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The introduction into the BEAMnrc code of a new variance reduction technique, called directional
bremsstrahlung splitting(DBS), is described. DBS uses a combination of interaction splitting for
bremsstrahlung, annihilation, Compton scattering, pair production and photoabsorption, and Rus-
sian Roulette to achieve a much better efficiency of photon beam treatment head simulations
compared to the splitting techniques already available in BEAMnrc(selective bremsstrahlung split-
ting, SBS, and uniform bremsstrahlung splitting, UBS). In a simulated 6 MV photon beam
(10310 cm2 field) photon fluence efficiency in the beam using DBS is over 8 times higher than
with optimized SBS and over 20 times higher than with UBS, with a similar improvement in
electron fluence efficiency in the beam. Total dose efficiency in a central-axis depth-dose curve
improves by a factor of 6.4 over SBS at all depths in the phantom. The performance of DBS
depends on the details of the accelerator being simulated. At higher energies, the relative improve-
ment in efficiency due to DBS decreases somewhat, but is still a factor of 3.5 improvement over
SBS for total dose efficiency using DBS in a simulated 18 MV photon beam. Increasing the field
size of the simulated 6 MV beam to 40340 cm2 (broad beam) causes the relative efficiency
improvement of DBS to decrease by a factor of<1.7 but is still up to 7 times more efficient than

with SBS. © 2004 American Association of Physicists in Medicine.[DOI: 10.1118/1.1788912]
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BEAMnrc1,2 is a widely-used Monte Carlo code for simul
ing radiotherapy beams(see Ref. 3 for a listing of over 15
publications). In the simulation of photon beams, a varia
reduction technique that is often used involves “splitti
bremsstrahlung interactions, so that each bremsstra
event producesNBRSPL photons each having weig
NBRSPL−1, whereNBRSPLis the bremsstrahlung splitting nu
ber that is controlled by the user. bremsstrahlung spli
can greatly decrease the uncertainty in all photon quan
(e.g., dose due to photons, photon fluence, photon e
spectrum) at the bottom of the accelerator for a given num
of electrons incident on the photon target. The decrea
uncertainty is greater than the increase in CPU time/his
required by bremsstrahlung splitting, so the overall resu
an increased efficiency in photon quantities at the botto
the accelerator. In the original version of BEAM there w
an option to use uniform bremsstrahlung splitting(UBS). In
1998 an improved splitting routine, selective bremsstrah
splitting (SBS), was added to the code and further enhan
the efficiency.4,5 In this paper we report a further significa
improvement in efficiency from an algorithm called dir
tional bremsstrahlung splitting(DBS). We describe a specifi
implementation in the BEAMnrc system(which has bee
made available with the BEAMnrc04 release) but the tech
niques described are applicable in general and could be
to improve the efficiency of any Monte Carlo code for sim
lating photon accelerators.

II. UNIFORM AND SELECTIVE BREMSSTRAHLUNG
SPLITTING

In UBS, NBRSPLis set to a constant user-input value(usu-

ally between 20 and 100). On the other hand, SBS varies the
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the field and minimize unnecessary splitting of pho
aimed away from the field. The value ofNBRSPLfor a brems
strahlung event is based on the energy and direction o
incident electron and is proportional to the integrated p
ability of the bremsstrahlung photon entering a user-de
field [defined by field size,FS (width of a square field) and
SSD, usually at the bottom of the accelerator]. SBS also
requires the user to set a lower limit onNBRSPL, called the
background splitting number. Several guidelines
suggested2 for the use of SBS, such as selection of a m
mum splitting number between 200 and 1000, with a b
ground splitting number equal to one-tenth of the maxim
and selection of a field size which is 10 cm greater than
actual field width.

If the user is not interested in electron statistics at
bottom of the accelerator, then both UBS and SBS offe
option of playing Russian Roulette with all secondary
higher-order charged particles. This entails setting a sur
probability threshold equal toNBRSPL−1 for each secondar
higher-order charged particle and comparing this thresho
a random number. If the random number is higher than
survival threshold, then the charged particle is elimin
immediately after it has been created. If the random num
is less than or equal to the survival threshold, then
charged particle is kept, and its weight is increased
factor of NBRSPL. This higher-weight particle carries t
transport physics for itself and all of the secondary/hig
order charged particles that were eliminated by Russian
lette. Russian Roulette can increase the efficiency of
and SBS by a factor of 2, however, as mentioned above

electron statistics will be compromised.

28830)/2883/16/$22.00 © 2004 Am. Assoc. Phys. Med.
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If Russian Roulette is turned on, then both UBS and
will split higher-order bremsstrahlung photons and pho
from annihilation events(in either case, these will be ph
tons created by higher-weight charged particles that have
vived Russian Roulette). In UBS, the splitting number fo
these events is equal to that used for primary bremsstra
events. In SBS, the splitting number for these higher-o
events is equal to the background splitting number for
mary bremsstrahlung events. If Russian Roulette is off,
UBS and SBS do not split higher-order bremsstrahlun
annihilation events to avoid spending CPU time tracking
ticles of vanishing weight.

Both UBS and SBS have limitations. As mention
above, the nondirectional nature of UBS means that mu
the CPU time is spent tracking split photons that will
make it to the field of interest at the bottom of the accel
tor. While SBS is intended to remedy this by maximizing
splitting of those photons aimed into the field of inter
statistics in the field of interest are compromised by the l
range of photon weights that result from having a vari
splitting number. In addition, SBS requires additional C
time for “background splitting” of bremsstrahlung photo
aimed away from the field. Background splitting was fo
to be necessary to prevent high-weight photons from “ch
events”(e.g., photons incorrectly deemed out of the field
interest by the selective splitting function, or photons
tially aimed away from the field and then scattering back
it) from compromising the statistics in the field of intere

III. DIRECTIONAL BREMSSTRAHLUNG
SPLITTING

We are introducing another bremsstrahlung splitting
tine called directional bremsstrahlung splitting(DBS) into
the BEAMnrc code. It is designed to overcome the lim
tions of SBS, by ensuring that all photons in the field
interest have the same weight and by eliminating the
for “background splitting.”

Similar to SBS, DBS requires the user to define a fiel
interest(using the field radius and the SSD). Beyond this
however, the two algorithms diverge. The complete DBS
gorithm is fairly complex. In Secs. III A–III G we prese
details of the algorithm that leads to a large increase in
efficiency calculating the photon fluence but leads to p
statistics for contaminant electrons. The full algorithm,
cluding improved statistics for electron contamination
presented in Sec. III H.

A. Bremsstrahlung events

In general, bremsstrahlung events initiated by a prim
or by a fat(high-weight) electron(more about fat electron
below) are split by a fixed, user-defined splitting numb
NBRSPL, with the resultant photons all having weig
NBRSPL−1. The algorithm then loops through allNBRSPL split
photons and, for each one, determines whether or not
aimed into the field of interest. If it is, then the photon
kept. If not, then Russian Roulette is played on the photo

comparing a random number to a survival threshold of
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NBRSPL−1. If the random number is less than this num
then the photon is kept and its weight is increased by a f
of NBRSPL. Photons aimed away from the field of inter
which survive this Russian Roulette are fat and all have
same weight(normally unity).

If the user has set the EGSnrc parameters in BEAMn
only use the leading term of the Koch–Motz distribution
determining bremsstrahlung angles6,7 (the default in BEAM
nrc), then, rather than loop throughNBRSPL bremsstrahlun
interactions, DBS saves further CPU time by invoking a
routine calleddo_smart_brems. This subroutine determines ho
many of theNBRSPLsplit photons will be aimed into the fie
before the bremsstrahlung event is simulated and only
erates those photons. It also samples an angle from th
distribution and, if the direction is not aimed at the field
single fat bremsstrahlung photon travelling in this direc
is generated. This fat photon is equivalent to a photon
has survived Russian Roulette in the general DBS treat
of bremsstrahlung events. Details of the equations us
the implementation ofdo_smart_bremsare given in Appendi
A. This is a proper variance reduction technique which d
not bias the physics of the simulation.

B. Annihilation events

If a primary, or if a fat positron(more about fat positron
below) undergoes an annihilation event, then DBS splits
event by NBRSPL, the same user-defined splitting num
used to split bremsstrahlung events. Resultant photon
have weightNBRSPL−1 and, similar to bremsstrahlung sp
ting, the code then loops through theNBRSPL resultant pho
tons and plays Russian Roulette with those not aimed
the field of interest. Photons which survive Russian Rou
have their weight increased(i.e., they become fat). If the
positron is at rest when it annihilates, DBS uses a subro
calleduniform_photonsto generate the split photons. The al
rithm is similar to the algorithm ofdo_smart_bremsdescribed
in Appendix A, except that the probabilityW8 is simply
given by smmax−mmind /2 and the sampling of directions
done uniformly betweenmmin andmmax.

C. Compton events

The treatment of Compton events by DBS depend
whether the photon about to undergo the Compton eve
fat (i.e., has survived Russian Roulette) or not.

If a nonfat photon is about to undergo a Compton e
then (1) if the event is about to take place in a gas(any
material withrø0.012 g/cm3), then DBS allows the sing
Compton event to proceed normally and plays Russian
lette with the resultant Compton scattered photon if it is
aimed into the field of interest.(2) Otherwise, DBS play
Russian Roulette with the photon before the event can
place. If this photon survives, then its weight is increase
a factor ofNBRSPL and it becomes fat. The special treatm
of the in-gas case is to prevent possible creation of fat
tons immediately above the field of interest which could
turn create a large number of nonfat photons which ente

phantom with similar characteristics.
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If the photon about to undergo a Compton event is
(either because it was fat to begin with or because it st
as nonfat, but survived the Russian Roulette desc
above), then DBS splits the Compton eventNBRSPL times.
Generally, splitting the Compton event entails calling
EGSnrc subroutineCOMPT NBRSPLtimes, with all resulting
particles having weightNBRSPL−1 times the weight of the fa
photon undergoing the event. Then, DBS loops throug
resultant particles, performing Russian Roulette on
Compton scattered photons not directed into the field o
terest and on all secondary electrons(including from Auge
and/or Coster-Kronig events). As always, particles that su
vive Russian Roulette have their weight increased by a f
of NBRSPL, thereby becoming fat.

If the EGSnrc bound Compton scattering option is
(i.e., the Klein–Nishina approximation, which is the BEA
nrc default, is being used), then, instead of the gene
Compton splitting algorithm outlined above, DBS sa
CPU time by using a subroutine calleddo_smart_compton. In a
similar way asdo_smart_brems, this subroutine calculates ho
many of theNBRSPL Compton scattered photons will hav
polar angle that can direct them into the field of interest
only generates these. In addition,do_smart_comptongenerates
single Compton scattered photon with no angular res
tions. If this photon happens to be directed outside the
of interest, then it is kept as a fat photon with weight 1,
carries the physics for all photons not directed into the fi
On the other hand, if the photon happens to be directed
the field of interest it is unnecessary(since all of these pho
tons have already been generated) and is discarded immed
ately. Finally,do_smart_comptoncreates a single fat electron
weight equal to the weight of the original fat photon und
going the Compton event. More details about the equa
and sampling algorithm used are given in Appendix B.

D. Pair production events

Similar to Compton events, if a nonfat photon is abou
undergo a pair production event, then DBS only allows
event to take place if the photon is about to interact in a
Otherwise, DBS plays Russian Roulette with the photo
the photon survives, it becomes fat, with its weight increa
by a factor ofNBRSPLand then undergoes the pair produc
event.

A fat photon is always allowed to undergo a pair prod
tion event, but the event is not split(unlike Compton). This
ensures that the resultant charged particle pair will be
(except in a gas).

E. Photoelectric events

Photoelectric events are treated the same as pair pr
tion events. This ensures that all photoelectrons are fat(ex-
cept in a gas).

F. Fluorescent photons

After a photoelectric event, a fluorescent photon ma

created. If the fluorescent photon is nonfat(from a photoelec-
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tric event undergone by a nonfat photon), then it is subject t
Russian Roulette if not directed into the field of interes
the fluorescent photon is fat(from a photoelectric event u
dergone by a fat photon), DBS splits itNBRSPL times isotro
pically using theuniform_photonssubroutine described in t
section on annihilation events above. This ensures tha
fluorescent photon reaching the field of interest is nonfa

G. Summary of DBS without electron splitting

In summary, the techniques described up to this poin
sure that all photons inside the circular target field will
nonfat, i.e., have a weight of1/NBRSPL and those outside
will have a weight 1. If the splitting numberNBRSPLis large
there will be very few fat photons that do not reach the
of interest compared to the many low-weight photons
do. Therefore only very little time will be spent transport
photons that do not contribute to the fluence in the fiel
interest. Similarly, all electrons will be fat except for th
few created by nonfat photons interacting in the air
above where the phase-space file is created. As a res
very small fraction of the CPU time will be spent transp
ing electrons.

H. Electron splitting

As described up to this point, the DBS technique el
nates electrons generated by split particles/interaction
ther by playing Russian Roulette with them or by not ge
ating them at all. The result is that electrons are repres
by relatively few fat particles reaching the bottom of
accelerator, and therefore the contaminant electron sta
are poor. In most practical applications, one is intereste
the contribution of electrons to the total dose. In orde
improve the statistics of electrons, a few modifications to
DBS technique described so far are necessary.

Generally, the further away from the bottom of the ac
erator the electrons are produced, the smaller their chan
reach the patient plane. In particular, primary electrons
electrons set in motion in the photon target and primary
limator virtually never arrive at the bottom of the accelera
On the other hand, electrons set in motion in the lower
tion of the flattening filter and close to the inner and lo
edges of the photon jaws, have a relatively high chanc
reaching the patient plane. Given these observations
strategy for improving the statistics of contaminant elect
is clear:(i) spend as little time as possible transporting e
trons in the upper portion of the treatment head, i.e.,
DBS as described above, and(ii ) increase the number
transported electrons in the lower part of the treatment
by using electron splitting and turning off Russian Roul
played before photon interactions. We will refer to th
modifications as “DBS with electron splitting” in what fo
lows.

When electron splitting is turned on, the user defines
planes perpendicular to the beam axis: the splitting p
and the Russian Roulette plane, where the Russian Ro
plane is above the splitting plane. These two planes d

the treatment head in three distinct parts.
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(1) An “upper” portion(above the Russian Roulette plan),
where DBS is used as described above with the res
very few fat electrons being transported.

(2) A “lower” portion (below the splitting plane), where the
goal is to have many low-weight electrons and no
electrons.

(3) A transitional region(between the splitting and Russ
Roulette planes), where there is a mixture of fat a
low-weight electrons.

The splitting plane is defined by specifying one of
BEAMnrc component modules(CMs) in the simulation an
selecting an existing plane(i.e., a boundary between laye
or at the top or bottom of the CM) within the CM. Usually
the CM specified for the splitting plane is the flattening fil
and the plane selected is close to the bottom of the filter
electrons crossing the splitting plane are splitNBRSPL times
(and have their weight reduced by a factor ofNBRSPL). There
is also an option to redistribute the split electrons assu
radial symmetry about the beam axis. In most cases thi
proves the spatial distribution of electrons when the bea
radially symmetric above this plane.

The Russian Roulette plane is defined by specifyingz
position. It is usually above the splitting plane but still wit
the flattening filter CM. Below the Russian Roulette pla
the following modifications are applied to the DBS algorit
to maximize production of low-weight electrons:

(1) Low-weight photons about to undergo pair product
Compton, or photoelectric events are allowed to inte
normally. However, scattered or fluorescent photon
sulting from such interactions are subjected to Rus
Roulette with a probabilityNBRSPL−1, if they do not go
towards the field of interest.

(2) If a fat photon undergoes a pair production or photoe
tric event, the event is splitNBRSPL times to generat
NBRSPL (photoabsorption) or 23NBRSPL (pair produc
tion) low-weight charged particles.

(3) If a fat photon undergoes a Compton event then
event is splitNBRSPL times and Russian Roulette is n
played with any resultant charged particles. The sub
tine do_smart_comptonis never used. TheNBRSPLscattered
photons originating from such split Compton events
subjected to Russian Roulette, if they do not go tow
the field of interest.

Note that the nonfat charged particles generated by
electron splitting algorithm described above may, in t
generate nonfat photons through bremsstrahlung or ann
tion events. These photons are subject to Russian Roul
they are not directed into the field of interest.

Electron splitting ensures an increase in the numbe
electrons in the field at a cost in the CPU time require
transport them. At the same time, all photons going tow
the field of interest are still low-weight and all photons

rected away from the field of interest are fat.

Medical Physics, Vol. 31, No. 10, October 2004
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IV. PERFORMANCE OF DIRECTIONAL
BREMSSTRAHLUNG SPLITTING

All of the techniques applied in DBS are standard v
ance reduction techniques(splitting, Russian Roulette, b
ased sampling) and thus they do not change the physic
the calculation and they provide an unbiased estimate o
scored quantity.8 To ensure that we had not introduced
bugs into the coding, we made sure that the results obt
with and without the DBS algorithm were identical with
good statistics for all of the efficiency tests discussed in
following and for a variety of other situations as well. O
the accuracy is established, it is critical to measure the
provement in efficiency for a variety of situations since v
ance techniques are not guaranteed to improve effici
just to maintain accurate physics.

In order to look at the performance of DBS, we u
BEAMnrc to do a full simulation of a 6 MV photon bea
from an Elekta SL25 accelerator(10310 cm2 field at the
phantom surface at SSD=100 cm) and examined fluence
the SSD and dose in a water phantom placed at the bott
the accelerator.

Apart from the bremsstrahlung splitting parameters, s
lation parameters were identical to those used by Sh
Bagheri and Rogers.9,10 In particular, range rejection w
performed on charged particles with energies,2 MeV, with
rejection occurring if the particle did not have sufficient
ergy to make it to the nearest region boundary. The
defining the field were modelled after jaws that are inten
to be used with a multileaf collimator attachment. These
differed from standard jaws(which are 10 cm thick, com
prising 5 cm of tungsten and 5 cm of lead, in bothX andY
directions) in that they consisted only of tungsten with thi
ness 3 cm in theY direction and 8 cm in theX direction.
Thus, these jaws resulted in greater photon fluence ou
the field, especially in theY direction, than the standard jaw

In all the cases presented below, performance of a br
strahlung splitting algorithm is specified by the efficiencye,
given by

e =
1

s2T
, s1d

wheres is an estimate of the uncertainty on the quantit
interest(e.g., fluence or dose) andT is the CPU time require
to achieve this uncertainty.

Uncertainty was evaluated using the history-by-his
method11 which takes into account correlations between
tributions to fluence or dose from particles which arise f
the same initial history. This is essential when using the s
ting techniques described here since each initial electron
give rise to many split photons and electrons, each con
uting to the same scored quantity. Failure to take into
count these correlations can result in an underestimate
uncertainty.

A. Fluence scoring

In a treatment head simulation that does not use var

reduction techniques, the uncertainty on the photon fluence
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within the beam for a given number of incident particles
be proportional to the inverse of the scoring zone area.
efficiency will therefore decrease with decreasing sco
zone area but the efficiency divided by the scoring zone
will be a constant. This is not necessarily the case in s
lations where variance reduction techniques such as b
strahlung splitting are used. The smaller the scoring zon
the smaller the probability will be that two or more partic
that result from the same incident electron history will re
the zone. Ultimately, if the scoring zones are made infin
small, correlations between particles from the same his
will become negligible(the scoring zone is either reached
a single particle or not reached at all, this is the sam
when no splitting was applied). Correlations between pa
ticles from the same incident electron history will modify
uncertainty compared to a situation where the same nu
of particles reaches the scoring plane but all particles
statistically independent. Depending on the nature of the
relation, the uncertainty may increase or decrease.

Given the above observations, one should score quan
such as dose or fluence in scoring zones of size that i
evant for treatment planning applications(i.e., squares o
cubes of 5 mm or less) in order to be able to reliably asse
the performance of a particular variance reduction techn
Unfortunately, BEAMnrc simulations without any varian
reduction techniques used(which is our baseline) take a pro
hibitively long time to obtain reasonable statistical un
tainty in such small voxels. We have therefore sele
slightly larger scoring zone sizes: 41341 131 cm2 scoring
zones for the photon fluence and 21311 234 cm2 scoring
zones for the electron fluence in a plane perpendicular t
beam axis at SSD=100 cm.

To assess the influence of the selected scoring zone
on the efficiency of the various splitting techniques rela
to using no splitting, we varied the size of the central-
fluence scoring zone for simulations performed with typ
optimized parameters(see Sec. IV B for discussion of p
rameter selection). Figure 1 presents these results of rela
photon fluence efficiencies. Each curve has been divide
the numbers shown in the figure(50.6, 11.5, and 7.37) to
emphasize the shape of each curve[and to normalize th
values for the 636 cm2 scoring zone to 1.00]. One mus
note that we are presenting the relative efficiencies, and
for the no-splitting case, the absolute efficiency decre
almost exactly proportionally to the area of the scoring z
However, it is clear that this is not the case for the bre
strahlung splitting routines and that in particular the e
ciency of the DBS algorithm decreases by almost an ord
magnitude less going from the largest to smallest sco
zone sizes and thus the relative efficiency increases. Th
cial point that Fig. 1 demonstrates is that the decreas
correlations with decreasing scoring zone size implies
the relative efficiency for DBS goes up substantially m
than for UBS or SBS as the scoring region decreases in
It is therefore clear that DBS will perform better relative
SBS or UBS when using scoring zone sizes typical for d
calculations in modern radiotherapy treatment plan

(5 mm or less) and therefore the DBS efficiency results pre-
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sented here represent a lower bound on the improvem
simulation efficiency in practical calculations. A rigorous
planation of the behavior observed in Fig. 1 has been f
and will be presented elsewhere.

Throughout this paper, results are presented relative t
efficiency for the baseline calculation with no splitting be
used. This baseline efficiency varies quite dramatically,
erally with a shape corresponding to the dose or fluence
file of interest. For example, the efficiency outside the b
is much lower because of the reduced number of pho
involved.

B. Selecting splitting parameters

Setting of splitting parameters for each of the bremss
lung splitting routines was heavily weighted towards o
mizing photon fluence efficiency, since photons were
greatest contributors to fluence or dose in our modelled
celerator. However, we also examined electron fluence
ciency, and, in the case of DBS with electron splitting, t
it into account when selecting the best position of the s
ting and Russian Roulette planes.

Rather than examine the fluence efficiency in each sc
zone while setting parameters, we examined the total
ciency in all scoring zones completely contained within
10310 cm2 field of the beam. In the case of photon flue
this would comprise 81 of the 131 cm2 zones, and in th
case of electron fluence 5 of the 234 cm2 zones. The squa
of the uncertainty used in calculating total efficiency
simply equal to the sum of the squares of the absolute

FIG. 1. Photon fluence efficiency for the three bremsstrahlung splitting
niques(DBS, directional, SBS, selective and UBS, uniform bremsstrah
splitting) relative to that for no splitting as a function of the side of
square scoring region on the central axis. An Elekta SL25 6 MV
310 cm2 photon beam is simulated. To emphasize the shapes of the c
the results are normalized to the relative efficiency for the 636 cm2 scoring
zone size in each case by dividing the results by the values shown
figure. The relative efficiency is a strong function of the size of the sc
region, the relative improvement increasing as the scoring area dec
(although the absolute efficiency decreases with the area of the s
region for the no-splitting case).
certainty in each of these scoring zones.
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1. Selecting the splitting number (NBRSPL)

Figure 2 shows the total photon fluence efficiency in
beam field vs bremsstrahlung splitting number(NBRSPL) for
UBS, SBS, and DBS. Efficiencies have been normalize
the total photon fluence efficiency with no splitting. In
case of UBS and SBS, results are shown with Russian
lette on(empty circles) and off (filled circles). SBS was run
with a splitting field size,FS, parameter of 30 cm, which
the value used by Sheikh-Bagheri and Rogers9,10 in their
simulations of Elekta photon beams. Results for DBS
shown with no electron splitting(empty circles) and with
electron splitting on with the splitting plane atZ=15.46 cm
and the Russian Roulette plane atZ=15.2 cm. Results wit
electron splitting on and the splitting plane atZ=15.66 cm
(the very bottom of the flattening filter) and the Russian Ro
lette plane atZ=15.5 cm are indistinguishable from the
sults shown. We therefore assume that the trend in ph
fluence efficiency vsNBRSPLis independent of the placeme
of the splitting and Russian Roulette planes in DBS.

From Fig. 2 it is clear that DBS, with or without electr
splitting, is a significant improvement over UBS and S
The maximum improvement in photon fluence efficiency
ing DBS (with NBRSPL=2500, no electron splitting) is a fac-
tor of 500, over 8 times the maximum efficiency using S
(with NBRSPL=2500 and Russian Roulette on) and 20 time
that achieved using UBS(with NBRSPL=750 and Russia
Roulette on). For all splitting algorithms, the production
electrons(either by turning Russian Roulette off or by tu
ing electron splitting on) results in a decrease in photon fl
ence efficiency by a factor of 3 and a shift of the splitt
number(NBRSPL) at which the photon efficiency peaks
ward lower values.

Since users are generally interested in electrons a
bottom of the accelerator, Fig. 2 suggests using a spl

FIG. 2. Relative efficiency for calculating photon fluence within the
310 cm2 field of a simulated Elekta SL25 6 MV photon beam as a func
of bremsstrahlung splitting number(NBRSPL). Efficiencies shown are relativ
to total photon fluence efficiency with no splitting. For UBS and S
efficiencies are shown with Russian Roulette on(open circles) and off(solid
circles). The field size parameter,FS, used with SBS was 30 cm(Refs. 9 and
10). For DBS, results are shown with electron splitting off(open circles) and
electron splitting on with the splitting plane atZ=15.46 cm and the Russi
Roulette plane atZ=15.2 cm(closed circles). For UBS the minimum split
ting number is 20 and for SBS and DBS it is 50. Note they axis is
logarithmic.
number of 100 for peak photon efficiency in UBS. The origi-
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nal BEAM paper1 suggests usingNBRSPLvalues in the rang
10–20, but at that time, when Russian Roulette was u
secondary fat electrons were not split as they are now
previously suggested range would result in a photon
ciency well below the maximum and implies that the m
recent implementation of UBS in BEAMnrc, which uses
built-in bremsstrahlung splitting function in EGSnrc,7 is
more efficient than UBS in older versions of BEAM(up to
and including BEAM00).

In the case of SBS, Fig. 2 indicates that maximum ph
efficiency is achieved withNBRSPL=1000. It is important t
note that, in SBS,NBRSPL represents the maximum possi
splitting number, and that the actual bremsstrahlung spl
number is a calculated value falling somewhere betwee
user-input minimum splitting number,NMIN (given its sug
gested value ofNBRSPL/10 in all of these simulations), and
NBRSPL. The BEAMnrc Manual2 suggests a value ofNBRSPL

in the range 200–1000, which is certainly reasonable g
that there is little variation in photon fluence efficiency o
this range.

Figure 2 indicates the splitting number for maximum p
ton efficiency in DBS(with electron splitting) is 1000. Ad-
ditional results with the electron splitting plane atZ
=15.66 cm and the Russian Roulette plane atZ=15.5 cm
indicate that this optimum value ofNBRSPL does not chang
with the positions of the these planes. Positioning of
splitting and Russian Roulette planes will be discusse
more detail below.

The electron fluence efficiencies as a function of bre
strahlung splitting number are shown in Fig. 3 relative to
total electron fluence efficiency with no splitting. To gene
electrons with UBS and SBS, Russian Roulette was tu
off. As in the plot of photon fluence efficiency vsNBRSPL, the
splitting field size,FS, was set to 30 cm. In the case of DB
electron splitting was turned on and two sets of split

FIG. 3. Total electron fluence efficiency in the 10310 cm2 field of a simu-
lated Elekta SL25 6 MV photon beam as a function of bremsstrahlung
ting number(NBRSPL). Efficiencies shown are relative to total electron
ence efficiency with no splitting. In the cases of UBS and SBS, Ru
Roulette was turned off. SBS was run with a splitting field size parametFS

of 30 cm. DBS was run with electron splitting and the splitting and Rus
Roulette(RR) plane locations indicated in the figure. Note the single po
indicating efficiency with DBS atNBRSPL=1000 with no Russian Roule
plane (“3” ) and with a Russian Roulette plane but no charged pa
splitting (“*” ).
plane and Russian Roulette plane positions were used to
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demonstrate that the behavior of total electron fluence
ciency as a function ofNBRSPL follows the same trend ind
pendent of the setting of these two parameters. Note
single points are shown for DBSsNBRSPL=1000d with a
splitting planesZ=15.66 cmd but no Russian Roulette pla
and with a Russian Roulette planesZ=14.9 cmd but no split-
ting plane.

Figure 3 shows that using DBS can result in 8 tim
greater electron fluence efficiency than SBS and 20 t
greater efficiency than UBS. In the case of UBS and S
electron fluence efficiency shows little variation withNBRSPL

over the range of splitting numbers studied. This means
the splitting number for maximum photon fluence efficie
(100 in the case of UBS and 1000 in the case of SBS) is
adequate for electron efficiency as well. Directional bre
strahlung splitting, on the other hand, has a definite m
mum in electron fluence efficiency occurring atNBRSPL

=1000. This is also the splitting number for maximum p
ton fluence efficiency when using DBS. The two D
curves, each with differentZ positions of the splitting an
Russian Roulette planes, indicate that the placement of
planes has little effect on the behavior of electron flue
efficiency as a function ofNBRSPL. The point with no Rus
sian Roulette plane indicates that the Russian Roulette
is essential for good electron statistics with DBS, with
addition of the Russian Roulette plane increasing elec
fluence efficiency by a factor of almost 30 atNBRSPL

=1000. Conversely, the point with no splitting plane ill
trates that it is necessary to split fat charged particles. If
reach the field then they can decrease the efficiency
factor of <80.

2. Selecting splitting field size (FS and splitting
radius )

Another consideration when using SBS and DBS is se
tion of the splitting field size at the bottom of the accelera
In SBS, the user is asked to input a field size parameteFS,
which the BEAMnrc Users Manual2 suggests setting equal
the longest side of the treatment field plus 10 cm. In D
the user inputs a field radius which must include, as a m
mum, the entire treatment field.

Figure 4 shows the relative efficiency when scoring t
photon and electron fluence within the 10310 cm2 field of
the SL25 6 MV photon beam as a function ofFS for SBS and
splitting field radius for DBS. Since we were interested
generating electrons, Russian Roulette was turned o
SBS, and electron splitting was turned on in DBS(Z of
splitting plane=15.66 cm,Z of Russian Roulette plan
=15.5 cm). The bremsstrahlung splitting number(NBRSPL)
was set to 1000 for both SBS and DBS, since this was sh
to give maximum photon fluence efficiency when electr
were generated(see Sec. IV B 1).

For SBS, Fig. 4 shows that photon fluence efficie
peaks atFS=40 cm, although there is little variation in ef
ciency beyondFS=30 cm. Electron fluence efficiency i
creases constantly over the range ofFS values studied, bu

also shows little variation over a wide range ofFS. Based on
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maximizing photon fluence efficiency, the setting ofFS

=30 cm used by Sheikh-Bagheri and Rogers9,10 (and used
elsewhere in this study) is certainly adequate, but the va
of FS suggested by the BEAMnrc manual(treatment field
size+10 cm=20 cmd is slightly low.

In the case of DBS, Fig. 4 shows that photon flue
efficiency constantly decreases with increasing splitting
radius. This behavior is expected since increasing the
ting field size increases the number of events that mu
split. Electron fluence efficiency, on the other hand, sho
peak at splitting radius=10 cm. From the point of view
maximizing photon fluence efficiency, it would seem that
optimum splitting radius would be the smallest that c
pletely encompasses the 10310 cm2 treatment field(e.g.,
<7.1 cm). However in this particular accelerator, signific
contributions to dose are made by photons out to a radi
10 cm. Thus, we use a splitting radius of 10 cm for the
of the study. This results in only a<6% drop in photo
fluence efficiency compared to a splitting radius of 7.5
and also maximizes electron fluence efficiency.

3. Selecting position of splitting and Russian
Roulette planes (DBS)

Further degrees of freedom are available in DBS for
timizing photon and electron fluence efficiency,viz., the set
ting of the positions of the electron splitting and Rus
Roulette planes. The function of these planes is describ
detail in Sec. III H. The splitting plane should be set clos
the bottom of the flattening filter to maximize the numbe
electrons reaching the bottom of the accelerator while m
mizing the time spent transporting them in such structur
the primary collimator and the flattening filter itself. T
Russian Roulette plane, below which Russian Roulette i
played on electrons resulting from interactions and

FIG. 4. Total photon(closed circles) and electron(open circles) fluence
efficiency inside the 10310 cm2 field of the simulated Elekta SL25 6 M
photon beam versus the size of the bremsstrahlung splitting field[FS (width
of a square field) for SBS and radius for DBS]. Efficiencies shown ar
relative to their counterparts with no splitting. SBS was run with Rus
Roulette off and DBS was run with electron splitting on, with the split
plane atZ=15.66 cm (the back of the flattening filter) and the Russia
Roulette plane atZ=15.5 cm. The splitting number(NBRSPL) for both SBS
and DBS was 1000, which was shown to give maximum photon flu
efficiency when electrons are generated.
weight photons are allowed to interact, should be placed
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above the splitting plane. Due to the way electron splittin
coded, the splitting plane is restricted to being coincid
with a geometrical plane in the BEAMnrc component m
ule in which it is located. Thus, in the flattening filter, t
plane must coincide with a layer boundary in the mode
flattening filter or with the planes defining the top or bott
of the flattening filter. There is no such restriction on
position of the Russian Roulette plane.

Figure 5 shows the relative total photon and electron
ence efficiency inside the 10310 cm2 field of the simulate
SL25 6 MV photon beam as a function of the position of
Russian Roulette plane. Curves are shown for splitting p
Z positions of 14.9 cm and 15.46 cm, both correspondin
layer boundaries in the modelled flattening filter, and
splitting planeZ=15.66 cm, corresponding to the bottom
the flattening filter. The Russian Roulette plane was alw
placed above the splitting plane. The splitting num
(NBRSPL) was set to 1000(shown above to maximize phot
and electron fluence efficiency in DBS) and the splitting field
radius was 10 cm.

The curves show that photon fluence efficiency incre
as the splitting plane is brought closer to the Russian
lette plane and also as both planes are brought closer
bottom of the flattening filters15.66 cmd. Ignoring the outlie
at splitting planeZ=15.46 cm and Russian Roulette pla
Z=14.6 cm, the overall variation in photon fluence efficie
is <16% over the range of splitting and Russian Rou
plane positions studied. Note that, again not considerin
outlying point, the photon efficiency for a given Russ
Roulette plane position does not change appreciably
splitting plane position.

Electron fluence efficiency shows a similar trend to p
ton fluence efficiency with the exception that there is a d
off in efficiency once the splitting plane is very close

FIG. 5. Total photon(closed circles) and electron(open circles) fluence
efficiency inside the 10310 cm2 field of the simulated Elekta SL25 6 M
photon beam versus theZ position of the Russian Roulette plane in DB
Photon and electron efficiencies shown are relative to photon and el
efficiencies with no splitting. Curves are shown for three differentZ posi-
tions of the electron splitting plane: 14.9 cm, 15.46 cm, and 15.66 cZ
=14.9 cm andZ=15.46 cm correspond to layer boundaries in the mod
flattening filter, whileZ=15.66 cm corresponds to the plane defining
bottom of the flattening filter. For these simulations, the splitting num
was 1000(shown to give maximum photon and electron fluence efficie
in DBS) and the splitting field radius was 10 cm.
(within 0.06 cm of) the Russian Roulette plane. This is espe-
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cially noticeable in the case with the Russian Roulette p
at Z=15.66 cm and the splitting plane atZ=15.6 cm. Ignor
ing this extreme point, though, the overall change in elec
fluence efficiency is<12% over the range of plane positio
studied.

Based on the above results, we selected a splitting
position of Z=15.66 cm(i.e., at the base of the flatteni
filter) with the Russian Roulette plane atZ=15.5 cm. This
results in near-maximum values of the photon and ele
fluence efficiencies while not sacrificing one efficiency
the other(as done with splitting planeZ=15.66 cm and Rus
sian Roulette planeZ=15.6 cm, or splitting planeZ
=15.46 cm with Russian Roulette planeZ=15.2 cm). How-
ever, exact placement of these planes is not critical as lo
they are near the back of the flattening filter, since the v
tion in both photon and electron fluence efficiencies with
positions of the splitting and Russian Roulette planes t
to be relatively small.

It is important to note that the curves shown in Fig. 5
not general, and the behavior of photon and electron flu
efficiencies with splitting and Russian Roulette plane p
tions will most likely depend upon the flattening filter mo
and the beam energy.

C. Fluence efficiency profiles

Figure 6 shows the relative fluence efficiency for pho
(a) and electrons(b) as a function ofX at Y=0 at the SSD
s100 cmd of the simulated SL25 6 MV photon beam. T
splitting parameters used were those determined bas
results in Sec. IV B above.

Photon fluence efficiency profiles are constant within
10310 cm2 beam field(i.e., from X=−5 to 5 cm) with the
relative efficiency approximately equal to the relative e
ciency totalled over the entire beam field for the same s
ting routine/parameters(see Sec. IV B above). Beyond the
beam field the UBS efficiency profile remains constant
factor of <7 times the efficiency with no splitting. This
lustrates the main limitation of UBS, in which bremsstr
lung splitting is equal in all directions. In the case of S
selective bremsstrahlung splitting causes the photon flu
efficiency to drop by a factor of<2 beyond the edges of t
field. Even so, the efficiency outside the field remains q
high due to the fact that, withFS=30 cm, the splitting fiel
goes well beyond the edges of the field, and to the fact
even photons aimed beyond the edges of the splitting
are split by the background splitting number(NMIN). The
DBS efficiency profile, on the other hand, falls off to v
low values(<0.3 times the efficiency with no splitting) be-
yond the edge of the splitting fieldsr =10 cmd since no split
ting is done there. The large variations in the DBS efficie
profile between the edge of the field and the edge o
splitting field are due to the fact that the fluence with
splitting, used to normalize these profiles, has large u
tainties in this region.

In contrast to the photon fluence efficiency, electron
ence efficiency profiles[Fig. 6(b)] are almost constant ov

n

the entire range ofX values for all splitting routines, with the
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2891 Kawrakow, Rogers, and Walters: Directional bremsstrahlung splitting 2891
relative electron efficiency approximately equal to the r
tive electron efficiency totalled over the beam field in S
IV B for the same splitting routine/parameters.

D. Dose efficiency

Central-axis relative efficiencies for calculating dose
function of depth in phantom for the simulated 6 MV be
using the splitting parameters optimized for photon and e
tron fluence efficiency are shown in Fig. 7. Figure 7(a)
shows total dose efficiencies and Fig. 7(b) shows the effi
ciencies of the dose contributions of photons and elec
separately. Normalized depth-dose profiles are also sho
Fig. 7.

An inherent feature of the DBS technique is the oc
rence of fat photons outside the splitting field radius.
have found that these fat photons can introduce a very
uncertainty in the dose in a phantom, despite the fact
these photons contribute a very small fraction of the dos
the beam. We have therefore added an option to our c
for scoring dose in a phantom(i.e., DOSXYZnrc and th
CHAMBER CM in BEAMnrc) which allows us to ignore th
dose from these fat photons. In the case of DBS in Fi
contributions from fat photons that enter the phantom f

FIG. 6. Fluence efficiency for photons(a) and electrons(b) vs X at Y=0 at
the SSDs100 cmd of the simulated Elekta SL25 6 MV photon beam(10
310 cm2 field). Photon fluence was scored in 131 cm2 zones, and electro
fluence was scored in 234 cm2 zones. Efficiencies are relative to th
counterparts with no splitting. UBS was run with Russian Roulette off
NBRSPL=250. SBS was run with Russian Roulette off,NBRSPL=1000 and
FS=30 cm. DBS was run withNBRSPL=1000, splitting field radius=10 cm
and electron splitting on with splitting planeZ=15.66 cm and Russian Ro
lette planeZ=15.5 cm. The photon and electron fluence profiles are
shown.
outside the splitting field radiuss10 cmd have been excluded.
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In separate calculations we have shown that these ph
only contribute about 0.1% of the dose maximum to the
in the phantom. At the same time they lead to large fluc
tions in the efficiency of the dose calculation since a
photons carry so much weight. It is clear that the size o
contribution from excluded fat photons must be determ
in each situation, to ensure they are not of importance. It
be necessary to increase the splitting field radius to e
that their contribution to dose can be safely ignored
thus, the efficiency of the dose calculation increased.

In the case of total dose efficiency, Fig. 7(a) shows that
for all splitting routines, the improvement in efficiency
essentially constant over all depths in the phantom.
resulted in the largest efficiency gain, with an improvem
by a factor of 6 over SBS and an improvement by a facto
23 over UBS. The photon dose efficiencies shown in
7(b) are almost indistinguishable from the total dose effic
cies, since the total dose is almost entirely comprised of
tons. There is some contribution from electrons at the
face, however, and over the range of depths in w
electron dose is significantly greater than zeros0–2.5 cmd,
the electron dose efficiency gain for a given splitting rou

FIG. 7. Efficiency of central-axis dose as a function of depth in phantom
the simulated 6 MV SL25 photon beam(10310 cm2 field). Dose scorin
volumes had radii 1 cm and thicknesses in the range 0.5–2 cm. Effici
have been normalized by the efficiency with no splitting.(a) shows tota
dose efficiency and(b) shows efficiency of dose contributions from phot
and charged particles(thick lines) separately. Normalized depth-dose p
files are also shown for all cases. Splitting parameters are the same
Fig. 6.
is similar to the photon dose efficiency gain. There are larger
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2892 Kawrakow, Rogers, and Walters: Directional bremsstrahlung splitting 2892
variations in electron dose efficiency(especially visible in
the case of DBS) since the uncertainties in electron dose
relatively high.

To confirm that optimizing parameters for fluence e
ciency resulted in the maximum dose efficiency we also
amined dose efficiency in the phantom while varying sev
of the splitting parameters in DBS. Of these parameters,
the splitting number,NBRSPL, had an effect on dose ef
ciency.

Figure 8 shows relative total dose efficiency in the ph
tom when using DBS with several different values ofNBRSPL

in the simulated 6 MV SL25 photon beam. Figure 8(a)
shows the central axis dose efficiency, and Fig. 8(b) shows
dose efficiency as a function of radius in the phantom atdmax

(1.75 cm depth—closed circles) and near the surface of t
phantom (0.25 cm depth—open circles). Normalized dos
profiles at the two depths are also shown in Fig. 8(b) for
reference. This figure emphasizes that the efficiency
provement depends strongly on exactly what quantity
interest. Although our setting ofNBRSPL=1000 does no
maximize dose efficiency on the central axis, it does m
mize efficiency at all other radii near the surface(which is
consistent with the fact thatNBRSPL=1000 resulted in max

FIG. 8. Total dose efficiency vs depth(a) and vs radius(b) in phantom fo
the simulated 6 MV SL25 photon beam using DBS with different value
NBRSPL as indicated. Efficiencies have all been normalized to efficien
with no splitting. In(b) the NBRSPL=5000 results(dotted–dashed line) have
been dropped to avoid confusion. Also in(b), efficiency vs radius results a
shown atdmax (1.75 cm—closed circles) and near the surface of the phant
(0.25 cm depth—open circles). Other DBS parameters were the same a
Figs. 6 and 7.
mum total fluence efficiency in the beam field) and also re-
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sults in maximum or near-maximum efficiency at most r
at dmax.

E. Performance of do_smart _brems and do_smart _compton

As mentioned in Secs. III A and III C above, DBS ma
use of the subroutinesdo_smart_bremsand do_smart_comptonto
eliminate the need for sampling and then playing Rus
Roulette with split photons not aimed into the field by o
generating those photons that will be aimed into the fiel
order to determine how much CPU time these subrou
actually save, we have simulated the 6 MV SL25 pho
beam using DBS(parameters optimized as described ab)
with all possible combinations ofdo_smart_bremsanddo_smart-

_comptonturned on and off.
Results from this timing study are shown in Table I. T

top table shows the results with electron splitting off and
bottom table shows results with electron splitting on. N
that in each table, the CPU times have been normaliz
the time with bothdo_smart_compton and do_smart_brems on
(i.e., the default case).

When electron splitting is off(upper Table I), it is clear
that both of the smart subroutines contribute significant
the high efficiency of DBS, withdo_smart_brems playing a
slightly larger role thando_smart_compton. This simply indi-
cates that when the smart routines are not used, more t
spent simulating bremsstrahlung events than simul
Compton events. It is interesting to note that the increas
a factor of 7.6 in CPU time with both subroutines off is eq
to the difference in photon fluence efficiency between
(with Russian Roulette on andNBRSPL=1000) and DBS
(with electron splitting off andNBRSPL=1000) shown in Fig
2.

When electron splitting is on(lower Table I), the contri-
butions of bothdo_smart_bremsanddo_smart_comptonto the ef-
ficiency of DBS decrease. This is due to the fact that a m
larger portion of the time in this simulation is spent track
electrons independent of the use ofdo_smart_bremsor do_smart-

TABLE I. CPU times required by simulated 6 MV photon beam from
Elekta SL25 accelerator(10310 cm2 field) using DBS with all possibl
combinations of the time-saving subroutinesdo_smart_bremsanddo_smart_comp-

ton. CPU times are relative to CPU time using bothdo_smart_bremsand do_s-

mart_compton. The top table shows results with electron splitting off, and
bottom table shows results with electron splitting on.

do_smart_brems
ON OFF

do_smart_compton
ON 1.0 5.3
OFF 3.3 7.6

No electron splitting

do_smart_brems
ON OFF

do_smart_compton
ON 1.0 2.43
OFF 1.77 3.2

Electron splitting withZ of splitting plane=15.66 cm(back of the
flattening filter) andZ of Russian Roulette plane=15.5 cm
_compton. Interestingly, the contribution ofdo_smart_compton
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2893 Kawrakow, Rogers, and Walters: Directional bremsstrahlung splitting 2893
relative todo_smart_bremsis approximately the same as wh
electron splitting is turned off, yet electron splitting p
cludes the use ofdo_smart_comptonbelow the Russian Roulet
plane even whendo_smart_compton is on. This indicates tha
the CPU time required for split Compton events below
Russian Roulette plane is completely overshadowed b
CPU time required for electron transport. Note that the fa
of 3.2 increase in CPU time when bothdo_smart_comptonand
do_smart_brems are off is only a fraction of the factor of
difference in photon fluence efficiency between DBS(elec-
tron splitting on,NBRSPL=1000) and SBS(Russian Roulett
off, NBRSPL=1000) shown in Fig. 2, underscoring the fa
that these subroutines play less of a role in the efficienc
DBS when electrons are generated.

V. PERFORMANCE OF DBS AT HIGH ENERGY

To test the performance of DBS at a higher photon en
we simulated an 18 MV photon beams10310 cm2d field
from a Siemens KD2 accelerator and examined central
dose in a phantom at the SSDs100 cmd. Geometrical param
eters were identical to those used by Sheikh-Bagheri
Rogers in their study of photon beams.9,10 In addition to the
various bremsstrahlung splitting routines(parameters dis
cussed in more detail below), charged particle range reje
tion was used, withESAVE=5 MeV, in all simulations.

In the case of UBS and SBS, the splitting parame
(NBRSPL and, for SBS, the splitting field size,FS) found to
optimize fluence or dose efficiency in the simulated S
6 MV photon beam above were also found to optimize d
efficiencies in the KD2 18 MV simulation. Thus, for UB
NBRSPLwas set to 250, and for SBSNBRSPLwas set to 100
andFS was set to 30 cm. In the case of DBS, the position
the electron splitting and Russian Roulette planes had
changed to reflect the geometry and position of the flatte
filter in the KD2 18 MV accelerator. As in the SL25 acc
erator, the highest efficiencies were obtained with the s
ting plane placed right on the bottom surface of the flatte
filter sZ=9.8 cmd. However, some trade-offs were involv

FIG. 9. Cross section through the flattening filter in the 18 MV KD2 pho
beam showing theZ positions of the back of the flattening filter and thZ
position where the hollowed out portion of the filter begins. The flatte
filter is made of stainless steel.
in placement of the Russian Roulette plane due to the shap
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of the flattening filter in the KD2. The flattening filter of t
KD2 has a hollowed out portion near the bottom(see Fig. 9).
When the Russian Roulette plane was placed slightly a
this portion(atZ=8.7 cm), the efficiency gain obtained usi
DBS was approximately equal for both the photon
charged particle components of the dose. However, whe
Z position of the Russian Roulette plane was increase
9 cm (now cutting through the hollowed out portion of
flattening filter), the efficiency of the photon portion of t
dose increased by 45%, while the efficiency of the cha
particle portion decreased by up to 40%. Since the ph
portion of the dose dominates the total dose at every d
with the charged particle portion only making signific
contributions in the first 5 cm of depth, we opted for
lower sZ=9 cmd placement of the Russian Roulette plane
addition, the bremsstrahlung splitting number of 1000 fo
to optimize dose efficiency at 6 MV in the SL25 acceler
did not optimize central-axis dose efficiency in the KD2.
decreasingNBRSPL to 750, we were able to obtain a 14
increase in efficiency over that obtained withNBRSPL

FIG. 10. Dose efficiency vs depth in phantom for a simulated 18 MV ph
beam from a Siemens KD2 accelerator(10310 cm2 field). (a) shows tota
dose efficiency and(b) shows the efficiencies of the photon(thin lines) and
charged particle(thick lines) components. Separately normalized depth-
curves are shown for reference. For UBS,NBRSPL=250. For SBS,NBRSPL

=1000 andFS=30 cm. DBS usedNBRSPL, splitting radius=10 cm, electro
splitting planeZ=9.795 cm(the back of the flattening filter) and Russia
Roulette planeZ=9 cm. For DBS, total dose efficiency shown in(a) ex-
cludes fat photons.
e=1000.
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Figure 10 shows the dose efficiencies on the central
of the phantom(voxel radius=1 cm, voxel thickness=1 c
or 2 cm) placed at SSD=100 cm in the 18 MV KD2 phot
beam using the splitting parameters discussed above
total dose efficiency shown in Fig. 10(a) is broken down into
the efficiencies of the photon and charged particle com
nents in Fig. 10(b). The corresponding depth-dose curves
also shown for reference. All efficiencies are relative to
ciency with no splitting. Efficiencies for the DBS case do
include any fat photons.

Figure 10(a) shows that DBS increased the efficiency
dose calculations on the central axis by a factor of 3.6
SBS and by a factor of 13 over UBS. Although still offer
substantial improvement over the other splitting routines
ficiency with DBS relative to no splitting dropped by a fac
2.5 from its performance in the 6 MV SL25 beam. By co
parison, relative efficiency with SBS is a factor of 1.5 low
than in the 6 MV case, and UBS drops by a factor of o
1.3. One reason for the relative decrease in efficiency of
and DBS is that at higher energies the angular distributio
bremsstrahlung and Compton scattered photons bec
more forward peaked. In the case of SBS, this means th
splitting number will be very high for photons directed i
the splitting field. For DBS, the implication is that few
photons can be eliminated as being aimed away from
splitting field.

Another way to look at these results is to note that
overall efficiency of the BEAMnrc calculation with no sp
ting increases by a factor of about 2.7 going from 6 MV
18 MV. This is because of the more forward peaked pho
at the higher energy. This means that the overall efficien
the DBS algorithm does not change much between the 6
and 18 MV cases because it has been optimized fo
forward-going photons.

In addition, the total dose efficiency with both SBS a
DBS drops off near the surface of the phantom. Figure 1(b)
shows that this drop-off is due to the lower efficiency in
charged particle contribution to the dose relative to the
ciency of the photon component of the dose in the cas
DBS and SBS(charged particles account for 12.5% of
total dose near the surface of the phantom). The reason fo
the lower charged particle dose efficiency in the case of
(a factor of up to 3 lower than the efficiency of the pho
component) has been discussed above, in which we opte
a placement of the Russian Roulette plane that would
mize the photon dose efficiency at the expense of s
charged particle efficiency.

VI. PERFORMANCE OF DBS IN A BROAD BEAM

We also tested the performance of DBS in the simul
6 MV SL25 photon beam by examining fluence efficienc
the SSD s100 cmd with the jaws widened to give a 4
340 cm2 field. The jaws simulated in this case were
“standard” jaws(10 cm thick, comprising 5 cm of tungst
and 5 cm of lead) instead of the jaws for use with a multile
collimator that were used to determine performance of D

2
with a 10310 cm field in this accelerator(see Sec. IV
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above). Other than the jaws and their settings, the simula
geometry and other parameters were identical to those
with the 10310 cm2 field.

The splitting parameters used for all splitting routi
were those found to optimize performance in the 6 MV S
accelerator with a 10310 cm2 field (see Sec. IV B above),
with the exception of the splitting field size,FS, in SBS and
the splitting field radius in DBS. For SBS,FS was set to
60 cm. This setting is based on the performance of SBS
function of FS in the 10310 cm2 beam (see Sec. IV B
above), where little improvement in photon fluence e
ciency was observed for values ofFS. field size+20 cm
The splitting radius used in DBS was 30 cm. This ra
completely encloses the 40340 cm2 field, allowing for 2 cm
beyond the corners of the field. Note that with such a l
splitting radius, the difference in efficiency with a sm
change in the splitting radius(e.g., reducing it by 2 cm s
that it exactly encloses the field) is expected to be negligibl

For the purposes of scoring fluence, the phase-spac
face at SSD=100 cm was divided into 6561s81381d1
31 cm2 scoring zones. As with the study of photon flue
efficiency in the 10310 cm2 beam, efficiency of all splittin
algorithms is expected to increase as the area of the sc
zones is decreased(see Sec. IV A above). Unlike the 10
310 cm2 field case, the 131 cm2 scoring zones were us
for both photon and electron fluence efficiency profiles.

Figure 11 shows the photon(a) and electron(b) fluence
efficiency profiles (efficiency vs X at Y=0) at SSD
=100 cm in the 40340 cm2 beam. Efficiencies are relati
to efficiency with no splitting. Photon and electron flue
profiles are also shown for reference. The fluctuation
relative electron fluence efficiency with DBS visible in F
11(b) are due mainly to fluctuations in efficiency with
splitting (i.e., the normalizing quantity) ultimately caused b
the small scoring zones.

It is clear from the figures that, in the broad beam, D
still offers a substantial improvement in efficiency over
other splitting routines. In the case of photon fluence w
the field s−20 cmøXø20 cmd, DBS is between 5.5(at the
center of the field) and 7 (at the edges of the field) times
more efficient than SBS and is<12 times more efficient tha
UBS. Between the edges of the field and the edge o
splitting field s20 cmø uXuø30 cmd, the relative photon e
ficiency with DBS increases, resulting in the “horns” in F
11(a). This increase is due to the high uncertainty(low effi-
ciency) in the photon fluence with no splitting in this regio
In the case of electron fluence, the efficiency using DB
<8 times greater than with SBS and<14 times greater tha
with UBS in the field.

The efficiency of DBS in the broad beam is significa
lower than in the 10310 cm2 beam (Fig. 6), with photon
fluence efficiency inside the field dropping by a factor
<1.7 and electron fluence efficiency inside the field drop
by a similar amount. In comparison, photon fluence
ciency inside the field using SBS drops by a factor of o
1.1 (at the center of the field) to 1.5(at the edges of the fiel)

in the broad beam, with electron fluence efficiency dropping
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by a factor of only<1.2. In the case of UBS, the drop
photon and electron fluence efficiency in the broad b
compared to the 10310 cm2 beam is insignificant.

The directional splitting routines(SBS and DBS) are less
efficient in the broad beam simply because of the requ
increase in splitting field size. In the case of DBS, this res
in both fewer photons being eliminated by Russian Rou
and more photons being generated by thedo_smart_bremsand
do_smart_comptonsubroutines. In the case of SBS, this res
in a higher splitting number over a greater range of inci
electron directions/energies. The reason that the overal
ciency drop in the broad beam is relatively greater for D
than for SBS may be due to the increased number of
Compton interactions in DBS(SBS does not split these i
teractions). In the case of UBS, the change in field size d
not change the number of split photons that must be trac
resulting in no significant efficiency change.

It is interesting to note that for a given splitting routine
both broad beam and 10310 cm2 cases, the relative electr
fluence efficiency is of the same order as the relative ph
fluence efficiency which is useful since electron contam
tion plays a more important role in the broad beams.

VII. CONCLUSIONS

We have demonstrated that directional bremsstrah

FIG. 11. Photon(a) and electron(b) fluence efficiency vsX (at Y=0) at the
SSD s100 cmd for a simulated 6 MV SL25 photon beam with jaws
panded to give a 40340 cm2 field. Efficiencies are relative to the efficien
with no splitting. The arbitrarily normalized photon and electron flue
profiles atY=0 are also shown for comparison. For UBS,NBRSPLwas set to
250. For SBS,NBRSPL=1000 and the splitting field size,FS, was set to
60 cm. For DBS,NBRSPL=1000, splitting field radius was 30 cm,Z of the
electron splitting plane was 15.66 cm(the back of the flattening filter), and
Z of the Russian Roulette plane was 15.5 cm.
splitting (DBS) offers a significant improvement in photon
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and electron fluence and dose efficiency over the previo
available bremsstrahlung splitting routines in BEAMnrc, u
form bremsstrahlung splitting(UBS) and selective brem
strahlung splitting(SBS). In a “realistic” simulation of a
6 MV photon beam from an Elekta SL25 accelerator(10
310 cm2 field) in which photons and electrons were gen
ated (generation of electrons entailed turning Russian R
lette off in UBS and SBS and using electron splitting
DBS), the photon fluence efficiency inside the field w
using DBS was a factor of 8 higher than when using S
Electron fluence efficiency in the field was a factor of alm
9 higher with DBS than with SBS. Efficiency of central-a
depth-dose in a phantom placed at the SSDs100 cmd was
over 6 times higher with DBS than with SBS.

Obtaining the optimum efficiency gain with DBS requi
us to optimize settings of the bremsstrahlung splitting n
ber,NBRSPL, the splitting field radius, and the positions of
electron splitting plane and Russian Roulette plane. Fo
6 MV photon beam, we found thatNBRSPL=1000 optimized
the photon and electron fluence efficiency in the field. S
photon fluence efficiency decreased with increasing spl
field radius, it was important to choose the smallest ra
that completely enclosed the field with some overlap to
sure that the contribution to central-axis dose from fat
tons (photons coming back to the central axis from bey
the edge of the splitting field) was negligible. We found th
a splitting field radius of 10 cm was sufficient to meet th
requirements. Another consideration was the positions o
electron splitting and Russian Roulette planes. For a
splitting plane location, the efficiency could be varied by
to 10% by moving the Russian Roulette plane(Russian Rou
lette plane always above the splitting plane), with a trend
towards higher efficiencies as both the splitting plane
Russian Roulette plane were brought closer to the botto
the flattening filter.

The optimal settings forNBRSPL, splitting field radius an
splitting and Russian Roulette plane positions will depen
the details of the accelerator being simulated. For exam
the optimal setting ofNBRSPL in our simulations of an 1
MV photon beam from a Siemens KD2 accelerator was
Also, the hollowed out portion of the flattening filter in t
accelerator was a consideration in the optimal placeme
the Russian Roulette plane in relation to the electron spl
plane. However, we can generalize and say that se
NBRSPL.1000 will result in near-optimum performan
with adjustments around this number possibly increasin
ficiency by 15%. It is also a general rule that the elec
splitting plane should be placed at the back of the flatte
filter with the Russian Roulette plane in a solid portion of
flattening filter somewhere above the splitting plane.

The fluence or dose efficiency improvement of DBS
also dependent on the particular accelerator being simu
with relative efficiency improvements tending to decreas
higher photon energies. This is because the inherent
ciency of these simulations is higher since bremsstrah
photons at higher energies are more forward-directed

fewer are subject to Russian Roulette by the DBS splitting
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routine. In this study, we have shown that the improvem
in central-axis dose efficiency that DBS has over SBS d
from a factor of 6 in the 6 MV SL25 accelerator to a fac
of 3.6 in the 18 MV KD2 accelerator.

The relative efficiency of DBS also decreases with
creasing field size. When the field size of the 6 MV SL
photon beam was increased to 40340 cm2 (broad beam), the
photon and electron fluence efficiencies in the field w
DBS decreased by a factor of<1.7 from their values in th
10310 cm2 beam. This compared to a drop in SBS e
ciency by a factor of 1.1(center of field) to 1.5 (edges o
field) for photon fluence and by a factor of<1.2 for electron
fluence. Both SBS and DBS efficiencies were expecte
drop due to the greater number of split photons that mu
tracked in the broad beam, but the relatively greater
ciency decrease in DBS efficiency may be due to the gr
number of split Compton events in the broad beam. Eve
DBS is still significantly more efficient than SBS in t
broad beam, with photon fluence efficiency(inside the field)
between 5.5 and 7 times greater than with SBS(<12 times
greater than with UBS), and electron fluence efficiency<8
times greater than with SBS(<12 times greater than wi
UBS).

Overall, the efficiency improvement of DBS is substan
and it will save large amounts of CPU time in the simula
of photon beams.
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APPENDIX A: DO_SMART_BREMS ALGORITHM

Consider an electron(or positron) at positionxW =sx,y,zd
travelling along the directionuW =su,v ,wd that is about to
undergo a bremsstrahlung event. The process is in a co
nate system where the beam axis is along thez axis and the
upper plane of the photon target is atz=0. The circle o
interest(COI, also denoted as field of interest in the m
text) is in a plane perpendicular to thez axis and located a
xW0=s0,0,dd (d is typically 100 cm) and has a radius ofR
(see Fig. 12). We assume that the angular distribut
psm ,fd of bremsstrahlung photons is described by the l
ing term of Eq. 2BS from the article by Koch and Motz:12

psm,fd =
1 − b2

4p

1

s1 − bmd2 . sA1d

Here, m is the cosine of the polar scattering angle[i.e.,
cossud], f is the azimuthal angle andb is the electron veloc
ity in units of the speed of light. The probability given in E
(A1) is normalized over all angles to unity. The goal is
calculate the probabilityW that this electron will emit
bremsstrahlung photon that is pointed towards the circ
interest. IfW is known and one wants to perform bremsst
lung splitting with a splitting number ofN, keeping only

photons going towards the COI, onlyWNphotons need to be
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sampled provided that their angles are sampled so tha
are directed towards the COI. IfW!1, a substantial savin
of CPU time may be achieved.

The probabilityW is given by

W=E
V

dm df psm,fd, sA2d

where the integration is to be carried out for allm ,f within
the solid angleV that result in a direction towards the CO
With the definitions

r = Îx2 + y2,

a± = uWsxW0 − xWd ± RÎ1 − w2,

sA3d
tmax= Îd2 + sR+ rd2,

tmin = HÎd2 + sR− rd2, r ø R,

d, r . R,

and simple geometrical considerations it is easy to see
the minimum and maximum polar scattering angles,mmin and
mmax, that may result in a direction towards the COI
given by

mmax= Mins1,m+d, m+ = Ha+/tmin, a+ ù 0,

a+/tmax, a+ , 0,

sA4d

mmin = Maxs− 1,m−d, m− = Ha−/tmax, a− ù 0,

a−/tmin, a− , 0.

The possible range of azimuthal scattering angles depen
xW , xW0, anduW in a complicated way. In addition, if the fact

FIG. 12. The geometry used to derive the equations in Appendix A a
Note thatmmax=cossumaxd, etc.
taken into account that not all azimuthal angles will lead to a
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direction towards the COI, the integration in Eq.(A2) canno
be performed analytically. However, we can provide an
per limit of the probabilityW, denoted byW8, by using al
azimuthal angles. The correct number of photons toward
COI will result by simulatingW8N bremsstrahlung even
and then rejecting photons not going towards the COI.
have

W8 = 2pE
mmin

mmax

dm psmd =
s1 − b2dsmmax− mmind

2s1 − bmmaxds1 − bmmind
sA5d

with mmin andmmax defined via Eqs.(A3) and (A4).
The algorithm of thedo_smart_bremssubroutine is then a

follows.

(1) Calculatemmin, mmax and the estimated probabilityW8.
(2) Determine the number of photon angles,N8, to be

sampled. If we denote byfag the integer part ofa and
by h a random number uniformly distributed betwe
zero and unity, thenN8=fW8Ng+1, if høW8N−fW8Ng,
N8=fW8Ng, otherwise.

(3) SampleN8 polar anglesmi betweenmmin andmmax from
the probability distributionpsmd and azimuthal angle
uniformly between 0 and 2p. Samplingmi is accom
plished using

mi =
mmins1 − bmmaxd + hismmax− mmind

1 − bmmax+ bhismmax− mmind
, sA6d

wherehi is a random number uniformly distributed b
tween zero and unity.

(4) Reject all photons that do not go towards the COI. T
will lead to a smaller number of photonsN9, all of them
having a weight of 1/N.

(5) Sample a polar angle frompsmd between −1 and 1.
this angle is not betweenmmin andmmax, keep this pho
ton with a weight of 1 and increaseN9 by one.

(6) Sample N9 photon energies from the bremsstrahl
cross section differential in energy. IfN9=0, sample on
photon energy.

(7) Decrease the electron energy by the energy of the
sampled photon energy.

APPENDIX B: DO_SMART_COMPT ALGORITHM

Consider a photon with energyk, positionxW and direction
uW that is about to undergo a Compton scattering event m
elled using the Klein–Nishina cross section.13 Within the
Klein–Nishina approximation each polar scattering angm
=cossud uniquely corresponds to a scattered photon en
k8,

k8 =
k

1 + ks1 − md
, sB1d

where for the simplicity of the notation all energies are
pressed in terms of the electron rest energy. As discuss
Appendix A, the minimum and maximum angles,mmin and
mmax, that may result in a scattered photon going towards

circle of interest(COI) are given by Eq.(A4). The corre-
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sponding minimum and maximum scattered photon ene
kmin8 and kmax8 are given by Eq.(B1) with m=mmin or m
=mmax, respectively. The upper bound of the probabilityW
for having the scattered photon moving towards the COIW8
(see Appendix A for discussion of why we must useW8
instead ofW), is

W8 =
e

kmin8
kmax8

dk8 dsKN/dk8

ek/s1+2kd
1 dk8 dsKN/dk8

=
Hskmin,kmaxd

Hs1/s1 + 2kd,1d
, sB2d

where dsKN /dk8 is the Klein–Nishina cross section and

Hsx1,x2d = ln
x2

x1
sk2 − 2k − 2d

+ sx2 − x1dS k

x1x2
+

1 + 2k

k
+

k

2
sx1 + x2dD . sB3d

The algorithm of thedo_smart_compt subroutine is then a
follows:

(1) Calculatemmin, mmax and the probabilityW8.
(2) Determine the numberN8 of Compton interactions to b

sampled. If we denote byfag the integer part ofa and
by h a random number uniformly distributed betwe
zero and unity, thenN8=fW8Ng+1, if høW8N−fW8Ng,
N8=fW8Ng, otherwise.

(3) SampleN8 scattered photon energies betweenkmin8 and
kmax8 from the Klein–Nishina cross section. The al
rithm is very similar to the one used to sample the
distribution(see, e.g., the EGSnrc Manual7), except tha
the constantsa1 anda2 have to be calculated usingkmin8
and kmax8 instead ofk/ s1+2kd and k as the integratio
limits.

(4) Calculate the corresponding scattering angles and
ton directions and reject all photons not moving towa
the COI. Also reject all electrons.

(5) Sample one Compton interaction without restrictio
Keep the resulting electron with a weight of 1. Keep
scattered photon only if its energy is not betweenkmin8
andkmax8 and give it the weight of 1.
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