,
Niroomand-Rad, and J. R. Palta, ‘‘AAPM RTC TG-46: X-ray beam ce
tral axis depth-dose data for use in radiation therapy,’’ Med. Phys.~1997
~draft approved by Radiation Therapy Committee!!.

35D. W. O. Rogers, ‘‘Fundamentals of dosimetry based on absorbed-d
standards,’’ inTeletherapy Physics, Present and Future, edited by J. R.
Palta and T. R. Mackie~AAPM, Washington, DC, 1996!, pp. 319–356.

36R. L. Ford and W. R. Nelson, ‘‘The EGS code system—Version 3
Stanford Linear Accelerator Center Report No. SLAC-210, 1978.

37D. Sheikh-Bagheri, ‘‘Monte Carlo study of photon beams from medi
linear accelerators; optimization, benchmark and spectra,’’ PhD. the
Carleton University, Ottawa 1999.

38B. A. Faddegon, C. K. Ross, and D. W. O. Rogers, ‘‘Forward direc
bremsstrahlung of 10–30 MeV electrons incident on thick targets of
and Pb,’’ Med. Phys.17, 773–785~1990!.

39B. A. Faddegon, C. K. Ross, and D. W. O. Rogers, ‘‘Angular distributi
of bremsstrahlung from 15 MeV electrons incident on thick targets of
Al and Pb,’’ Med. Phys.18, 727–739~1991!.

40H. Palmans, W. Mondelaers, and H. Thierens, ‘‘Absorbed dose be
quality correction factorskQ for the NE2571 chamber in a 5 MV and 10
MV photon beam,’’ Phys. Med. Biol.44, 647–663~1999!.

41H. Palmans, W. Mondelaers, and H. Thierens, ‘‘Beam quality of hig
energy photon beams at the Ghent University linear accelerator,’’ P
Med. Biol. 47, L15–L18 ~2002!.


