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Effective attenuation coefficients for 6, 8, and 15 MV photon beams were derived and studied for
various compensator materials for square beams with side lengths of 0.5, 1.0, 2.0, 3.0, and 5.0 cm.
Calculations were based on depth dose data in water obtained from EGS4 based DOSXYZ Monte
Carlo simulations. Depth dose data were calculated using different compensator materials as at-
tenuators of variable thickness. The absorbed dose varied exponentially as a function of absorber
thickness at any depth in water on the beam axis for all materials. The effective attenuation
coefficient data were compared with measurements for wax, aluminum and brass with values from
the literature. Theoretical narrow beam linear attenuation coefficients were calculated and compared
with the Monte Carlo data. The effective attenuation coefficient data for all materials were param-
etrized as functions of field size and depth in water. The effective attenuation coefficient was also
parametrized as a function of atomic number. It was found that the effective attenuation coefficients
calculated from the DOSXYZ data using a simple source model correspond to measured data for
wax, aluminum and brass and published data for lead. ©2003 American Association of Physicists
in Medicine. @DOI: 10.1118/1.1591432#
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I. INTRODUCTION

In certain radiation treatment procedures it is necessar
compensate for missing tissues with the purpose of obtain
a uniform dose distribution at a certain depth in t
patient.1–3 The use of a compensator has skin sparing adv
tages over the use of bolus.4 Beam modifiers, e.g., blocks an
compensators influence the radiation dose at a certain r
ence point in a phantom.5–7 This is mainly attributed to pri-
mary radiation attenuation and scatter alteration.8,9 Electrons
are also liberated from the beam filter and can contribute
the surface dose in a patient.10 The scatter effect due to bea
modifying filters is of the order of 6% of the transmitte
primary dose for a 1 cmcopper attenuator for 4 MV photo
beams and becomes more prominent for large fields4,11

Others12 have studied the broad beam attenuation coeffic
for lead at photon energies from Co-60 to 25 MV and fou
that the measured attenuation coefficients vary by as muc
16% when compared to narrow beam data. Attenuator
duced first order scatter was also studied by means of
analysis of the Klein–Nishina Compton cross section.13 It is
known that the effective attenuation coefficient for the
beam filters and wedges vary as a complicated function
the measurement depth in the phantom, the x-ray beam
size, the thickness and material of the filter and the energ
the radiation beam.14–18 Monte Carlo codes such a
DOSXYZ19 can be used to determine effective20 attenuation
coefficients~EACs! for narrow beams. This quantity depen
on field size due to lateral electronic equilibrium that b
comes important in narrow beam geometries.20 Data pre-
sented by previous authors21,22 are mostly from measure
ments and do not include a comprehensive number
2537 Med. Phys. 30 „9…, September 2003 0094-2405 Õ2003Õ3
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materials typically used for compensator manufacturing. T
use of compensators has also shifted towards a need fo
taining uniform dose distributions in complete target tre
ment. Advanced radiation treatment planning such as inve
treatment planning can be used with compensators for b
intensity modulation purposes or IMRT.

One way of modeling the compensator is by dividing t
photon beam into a set of beamlets or beam elements
using their weights as a basis for compensator design.23 The
desired beam modulation is then obtained by determining
thickness of the attenuator corresponding to each bea
using EACs. In this study the aim is to study the effect
field ~beamlet! size, depth and material on the EAC using t
DOSXYZ Monte Carlo code. Compensator materia
namely wax, copper, brass, lead, and aluminum were u
over the energy range 6 MV to 15 MV. The coefficients we
derived for small fields conforming to typical beamlet d
mensions as used in beamlet based24 treatment planning al-
gorithms. Monte Carlo codes such as MCDOSE24 perform
dose calculations in a patient model by dividing a beam i
a set of beamlets. The dose contribution from each beaml
then weighted according to a precalculated intensity map
tained from an optimization algorithm. The desired bea
intensity modulation in practice can then be obtained fr
the manipulation of the leaf settings of an MLC25 or from the
use of a compensator. Knowledge of the absorbed d
variation as a function of attenuator material, attenuator cr
section area, attenuator thickness and its variation over d
in a water phantom is required for compensator manufac
ing.
25370„9…Õ2537Õ8Õ$20.00 © 2003 Am. Assoc. Phys. Med.
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II. METHODS

The EGS426 user code DOSXYZ was used to determi
EACs for various attenuator materials by calculating
dose in a water phantom. Figure 1 shows the constructio
the water phantom as well as the location of the attenua
The attenuator and water phantom were incorporated into
same geometry. The dimensions of the water phantom w
40340340 cm3. The distance from the bottom of the a
tenuator to the top plane of the water phantom was 33
The thickness (t) and the area of the attenuator were var
to coincide with beamlet dimensions. The attenuator mat
als that were used consisted of wax, copper, brass, lead
aluminum. The x-ray source used was a parallel beam i
dent perpendicularly to thexy plane and its beam axis coin
cided with thez axis of the DOSXYZ coordinate system
Input energy spectra corresponding to 6, 8, and 15 MV x-
sources were used. These spectra were obtained
BEAM27 simulations for a Philips SL75/5~6 MV!, a Philips

FIG. 1. The DOSXYZ geometry used for the determination of the effect
attenuation coefficient for various attenuators. The beamlet area and t
ness (t) of a block of compensator material were varied and the dose
scored in the scoring region consisting of voxels withx, y, andz dimen-
sions of 0.5, 0.5, and 1 cm, respectively. Between the attenuator and
water phantom there was a 33 cm airgap. The dimensions of the w
phantom were 40 cm in thex, y, andz directions.
Medical Physics, Vol. 30, No. 9, September 2003
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SL75/14N~8 MV!, and a Philips SL25~15 MV! accelerator.
The energy spectra were obtained using the BEAMD28

code. The scoring planes were located just above the jaw
each accelerator. The depth dose was scored in a colum
voxels, centered on thez axis of the phantom, with dimen
sions of 0.530.531.0 cm3 in the x, y, and z directions,
respectively. This column extended to 40 cm in depth.

The DOSXYZ simulations were performed for a range
thickness of 0, 1, 2, 3, 4, 5, 6, 8, 10, 15, 20, 30, 40, and
mm for each compensator material except wax that was
tended to 150 mm. These simulations were repeated fo
range of beamlet areas consisting of squares with s
lengths of 0.5, 1.0, 2.0, 3.0, and 5 cm. The depth dose d
were analyzed by plotting it as a function of compensa
thickness for different beamlet sizes. The number of histo
chosen was enough to reduce the dose variance below
percent and is a function of the thickness of the compens
media and the voxel size. A thickness of 4 cm of copp
required, for example, 108 histories.

Each of the MC generated depth dose curves were
malized to its own maximum dose. A FORTRAN code w
written to fit a five parameter double exponential function
these normalized depth dose data from a depth of 4 cm d
to 40 cm. The equation is of the form

D̄med~z,A!5a1b exp~2gz!1d exp~2«z!, ~1!

where the five parameters, indicated by greek symbols~a–
«!, were determined by a least square minimization meth
by iteratively choosing the fitted constants randomly to o
tain the best fit between the MC calculated depth doses
the values calculated from Eq.~1!. The fitted values agreed
on average better than 1% locally with the MC genera
dose values. From Eq.~1!, D̄med indicates the normalized
absorbed dose, at depthz, in water as a result of transmitted
scattered and in-phantom scattered x rays from absorber
terial, med, for a beamlet sizeA. The depth dose data wer
represented by these exponential functions to reduce the
tistical variance below the one percent level. Some of
representative fitting constants are given in Table I. The c
culated normalized depth dose data were multiplied by th
respective normalization doses to obtain the smoothed
sorbed dose data.

EACs were derived by plotting the logarithm of th
smoothed depth dose values, for a given compensator m
rial, beam energy and depth as a function of beam abso
thickness. A linear regression was performed on this data
the gradient of each fitted line was determined. This yield

k-
s

he
ter
TABLE I. Representative values of the fitting constants that were derived by using Eq.~1!. The left-most column
indicates the material and in parentheses the beam energy,E ~MeV!, side length of square beamlet size,A ~cm!,
and material thickness,t ~cm!.

Material (E,A,t) a b g (cm21) d « (cm21)

Wax ~8,5,8.0! 1.3386 0.0572 20.2963 0.0816 0.0594
Lead ~15,3,3.0! 1.5285 0.0467 20.4873 0.0800 0.0953
Brass~8,5,1.0! 2.1919 0.0582 21.1126 0.0765 0.0462
Al ~8,2,1.0! 1.6985 0.0382 20.7632 0.0183 0.1398
Cu ~6,5,5.0! 1.3455 0.0381 20.3124 0.0130 0.1146
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the EAC. This can be seen by expressing the absorbed
at a certain depth in the water phantom as

Dmed~z,A,t !5Dmed~z,A,t50!exp~2mefft !, ~2!

where t, d, A, andmeff represent thickness, depth, beam
area, and EAC, respectively.Dmed(z,A,t50) indicates the
dose in water for zero absorber thickness which thus co
sponds to the depth dose for an open beamlet of size,A, at
depth,z, in water.

The EACs for parrafin wax, aluminum and brass we
also calculated from transmission measurements on
linacs on which the beam sources were based for
33 cm field at an SSD of 100 cm and an airgap of 33 c
The EAC were determined at an effective depth of 4 cm i
solid water phantom using a Farmer type 2571 graphite
ization chamber and a PTW UNIDOS electrometer.

III. RESULTS

Figure 2 shows the photon energy spectra used in
study for 6, 8, and 15 MV x rays, respectively.

The EAC for square beamlet areas with side lengths
0.5, 1.0, 2.0, 3.0, and 5.0 cm are shown in Fig. 3 for bras
a function of depth in water. From these plots the EAC v
ues decrease with depth. The change is of the order of 1
over a depth range from 4 cm to 39 cm for brass. The E

FIG. 2. The energy spectra derived from the BEAM MC code simulatio
for the Philips SL75/5~6 MV!, Philips SL75/14N~8 MV! and Philips SL25
~15 MV! accelerators. The area under each spectrum is normalized to u

FIG. 3. The effective attenuation coefficient (meff) as a function of depth in
water for square beamlet areas with side lengths of 0.5, 1.0, 2.0, 3.0, an
cm.
Medical Physics, Vol. 30, No. 9, September 2003
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is largest for the smallest beamlet area of 0.5 cm side len
and their values decrease progressively for larger bea
sizes. This is due to more in-phantom scattered radiation
larger beamlet areas contributing to the dose in the cen
scoring region~see Fig. 1!. The lack of lateral electronic
equilibrium also enlarges these coefficients for the sma
beamlets20 since more electrons scatter out of the scor
region than entering it as in the case of larger fields.

A set of plots of the variation of the EAC as a function
beamlet size at various depths is shown in Fig. 4 for bra
The variation of the EAC with energy~6, 8, and 15 MV! and
field size ~0.5, 3.0, and 5.0 cm! is shown in Fig. 5. The
effective attenuation curves have the highest values for 6
beam energies~solid marked lines!, followed by the values
for 8 MV ~broken lines! and 15 MV ~solid lines without
marks!.

A. Effect of material type

In Figs. 6~a!–6~c! the dependence of the EAC for variou
materials for three beamlet areas of 0.5 cm, 1.0 cm, and
cm are shown for a 6 MV x-ray beam. Table II shows t
atomic number values for the materials used in this study
a graph of the dependence of the EAC on atomic numberZ)
is shown in Fig. 7. The EAC values for a 535 cm2 beamlet
at an energy of 6 MV could be parametrized by the equat

meff520.0001Z210.0169Z20.0619, ~3!

s

ity.

5.0

FIG. 4. Effective attenuation coefficients as a function of beamlet area at
constant depths of 4, 9, 19, 29, and 39 cm obtained for brass beam ab
ers.

FIG. 5. Effective attenuation coefficients for brass as a function of depth
different beam energies~—j—, 6 MV; ---, 8 MV; and—, 15 MV!. Each set
of lines corresponds to three different beamlet sizes for the same energy
smallest beamlet at a given energy has the larger effective attenuation v
Beamlet sizes correspond to 0.5, 3.0, and 5.0 cm side lengths.
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FIG. 6. The dependence of the effective attenuation c
efficient on depth for various materials for beamlet a
eas of 0.5 cm~a!, 1.0 cm~b!, and 5.0 cm~c! are shown
for a 6 MV x-ray beam.
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whereZ is the atomic number as found in column 3 in Tab
II. There exists a simple quadratic relationship between
atomic number of a material and its effective attenuat
coefficient. The correlation between the data points and
fitted curve was better than 0.98.

Table III shows the EAC values for different materials
a function of field size. These EAC values were taken a
depth of 4 cm in water. The second column displays
values for the narrow beam attenuation coefficient as ca
lated with data from Hubbell and Seltzer.29 These EAC val-
ues were calculated by using the spectra data in Fig. 1.
spectra were rebinned into 1 MeV bins and the correspo
ing narrow beam linear attenuation coefficients were ca
lated by weighing the energy related coefficients against
number of photons in the corresponding energy bins. Fr
the table it can be observed that the calculated values co
spond the EAC values for the 0.530.5 cm2 beamlet for cop-
per, brass and aluminum. Larger deviations occurred for w
and lead where the correspondence broke down.

B. Effect of depth and beamlet size

The EAC depend on depth in water as well as beam
size as shown in Figs. 3 and 4 for brass. The dependenc
the EAC with depth and field size can be parametrized by
equation

TABLE II. Materials used as beam absorbers in this study for the determ
tion of their effective attenuation coefficients along with their physical d
sities. The mass electron density is expressed byZ/A.

Material
Density
(g/cm3) Z Z/A

Composition
~wt. %!

Wax ~dental! 0.90 5.7a 0.743 C:H:O~83:13:4!
Aluminum 2.69 13 0.482 Al~100!
Brass 8.47 29.3a 0.457 Zn:Cu~34:66!
Copper 8.93 29 0.456 Cu~100!
Lead 11.34 82 0.397 Pb~100!

aEffective atomic number calculated forZ2 dependence of cross section.
Medical Physics, Vol. 30, No. 9, September 2003
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meff5m0~12m1S1/3!2m2d, ~4!

wherem0 is the theoretical narrow beam attenuation coe
cient ~see column 2 in Table III! andm1 indicates the effect
of the square field size (S) and is related to the scatter con
tribution for the field size to the value of the EAC. Th
constantm2 indicates the decrease in the EAC as a funct
of depth. This parametrization could reproduce the EAC v
ues within 1–3 % in most cases. In Table IV a summary
these coefficients is shown for the materials used in
study.

Figures 8~a! and 8~b! show how these coefficients vary a
a function of depth for~a! varying retracting distances for
MV x rays and ~b! various beam energies at a retracti
distance of 10 cm. Both figures are reported for brass fo
beamlet size of 5 cm.

A comparison between the Monte Carlo derived data a
experimentally obtained data for paraffin wax, aluminu
and brass is shown in Table V. Data for lead as found in
literature are also included in the table.

FIG. 7. The dependence of the EAC on the atomic number (Z) of the
absorber material for a beam energy of 6 MV at a depth of 4 cm. The s
curve represents the fitting equation.
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TABLE III. Effective attenuation coefficients~EAC! in units of cm21 at a depth of 4 cm in water. This data i
shown for various beamlet sizes and beam energies. The second column shows theoretically calculat
values based on the spectra in Fig. 1 and on narrow beam attenuation data.

6 MV beam energy
Material

EAC ~calculated!
Narrow beam

Side length of square beamlet size~cm!

0.5 1.0 2.0 3.0 5.0

Wax 0.052 0.039 0.039 0.038 0.037 0.037
Aluminum 0.147 0.144 0.134 0.132 0.131 0.131
Brass 0.411 0.410 0.400 0.389 0.386 0.382
Copper 0.438 0.431 0.417 0.368 0.314 0.311
Lead 0.659 0.605 0.578 0.573 0.571 0.564

8 MV beam energy
Material

EAC ~calculated!
Narrow beam

Side length of square beamlet size~cm!

0.5 1.0 2.0 3.0 5.0

Wax 0.047 0.037 0.035 0.034 0.034 0.031
Aluminum 0.129 0.126 0.119 0.115 0.115 0.114
Brass 0.373 0.375 0.359 0.351 0.350 0.350
Copper 0.407 0.394 0.371 0.368 0.367 0.367
Lead 0.607 0.564 0.548 0.541 0.537 0.537

15 MV beam energy
Material

EAC ~calculated!
Narrow beam

Side length of square beamlet size~cm!

0.5 1.0 2.0 3.0 5.0

Wax 0.045 0.037 0.037 0.028 0.028 0.023
Aluminum 0.122 0.110 0.103 0.098 0.098 0.096
Brass 0.371 0.339 0.327 0.316 0.313 0.313
Copper 0.395 0.355 0.338 0.324 0.329 0.325
Lead 0.615 0.545 0.537 0.530 0.527 0.527
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IV. DISCUSSION

In Fig. 3 the EAC for brass decrease due to increa
phantom scatter with depth. In Fig. 4 these coefficients
plotted as a function of depth in water for a set of beam
sizes. These coefficients decrease with depth but the effe
relatively small. The range of variation of the coefficients
of the order of 14% over the depth range from 4 to 40 cm
seen from inspection of the data in Fig. 3 for a particu
beamlet size. In Table III the EAC values for the materi
studied are shown. The deviation of the calculated nar
beam EAC data shown in column 2 in Table III for wax a
lead can be explained as follows: From Table II wax conta
13% hydrogen by weight that contributes to its relative
high electron density (Z/A) that is about 1.5 times highe
compared to the other materials. The energy spectra w
binned into 1 MeV intervals with all photons less than
MeV taken to have an energy of 1 MeV. About 50% of t
photons lie in this bin and it was assumed that they h
exactly this energy value. At 1 MeV the mass attenuat
coefficient for hydrogen is about twice as high as that
other materials. This artificially enhances the value of
calculated EAC. In reality the attenuation of the lower e
ergy components in wax will not be as severe as depicted
the EAC calculation. The electron density of lead is low
than that of Al, brass and copper, but its atomic numbe
much higher thus enhancing pair production. The rebinn
process also introduced artificially high calculated EAC v
ues. It is believed that a refinement of this calculati
method would lead to more realistic narrow beam EAC v
ues.
l. 30, No. 9, September 2003
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From Fig. 4 it can be observed that these curves obtai
at depths of 4 and 9 cm tend to have a constant~almost
horizontal! slope as the beamlet size further increases, in
cating charged particle equilibrium that has been reach
The variation of these curves at different depths is of
same order as the statistical variance of the data. It can
shown from the use of Eq.~2! that the absolute change in th
effective attenuation coefficient as a function of the perce

TABLE IV. Fitting constants for the parametrization of the EAC for th
materials used in this study.

Material
Energy
~MV !

m0

(cm21)
m1

(cm24/3)
m2

(cm22)

Wax 6 0.052 0.173 0.000 25
8 0.047 0.233 0.000 24

15 0.045 0.362 0.000 27

Aluminum 6 0.147 0.052 0.000 74
8 0.129 0.037 0.000 56

15 0.122 0.035 0.000 53

Brass 6 0.411 0.105 0.000 91
8 0.373 0.020 0.001 20

15 0.371 0.005 0.001 54

Copper 6 0.438 0.110 0.00156
8 0.407 0.055 0.001 22

15 0.395 0.121 0.000 97

Lead 6 0.659 0.088 0.000 16
8 0.607 0.045 0.000 86

15 0.615 0.105 0.000 51
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age error on the dose for an extreme case is given by
relation

udmeffu5
1

t
lnS 11s

12s D , ~5!

wheres5 dD/D .
The percentage difference between the fitted depth d

data and the raw DOSXYZ data was on average of the o
of 0.3%. Substitution oft51.0 cm ands50.3 into Eq.~5!
yields, udmeffu50.006 cm21. This corresponds to a percen
age error of the order of 3% in the effective attenuation
efficient. At greater depths scatter effects lead to a furt
decrease in the effective attenuation coefficient values.

At this point a discussion of the effect of the voxel size
the accuracy of the results is in order. Tests have indica
that the depth dose data generated for a voxel size with
same lateral dimensions in thex and y directions, but re-
duced to 0.5 cm in thez direction gave absolute depth do

FIG. 8. The variation of the effective attenuation coefficient for brass a
function of depth for 10, 20, and 33 cm absorber-to-skin-distance~ASD! ~a!
and for 6, 8, and 15 MV beam energies at a ASD of 10 cm~b!. In both cases
a fixed square beamlet with a side length of 5 cm was used.
Medical Physics, Vol. 30, No. 9, September 2003
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results that differ less than 1% compared to a similar sim
lation but with a voxel dimension of 1.0 cm in thez direc-
tion. These differences are related to the variance of the c
parative depth dose data. The largest differences were fo
near the phantom~water! surface but our results are based
smoothed depth dose data for depths greater than 4 cm.
therefore not expected that the smaller voxel size would l
to results that would influence the values of the effect
attenuation coefficients appreciably.

In Fig. 6 the EAC vs depth is shown for various bea
absorber materials. These curves decrease with depth in
cordance with the observed results in Fig. 5. The same
is used to plot the EAC as a function of atomic number
Fig. 7. The higher EAC value of brass when compared w
the fitting curve is a result of statistical variance. If an effe
tive beam energy of 2 MeV is assumed then the linear
tenuation coefficient for copper is 0.38 cm21 compared to
0.36 cm21 for brass. These values are of the same orde
those shown in Fig. 7. For low-density materials such as w
and aluminum the dose variations with depth might beco
more important when a single value of the EAC with depth
assumed. The variation of the EAC with depth must then
taken into account. From Eq.~2! the percentage variation in
dose could be expressed as

Doseactual

Doseplanned
5exp~2dmefft !, ~6!

where Doseactual is the actual dose and Doseplannedis planned
dose that one would have liked to have.

In this study all EAC data were derived for an absorb
to-skin-distance~ASD! of 33 cm ~see Fig. 1!. No extensive
investigation into the variance of these coefficients with
tracting distance was made. The variation of the EAC a
function of retracting distance is well known.11,21From Figs.
8~a! and 8~b! it can be seen that the values of the coefficie
are less at short distances due to dose enhancement
scattered radiation from the beam absorbers that reache
water phantom. This effect is less at larger distances s
scattered radiation does not reach the central scoring re
in the water phantom.

The EACs were derived on the central axis~CAX!. The
values of these coefficients would change radially from
CAX in a real beam, since there is a change in the spec
properties of the beam partly due to the shape of the flat
ing filter and the angular distribution of bremstrahlung ph

a

e
from the
TABLE V. Monte Carlo calculated EAC values, in units of (cm21), at 4 cm depth in water. For comparison, th
data in parentheses for aluminum and wax were measured and the data for brass and lead were taken
literature.

Energy
~MV ! Wax Aluminum Brass Lead

6 0.037~0.040! 0.131~0.11! 0.386~341! 0.571~0.58!a

8 0.034~0.035! 0.115~0.099! 0.350~0.309! 0.537~0.52!a

15 0.028~0.028! 0.098~0.085! 0.313~0.290! 0.527~0.51!a,b

aReference 35.
bEAC value for 16 MV x rays.
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tons emerging from the target.30,31 Larson et al.32 approxi-
mated the radial dependence of the effective attenua
coefficient for a lead filter with a linear functionm(r )
50.053910.0005r (cm21) for a 4 MV beam. Bja¨rngard and
Shackford33 measured attenuation factors in water and fou
a quadratic dependence of the effective attenuation co
cient as a function of radius in water of the formm(r )
50.0473(110.000 33r 2). This relationship was found for a
6 MV open beam generated by a Philips SL75-5 linac. T
mas and co-workers34–36 measured the radial variation o
beam quality for 8 MV x rays in water for a tungsten allo
filter. They found a linear relationship for the effective a
tenuation coefficient expressed as a function of the azimu
angle f, between the CAX and the radial position on t
surface of the water phantom. Their equation for the eff
tive attenuation coefficient wasm50.03710.020f. Apart
from field size and to a lesser extent, depth dependencies
EAC depend significantly on spectral changes introdu
off-axis by flattening filters.

Others16,17have also incorporated an attenuator thickne
t, dependence in their EAC parametrization equations tha
absent from ours@Eq. ~4!#, but used larger field sizes. Ou
study indicated an exponential decline in the absorbed d
as a function of absorber thickness over the field size ra
used. Larger fields from linacs would introduce radial sp
tral changes that enhance the dose and thus decreas
EAC. This could alter the simple exponential relationsh
found between dose and attenuator thickness@e.g., T(x)
5exp(2mx), Eq. ~2!# to an expressionT(x)5exp(2mx(1
2hx)): the type used by Bja¨rngard and Shackford.33

In Table V the measured EAC data differ from the Mon
Carlo calculated data on average in the order of 10%.
reason for this is that the beam model used in DOSXYZ w
a simple nondiverging x-ray beam where the energy spe
was uniform throughout the beam. The x-ray source spe
included many off-axis soft x-ray components not presen
a real beam on the CAX. This could explain why the me
sured attenuation coefficients were lower in aluminum th
in the MC simulations. Wax does not cause significant be
hardening and thus the difference in the measured and s
lated EAC is not as large as in the case of aluminum and
be regarded as insignificant for 8 and 15 MV x rays. Wh
these EAC’s are used for compensator construction, c
must be taken that the beamlet models must include sca
Otherwise the broad beam attenuation coefficient must
used.

V. CONCLUSION

In this study EACs were derived for three different x-r
beam energies and a range of beamlet sizes. It was foun
brass and aluminum that their EAC values decrease a
function of depth and x-ray beam energy, the dependenc
the depth is much weaker than that of field size and can
conveniently parametrized. The EAC values vsZ could also
be parametrized. The DOSXYZ calculated results show g
correspondence with measured and other data. These E
can also be used for compensator manufacturing sinc
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takes beam hardening and the scatter properties ofx rays in
the beamlets directly into account and is based on abso
dose values, rather than linear attenuation coefficients, w
are based on the conversion of fluence to dose.
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