
On compensator design for photon beam intensity-modulated
conformal therapy

Steve B. Jianga) and Komanduri M. Ayyangar
Department of Radiation Therapy, Medical College of Ohio,
3000 Arlington Avenue, Toledo, Ohio 43614-2598

~Received 30 September 1997; accepted for publication 19 February 1998!

Recently the compensator has been shown to be an inexpensive and reliable dose delivery device
for photon beam intensity-modulated radiation therapy~IMRT!. The goal of IMRT compensator
design is to produce an optimized primary fluence profile at the patient’s surface obtained from the
optimization procedure. In this paper some of the problems associated with IMRT compensator
design, specifically the beam perturbations caused by the compensator, are discussed. A simple
formula is derived to calculate the optimal compensator thickness profile from an optimized pri-
mary fluence profile. The change of characteristics of a 6 MV beam caused by the introduction of
cerrobend compensators in the beam is investigated using OMEGA Monte Carlo codes. It is found
that the compensator significantly changes the energy spectrum and the mean energy of the primary
photons at the patient’s surface. However, beam hardening does not have as significant an effect on
the percent depth dose as it does on the energy spectrum. We conclude that in most situations the
beam hardening effect can be ignored during compensator design and dose calculation. The influ-
ence of the compensator on the contaminant electron buildup dose is found to be small and inde-
pendent of the compensator thickness of interest. Therefore, it can be ignored in the compensator
design and included as a correction into the final dose distribution. The scattered photons from the
compensator are found to have no effect on the surface dose. These photons produce a uniform low
fluence distribution at the patient’s surface, which is independent of compensator shape. This is also
true for very large fields and extremely asymmetric and nonuniform compensator thickness profiles.
Compared to the primary photons, the scattered photons have much larger angular spread and
similar energy spectrum at the patient’s surface. These characteristics allow the compensator thick-
ness profile and the dose distribution to be calculated from the optimized fluence profile of primary
photons, without considering the scattered photons. ©1998 American Association of Physicists in
Medicine.@S0094-2405~98!01105-5#
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I. INTRODUCTION

Historically, the compensator has been used to genera
uniform dose distribution on a specified plane through
middle of the tumor by compensating for the effects of no
flat patient contour, internal tissue heterogeneities, and so
times beam obliquity. The idea behind the conventio
missing tissue or dose compensator design is to produ
dose distribution similar to that obtained from a beam in
dent perpendicularly onto a flat homogeneous phantom.
cently, the compensator has also been used as one o
delivery devices in photon beam intensity-modulated rad
tion therapy~IMRT!.1–10 In IMRT, the compensator is use
not in the sense of compensating for missing tissue or tis
heterogeneity but as a beam intensity modifier like dyna
jaws or multileaf collimators~MLC!. The goal is to achieve
dose uniformity throughout the whole target volume an
more importantly, to spare the critical structures according
the dose and dose-volume constraints prescribed by the
nician for a specific patient. It has been shown that the co
pensator is an inexpensive and feasible way to deliver IM
dose distributions when using a few~3–5! fixed portals.5,9,10

Design of IMRT compensators differs from that of co
668 Med. Phys. 25 „5…, May 1998 0094-2405/98/25„5…
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ventional missing tissue or dose compensators in the s
that there is a different goal to achieve. For conventio
compensator design, the goal is to achieve a uniform dos
a specified plane within the patient, while for IMRT the com
pensator design is to produce an optimized primary flue
profile at the patient’s surface. The problems associated w
IMRT compensator design have not been thoroughly
dressed in previous published works.

A major difference between MLC or scanning patte
based IMRT and compensator based IMRT is that the in
duction of the compensator inside a radiation field cau
some changes in beam characteristics other than inten
~they are referred to asbeam perturbationsin this paper!.
Basically, the compensator induced beam perturbations
clude the hardening of the primary photon spectrum, be
contamination from the compensator scattered photons,
the influence of the compensator on contaminant elec
dose. Throughout this paper, the termsprimary andscattered
photons are defined with respect to the compensator, i.e.
primary photons are those transmitted through the comp
sator without any interactions and the scattered photons
those that have interacted with, or were generated by,
668/668/8/$10.00 © 1998 Am. Assoc. Phys. Med.
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669 S. B. Jiang and K. M. Ayyangar: Compensator design for IMRT 669
compensator. According to these definitions, an open fi
contains only primary photons and no scattered photons

The calculation of the compensator thickness profile fr
an optimized primary fluence profile is straightforward, typ
cally using the exponential attenuation model.3 However, if
the compensator induced beam perturbations are signific
the dose distribution delivered using the calculated comp
sator may differ significantly from the intended dose dis
bution. If that is the case, we have to consider the be
perturbations in the compensator design process. This
dramatically complicate the problem. An iterative procedu
has to be used to adjust the calculated compensator thick
profile to produce the intended dose distribution. Also
optimization and dose calculation procedures will beco
much more complex. For example, if the beam hardening
an important effect on the depth dose distribution, and if
use a superposition/convolution type of algorithm for do
calculation, we have to use different dose kernels at differ
positions in the field. Hence, it is important to investigate
beam perturbations caused by the compensator, not only
the compensator design, but also for developing a pro
optimization procedure and dose calculation algorithm.

In the second section of this paper, we discuss a met
to calculate the optimal compensator thickness profile fr
the optimized primary fluence profile while ignoring th
beam perturbations. In the third section, the perturbation
a 6 MV photon beam caused by Lipowitz metal~cerrobend!
compensators are investigated using the OMEGA Mo
Carlo codes.11 Lipowitz metal is chosen due to its relativ
high density and large atomic number as compared to o
commonly used compensator materials. We expect la
beam perturbations when this material is used for compe
tor. Some discussion and conclusions are given in the fi
section.

II. CALCULATION OF THE OPTIMAL
COMPENSATOR THICKNESS PROFILE

Usually the optimization process is separated from, a
performed before, design of the dose delivery process.3,9 Af-
ter the optimization process, we obtain an optimized flue
profile which could produce the intended dose distribution
the patient’s body while satisfying the dose-volume co
straints. In the optimization procedure a beam is usually
vided into many rays, which are actually pencil beams. T
pencil beams are well-defined in the sense that all pho
within a ray are assumed to~1! move in the same direction
along the ray from a point source and~2! have the open field
energy spectrum. Therefore, the optimized fluence pro
achieved by such an optimization procedure consists of o
primary photons from an open field. The compensator thi
ness profile could be derived from this optimized prima
fluence profile by simply using the linear attenuati
coefficient.3 However, due to the beam perturbations cau
by the compensator, the delivered dose distribution in
patient’s body is different from the intended dose distrib
tion. If the difference is significant, an iterative procedu
may be needed to tune the calculated compensator thick
Medical Physics, Vol. 25, No. 5, May 1998
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profile to finally produce the intended dose distribution. T
significance of beam perturbations, and then the necessi
utilizing such an iterative procedure, will be evaluated in t
next section. In the present section we discuss a metho
calculate the optimal compensator thickness profile from
optimized primary fluence profile while ignoring the bea
perturbations.

The exponential model is usually used for compensa
attenuation calculation.3 However, this model introduces un
necessary errors for polyenergetic beams. Actually, the
culation of the transmission data for polyenergetic beam
straightforward, either using analytical methods or Mon
Carlo simulation. In the present paper, a primary transm
sion functionhp(t) for a parallel photon beam is precalcu
lated for various thickness of compensator material fo
given energy spectrum.~If the off axis softening effect of the
beam is considered,hp should also be a function of the dis
tance from the central axis.! The data are stored in a look-u
table and available for interpolation.

During the optimization process the beam is divided in
n rays. Initially each ray is assigned a unit fluenceI 0

(A), then
at the end of the process we obtain a weight~or relative
fluence!, f i

(A), for the i th ray and hence a~relative! primary
fluence profile on plane_A~see Fig. 1!, f„A…. From this pri-
mary fluence profile we can easily calculate the compens
thickness profile if we do not consider the beam pertur
tions. However, there are an infinite number of thickne
profiles corresponding to the same primary fluence profi
So, we have to choose an optimal compensator profile for
given primary fluence profile.

Normally we prefer the thinnest one out of the infini
number of possible compensator profiles, because a thi
compensator introduces larger perturbations to the beam
requires a longer treatment time. Corresponding to the r
the compensator can be represented with a discretized th
ness profile,t5@ t i #

T, i 51,2, . . . ,n. Let’s assume that the
compensator has a minimum feasible thicknesstb ~some-

FIG. 1. A schematic illustration of the accelerator treatment head, comp
sator and water phantom used for Monte Carlo simulation and compen
design.
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670 S. B. Jiang and K. M. Ayyangar: Compensator design for IMRT 670
times the compensator has to have a base for mounting
pose! and define the primary transmission ratio for thei th
ray as

h i5I 0
~A! f i

~A!/~ I c
~B! f i

~B!!, ~1!

whereI c
(B) is the fluence at the central axis on plane_B, a

f„B…5@ f i
(B)#T, i 51,2,. . . ,n, is the relative fluence profile on

plane_B normalized toI c
(B). Heref„B… can be calculated with

the Monte Carlo method by simulating the treatment he
Notice thath i is a monotonically decreasing function of th
compensator thicknesst i . Assume that the minimum fea
sible thicknesstb corresponds to a primary transmission ra
hb for a parallel beam, which gives the maximum possi
primary transmission ratio for a divergent beam

h i<hbf isl , i 51,2, . . . ,n, ~2!

where f isl5 l 1
2/( l 11 l 2)2 is used to take into account bea

divergence. Then we have

I c
~B! f i

~B!5I 0
~A! f i

~A!/h i>I 0
~A! f i

~A!/~hbf isl!, i 51,2, . . . ,n,
~3!

hence

I c
~B!>I 0

~A! f i
~A!/~hbf isl f i

~B!!, i 51,2, . . . ,n. ~4!

The above equation indicates that the minimumI c
(B) we

could use is

I c
~B!5

I 0
~A!

hbf isl
max$ f i

~A!/ f i
~B!%, i 51,2, . . . ,n, ~5!

which corresponds to the thinnest compensator profile w
the set of maximum possible primary transmission ratios

h i5
I 0

~A! f i
~A!

I c
~B! f i

~B!
5

f i
~A!/ f i

~B!

max$ f i
~A!/ f i

~B!%
hbf isl , i 51,2, . . . ,n. ~6!

From the precalculated primary transmission functionhp(t)
it is easy to calculate the primary transmission ratios
given compensator profilet5@ t i #

T,i 51,2, . . . ,n,

h i5hp~ t i /cosu i ! f isl , i 51,2, . . . ,n, ~7!

whereu i is the angle between thei th ray and the central axis
Finally the optimal compensator profile corresponding to
optimized primary fluence profile,f„A…, is given as

t i5hp
21~h i / f isl!cosu i5hp

21F f i
~A!/ f i

~B!

max$ f i
~A!/ f i

~B!%
hbGcosu i ,

i 51,2, . . . ,n, ~8!

wherehp
21(h) denotes the inverse function ofhp(t).

III. BEAM PERTURBATIONS CAUSED BY THE
COMPENSATOR

A. Methods and materials

OMEGA Monte Carlo codes~BEAM and DOSXYZ! are
used to investigate the beam perturbations caused by
presence of a compensator in the field.11–13 BEAM is based
on the EGS4 Monte Carlo code system and is designe
Medical Physics, Vol. 25, No. 5, May 1998
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simulate the complicated geometry of radiation therapy u
such as linear accelerators.11 DOSXYZ can use the phas
space information generated with BEAM to calculate t
dose distributions in a phantom or patient’s body.12,13 We
use the Monte Carlo method to study the compensator
duced beam perturbations because these problems are
cult or even impossible to address with traditional expe
mental approaches. In addition, previous studies have sh
that the OMEGA codes are able to accurately model
transport of photons and electrons in the accelerator tr
ment head and generate accurate dosimetric data in a p
tom or patient’s body.11,14–17 In our opinion, Monte Carlo
simulation based on well established code systems can
used as a reliable and independent data source.

Figure 1 illustrates the simulation setup in the pres
study. Compensators with material of cerrobend~Lipowitz
metal, composed of 13.3% tin, 50% bismuth, 26.7% lead
10% cadmium by weight, with density of 9.76 g/cm3) are
used to investigate the perturbations to the 6 MV pho
beam from a Varian Clinac 1800 accelerator in our insti
tion. All pertinent parts of the accelerator treatment head
modeled with the BEAM code. These parts include the t
get, primary collimator, flattening filter, monitor chambe
mirror and movable jaws. The compensator is put in
wedge tray at 50 cm from the target with its flat surfa
toward the source. Two planes are used to score the p
space information generated with the BEAM code. Plane
is on the compensator upper surface at 50 cm from
source while plane_A is downstream from the compensa
at 80 cm distance from the source. A water phantom
placed at 90 cm SSD because for 100 cm SAD conform
treatments the SSD is generally 85–90 cm. For this reaso
is more meaningful to specify the depth dose characteris
for 85 or 90 cm SSD rather than for 100 cm SSD. Inform
tion about the locations, physical dimensions and mate
compositions of the accelerator parts are provided by
manufacturers. The only unknown parameter in the simu
tions was theactual~rather thannominal! energy of the elec-
tron pencil beam incident on the target which generates th
MV photon beam. This energy is determined for our Clin
1800 machine by matching the Monte Carlo calculated c
tral axis depth dose distribution to the measured depth d
distribution in water for a 10310 cm2 open field at 100 cm
SSD.14–17

First we simulate the accelerator treatment head to g
phase space file on plane_B. This simulation is independ
of the compensator and is performed once for each field s
Another simulation is performed by using the phase sp
file on plane_B as input and modeling the compensator us
the BEAM code. The result is another phase space on
ne_A at 80 cm from the source. Information we need, su
as the fluence distributions, energy spectra, and angular
tributions, are extracted from the obtained phase space fi
The dose distribution in phantom is calculated with t
DOSXYZ code by using the phase space file on plane_A
input. All the simulations in this study are performed on
SGI Indigo 2 platform. Large numbers of photon histori
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671 S. B. Jiang and K. M. Ayyangar: Compensator design for IMRT 671
are used to keep the statistical uncertainty in the res
small, e.g.,s,1%.

First, the influence of cerrobend compensators with s
geometry on a 6 MV 10310 cm2 field is studied. The cer-
robend slab thicknesses used are 0.3, 1.2, and 5.0 cm, w
roughly correspond to 20%, 50%, and 90% attenuation of
MV photon beam. Usually, conventional missing tissue
dose compensators with attenuation as much as 90% or
50% are not used. However, in IMRT, sometimes the o
mization process prefers part of beam to be strongly atte
ated. For example, Steinet al. found that the optimization o
beam orientations for prostate treatment suggests
posterior-anterior beam. Then, the part of this beam wh
passes through the rectum should have low intensity.18 So, in
the present study, it is necessary to investigate compens
with large attenuation.

The energy spectra and mean energies on plane_A
primary photons in the fields with and without cerrobe
slabs are calculated by simulating the treatment head
cerrobend slabs with the BEAM code. The percent de
dose~PDD! distributions in the water phantom are calculat
with the DOSXYZ code. The simulation voxel dimension
5 mm in the depth direction. The maximum relative stand
deviation associated with the results is 0.7%.

As pointed out by Ling and Biggs,19 the surface dose is
good indicator of buildup characteristics. To investigate
influence of the hardening effect, contaminant electrons,
scattered photons on the surface dose in the presence o
robend slabs, we calculate the dose to a 1 mmwater layer
under the phantom surface and normalize it to the dos
dmax. For each slab compensator field, we calculate the~per-
cent! surface dose for three beams:~1! only primary photons,
~2! all the photons~primary 1 scattered!, and ~3! all the
particles~primary photons1 scattered photons1 electrons!.
The difference between the surface dose of all photons
primary photons is the contribution from the compensa
scattered photons. The contribution from the contamin
electrons is obtained by subtracting the surface dose o
photons from that of all particles. The relative standard
viations of the calculated surface doses are in the rang
0.4% to 0.6%.

It is known that the compensator scattered photons h
low spatial frequency. We assume that the compensator s
tered photons form a uniform low fluence background at
patient’s surface. To check this assumption we simulate
cerrobend compensators with two geometries in a 10310
cm2 field. One is a conical geometry with its base at 50
from and towards the source. The height of the conical co
pensator is 5 cm and the base diameter is also 5 cm w
projects a circle of 10 cm diameter at isocenter level. T
other is a 5 cmthick half-beam block with it upper surface a
plane_B. A half-beam block can be thought of as a comp
sator with extremely asymmetric and nonuniform thickne
profile. Then, it is a very stringent test to our assumption
uniform low scattering background. The relative fluence d
tributions of primary and scattered photons on plane_A
both geometries are calculated. We also calculate the ang
distributions and energy spectra of primary and scatte
Medical Physics, Vol. 25, No. 5, May 1998
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photons on plane_A for the conical geometry.
It is expected that for very large fields, the uniformity

the scattered photon fluence distribution might be reduc
To test the large field limit of our assumption, we simulate
35335 cm2 field for both conical and half-beam block ge
ometries, even though this large field size is usually not u
in conformal therapy. The conical geometry has a 17.5
base diameter and a 5 cmheight. The half-beam block ha
the same height. The relative fluence distributions of prim
and scattered photons on plane_A are obtained from the
responding phase space files.

B. Results

The energy spectra and mean energies on plane_A
primary photons after the cerrobend slabs of three differ
thickness and those in the open field are given in Fig. 2.
the spectra are normalized to have unit areas under
curves. It is found that low energy photons are filtered by
slabs and the energy spectrum hardening is obvious. Fo
open field, the photon mean energy is 1.78 MeV. For co
pensated fields the mean energies of the primary photons
1.94, 2.20, and 2.66 MeV for slab thicknesses of 0.3, 1
and 5.0 cm, respectively. Compared to the open field,
mean energy increases by 9%, 24%, and 49% due to
hardening effect of these slabs.

Figure 3 shows the percent depth dose~PDD! distribu-
tions in the water phantom for primary photons from t
open and slab fields. Due to beam hardening the PDD a
dmax is larger for compensated fields than for the open fie
After dmax the PDD augmentation caused by beam harden
increases with slab thickness. Also, for the same slab th
ness, this augmentation increases with depth. At 10 cm
water, the compensator causes the increases in the prim
photon PDDs by approximately 1%, 2%, and 3% for 0.3, 1
and 5.0 cm thick slabs, respectively. These increases
much smaller than the increases in beam mean energ
plane_A. It indicates that the PDD curve is not sensitive
the change in the beam energy spectrum at the patient’s
face.

Figure 4 shows the calculated surface dose as a func
of cerrobend slab thickness for various beam compositio

FIG. 2. Energy spectra of primary photons of a 6 MV beam on plane_A for
10310 cm2 open and compensated fields. The compensators are cerro
slabs of thicknesses of 0.3, 1.2, and 5.0 cm. Each energy spectrum is
malized to have a unit area under the curve.Ea represents the mean energ
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The surface dose decreases with slab thickness due to
beam hardening effect. The amount of decrease is about
5%, and 10% for cerrobend slabs with thicknesses of
1.2, and 5.0 cm, respectively. This indicates that beam h
ening has a larger effect on the surface dose than on the
at 10 cm depth. The contribution of the compensator s
tered photons to the surface dose is negligible. Even fo
very large cerrobend slab thickness~5 cm!, their contribution
to the surface dose is only 0.3%. The contribution of co
taminant electrons to the surface dose is about 3% for
open field~slab thickness5 0 cm! and 4% for all the com-
pensated fields. So, the compensator only increases the
taminant electron surface dose by about 1% of the maxim
dose. The compensator~or other beam filters! has three ma-
jor effects on contaminant electrons, which are~1! the ab-
sorption of the contaminant electrons generated by the tr
ment head above the compensator,~2! the generation of new
contaminant electrons by the interactions of photons with
compensator, and~3! the self-absorption of the compensat
generated electrons. So, the curve of the contaminant e
tron surface dose versus slab thickness can be divided
three regions. For a very thin compensator slab, with
increase of slab thickness the amount of contaminant e
trons decreases, because more treatment head generate
trons are absorbed by a thicker compensator while the c
pensator does not produce enough new electrons
compensate. With the continuous increase of slab thickn
the process of the compensator generating new elect
dominates, so the amount of contaminant electrons begin
increase. When the compensator thickness exceeds a ce
value ~approximately the electron range in the compensa
material!, the surface dose of the contaminant electrons d
not vary with compensator thickness. This is because
compensator stops all the treatment head electrons while
compensator generation and self-absorption of electr
reach an equilibrium. Figure 4 indicates that the influence
the compensator on the contaminant electron surface do
small and does not vary with compensator thickness inve
gated.

The relative fluence distribution of primary and scatter
photons at plane_A for a beam opening of 10310 cm2 with

FIG. 3. Percent depth dose distributions of primary photons of a 6 MV beam
in water ~SSD590 cm! for 10310 cm2 open and compensated fields. Th
compensators are cerrobend slabs of thicknesses of 0.3, 1.2, and 5.0
Medical Physics, Vol. 25, No. 5, May 1998
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a conical cerrobend compensator is given in Fig. 5. It
found that the fluence of the compensator scattered pho
is low and uniformly distributed over the whole field, eve
though from the central axis to the beam edge the prim
photon fluence varies by a factor of 10. Figure 6 shows
relative fluence distribution of primary and scattered photo
at plane_A for a 10310 cm2 field and a cerrobend half-beam
block. We can see that the fluence distribution of compen
tor scattered photons is still very uniform. This indicates th
even for compensators with extremely asymmetric and n
uniform thickness profiles, our assumption about unifo
low scattering background is still correct.

FIG. 4. Surface dose of a 10310 cm2 6 MV photon beam in water~SSD590
cm! as a function of cerrobend slab thickness for various beam comp
tions.

FIG. 5. Relative fluence distribution on plane_A for primary and scatte
photons of a 10310 cm2 6 MV beam after a cerrobend conical compensa
with its base at 50 cm from and towards the source. The height and
diameter of the conical compensator are both 5 cm.
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Figures 7 and 8 give the relative fluence distributions
plane_A for a 35335 cm2 field and for a conical compensa
tor with 17.5 cm base diameter and 5 cm height and a h
beam block of 5 cm thickness, respectively. As we can s
the uniformity of the scattered photon fluence distribution
reduced for this very large field compared to the 10310 cm2

field; under the thicker parts of the compensator we get m
scattered photons. However, this reduction is not signific
For the conical geometry the relative scattered photon
ence decreases from 4.2% at the central axis to 2.2% at b
edge while the relative primary photon fluence increa
from 8% to 100%. For the half-beam block, the ratio
fluence in the open to blocked half of the field is about 20
primary photons and about 0.4 for scattered photons. So e
for very large field sizes there is no strong correlation
tween the scattered photon fluence distribution and the c
pensator shape, and our assumption of uniform low sca
ing fluence background still holds.

Figure 9 shows the angular distributions of primary a
scattered photons on plane_A for a conical geometry an
10310 cm2 field. The angle here is defined as the an
between the direction of photon motion and the ray direct
from a point source. Both distributions are normalized
their own maximum values. It is interesting to find that t
primary photon angular distribution is very narrow. As me
tioned earlier, in this work the primary photons are defin
with respect to the compensator, so they include the scatt
photons from all accelerator components except for the c

FIG. 6. Relative fluence distribution on plane_A for primary and scatte
photons of a 10310 cm2 6 MV beam after a cerrobend half-beam block wi
its upper surface at 50 cm from the source. The thickness of the half-b
block is 5 cm.
Medical Physics, Vol. 25, No. 5, May 1998
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pensator. The very narrow angular distribution of prima
photons suggests that~1! the point source model used in th
optimization and compensator design procedures is a g
approximation as long as the dose points at the beam edg
not play an important role in these procedures and~2! the
photons scattered from other accelerator components suc
movable jaws do not have an appreciable effect on the
mary photon angular distribution within a compensator fie
On the other hand, we find that the photons scattered f
the compensator have a very broad angular spread, up t
relative to the ray direction. This broad angular distributi
of the scattered photons at least partly explains the obse
uniform spatial distribution of the scattered photon fluen
The energy spectra of primary and scattered photons
given in Fig. 10. Both spectra are normalized to have u
areas under the curves. It is found that the scattered ph
energy spectrum is not much different from that of prima
photons except that some photons with energies about
MeV are scattered to about 1–2 MeV by the compensato

IV. DISCUSSION AND CONCLUSIONS

Problems associated with the calculation of the optim
~thinnest! compensator thickness profile from an optimiz
primary fluence profile have been discussed. Various fac
such as the open beam intensity nonuniformity and comp
sator minimum thickness have been considered. A sim
formula has been derived based on a precalculated prim
transmission function. However, as the introduction of
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FIG. 7. Relative fluence distribution on plane_A for primary and scatte
photons of a 35335 cm2 6 MV beam after a cerrobend conical compensa
with its base at 50 cm from and towards the source. The height of
conical compensator is 5 cm and the base diameter is 17.5 cm.
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compensator into the field alters the beam characteristic
addition to the intensity, the dose distribution delivered
the calculated compensator differs from the intended d
distribution. Hence, the significance of the beam pertur
tions caused by the compensator has also been investig
using the OMEGA Monte Carlo code system for a 6 MV
beam and cerrobend compensators.

It is found that the presence of the compensator hard
the energy spectrum and increases the mean energy o
mary photons at the patient’s surface significantly. A 5.0
cerrobend slab increases the beam mean energy by al
50%. The beam hardening effect of the compensator
increases the percent depth dose~PDD! after dmax and de-
creases the surface dose in the patient’s body. Howeve
PDD is not very sensitive to the change of beam ene
spectrum, the change in PDD caused by beam hardenin
not as significant as that of beam mean energy. For a 6 MV
10310 cm2 beam with cerrobend slabs of 0.3, 1.2, and 5
cm thick, the decrease of surface dose is about 2%, 5%,
10% of the maximum dose, and the increase of PDD at
cm is about 1%, 2%, and 3% of the maximum dose. Assu
ing that compensators with large attenuation are not c
monly used, in most situations it might be acceptable to
sign a compensator and calculate the dose distribu
without taking into account the beam hardening effect. F
example, assuming that the majority of a compensator
attenuation of less than 50% and the tumor is located ab

FIG. 8. Relative fluence distribution on plane_A for primary and scatte
photons of a 35335 cm2 6 MV beam after a cerrobend half-beam block wi
its upper surface at 50 cm from the source. The thickness of the half-b
block is 5 cm.
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10 cm below the skin, the dose distribution calculated us
the optimized primary fluence profile with the open fie
energy spectrum will have errors less than 2% inside
tumor and 5% near patient’s skin. Another fact is that t
larger error produced by the thicker part of the compensa
will be diluted in the final dose distribution because the c
responding beam rays have lower intensity and multi
fields are used in IMRT. On the other hand, a compens

d

m

FIG. 9. Angular distributions on plane_A for primary and scattered phot
of a 10310 cm2 6 MV beam after a cerrobend conical compensator with
base at 50 cm from and towards the source. The height and base diame
the conical compensator are both 5 cm. The angle is defined as the
between the direction of photon motion and the ray direction from a po
source. Both distributions are normalized to their own maximum values

FIG. 10. Energy spectra on plane_A for primary and scattered photons
10310 cm2 6 MV beam after a cerrobend conical compensator with its b
at 50 cm from and towards the source. The height and base diameter o
conical compensator are both 5 cm. Each energy spectrum is normaliz
have a unit area under the curve.
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with too large a thickness variation may be forbidden in
fabricating procedure. Therefore, it might be a good idea
add a constraint in the optimization algorithm to make s
that the resulted fluence profile does not vary too mu
across the field.

The surface dose due to the contaminant electron
about 3% for the open field and 4% for all the investiga
fields with cerrobend slabs. The compensator does not
nificantly distort the dose component of the contamin
electrons. The small change of electron dose due to the c
pensator is almost independent of compensator thickn
Hence, this effect can be ignored in compensator design
included in the final dose calculation as a correction.

The scattered photons from the compensator have no
fect on the surface dose. They produce a uniform low flue
distribution at the patient’s surface, which is almost indep
dent of the compensator shape even for very large fields
extremely asymmetric and nonuniform compensator thi
ness profiles. The scattered photons also have a large an
spread and similar energy spectrum at the patient’s sur
compared to primary photons. The above characteristic
scattered photons at the patient’s surface suggest a uni
low scattering dose background in the patient’s body a
negligible distortion of the relative dose distribution insi
the field. So, the compensator thickness profile and dose
tribution can be calculated from the optimized fluence pro
of primary photons without the necessity of considering
scattered photons.

The angular distribution of primary photons~including
scatter from the treatment head! at the patient’s surface i
also investigated for a 6 MV 10310 cm2 field with a cer-
robend compensator of conical geometry. It is found t
almost all the primary photons move along the ray directi
which indicates that the point source model can be use
the process of compensator design.

In summary, it is found that the presence of the cerrob
compensators do not significantly affect the characteristic
a 6 MV beam other than intensity. In other words, the co
pensator thickness profile can be simply calculated from
optimized primary fluence profile without taking into a
count the beam perturbations caused by the compens
The dose distribution delivered by the calculated compen
tor profile should be close enough to the intended dose
tribution.
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