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The relationship between the photon beam quality specifier %dd�10�x and the Spencer–Attix water

to air restricted mass collision stopping-power ratio, �L̄ /��air
water, is studied using Monte Carlo simu-

lation with realistic beams in contrast to the previously used realistic but uniform spectra from an
isotropic point source. The differences between accelerators with and without flattening filters are
investigated since flattening filter free accelerators appear to be useful for IMRT. Our results show

that the standard relationship between %dd�10�x and �L̄ /��air
water, which is used in the TG–51 pro-

tocol to calculate the quality conversion factor kQ, is acceptable for beams with or without a
flattening filter with a maximum error of 0.4%, although a fit to the new data would reduce the
maximum error to 0.2%. Reasons for differences between the individual values of %dd�10�x and

�L̄ /��air
water with and without a flattening filter are studied. Specifically the differences due to the

softening of the beam, the change in shape of the profile, and the inclusion of radial variations in the
photon energy spectra, are investigated. It is shown that if TPR10

20 is used as a beam quality specifier,

there are two different relationships between TPR10
20 and �L̄ /��air

water which differ by 0.4%–1%. When
using TPR10

20 as a beam quality specifier in a beam without a flattening filter, one should subtract
0.5% from the value of kQ for a given value of TPR10

20. © 2008 American Association of Physicists
in Medicine. �DOI: 10.1118/1.2905028�
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I. INTRODUCTION

The photon beam quality specifier in the AAPM’s TG-51
dosimetry protocol1 is %dd�10�x, which is the photon com-
ponent of the percentage depth dose on the central axis at
10 cm depth for a 10�10 cm2 field size on the surface of a
phantom at an SSD of 100 cm. The value of %dd�10�x has
been shown to be an ideal quantity to specify the quality of
accelerator photon beams2 because %dd�10�x corresponds
uniquely to the Spencer–Attix water to air restricted

stopping-power ratio, �L̄ /��air
water at the reference depth in

photon beams and because it remains sensitive to the beam
quality at high energies. Furthermore, for high-energy clini-
cal photon beams �energies above 4 MV� there is a linear

relationship between %dd�10�x and �L̄ /��air
water. The value of

�L̄ /��air
water is the major component of the variation of the

beam quality conversion factor, kQ, used in the TG-51 pro-
tocol. Based on Monte Carlo simulations the linear relation-
ship used in TG-51 is:3

� L̄

�
�

air

water

= 1.275 − 0.00231�%dd�10�x� . �TG − 51� �1�

This relationship was derived using the photon energy spec-
tra from many linear accelerators. The incident beams were
assumed to be uniform in energy spectrum and fluence
across the field. This relationship is known to be acceptable
for accelerators equipped with a flattening filter—a device

designed to produce a uniform dose profile across the field at
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some depth, often 10 cm. However, use of a flattening filter
may be unnecessary when doing intensity modulated radia-
tion therapy �IMRT�. For IMRT applications the incident flu-
ence of the field on the patient can be controlled by the
multileaf collimator whether the initial field is flat or not. It
has been reported that removing the flattening filter provides
some advantages, such as faster treatment and smaller out-
of-field doses to the patient.4–8 Therefore the flattening filter
may no longer be required for IMRT related treatments and
machines without the flattening filter may become common.
TomoTherapy9 is a practical example of this kind of machine
which is already widely used.

Removing the flattening filter leads to changes in the en-
ergy spectrum and the lateral profile of the fluence on a pa-
tient or a phantom. These changes cause some fundamental
differences in the physical properties of the beam as com-
pared to those in traditional therapy applications and these
have been studied both experimentally and
numerically.4,7,8,10–12 However, the effect on the relationship

between %dd�10�x and �L̄ /��air
water due to the removal of the

flattening filter has not been investigated. As this relationship
is fundamentally important in clinical reference dosimetry,
we have conducted an investigation to address this particular
subject using Monte Carlo techniques. This study does not
apply to Tomotherapy machines since they cannot produce a
10�10 cm2 field at an SSD of 100 cm and reference dosim-
etry must be handled differently.13,14 In addition, previous

studies related to the relationship between %dd�10�x and
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�L̄ /��air
water were done using photon spectra which were as-

sumed to be uniform on the phantom surface in terms of
fluence and energy spectrum.2,3,15 In this study calculations
are done using more realistic beams from the accelerators
which take into account spectral and fluence variations on
the surface of the water phantom.

II. METHODS

II.A. Accelerator models

Nine photon beams from three major manufacturers of
medical linear accelerators are simulated using
BEAMnrc/EGSnrc16–18 and the same geometry specifications
as used previously.19,20 Improved models are not investigated
since the details of each beam are not critical to this study.
However, estimates of the energy and intensity distributions
of the incident electron beams must be redetermined because
of the differences between EGSnrc and EGS4. We used the
same methods and experimental data as Sheikh-Bagheri and
Rogers.19 The other difference in the simulations is that di-
rectional bremsstrahlung splitting21 instead of selective
bremsstrahlung splitting is used in BEAMnrc to improve the
efficiency. In the process of determining the energy and in-
tensity distributions of the incident electron beams the accel-
erators are equipped with a flattening filter because the mea-
sured data, such as average depth-dose curves and off-axis
factors,22 were based on accelerators with a flattening filter.
In general we found that the incident electron energies with
EGSnrc are slightly less than they are with EGS4 and the full
width at half maximum of the incident beams varied by as
much as �1 mm.

II.B. Calculation of %dd„10…x and „L̄ /�…air
water

This study concerns the relationship between %dd�10�x

and the Spencer–Attix restricted mass collision stopping

power ratios, �L̄ /��air
water under reference conditions in the

flattening filter free �FFF� case as well as the case with flat-
tening filter �WFF�. We consider three methods to calculate

%dd�10�x and �L̄ /��air
water:

1. Calculate %dd�10�x directly using BEAMnrc with a wa-
ter phantom starting at an SSD of 100 cm and record the
phase-space file on the plane at the same SSD. A second
calculation uses the phase-space file to calculate the

value of �L̄ /��air
water using the user-code SPRRZnrc;23

2. Record the phase-space file at SSD=100 cm using
BEAMnrc and then calculate %dd�10�x using DOS-

RZnrc and �L̄ /��air
water using SPRRZnrc;

3. Record the phase-space file at SSD=100 cm using
BEAMnrc, obtain the energy spectrum averaged over
the entire 10�10 cm2 field and the radial distribution of
the photon beam from the phase-space file, and then use
the spectrum and the radial distribution as the incident
source with DOSRZnrc and SPRRZnrc to calculate

¯ water
%dd�10�x and �L /��air , respectively.
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The first two methods are equivalent, whereas method 3
introduces several approximations. In particular it ignores
the variation in the spectrum across the field. In this work we
use method 1 to obtain the relationship between the two
quantities �see Sec. III A below�, and use method 3 to inves-

tigate the effects on %dd�10�x and �L̄ /��air
water caused by the

presence or absence of the flattening filter �see Sec. III B
below�.

The scoring region used to calculate %dd�10�x and

�L̄ /��air
water is a column with a radius of 1 cm along the central

axis of the phantom. Despite using the cylindrically symmet-
ric codes DOSRZnrc and SPRRZnrc, when a phase space file
is used as input, the full three-dimensional geometry is in
effect because we only do the calculations on the central
axis. In order to get the maximum dose accurately, the thick-
ness of the depth bins for the %dd�10�x calculation is 0.2 cm
in the buildup region to a depth of 4 cm and is 0.5 cm to a

depth larger than 10 cm. The bin size for the �L̄ /��air
water cal-

culation is 0.5 cm at all depths since the buildup region does
not have a special meaning for the calculation. The option in
BEAMnrc and DOSRZnrc, which allows one to score sepa-
rately the dose from photons �or electrons�, is used to calcu-
late the photon component of the percentage depth-dose
curve which gives %dd�10�x.

The SPRRZnrc and DOSRZnrc user-codes of the EGSnrc
system were modified to allow use of a source from which
the incident particles are coming from a single point with a
spectrum and a radial distribution on the phantom surface.
This allows an investigation of the effects of the realistic
radial distribution �with horns or central peak� versus the
previously assumed flat distributions. This approach approxi-
mates a square field by a circular field with an appropriate
radial distribution.

In the simulations using BEAMnrc and DOSRZnrc, de-
fault transport settings and electron range rejection are used.
The energy thresholds for electron and photon production
and transportation �AE�ECUT, AP�PCUT� are set to be
700 and 1 keV �total energy�, respectively. However, when

calculating �L̄ /��air
water using SPRRZnrc, the electron thresh-

olds are 521 keV and no range rejection is used.

III. RESULTS AND DISCUSSION

III.A. Effects of removing flattening filter on %dd„10…x

versus „L̄ /�…air
water

The values of %dd�10�x and �L̄ /��air
water calculated using

method 1 simulations, both WFF and FFF, are given in Table
I and shown in Fig 1. The relationship used by TG-513 is
shown �solid line� for comparison24,3 �i.e., above %dd�10�x

=63.35% Eq. �1� applies, below this value a linear interpo-
lation to the stopping-power ratio of 60Co �i.e., 1.1337� ap-

plies, and for %dd�10�x below 58.4% the value of �L̄ /��air
water

is constant at the 60Co value�. Figure 1 shows that for all
WFF beams, the data are in good agreement with TG-51’s
values, although most of the data points are on or slightly

above the TG-51 values. For the nine WFF beams the root
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mean square deviation �RMSD� about the TG-51 line is
0.0016 with the largest deviation �0.0028� being for the
Varian 15 MV beam. In the fit used by TG-51, the RMSD
was 0.0011 for 22 beams.3 The slightly larger RMSD in this
work may be due to using realistic models of the accelera-
tors. The radial distribution of the incident fluence is not
completely flat as assumed previously �see Fig. 4 below�,
and different beams may have different lateral dose profiles
as the flattening filters for different beams are not the same.

For the FFF beams at higher energies �above 10 MV�, the
relationship described by Eq. �1� is still followed although
the data points are systematically slightly below the TG-51

TABLE I. Comparison between values of %dd�10�x and �L̄ /��air
water calculated

by a BEAMnrc simulation and the �L̄ /��air
water calculation with a phase-spac

distributions obtained from phase-space files recorded in BEAMnrc simulat

%dd�10�x the statistical uncertainties are smaller than 0.1% and for �L̄ /��air
wate

those calculated using method 1 with the full beam simulations.

With flattening filter �WFF�

Method 1 Method

Beam %dd�10�x �L̄ /��air
water %dd�10�x

Varian 4 MV 62.12 1.1293 61.89
Varian 6 MV 66.63 1.1211 66.22
Varian 10 MV 74.18 1.1054 73.44
Varian 15 MV 77.19 1.0998 76.68
Varian 18 MV 80.13 1.0925 79.56
KD2 6 MV 66.78 1.1201 66.49
KD2 18 MV 77.71 1.0969 76.60
SL25 6 MV 67.99 1.1191 67.31
SL25 25 MV 83.16 1.0830 82.30

60 65 70 75 80 85
%dd(10)x

1.07

1.08

1.09

1.10

1.11

1.12

1.13

1.14

st
op

pi
ng

po
w

er
ra

tio
(w

at
er

to
ai

r)

with FF
FF free

SL25 25 MV

Varian 10 MV

TG-51

fit > 62%

FIG. 1. Values of %dd�10�x and Spencer–Attix mass restricted collision

water to air stopping power ratios, �L̄ /��air
water, calculated using full accelera-

tor simulations for cases with �WFF� or without �FFF� flattening filters.
The solid line shows the values used in the AAPM’s TG-51 protocol
�Ref. 1� and the dashed line shows a best fit to all the present data with

%dd�10�x�62%.
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line; for beams below 10 MV the deviations are somewhat
larger. The RMSD about the TG-51 values is 0.0030 with the
maximum deviation being for the Varian 6 MV beam
�0.0041�. These results show that the linear relationship be-

tween %dd�10�x and �L̄ /��air
water still exists for FFF beams,

and the somewhat larger RMSD compared with that of the
WFF beams suggests that Eq. �1� is no longer the best linear
fit when including the FFF beams. A new fit including all 17
beams with %dd�10�x�62.0% is shown as a dashed line in
Fig. 1. The data point of the lowest energy beam �FFF,
Varian 4 MV�, is excluded as it is below the range of the
linear relationship. The new relationship between %dd�10�x

and �L̄ /��air
water is:

� L̄

�
�

air

water

= 1.258 − 0.00209�%dd�10�x� . �universal�

�2�

The RMSD for all beams about Eq. �2� is 0.0016 which is
the same as the RMSD of WFF beams about Eq. �1�. The
largest deviation is from the Varian 15 MV beam �0.0022�,
but is smaller than the maximum deviation of the WFF
beams about the TG-51 values �0.0028�.

In summary, when the FFF beams are considered there is
a slight change in the relationship between %dd�10�x and

�L̄ /��air
water but the changes are not significant enough to jus-

tify distinguishing between the two cases. A unique relation-

ship between %dd�10�x and �L̄ /��air
water still exists and is lin-

ear, although this latter point is not critical.
To see how the change in relationship from Eq. �1� to Eq.

�2� affects the values of kQ in the TG-51 dosimetry protocol,1

Fig. 2 shows the calculated kQ values as a function of the
%dd�10�x for a cylindrical Farmer-like chamber, namely an
NE2571 chamber, based on both Eq. �1� and Eq. �2�. As in

g method 1 and method 3. For method 1, the %dd�10�x calculation is done

from the same BEAMnrc calculation. Method 3 uses spectral and radial
nd assuming uniform spectra from a point source at a SSD of 100 cm. For

tatistical uncertainties are smaller than 0.01%. The most accurate values are

Flattening filter free �FFF�

Method 1 Method 3

air
water %dd�10�x �L̄ /��air

water %dd�10�x �L̄ /��air
water

93 58.29 1.1313 57.88 1.1313
14 63.37 1.1240 63.03 1.1240
69 69.49 1.1120 69.22 1.1120
05 74.80 1.1018 74.46 1.1019
33 77.45 1.0959 77.12 1.0959
03 64.38 1.1224 63.91 1.1224
90 73.91 1.1034 73.71 1.1035
95 64.89 1.1219 64.68 1.1220
52 80.82 1.0878 80.43 1.0878
usin

e file
ions a
r the s

3

�L̄ /��

1.12
1.12
1.10
1.10
1.09
1.12
1.09
1.11
1.08
the TG-51 case, we adopted a linear interpolation between
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62% and 60Co value. The maximum difference between the
two calculations is only about 0.2%. A detailed description of
kQ calculations can be found in Ref. 24.

III.B. Changes in %dd„10…x and „L̄ /�…air
water

When FFF beams are involved, as seen above, the rela-
tionship between beam quality specifier %dd�10�x and

�L̄ /��air
water has only changed slightly. However, for beams

with the same nominal accelerating potential the individual

values of %dd�10�x and �L̄ /��air
water have changed consider-

ably. Figure 1 shows that the FFF values of %dd�10�x are
systematically “lower” than WFF values while the values of

�L̄ /��air
water are slightly larger. These different values must

come from three fundamental changes in the photon beams
caused by removing the flattening filter, i.e., a softer energy
spectrum, a more uniform spectrum across the field, and a
non-flat lateral profile of the incident fluence. All of these

changes will affect the values of %dd�10�x and �L̄ /��air
water,

but they play different roles. In the remainder of this section
we investigate what are the effects of each of these changes.

In Fig. 3 the values of %dd�10�x and �L̄ /��air
water are calcu-

lated using spectra determined from the phase-space files but
under the assumption that the spectra are the same across the
beam and the beam profiles from the point source are also
assumed to be uniform across the beam. These calculations
correspond to those used to generate the values in TG-51.3

This comparison emphasizes the effects of the change in the
spectra when the flattening filter is removed. Since the spec-
trum becomes softer, the value of %dd�10�x decreases be-
tween 1.5% to 5% of its value �e.g., %dd�10�x decreases
from 73.4% to 69.9%�5%�. Likewise, the softer spectrum

means that the value of �L̄ /��air
water increases by 0.3%–0.7%.

However, there is still a linear relationship between

%dd�10�x and �L̄ /��air
water and the fit shown in Fig. 3 to these

data gives an RMSD of 0.0009 with a maximum deviation of
0.0016. This fit is only slightly different from that used in

55 60 65 70 75 80 85
%dd(10)x

0.96

0.97

0.98

0.99

1.00

k Q

Farmer NE2571

TG-51

this work

FIG. 2. Values of kQ for an NE2571 Farmer-like chamber calculated using

different relationships between %dd�10�x and the �L̄ /��air
water. Dashed line:

calculations with the relationship used in TG-51, i.e., Eq. �1�; thick solid
line—calculations with the present relationship, i.e., Eq. �2�.
TG-51.
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Figure 4 shows that for FFF beams the fluence on the
phantom surface decreases laterally while for WFF beams it
usually increases slightly laterally to give the well known
“horns” which help ensure a flat beam at some depth in a
water phantom. In addition to this variation in fluence there
is a variation in the average energy which decreases laterally
for beams with a flattening filter �see Fig. 5 here or Fig. 12 in
Ref. 20 for many beams�. In contrast, the average energy is
relatively constant in the FFF beams.

To demonstrate the effect of the radial variation of the

fluence, Fig. 6 compares values of %dd�10�x and �L̄ /��air
water

for uniform FFF spectra with either flat profiles or realistic

profiles. In this case the changes in �L̄ /��air
water values are very

small �from 0.01% to 0.06%�, but the decrease in the lateral
profiles off axis leads to distinct decreases �0.5%–1.0%� in
the values of %dd�10�x. In a similar plot for the WFF spectra
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FIG. 3. Values of %dd�10�x and �L̄ /��air
water for nine accelerator beams when

uniform spectra and flat radial distributions are used for beams with and
without flattening filters �WFF, FFF, respectively�. These calculations corre-
spond to those used in the TG-51 protocol �Ref. 3� but the fit to the data
differs slightly from the TG-51 fit.
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tions are normalized on the central axis.
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�not shown� the values of both �L̄ /��air
water and %dd�10�x are

the same within statistical uncertainties whether a realistic
radial profile or a flat profile is used. We expected that the
realistic profile would give slightly higher values of
%dd�10�x, but the “horns” in the beam profile have no ap-
parent effect on the central-axis depth-dose curve.

The last difference to consider is the effect of the variation
of the energy spectrum across the field. In Table I, method 1
calculations include all the variation of the spectrum with
position, whereas method 3 calculations do not. The values

of �L̄ /��air
water do not change between method 1 and method 3

for the FFF beams because the average energy across the
field is almost constant, whereas for the WFF beams the
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FIG. 5. Mean energy vs radial position for Varian 10 MV FFF �flattening
filter free� and WFF �with flattening filter� beams which are 10�10 cm2.
For the FFF case there are very few photons contributing to the average
energy outside the field and the few photons getting through the jaw expe-
rience significant beam hardening and represent a large component of the
fluence.
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uniform spectra and realistic radial distributions are used for beams without
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�L̄ /��air
water values calculated with the constant energy spectra

are up to 0.22% higher. These calculations use spectra which
are averaged over the entire field and thus, because of the
decrease in energy off axis, the spectra near the central axis
are softer when using the average spectrum than actually
exist on the axis. It is the central axis spectra which most

affect the �L̄ /��air
water calculations and thus the softer spectra

lead to somewhat higher values of �L̄ /��air
water. The situation is

not so clear in the case of the value of %dd�10�x where
method 3 values are on average 0.3% lower �absolute differ-
ence� than the full simulation values for the FFF beams �for
which there is no energy variation across the field� and are
on average 0.8% lower for the beams with a flattening filter.
The fact that the beams with a flattening filter show a larger
decrease in %dd�10�x in method 3 calculations is consistent
with the fact that these calculations use a softer than realistic
spectrum on the central axis and thus it is not surprising that
the %dd�10�x value is lower. However, the small difference
in the FFF beams is not understood but may reflect the ap-
proximation of modeling a square field with a radial distri-
bution.

III.C. Effects of removing flattening filter on TPR10
20

versus „L̄ /�…air
water

TPR10
20 is the beam quality specifier in the TG–21

protocol25 and in the IAEA’s TRS 398 Code of Practice.26

Thus, the relationship between the value of TPR10
20 and

�L̄ /��air
water for both WFF and FFF beams is of interest. TPR10

20

values were calculated using two separate calculations with
SSDs of 90 and 100 cm and a field size of 10�10 cm2 at an
SAD of 110 cm. The results are shown in Fig. 7. For WFF

and FFF beams the TPR10
20 vs �L̄ /��air

water data form two differ-
ent curves. For the same value of TPR10

20, the differences in

�L̄ /��air
water values for FFF vs WFF beam with the same value

of TPR10
20 vary between 0.4% and 1%. Thus if TPR10

20 is used
as the beam quality specifier one must adopt different values

¯ water
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FIG. 7. Relationship between TPR10
20 and the Spencer–Attix restricted

stopping-power ratio for both the WFF and FFF beams.
of �L /��air and hence kQ values for WFF and FFF beams.
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This is not unexpected in the sense that using TPR10
20 as a

beam quality specifier is intended for “clinic-like” photon
beams, which, until recently, have always had flattening
filters.15

IV. CONCLUSIONS

This work uses realistic accelerator models and complete
phase-space data for the first time to investigate the relation-

ship between %dd�10�x and �L̄ /��air
water and extends the inves-

tigation to include clinical accelerators without flattening fil-
ters as well as the previously studied clinical accelerators
with flattening filters.

The relationship used in the TG-51 protocol1 is shown to
provide reasonable values of kQ which can be used in beams
with or without a flattening filter, with a worst case error of
0.4%. If TG-51 were to be updated, Eq. �2� represents a
slightly more accurate relationship between %dd�10�x and

�L̄ /��air
water which works very well for beams with and without

flattening filters. These results have been obtained using
detailed accelerator simulations unlike previous
investigations,2,3 thereby accounting for radial variations in
fluence and energy spectrum and demonstrating that these
factors do not affect the relationship between %dd�10�x and

�L̄ /��air
water.

When the flattening filter is removed, the values of the
%dd�10�x for a given nominal energy beam decrease consid-
erably because of the softening of the beam even if the beam
profile is considered flat �Fig. 3� but also decrease a smaller
amount because the beams are not flat �Fig. 6�. However, the

corresponding increase in �L̄ /��air
water means that the relation-

ship between %dd�10�x and �L̄ /��air
water is retained.

For the beam quality specifier, TPR10
20, the relationship be-

tween TPR10
20 and �L̄ /��air

water changes by 0.4% to 1% when the
clinical accelerators do not have a flattening filter. Thus,
when using TPR10

20 as a beam quality specifier and calibrating
a beam without a flattening filter, it is necessary to decrease
the value of kQ by about 0.5% corresponding to the change in

�L̄ /��air
water.
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