Which accelerator photon beams are “clinic-like”
for reference dosimetry purposes?
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Previous work has demonstrated that, for photon beam dosimetry?0Ti®Rot 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: ﬁé’ aRPRdequate beam quality
specifier for all modern clinical therapy accelerators? When can nonclinical beams in standards
laboratories be used to calibrate ion chambers or me&gyf@ctors as a function of TP Based

on detailed Monte Carlo simulations of Varian, Siemens, Elekta, andSakirr) accelerators one

can conclude that TF%I%is an adequate beam quality specifier for all these machines in the sense
that for a given value of TP}%, the value of stopping-power ratios is the same. It is shown that, for
the heavily filtered beams used in standards laboratories?Jli®Rn adequate beam quality speci-

fier. It is also demonstrated that, for a larger range of bremsstrahlung beams than previously,
%dd(10), 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 value® of TPR
and %dd(10) for the beam, is proposed for determining whether a nonclinical beam is well
specified by TP%. 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.

[DOI: 10.1118/1.1573205

[. INTRODUCTION them as typical for clinical machines. They chose a single
To use a modern radiation dosimetry protodelg., the target thickness of 4/3, wherer is the CSDA range at the

AAPM's TG-51 protocol for high energy electron and pho- energy of electrons incident on the tungsten target, and ad-

ton beambor the AAPM's TG-61 protocol for x-ray bearf)s ditional lead filtration ranging in thickness from 1 to 6 cm for

it is essential to specify the quality of the beam in order tol€ €Nergy range 2_58611\::\/' They obtained very tight agree-

select the values to use for various parameters. An idednent between thel{ p)**"vs TPRG curves for Mohan and
beam quality specifier is one that is easy to measure and féither published spectra and for their Pb filtered “clinic-like”
which all parameters of interest are uniquely specified. Foppectral data sefs.
accelerator photon beams there are two widely used specifi- Although the Moharet al® spectra used by Andreo and
ers, %dd(10), which is used by the AAPM’s TG-51 proto- Brahme have been shown to still be representative of modern
col, and TPl%g, which is used by the older AAPM TG-21 acceleratord? the physical parameters of modern clinical ac-
protocof and the IAEAs old and new Codes of Practfce. celerators may differ substantially from the measured spectra
As Andred has pointed out “TPE) can be meaningless if available to Andreo and Brahnia 2 MeV van de Graaff, 6
the accelerator potential and the target and filter combinaMV Mullard and 6 MV Vickers, betatrons, ejcand certainly
tions used to derive stopping-power data are completely igdo not match the Andreo and Brahme calculated “clinic-
nored” and earlier he statéd...stopping-power ratios... used like” spectra very closely. For a recent study of nine accel-
today in dosimetry protocols will not necessarily apply to erator beams from the three major manufacturers of modern
such acceleratoréi.e., those in standards labshot even machinegVarian, Siemens, and Elekte&Sheikh-Bagheri and
when the quality of the beam is specified in terms ofRogers have fourt** that a typical modern clinical accel-
TPRy.” erator target is made of tungsten on a copper base, or gold, or
Given the general agreement that EPRdoes not of pure copper, with thicknesses much thicker g8 at
uniguely specify beam quality for all bremsstrahlung beamsthe relevant electron energies for those materifds ex-
a significant issue is whether Tﬁﬁ?is an accurate beam ample, some typical combinations are Q. fungsten with
quality specifier for all clinical beams. Originally Andreo and 0.3r o copper, 0.2, tungsten with 0.7, copper, 0.7, copper,
Brahmé showed a unique relationship between PBnd  etc). The typical flattening filters are made of a wide variety
stopping-power ratios based on Monte Carlo calculations foof materials, from aluminum to tungsten. They have very
a set of quite crudely measured or calculated clinical spectraomplicated shapes or combinations of shapes which are par-
from accelerators of an earlier era. In order to increase th&ally inserted within the primary collimator. Their thick-
data set available for clinical dosimetry, they used a set ofiesses range from approximately 2 cm of copper to the 12
bremsstrahlung spectra that they calculated for combinationsm combined thickness of aluminum and stainless steel
of tungsten target and lead filter thicknesses considered byhere “thickness” is evaluated as the distance from the apex
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of a quasiconical structure to its bottom. Those thicknessege calibration beam, the use of TPRas a beam quality
are not directly Comparable to the thicknesses of flat |ea@pecifier when using measurkg values can be rigorous|y
filtration used by Brahme and Andrédt is also known that  defended for standard clinical machines. Unfortunately, as
some clinical aCCEIeratorS, such as the racetrack miCl’OtrOﬂ/i” be discussed in the fo”owing, the measured data con-
machines, use thin targets and in common with the new tocerning this criterion for clinical accelerators is not in good
motherapy units, do not have a flattening filter. agreement with the calculated results although agreement for
One of the purposes of the present study is to ask, ipeams in standards laboratories is acceptable.
TPR,) an adequate beam quality specifier for the range of Another issue is how to calibrate those beams from ma-
modern clinical beams? We show in the following that it chines that do not fall on this “clinic-like” curve, namely the
is, consistent with the much earlier results of Andreo andracetrack microtrons and possibly any new machines which
Brahmé (except for the swept beams of the racetrackhave lightly filtered beams. If using TBRas a beam quality
microtron). specifier, these machines require special treatment, whereas
However, this still leaves one significant problem for pro-if one uses %dd(1Q) they are treated like all other beams
tocols which allow the use of measurkg factors and use [although strictly speaking this has only been established for
TPR{j as a beam quality specifier. Many standards laboratothe Racetrack microtrons, the wide range of beams for which
ries have nonclinical acceleratdesg., those of Canada, Bel- 9,dd(10), is shown to work strongly suggests it will work

gium, Australia, and the United Kingdgnand even those for all beams from possible new clinical accelerator types
that do have clinical machines have frequently modified
them, or they are “unusual” in some other sense. So thdl- CALCULATIONAL DETAILS
guestion arises, when can we say that a calibration beam is The quantities that must be calculated for this study are:
“clinic-like.” That is, when can measured calibrations of ion (L/p)"3' the Spencer-Attix restricted mass collision stop-
chambers as a function of TBRoe used with confidence in ping power ratio, water to air, at 10 cm depth in a water
clinical beamgby which we mean all currently used beams phantom irradiated by a 2010 cnf beam; %dd(1Q), the
which are heavily filtere® photon component of the percentage depth-dose at 10 cm

Kosunen and Rogefsnoted that stopping-power ratios depth in a 10<10 cn? beam at a source—surface distance
and TPR} values for aluminum thick target spectra filtered (SSD) of 100 cm; and TP, the ratio of dose or ionization
by 14 cm of aluminum are very close to the curve for “clini- measurements at 10 and 20 cm depth at a fixed source—
cal spectra” that they calculated and suggested that this contetector distancéSDD) of about 100 cm for a 1810 cn?
firms the approach of the UK’s National Physical Laboratorybeam at the point of measurement. All calculations are done
(NPL) of using thick aluminum filters to make their thick using the EGS4/PRESTA system for Monte Carlo
target spectra more “clinic-like.” At that time, Andreo ar- simulationst>*® The BEam user-cod®’ is used to calculate
gued that, since the targets and flattening filters used at NPlarious spectra as well as all the beam quality specifiers.
are much thicker than those used in clinical accelerators, the

. . - . .. A. Photon beam spectra

cannot be considered equivalent to those used in clinica ) ) )
practicé® although these are the beams currently used by the 1ne calculations of stopping-power ratios and beam qual-

NPL as “clinic-like” and accepted as such by the TRS-39gity specifiers described in the following require detailed
Code of Practicé. photon spectra for a wide number of accelerator beams. A

Since the new IAEA Code of Practice offers no quantita—””mber of photon spectra measu_red or _caICL_JIated elsewhe_re
tive criterion for what constitutes a clinical beam, it would be '@ve been used. They are described briefly in the Appendix
possible for a user following this Code of Practice to send aignd many were used previously by Kosumen and Rofers.
NE2611 ion chamber to both NPL and NRC and request g he other spectra have been calculated in the present work
measured, value for a beam with a TPvalue of 0.792.  (for the NRC standard beams and the NRC soft and hard
Based on published values of measukedvalues from each filtered beampusing full simulations of the NRC linac with
laboratory!* the factors received would differ by about 1.1%. V&rying incident electron energies and flattening filter thick-
The IAEA TRS-398 Code of Practice provides no criterion nesses. Details of the new simulations are described in the
for knowing which was correct, or whether either was appli-llOWing.
cable in a clinical beam. Il. A. 1. Calculation of photon spectra using the

The goal of the current work is to provide just such aBEAM system
criterion. The brute force approach is to do a full Monte NRC 10, 20, and 30 MV photon bean&heikh-Bagheri
Carlo simulation of each calibration beam and determine if itet al *® did detailedseam Monte Carlo simulations of the 10
is “clinic-like” in the sense that its calculated stopping- and 20 MV photon beams of the NRC linac, which have
power ratio as a function of TBRfalls on the standard been used for standards work at NRC.
curve for clinical beams. This approach is used here for The NRC standard 10 and 20 MV photon spectra are cal-
beams at NRC and NPL. This requires special expertise. Weulated using theeam input files of Sheikh-Baghegt al 18
also propose a criterion which is much simpler to apply. Then addition, those files are modified as follows for a simula-
“clinic-like” status of a calibration beam is determined tion of the 30 MV NRC standard photon beam. The target for
based on the measured values of 'f%’ﬁhd %dd(10). By  the 30 MV beam is a fully stopping aluminum block, 6.0 cm
using such a criterion to establish the “clinic-like” nature of thick. The electron beam energy of the NRC linac is
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TaBLE |. Geometry characteristics of the NRC soft and hard beams used i, B. Stopping-power ratios
the Monte Carlo simulations.

The stopping-power ratios are calculated using ebs4
Target thickness Sweep ~ Hardener thickness  yser-code SPRRz'>?! which calculates Spencer-Attix

Beam label (em AD angle(*) (em AD stopping-power ratios in a cylindrical geometry starting from
NRC soft 10 MV 25 4.2 0 an input photon spectrunsPRRzuUses an on-the-fly scoring
NRC soft 20 MV 4.5 4.2 0 technique described in detail in the manual §#rRR2IC, a
NRC soft 25 MV 52 3.4 0 new version of the same code which works with the EGSnrc
mgg Eg?d3§OMMVV i‘_g i‘_g fo systen?? All calculations are done using electron stopping
NRC hard 25 MV 5.2 3.4 15 powers from ICRU Report 3%

NRC hard 30 MV 6.0 2.8 15 In all cases the reported water to air stopping-power ratios

are at 10 cm depth and averaged over a 1-cm-thick disk of
radius 2 cm. The incident source is a point 100 cm away
from the phantom surface and collimated to 100°cithe

... statistical uncertainties were typically 0.01% based oh 10
known to =1% and the electron beam energy distribution inpiciories. Stopping-power ratio values in this work agree

the 30 MVBEAM simulation was taken as a Gaussian distri-yyihin 0.1 with previous values, although for an unknown
E(L)J/t'on with a full width at half maximuniFWHM) equal o aa50n there is a tendency for the current values to be about

o of fche nominal energy. The electron beam incident on the 19, higher than found previousi§2.
target is scanned on the surface of a cone with a half angle of
2.8° to obtain field flathess. The apex of the cone is posi-
tioned on the front surface of the target. Due to imperfection
in the scanning coil the beam wobbles inside a circle of 0.
cm at the front surface of the target. The intensity distribu- Values of TPRJ are determined by calculating the depth-
tion of the 30 MV electron beam was taken as a Gaussiadose curveP(z), on the central axis in a normally incident
with FwHM of 0.326 cm.[from Carl Ross(private commu-  parallel beam of photons with the specified energy spectrum.
nication]. For benchmarking purposes, values of TPRr ~ The beam is 1810 cnf and the scoring region 5 mm in
all three beams have been calculdfednd compared to radius. The value of TP%was originally extracted by fitting
those measured at NRtand agree within 0.004. The spec- the region from 10 to 22 cm t®(z)=Dye %, wherez is
tra used in the present calculations are for 106 fieids at  the depth and setting TBR=D(20)/D(10)=e 1%, How-
an SSD of 100 cm. ever, this value is systematically lowésy up to 0.5% than

NRC hard and soft beamm the early 1990s, Rosst al.  the simple two point value based on the ratio of doses at
did measurements in a series of beams generated at 10, 2igpths at 20 and 10 cm and so the latter values are used. The
25, and 30 MeV incident electron energy using a swept bearatatistical uncertainty is reduced to less than 0.1% by using 2
and a fully stopping target with or without extra aluminum billion initial histories in all cases.
filters?° The soft and hard photon beams ranging from 10 to
30 MV generated from the NRC linac have been modeled by
Yang et al® using theseam code. The hard filtration refers 1. D. %dd(10),
e T oS820 e . Veles o k(10 are clclated using s code

: with a point source spectrum at 100 cm incident on a square

W'th _hard and soft flltra'_uon have been validated by €OMPAT) 0% 10 cn? field. The dose is scored on the central axis in
ing tissue-phantom ratios calculated by tBeam code to

those measured by Rossal 2 and values aareed within the disks of radius 1.5 or 2 cm and thicknesses of 0.3 cm for the
. Y R ) 9 first 7.5 cm and 1 cm thereafter. The phantom is 40 cm thick
experimental uncertainty of 0.5%3.

and 28.2 cm in radius. Typically 1 to 2 billion initial photon
Otha ri]r?ezpues?:g t(r)]]:agin l?lni)it E‘]i?erg f?cl;]rfrjw \S}g]:ggfzwlsg 2?)\&?_ beqlﬂstories are used in order to get Fhe statist_ical uncertainties
fied to define a field size of 2010 cn? at 100 cm SSD below 0.1% for the doses scored in each bin.
(10X 10 cnf at 120 cm SDD in the original papeand to
include a slab of air below the collimator. Simulations of
these NRC hard and soft beams generated from the NR
linac included the titanium exit window, aluminum target, a To elucidate the difference between Tj%land %dd(10)
square collimator and, in the case of the hardened beamas beam quality specifiers, we do some calculations with the
additional aluminum filtration below the target. Geometric FLURzNrc user codé? Photon spectra are incident from a
characteristics of the beams used in the simulations are sumpeoint source at 100 cm SSD and the code calculates the mean
marized in Table I. Electron swept beams were simulate@nergy as a function of depth on the central gxislius<2
using theBEAM source option where the incident beam is acm) of a water phantom of 30 cm diameter and 30 cm depth.
monoenergetic parallel circular beam of radius 0.26 cm, th&hese are the only calculations in this study done with
axis of which sweeps the surface of an imaginary cone wittecanrc®*?° instead ofecsa The differences between the
a sweep angle as in Table I. codes in this situation are expected to be negligible.

l. C. TPR3S

& E. Mean energies
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Fic. 1. Spencer-Attix water to air stopping-power ratios calculated with Fic. 2. Same as Fig. 1 but only for clinical beafetosed symbolsand the
sPrrz (based on the ICRU 37 stopping powevs TPRS (calculated with  heavily filtered beams at several standards laboratN&C, NPL, Gent,
the BEAM code for a parallel beam incident on a water phantton14 sets ~ open symbols In addition the short-dashed line is a quadratic fit and the
of beams. All heavily filtered beams, i.e., clinical and “clinic-like,” are solid line a cubic fit[Eq. (1)] to just the clinical beamgexcluding the
shown as closed symbols. Beams referred to as “NRC m Al,” etc., areracetrack beamsFor comparison, the cubic fit used in the TRS-398 proto-
measuredRef. 39 thick target beams where “Al,” etc., refers to the mate- col is shown as the long dashed lifRef. 5.

rial of the target, and 4+Al” means additional aluminum filtration.

data points which caused Kosunen and Rogers to conclude
lll. RESULTS that TPRY is not a universal beam quality speciftér.
. ) . 20 Figure 2 presents the same data for just the clinical and
Ill. A. Stopping-power ratios as a function of TPR 3 heavily filtered beams along with cubic and quadratic fits to
Figure 1 presents our calculated values of stopping-powethe clinical beam data only. Over the TPRange being fit
ratios as a function of TP?%. These data are very similar to (0.622 to 0.80% the fits are almost indistinguishable al-
those published by Kosunen and Rogétsut include many though they diverge slightly outside this range. On account
more bremsstrahlung beams. of the improved agreement with the highest energy NRC
The most important result in Fig. 1 is that the ten newhard beam, we chose to use the cubic fit which, for
results for clinical beamgviz. the Saturn43 beam modeled TPRE3>0.62, is given by
by Menghf® and the nine beams from currently used Varian,
Elekta, and Siemens clinical accelerators modeled by [L "
Sheikh-Bagheri and Rogéfs all lie on the same curve as =2.131-4.533 TPR{g) + 7.052 TPRY)?
the five beams modeled by Mohahal® With the exception
of the clinical beams from the MM50 racetrack microtron, —3.788 TPR)®. 1)
all clinical beams lie on a single curve. This confirms the
earlier results of Andreo and Brahfhehich were based on The thin-line curve in Fig. 2 was calculated by Andremd
far cruder estimates of clinical accelerator spectra, and speis used in the IAEA TRS-398 Code of Practit&or low-
tra measured for another generation of clinical machines. energy beams of a given value of Tf%R the Andreo
A second important observation is that all heavily filteredstopping-power ratios are up to 0.2% higher than the present
beams(closed symbolsfall on this same curve. Thus, for cubic fit. For example, for a beam with a ngR/alue of
example, the heavily filtered beams at NRC and the NPL falD.66, the present fit gives a stopping-power ratio of 1.1220
on this curve as does the beam used by the Belgian standardsd the fit from Andreo gives 1.1235. Conversely, for a
lab. This is despite the fact that these beams in calibratiostopping-power ratio of 1.120, the Andreo fit implies a
labs sometimes bear little resemblance to clinical beams iTPR] value of 0.678 and the present cubic fit, only 0.669.
how they are generatedifferent target and filter materials The agreement is excellent for TERvalues above 0.74.
compared to most clinical beais These differences are not important in view of the overall
Another interesting observation is that with the largeruncertainty in the stopping-power ratio, but they are not
number of spectra used here, it becomes evident that all afompletely understood. Andreo preséngbulated values for
the lightly filtered nonclinical beams also appear to fall ontomonoenergetic beams and, for example, 403 MeV beam
a second curve with lower values of stopping-power ratio forour calculated stopping-power ratio agrees to four significant
a given value of TPR. For values of TPE near 0.8, the figures(1.117. Our calculated TP§ value of 0.7233 is only
difference can be up to 0.7% but as little as 0.2% for PR 0.1% less than his values of 0.724 and our value at 2 MeV
values near 0.65. It is the existence of this second family ofre even closer to each other.

air
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%dd(10), Fic. 4. Calculated values of TBRvs %dd(10) for the same 14 sets of
spectra as in Figs. 1 and 3. The line is a quadratic fit to all the heavily
Fic. 3. Stopping-power ratios as in Fig. 1 except plotted vs %dd(10he filtered beams which are shown as closed symbols. The fit to a third-order
fit, shown as the solid line, is given by E@) with a rms deviation 0.0012  polynomial is given by Eq(3) with an rms deviation 0.0037 and a maxi-
and a maximum deviation 0.0027. The long dashed line is th&&f. 21 mum deviation 0.007 in TPE.
which is used in TG-51—Ref. note that there are two straight lines with
the break at 63.4%

The rms deviation of the data about the fit is 0.0034 and the
IIl. B. Stopping-power ratios as a function maximum deviation in TP values is 0.007. A cubic fit to
of %dd (10), the same data and fits to the data for just the clinical beams

i ) ) are practically indistinguishable. The fit can also be per-
Figure 3 presents the same stopping-power ratio data as {3;med in the other direction giving

Fig. 2 except now plotted as a function of the beam quality
specifier %dd(10). As found previously by Kosunen and ~ %dd(10),= —430.62+ 2181.9 TPR)

Rogers!? the stopping-power ratios for all of these spectra _ 2 3
fall on a single curve. The data with %dd(1®reater than 331831?%8) +1746'5TPR%8) ' @

62.46% fit a straight line given by In this case, a cubic function is essential to get a good fit.

[ vater The rms deviation is 0.46 and the maximum deviation in
(:) =1.2676-0.002 204%dd 10))(), (2) values of %dd(lq() is 0.9%.

P i Figure 4 shows two families of beams, corresponding to

. , the two families of beams in Fig. 1, one the clinical and
where the lightly filtered 4 MV beam from the NPL “clinic-like” beams, the others the lightly filtered, “other”

(%dd(10)=59.9%) is excluded from the fit. The rms de- beams
viation is 0.0012 and the maximum deviation is 0.0027. The This tight grouping of all the clinical and heavily filtered

f?gure also .presents the curve which is l%fed in the CaICUIaﬁeams suggests a criterion for establishing if a beam is
tions ofkg in the AAPM's TG-51 protocof.” Note that the “clinic-like” in the sense that its stopping-power ratio at 10

TG-51 values are not a single straight line but two straightcm denth is well specified by the Tlggibeam uality speci-
lines with the break at %dd(10y 63.4% and for the present fier O[r)le measurez the vaIL)lles of 'I%Z%Iand O/qdd(l)(l))) znd
calculations this break is made at 62.46%. ' . °

. . . _sees if they lie on the curve within some acceptable toler-
The present data are in good agreement with the previous L .

) : ; : ance. If so, the beam is “clinic-like,” and if not, then TBR
calculations and confirm the previous conclusion that

%dd(10), is a good beam quality specifier in the sense that ieoes not specify the quality of the beam and one must use

X o -~ S o 0%dd(10).. Unfortunately, the sensitivity of this criterion is
uniquely specifies the clinical, “clinic-like” and nonclinical : . .
beams not as great as one might like. For example, Fig. 1 shows that
' the standard 10 MV beam at NRC is not “clinic-like” and
yet its calculated value of TF%%is only 0.006 below the
Il C. Relationship between TPR 29 and %dd (10), fitted line in Fig. 4. The TPE value for NRC’s 30 MV beam

) 9 ) is 0.016 below the curve and thus this beam clearly is not
Figure 4 plots the calculated values of TigBs a function  «gjinic-like” on this basis, as well as based on the results in
of %dd(10),. Figure 4 includes all of the calculated results ;

shown in Figs. 2 and 3. The solid line i_S a quadratic fit to the  “Note that this criterion is only useful for standards labs to
all of the heavily filtered data, namely: establish whether their beams are “clinic-like” or not, but is

TPREJ= —0.8228+ 0.0342 %dd 10),) —0.000 1776 not needed for those beams reported here since Fig. 1 dem-
) onstrates directly whether they are “clinic-like” or not. This
X (%dd10)) (3)  criterion would also be relevant for any new design of accel-
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Fic. 5. Measured vs fitted values of TER/s %dd(10). The solid lineis  Fic. 6. Comparison of measured and calculated values of 2JRR
the fit to the calculated heavily filtered beams shown in FidEd. (3)]. %dd(10).. In the main panel, open symbols and dashed lines represent
Closed symbols are published measured data for clinical béaefs. 27— measured data while closed symbols and solid lines are the calculated re-

31 and the data from the TG-46 compendi@Ref. 34. Open symbols are  sults. The inset shows the ratio of %d6) from the measured data set used
measured data from standards laboratoffefs. 14, 32, 38 Note the NRC by Sheikh-Bagheri to the value of %dd(L®alculated here and corrected
data point for®Co uses BJR25's value for %dd(10)The long dashed line  using Sheikh-Bagheri's calculated electron contamination for each beam
is a quadratic fifEq. (5)] to the measured data for clinical beategcluding (Ref. 10.

the two®%Co results with lowest values of %dd(1R)Also shown for com-

parison is an early crude fishort dashed lineto similar data by Kosunen

and Rogers for the Mohan spectra and the 50 MV racetrack lfRafn 35.

Note that the data of Kh i t ly two significant fi
(Roe? 3])6.. e data of Khan was given to only two significant figures TPR§8= —0.9305+0.037 24%dd 10),)

—0.000 198 8%dd 10),)°. (5)

The rms deviation of the data about the fit is 0.007 and the

L . maximum deviation in TPE is 0.011[ignoring the one out-
erator which is dissimilar to current machin@sg., the new lier with %dd(10),=64.3% from the TG-46 data for a
tomotherapy machines, except that they do not have 1%Iinac-6X]. '

X 10 cnt fields). Many of the measured data for clinical beams are above

~ Figure 5 presents the same fit to the heavily filtered datgne present fit to the calculated data. This is not understood
in Fig. 4 along with a variety of individually measured data gjnce for those cases in which there are direct comparisons

taken from various |O"3‘|O_éfjs2.7_33 and data based on the henyveen measured and the presemerage spectruncalcu-
AAPM's TG-46 report which included averaged %dd curves|aieq values for beams at NRC and NPL, the agreement tends
and TPK; data tables for a large variety of acceleratoryg pe within 1% or often much better. Figure 6 presents a
beams*[%dd(10) is deduced from %dd0) using the gen-  comparison of these measured and calculated data for stan-
eral formula given in the TG-51 protocdl The NPL data are  gards labs beams. It can be seen that although the calculated
based on the measured values from NPL but the measureghq measured values of TERand %dd(10) may disagree
values of %dd(10) had to be corrected to account for elec- ith the measurements by up to 1%, they do so in a manner
tron contamination and different field sizes and S8D. which leaves the Tpi% vs %dd(10) curve unaffectedi.e.,

The short dashed line in Fig. 5 shows a crude fit whichthe dashed and solid line for a given set of data are very
was needed in the calculatitiof kq factors for the TG-51  similar). If anything, the measured curves are below the cal-
protocol! This fit was based on the calculated data ofculated curves, which is the reverse of the case for the clini-
Kosunen and Rogers for the Mohan series of spectra and thgil beams. One would expect that the differences seen be-
50 MV racetrack spectrurtf. These data needed to be tween the measured and calculated values of@@dor the
corrected" and the present data have higher statistical preciclinical machines, which are of the same order as the differ-
sion as well as many more data points in the fit. Also, the 5&nces seen with the standards labs machises inset, Fig.

MV data point is no longer included in the fit since it is not 6), would also not affect the overall curve. Nonetheless, for
“clinic-like” as defined here. Nonetheless, the previous fitexample, the measured clinical data of Palmanal®’ can
appears to agree somewhat better with the measured dafe thought of as having TBRvalues which are 1.5% above
than the current fit to the calculated dasalid line, Fig. 3 the curve fitted to the calculated data, or the %dd{@)-
although the measured data are scattered. ues are 2%(2.7% relative lower than those calculated.

The long dashed line in Fig. 5 is a quadratic fit to theThese are close to worst cases, and, in particular, it is worth
measured clinical data in this figutexcluding the twd°Co  noting that with one exception, the averaged data from the
data points with the lower %dd(1Qyalues. The fitis given  TG-46 report are in good agreement with the calculated
by values.
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In an effort to understand these discrepancies, we calcu- 6.0 - - ‘ v
late, for the Varian 6 and 18 MV beams, the T2Ralues
using point source beams at SSBO and SSB-90 cm,
with field sizes of 1&x10cnf at the detector position
(SSD=100 cm). The results for this more realistic calcula-
tion agree(within 0.1% on averagewith the values calcu-
lated with a parallel beam, as done in the rest of the present
calculations and as done in previous calculations of 2fPR
However, if rather than using spectra, we do the same calcu-

86.8% 0.805 / 25 MV hard

45

average photon energy / MeV
N

lations for a full phase space file, we find that the TR 1 83.9% 07730 v soft IR
values calculated this way are 0.8% and 0.5% higher than © 34 “==--=---"""" T ]
when using a photon spectrum as soued for the 18 MV 79.7% 0__753_;\ 20 MV soft

beam, are in good agreement with the measured value of @ 25 F~_._ ____ —et 1
TPRE] for the 18 MV Varian beam at the Fraser Valley Can-

cer Clinio. At the same time, the values of %dd(1@pglcu- 20 5 10 15 20 25 30
lated with the full phase space simulation agreed within sta- depth /cm

tistics (which varied from 0.1% to 0.3%% with the point ! .
lculations usina a spectrum. These results to ethFl(r;. 7. Average photon energy on the central ggis2 cm radiusvs depth
source caicu g9 P : 9€tnila 100 crd beam for the NRC spectra shown. The values above each

imply that the full phase space calculation of -@%R/Olﬂd curve correspond to %dd(10and TPRJ values for the beams. Note that
move the calculated values about 1/2 of the way toward thehe TPRj values increase with increasing average energy of the beam
fit to the measured data in Fig. 5. This needs further investiwhereas the %dd(1Q)alues do not. Values are calculated usimgrznre
gation but is a major undertakir(g typical calculation takes (Ref. 2

200 h on a 1.8 GHz CPWU Furthermore we do not have

sufficient information to redo all the calculations this way. . . .
é;raph compared to the corresponding beam quality specifi-

However, in the process of this project we have calculate ers. The average photon energy increases in the same order
%dd(10), for 26 beams using a full phase space calculation™ ™
6dd(10), 9 P b the TPI% values, but not the %dd(1Q)alues. In con-

and if we compare these results to those calculated using i

point source and average spectrum model, we find the aveHaSt’ the average electron energy increases in the same order

age difference is 0.04 with a sample deviation of 0.29. ThidS the %dd(10) values but not the TPJg values. In other

implies that there is nothing wrong with the simple model forwords, the %dd(1Q)values are more closely correlated with

calculating %dd(10), although the rather large sample de- the electron spectra at a point in the phantom whereas the

0 .
viation indicates that the full phase space calculations havng%0 values are more closely correlated with the photon
not been done with as much statistical precision nor witpSPectra. Clearly, the electron spectra are correlated to the

such tightly controlled paramete(s.g., variation in size of photon spectra as well, but the correspondence is not unique,

scoring regions, ejcThe measured values may have consid-
erable uncertainty as well, but unless there is a systematic
error in most of the measuremer(tghich seems unlikely
this cannot explain the observed difference.

Figure 5 does show that the measured values for the non-
clinical lightly filtered beams at the NPL and NRC are

4 T T

25 MV hard
/

86.8% 0.805

w
5
T

—+1¥]
s
—|-|—'+_“-1-+-|

®
=
clearly below the fitted line, thereby demonstrating that cali- § 83.9% 0.773 el
brations cannot be done in these beams in terms of§PR &£ et e T 25 MV soft
This is consistent with the direct results in Fig. 1. S 3 7T 82.0% 0.782 20 MV hard
3 79.7% 0.753 et T
IV. MEAN ENERGIES IN THE PHANTOM g _“__nk;,H.«A—ma“"**
AND BEAM QUALITY SPECIFIERS S 25 i | 20 MV soft ]
In a preliminary effort to understand why %dd(1@nd g
TPng specify beam qualities in different manners, we cal- ® _1_:
culate the mean electron and photon energies as a function of 2 ‘ ‘ < . ‘
depth on the central axis of a water phantom irradiated by a 0 5 10 15 20 25 30
depth / cm

100 cnf beam from a point source at 100 cm SSD. Figure 7
shows the mean energies of the photons for four differentic. 8. Average electron energy on the central &8is2 cm radiusvs depth
beams(the 20 and 25 MV hard and soft beams at NR@d  in a 100 crd beam for the NRC spectra shown. The values above each curve

. . 0
Fig. 8 shows the mean energies of the electrons generated B dfde(sl%(ind :0 %dd(1Q)and _tThP_Fﬁo values for the beams. N?tfh thalt tftle
. . C values increase with increasing average energy of the electrons
these same photon beams. There are many interesting f(:'\v'?lghereas the TP values do not, i.e., the order of the curves changes for

tures of Figs. 7 and 8, _bUt for the purposes here,. it iS IMPOrphoton and electron average energies. Values are calculatedrusimre
tant to note the ordering of the average energies on eadRef. 22.
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as this rather extreme case points out. Since stopping-power This concern about whether a beam is “clinic-like” or not
ratios and other dosimetric quantities are more closely tied tés only relevant when using TBRas a beam quality speci-
the electron spectra at a given point, it should not be surprisfier. If beams are specified in terms of %dd(,L0jhe issue
ing that %dd(10) is a good beam quality specifier for a of whether a beam is “clinic-like” or not is not relevant
wider range of beam qualities. because %dd(1Q)specifies all real bremsstrahlung beams
adequately, i.e., all beams investigated are “clinic-like”
V. SUMMARY AND CONCLUSIONS when using %dd(1Q)
The data presented in Figs. 1 and 2 demonstrate that
TPng is an adequate beam quality specifier for the broad*CKNOWLEDGMENTS
range of clinical accelerators currently available, except for We thank Hugo Palmans of Gent University and Enrico
the racetrack microtron which is only lightly filtered. This Menghi, then of Bologna University, for sending us their
confirms the much earlier result of Andreo and Bratfme, geam code input files, Carl Ross of NRC for information
which was based on calculations for spectra from an earliesbout the 30 MV beam at NRC, Pedro Andreo of the Karo-
generation of accelerators and some crude models of heaviljhska Institute for details on the stopping-power ratio curve
filtered beams. The present results also demonstrate that alfed by the IAEAs TRS-398 and Chen-Shou Chui of
heavily filtered beams appear to lie on the same curve as thgSKCC for information about the original Mohaat al.
clinical spectra. Thus it is possible to use nonclinical beamgpectra. We thank Blake Walters and Michel Proulx of NRC
to calibrate ion chambers in terms of TfRor use in clini-  for their continued support of the NRC computing system for
cal beams, as long as the beam has been established to Mente Carlo calculations.
“clinic-like.” Figures 1 and 2 explicity demonstrate the
“clinic-like” nature of the heauvily filtered beams in the stan-
dards labs at NPL, NRC, and Gent. Figure 4 presents a crAPPENDIX: SOURCES OF SPECTRA USED
terion for establishing if a beam is “clinic-like” based on the Many of the spectra described in this Appendix have been
measured values of TBRand %dd(10). This criterion is  distributed as part of th&Gs4Ecarc code systems for
only relevant for standards labs. Unfortunately the measureflionte Carlo transpoﬂﬁ'25The spectra are distributed in the
data available in the literature for clinical beams are not inensrcformat which is read by a variety ecssandecanre
particularly good agreement with this criterion except for theyser-code? (e.g.,DosSrRMrc, FLURZNIC, etc). They are avail-

averaged data presented in the TG-46 réfovhich scatters aple  via http://www.irs.inms.nrc.ca/inms/irs/EGSnrc/
about the calculated line. Also the measurements made iIBGSnrc.html

standards labs are in excellent agreement with the calculated
curves. 1. Varian spectra calculated by Mohan et al.

The equations linking TPR and %dd(10) for clinical Mohanet al® usedecs3® to model various Varian accel-
beamsEgs. (3) and (4)] are in principle a useful check for erators viz. the Clinac-#4 MV), —6 (6 MV), —18 (10 MV),
those implementing TG-51. After measuring %dd(L0hey  —20 (15 MV), and—2500(24 MV). The spectra were veri-
can verify that it is consistent with their previously measuredfied by calculating tissue-maximum ratios in water.
value of TPF§°, although as mentioned, currently measured These spectra have been used by a variety of authors over
data in the literature suggest that the measuredfﬁ“l?ﬂues the years and have been distributed with Hes4 system.
appear to be higher than predicted by Eg). During the present study it was found that the energy struc-

Another application of Eq(3) is to calculate the effective ture of the spectra referred to as the 15 and 10 MV Mohan
clinical TPR value for a given nonclinical beam. For ex- spectra were different from the original spectra. These spec-
ample, the 30 MV standard beam at NRC has a measureda have been re-digitalized from large scale plots supplied
TPng value of 0.7941) and a measured %dd(10yalue of by Chen-Shou Chui and are used here. The implied changes
88.41)%. It is known not to be “clinic-like” so that when in TPR%S are less than 0.003, and for stopping-power ratios,
asked for a calibration in terms of TI%ER the value oNp ,,  less than 0.05%.
is wrong by about 1% when used in a clinical beam. Using
Eq. (3) tells us that the effective clinical TBRvalue for that
beam is 0.811. Equatiofi) suggests that the expectiig ,,
value is 0.9% lower than if the TERwere taken at its face Sheikh-Bagheri and Rogers have modeled nine beams
value of 0.794. Similarly, the effective TBRvalues for the  from clinical accelerators from the major manufacturers: Ele-
20 and 10 MV standard beams at NRC are 0.778 and 0.69&ta SL25 6 and 25 MV beams; Siemens KD 6 and 18 MV
respectively, rather than the measured values of QIf3d beams; Varian Clinac-4 MV and Clinac 2100C/2300C 6, 10,
0.6841). Using these effective TP values would imply 15, and 18 MV photon bea:***" The simulations were
agreement within 0.1% between the valuekgfmeasured benchmarked against measured depth-dose curves and in-air
using the Canadian and French absorbed-dose standards,ddfsaxis ratios. To obtain spectra for the present watkam
opposed to the differences of up to 1% found using measureitiput files have been used with a set of incident electron
values of TPES but consistent with the excellent agreementbeam parameters from Sheikh-Baghérihis set is slightly
found using %d@10), as the beam quality specifiey. different from that presented in the final publicatitfh but

2. Clinical accelerators
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the differences have been shown to be unimportant to calcwaccelerator beams at 5 and 10 #\and benchmarked their

lated photon spectra on the central axis in &10 cnt field  calculations against measured depth-dose curves. The accel-

at 100 cm SSD. erator has a Ta target and Pb flattening filter. The spectra
Typical statistical uncertainties for the fluence per energypresented here were calculated at NRC ugiagm and the

bin are 0.5% at the maxima of the spectra and 1%-1.5%nput files developed by Palmaret al*® The spectra pre-

elsewhere except for energy bins close to the maximum ersented are averaged over axif0 cn? area in a nominal

ergy. 12x 12 field since the original values calculated by Palmans
et al. were for these larger fields. Recent wirhas pro-
3. Racetrack Microtron calculated spectra vided data for nominal 1R 10 cn¥ field sizes although these

The spectra from the Memorial Sloan-Kettering Cancerjﬂ'a\’e not been used here.
Center’s MM50 were modeled by Kosunen and Rogers using,
42 d also used here. Note that different MM50 ma- Present address: Fraser Valley Cancer Center, BCCA, 13750-96th Ave.,
EG_S an ) e Surrey, BC V3V 172, Canada; electronic mail: nkalach@bccancer.bc.ca
chines are configured differently and the models used were&Eglectronic mail: dave@irs.phy.nrc.ca
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