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The introduction into the BEAMnrc code of a new variance reduction technique, called directional
bremsstrahlung splittingDBS), 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 BEANsetective bremsstrahlung split-

ting, SBS, and uniform bremsstrahlung splitting, UB® a simulated 6 MV photon beam
(10x 10 cnt 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 4040 cn? (broad beam causes the relative efficiency
improvement of DBS to decrease by a factor=ef.7 but is still up to 7 times more efficient than

with SBS. © 2004 American Association of Physicists in MedicifizOl: 10.1118/1.1788912

I. INTRODUCTION value ofNBRSPLto maximize splitting of photons aimed into
BEAMnrc?is a widely-used Monte Carlo code for simulat- the field and minimize unnecessary splitting of photons
ing radiotherapy beamsee Ref. 3 for a listing of over 150 aimed away from the field. The value ®BRsPLfor a brems-
publications. In the simulation of photon beams, a variancestrahlung event is based on the energy and direction of the
reduction technique that is often used involves “splitting” incident electron and is proportional to the integrated prob-
bremsstrahlung interactions, so that each bremsstrahlurapility of the bremsstrahlung photon entering a user-defined
event producesNBRSPL photons each having weight field [defined by field sizefs (width of a square fieldand
NBRSPL?, whereNBRSPLIis the bremsstrahlung splitting num- SSD, usually at the bottom of the acceleratd®BS also
ber that is controlled by the user. bremsstrahlung splittingequires the user to set a lower limit a@RsPL, called the
can greatly decrease the uncertainty in all photon quantitieackground splitting number. Several guidelines are
(e.g., dose due to photons, photon fluence, photon energyggestetfor the use of SBS, such as selection of a maxi-
spectrum at the bottom of the accelerator for a given numbermum splitting number between 200 and 1000, with a back-
of electrons incident on the photon target. The decrease iground splitting number equal to one-tenth of the maximum,
uncertainty is greater than the increase in CPU time/historynq selection of a field size which is 10 cm greater than the
required by bremsstrahlung splitting, so the overall result is;cta1 field width.

an increased efficiency in photon quantities at the bottom of ¢ \he yser is not interested in electron statistics at the

the accelerator. In the original version of BEAM there WaSpoitom of the accelerator. then both UBS and SBS offer the

igg(;pt'on to use (l;n'f?.;? bremts_strahIL:ngt_spllét(mS)i Inhl option of playing Russian Roulette with all secondary and
an Improved spiitting routing, selective bremsstrahiun igher-order charged particles. This entails setting a survival

splitting (SBS), was added to the code and further enhanced . R
tr?e eff?ci(enc?f'S In this paper we report a further significant probability threshold equal taBrspPL-! for each secondary/

improvement in efficiency from an algorithm called direc- higher-order charged particle and comparing this threshold to

tional bremsstrahlung splittind®BS). We describe a specific a raf‘d"m number. If the random number 1S h|gher.th.an the
implementation in the BEAMnrc systeriwhich has been survival threshold, then the charged particle is eliminated
made available with the BEAMNrc04 releasait the tech- immediately after it has been created. If the random number
niques described are applicable in general and could be usé% /€SS than or equal to the survival threshold, then the

to improve the efficiency of any Monte Carlo code for simu- charged particle is kept, and its weight is increased by a
lating photon accelerators. factor of NBRSPL This higher-weight particle carries the

transport physics for itself and all of the secondary/higher-
Il. UNIFORM AND SELECTIVE BREMSSTRAHLUNG order charged particles that were eliminated by Russian Rou-
SPLITTING lette. Russian Roulette can increase the efficiency of UBS
In UBS, NBRSPLIsS set to a constant user-input valiissu-  and SBS by a factor of 2, however, as mentioned above, the
ally between 20 and 1000n the other hand, SBS varies the electron statistics will be compromised.
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If Russian Roulette is turned on, then both UBS and SBS\BRspPL. If the random number is less than this number,
will split higher-order bremsstrahlung photons and photonghen the photon is kept and its weight is increased by a factor
from annihilation eventgin either case, these will be pho- of NBRSPL Photons aimed away from the field of interest
tons created by higher-weight charged particles that have suwhich survive this Russian Roulette are fat and all have the
vived Russian Rouletje In UBS, the splitting number for same weightnormally unity).
these events is equal to that used for primary bremsstrahlung If the user has set the EGSnrc parameters in BEAMnrc to
events. In SBS, the splitting number for these higher-ordeonly use the leading term of the Koch—Motz distribution for
events is equal to the background splitting number for pri-determining bremsstrahlung ang%ssthe default in BEAM-
mary bremsstrahlung events. If Russian Roulette is off, themrc), then, rather than loop througtBrsPL bremsstrahlung
UBS and SBS do not split higher-order bremsstrahlung ointeractions, DBS saves further CPU time by invoking a sub-
annihilation events to avoid spending CPU time tracking parroutine calletto_smart brems This subroutine determines how
ticles of vanishing weight. many of thenBRsPLsplit photons will be aimed into the field

Both UBS and SBS have limitations. As mentioned before the bremsstrahlung event is simulated and only gen-
above, the nondirectional nature of UBS means that much ofrates those photons. It also samples an angle from the full
the CPU time is spent tracking split photons that will notdistribution and, if the direction is not aimed at the field, a
make it to the field of interest at the bottom of the accelerasingle fat bremsstrahlung photon travelling in this direction
tor. While SBS is intended to remedy this by maximizing theis generated. This fat photon is equivalent to a photon that
splitting of those photons aimed into the field of interest,has survived Russian Roulette in the general DBS treatment
statistics in the field of interest are compromised by the largef bremsstrahlung events. Details of the equations used in
range of photon weights that result from having a variablethe implementation ofio_smart bremsare given in Appendix
splitting number. In addition, SBS requires additional CPUA. This is a proper variance reduction technique which does
time for “background splitting” of bremsstrahlung photons not bias the physics of the simulation.
aimed away from the field. Background splitting was found
to be necessary to prevent high-weight photons from “chancB. Annihilation events

events”(e.g., photons incorrectly deemed out of the field of If a primary, or if a fat positrorimore about fat positrons

interest by the selective splitting function, or photons ini- L )
tially aimed away from the field and then scattering back intobelow) undergoes an annihilation event, then DBS splits the

it) from compromising the statistics in the field of interest. event byNB.RSPL‘ the same user-defined splitting number
used to split bremsstrahlung events. Resultant photons all

have weightnBrsPL! and, similar to bremsstrahlung split-
lIl. DIRECTIONAL BREMSSTRAHLUNG ting, the code then loops through tRerspL resultant pho-
SPLITTING tons and plays Russian Roulette with those not aimed into
We are introducing another bremsstrahlung splitting routhe field of interest. Photons which survive Russian Roulette
tine called directional bremsstrahlung splittigBBS) into  have their weight increased.e., they become fat If the
the BEAMnrc code. It is designed to overcome the limita-positron is at rest when it annihilates, DBS uses a subroutine
tions of SBS, by ensuring that all photons in the field of calleduniform photonsto generate the split photons. The algo-
interest have the same weight and by eliminating the needthm is similar to the algorithm oflo_smart bremsdescribed
for “background splitting.” in Appendix A, except that the probability’ is simply
Similar to SBS, DBS requires the user to define a field ofgiven by (umax—min)/2 and the sampling of directions is
interest(using the field radius and the SpBeyond this, done uniformly betweemtyi, and wmax
however, the two algorithms diverge. The complete DBS al-
gorithm is fairly complex. In Secs. Il A-lll G we present C. Compton events

details of the algorithm that leads to a large increase in the
efficiency calculating the photon fluence but leads to poor The treatment of Compton events by DBS depends on

statistics for contaminant electrons. The full algorithm, in_whe.ther the phot.on about Fo undergo the Compton event is
._fat (i.e., has survived Russian Roulgtta not.

cluding improved statistics for electron contamination, is .
presented in Sec. IIl H. If a nqnfat photon is about to undergo a Cpmpton event
then (1) if the event is about to take place in a gasy
material withp=<0.012 g/cm), then DBS allows the single
Compton event to proceed normally and plays Russian Rou-
In general, bremsstrahlung events initiated by a primarylette with the resultant Compton scattered photon if it is not
or by a fat(high-weighj electron(more about fat electrons aimed into the field of interes{2) Otherwise, DBS plays
below) are split by a fixed, user-defined splitting number, Russian Roulette with the photon before the event can take
NBRSPL, with the resultant photons all having weight place. If this photon survives, then its weight is increased by
NBRSPLL. The algorithm then loops through alBrRspLsplit  a factor ofNBRSPLand it becomes fat. The special treatment
photons and, for each one, determines whether or not it isf the in-gas case is to prevent possible creation of fat pho-
aimed into the field of interest. If it is, then the photon is tons immediately above the field of interest which could, in
kept. If not, then Russian Roulette is played on the photon byurn create a large number of nonfat photons which enter the
comparing a random number to a survival threshold ofphantom with similar characteristics.

A. Bremsstrahlung events
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If the photon about to undergo a Compton event is fattric event undergone by a nonfat photothen it is subject to
(either because it was fat to begin with or because it starteRussian Roulette if not directed into the field of interest. If
as nonfat, but survived the Russian Roulette describethe fluorescent photon is fafrom a photoelectric event un-
above, then DBS splits the Compton eveRBRsSPL times.  dergone by a fat photonDBS splits itNBRSPL times isotro-
Generally, splitting the Compton event entails calling thepically using theuniform photonssubroutine described in the
EGSnrc subroutineoMPT NBRSPLtimes, with all resulting section on annihilation events above. This ensures that any
particles having weightiBRSPL! times the weight of the fat fluorescent photon reaching the field of interest is nonfat.
photon undergoing the event. Then, DBS loops through all
resultant particles, performing Russian Roulette on anyé. Summary of DBS without electron splitting

Compton scattered photons not directed into the field of in- . . . .
terest and on all secondary electraircluding from Auger In summary, the techniques described up to this point en-
sure that all photons inside the circular target field will be

andfor Coster-Kronig eventsas always, particles that sur- nonfat, i.e., have a weight afiNBrsPL and those outside it

vive Russian Roulette have their weight increased by a factor : : . .
. will have a weight 1. If the splitting numbeBRsPLis large,
of NBRSPL, thereby becoming fat.

If the EGSnrc bound Compton scattering option is offthe.re will be very few fat photons that do npt reach the field
(i.e., the Klein—Nishina approximation, which is the BEAM- of interest compared to the many low-weight photons that

nrc default, is being usedthen, instead of the general do. Therefore only very little time will be spent transporting

Compton splitting algorithm outlined above, DBS Savesphotons that do not contribute to the fluence in the field of

. . . interest. Similarly, all electrons will be fat except for those
CPU time by using a subroutine calleel smart compton In a . C .
- . . few created by nonfat photons interacting in the air just
similar way asdo_smart brems this subroutine calculates how

. above where the phase-space file is created. As a result, a

many of thenBrspPL Compton scattered photons will have a : . .
. . ' . ery small fraction of the CPU time will be spent transport-
polar angle that can direct them into the field of interest and’
o ing electrons.

only generates these. In additiai, smart comptongenerates a
single Compton scattered photon with no angular restrici_| Electron solittin
tions. If this photon happens to be directed outside the field piting
of interest, then it is kept as a fat photon with weight 1, and As described up to this point, the DBS technique elimi-
carries the physics for all photons not directed into the fieldnates electrons generated by split particles/interactions, ei-
On the other hand, if the photon happens to be directed intther by playing Russian Roulette with them or by not gener-
the field of interest it is unnecessaince all of these pho- ating them at all. The result is that electrons are represented
tons have already been generatadd is discarded immedi- by relatively few fat particles reaching the bottom of the
ately. Finally,do_smart comptoncreates a single fat electron of accelerator, and therefore the contaminant electron statistics
weight equal to the weight of the original fat photon under-are poor. In most practical applications, one is interested in
going the Compton event. More details about the equationthe contribution of electrons to the total dose. In order to

and sampling algorithm used are given in Appendix B. improve the statistics of electrons, a few modifications to the
DBS technique described so far are necessary.
D. Pair production events Generally, the further away from the bottom of the accel-

o ) ) erator the electrons are produced, the smaller their chance to
Similar to Compton events, if a nonfat photon is about t0e4c1 the patient plane. In particular, primary electrons and
undergo a pair production event, then DBS only allows theectrons set in motion in the photon target and primary col-

event to take place if the photon is about to interact in a gaSimator virtually never arrive at the bottom of the accelerator.
Otherwise, DBS plays Russian Roulette with the photon. Iigy, the other hand, electrons set in motion in the lower por-

the photon survives, it becomes fat, with its weight increasegio, of the flattening filter and close to the inner and lower
by a factor ofNBrsPLand then undergoes the pair productionedges of the photon jaws, have a relatively high chance of
event. _ _ reaching the patient plane. Given these observations, the
~ Afat photon is always allowed to undergo a pair produc-ggrategy for improving the statistics of contaminant electrons
tion event, but the event is not spfitnlike Compton. This 5 clear:(i) spend as little time as possible transporting elec-
ensures that the resultant charged particle pair will be faf. s in the upper portion of the treatment head, i.e., use

(except in a gas DBS as described above, aii) increase the number of
_ transported electrons in the lower part of the treatment head
E. Photoelectric events by using electron splitting and turning off Russian Roulette

played before photon interactions. We will refer to these
modifications as “DBS with electron splitting” in what fol-
lows.

When electron splitting is turned on, the user defines two
planes perpendicular to the beam axis: the splitting plane,
and the Russian Roulette plane, where the Russian Roulette

After a photoelectric event, a fluorescent photon may belane is above the splitting plane. These two planes divide
created. If the fluorescent photon is norfabm a photoelec- the treatment head in three distinct parts.

Photoelectric events are treated the same as pair produ
tion events. This ensures that all photoelectrons ar¢efat
cept in a gap

F. Fluorescent photons
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(1) An “upper” portion(above the Russian Roulette plane |IV. PERFORMANCE OF DIRECTIONAL
where DBS is used as described above with the result BBREMSSTRAHLUNG SPLITTING

very few fat electrons being transported. All of the techniques applied in DBS are standard vari-
(2) A*lower” portion (below the splitting plang where the  ance reduction techniquesplitting, Russian Roulette, bi-
goal is to have many low-weight electrons and no fatased samplingand thus they do not change the physics of
electrons. the calculation and they provide an unbiased estimate of any
(3) A transitional regionbetween the splitting and Russian scored quantitﬁ.To ensure that we had not introduced any
Roulette planes where there is a mixture of fat and bugs into the coding, we made sure that the results obtained
low-weight electrons. with and without the DBS algorithm were identical within
good statistics for all of the efficiency tests discussed in the
The splitting plane is defined by specifying one of thefollowing and for a variety of other situations as well. Once
BEAMnNrc component module@Ms) in the simulation and the accuracy is established, it is critical to measure the im-
selecting an existing plang.e., a boundary between layers provement in efficiency for a variety of situations since vari-
or at the top or bottom of the CMwithin the CM. Usually ~ance techniques are not guaranteed to improve efficiency,
the CM specified for the splitting plane is the flattening filter, just to maintain accurate physics.
and the plane selected is close to the bottom of the filter. Fat In order to look at the performance of DBS, we used
electrons crossing the splitting plane are splirspLtimes ~BEAMnrc to do a full simulation of a 6 MV photon beam

(and have their weight reduced by a factonskspy). There ~ Om an Elekta SL25 accelerati0x 10 cnt field at the
hantom surface at SSD=100 riand examined fluence at

is also an option to redistribute the split electrons assumin@} SSD and d ) ter phant laced at the bott f
radial symmetry about the beam axis. In most cases this inThg accelaerr]atorose N @ water phantom placed at the bottom o

proves the spatial distribution of electrons when the beam is Apart from the bremsstrahlung splitting parameters, simu-
radially symmetrlc above this plgne. , . . lation parameters were identical to those used by Sheikh-
The Russian Roulette plane is defined by specifying its Bagheri and Rogers™ In particular, range rejection was

position. It is usually above the splitting plane but still within performed on charged particles with energie® MeV, with

the flattening filter CM. Below the Russian Roulette plane,rejection occurring if the particle did not have sufficient en-
the following modifications are applied to the DBS algorithm ergy to make it to the nearest region boundary. The jaws
to maximize production of low-weight electrons: defining the field were modelled after jaws that are intended
to be used with a multileaf collimator attachment. These jaws

(1) Low-weight photons about to undergo pair production, : . .
Compton, or photoelectric events are allowed to interac{jlﬁe.red from standard jawgwhich are 10 cm thick, com-
prising 5 cm of tungsten and 5 cm of lead, in b&ttandY

normally. However, scattered or fluorescent photons .reairections) in that they consisted only of tungsten with thick-

sulting from such interactions are subjected to Rus&alp]ess 3 cm in ther direction and 8 cm in theX direction.
Roulette with a probabilihBRSPL?, if they do not 9o s these jaws resulted in greater photon fluence outside
towards the field of interest. the field, especially in th¥ direction, than the standard jaws.

(2) If afat photon undergoes a pair production or photoelec- | gl the cases presented below, performance of a brems-
tric event, the event is spliBRSPL times to generate strahlung splitting algorithm is specified by the efficieney,
NBRSPL (photoabsorptionor 2X NBRSPL (pair produc-  given by

tion) low-weight charged particles. 1
(3) If a fat photon undergoes a Compton event then the e=—=,
event is splitNBRsSPL times and Russian Roulette is not ST
played with any resultant charged particles. The subrouwheres is an estimate of the uncertainty on the quantity of
tine do_smart comptonis never used. TheBRsPLScattered interest(e.g., fluence or dosandT is the CPU time required
photons originating from such split Compton events areto achieve this uncertainty.
subjected to Russian Roulette, if they do not go towards Uncertainty was evaluated using the history-by-history
the field of interest. method* which takes into account correlations between con-
tributions to fluence or dose from particles which arise from
Note that the nonfat charged particles generated by ththe same initial history. This is essential when using the split-
electron splitting algorithm described above may, in turn,ting techniques described here since each initial electron may
generate nonfat photons through bremsstrahlung or annihilgive rise to many split photons and electrons, each contrib-
tion events. These photons are subject to Russian Roulettetfing to the same scored quantity. Failure to take into ac-
they are not directed into the field of interest. count these correlations can result in an underestimate of the
Electron splitting ensures an increase in the number ofncertainty.
electrons in the field at a cost in the CPU time required to ,
transport them. At the same time, all photons going towardé" Fluence scoring
the field of interest are still low-weight and all photons di- In a treatment head simulation that does not use variance
rected away from the field of interest are fat. reduction techniques, the uncertainty on the photon fluence

1)
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within the beam for a given number of incident particles will 1;

be proportional to the inverse of the scoring zone area. The 512 DBS/50.6
efficiency will therefore decrease with decreasing scoring 3 1

zone area but the efficiency divided by the scoring zone area 5 13

will be a constant. This is not necessarily the case in simu- g 8

lations where variance reduction techniques such as brems- €7

strahlung splitting are used. The smaller the scoring zone is, £ g SBS/11.5
the smaller the probability will be that two or more particles § 4 o
that result from the same incident electron history will reach 53

the zone. Ultimately, if the scoring zones are made infinitely - f

small, correlations between particles from the same history o . . : - : :

will become negligiblgthe scoring zone is either reached by side of scoring zone /cm
a single particle or not reached at all, this is the same as
when no splitting was appligd Correlations between par- Fie. 1. Photon fluence efficiency for the three bremsstrahlung splitting tech-
ticles from the same incident electron history will modify the M9ues(DBS, directional, SBS, selective and UBS, uniform bremsstrahlung
A . ] splitting) relative to that for no splitting as a function of the side of the
Uncerte_“my compared to a Sltl_.latlon where the same NUMbGRuare scoring region on the central axis. An Elekta SL25 6 MV 10
of particles reaches the scoring plane but all particles are 10 cn? photon beam is simulated. To emphasize the shapes of the curves,
statistically independent. Depending on the nature of the cofthe results are normalized to the relative efficiency for thessen? scoring
. . . zone size in each case by dividing the results by the values shown in the

relat!on' the uncertainty may. increase or decrease. .. figure. The relative efficiency is a strong function of the size of the scoring

Given the above observations, one should score quantiti@ggion, the relative improvement increasing as the scoring area decreases
such as dose or fluence in scoring zones of size that is relalthough the absolute efficiency decreases with the area of the scoring
evant for treatment planning applicatiofise., squares or egion for the no-splitting case
cubes of 5 mm or legsn order to be able to reliably assess
the performance of a particular variance reduction technique.
Unfortunately, BEAMnrc simulations without any variance
reduction techniques usgdhich is our baselinetake a pro-  sented here represent a lower bound on the improvement in
hibitively long time to obtain reasonable statistical uncer-simulation efficiency in practical calculations. A rigorous ex-
tainty in such small voxels. We have therefore selecteglanation of the behavior observed in Fig. 1 has been found
slightly larger scoring zone sizes: %41 1X 1 cn¥ scoring  and will be presented elsewhere.

zones for the photon fluence and>211 2x 4 cn? scoring Throughout this paper, results are presented relative to the
zones for the electron fluence in a plane perpendicular to thefficiency for the baseline calculation with no splitting being
beam axis at SSD=100 cm. used. This baseline efficiency varies quite dramatically, gen-

To assess the influence of the selected scoring zone sizgally with a shape corresponding to the dose or fluence pro-
on the efficiency of the various splitting techniques relativefile of interest. For example, the efficiency outside the beam
to using no splitting, we varied the size of the central-axisis much lower because of the reduced number of photons
fluence scoring zone for simulations performed with typicalinvolved.
optimized parameterésee Sec. IV B for discussion of pa-
rameter selection Figure 1 presents these results of relative
photon fluence efficiencies. Each curve has been divided by
the numbers shown in the figu¥®0.6, 11.5, and 7.37to
emphasize the shape of each cufemd to normalize the
values for the & 6 cn? scoring zone to 1.00 One must Setting of splitting parameters for each of the bremsstrah-
note that we are presenting the relative efficiencies, and thding splitting routines was heavily weighted towards opti-
for the no-splitting case, the absolute efficiency decreasesizing photon fluence efficiency, since photons were the
almost exactly proportionally to the area of the scoring zonegreatest contributors to fluence or dose in our modelled ac-
However, it is clear that this is not the case for the bremseelerator. However, we also examined electron fluence effi-
strahlung splitting routines and that in particular the effi-ciency, and, in the case of DBS with electron splitting, took
ciency of the DBS algorithm decreases by almost an order at into account when selecting the best position of the split-
magnitude less going from the largest to smallest scoringing and Russian Roulette planes.
zone sizes and thus the relative efficiency increases. The cru- Rather than examine the fluence efficiency in each scoring
cial point that Fig. 1 demonstrates is that the decrease afone while setting parameters, we examined the total effi-
correlations with decreasing scoring zone size implies thatiency in all scoring zones completely contained within the
the relative efficiency for DBS goes up substantially more10x 10 cn? field of the beam. In the case of photon fluence
than for UBS or SBS as the scoring region decreases in siz¢his would comprise 81 of the X1 cn? zones, and in the
It is therefore clear that DBS will perform better relative to case of electron fluence 5 of the<2 cn¥ zones. The square
SBS or UBS when using scoring zone sizes typical for dosef the uncertainty used in calculating total efficiency was
calculations in modern radiotherapy treatment planningsimply equal to the sum of the squares of the absolute un-
(5 mm or lesg and therefore the DBS efficiency results pre- certainty in each of these scoring zones.

B. Selecting splitting parameters
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Fic. 2. Relative efficiency for calculating photon fluence within the 10 Fic. 3. Total electron fluence efficiency in the XA0 cn¥ field of a simu-

X 10 cn? field of a simulated Elekta SL25 6 MV photon beam as a function lated Elekta SL25 6 MV photon beam as a function of bremsstrahlung split-
of bremsstrahlung splitting numbeyerspy). Efficiencies shown are relative  ting number(nerspy). Efficiencies shown are relative to total electron flu-
to total photon fluence efficiency with no splitting. For UBS and SBS, ence efficiency with no splitting. In the cases of UBS and SBS, Russian
efficiencies are shown with Russian Roulette(open circlesand off(solid ~ Roulette was turned off. SBS was run with a splitting field size paraneter,
circles. The field size parameters, used with SBS was 30 ciRefs. 9 and  of 30 cm. DBS was run with electron splitting and the splitting and Russian
10). For DBS, results are shown with electron splitting @ipen circlesand Roulette(RR) plane locations indicated in the figure. Note the single points
electron splitting on with the splitting plane Zt 15.46 cm and the Russian  indicating efficiency with DBS atsrspL=1000 with no Russian Roulette
Roulette plane aZ=15.2 cm(closed circles For UBS the minimum split- ~ plane (*X”) and with a Russian Roulette plane but no charged particle
ting number is 20 and for SBS and DBS it is 50. Note theaxis is  splitting ("*").

logarithmic.

) o nal BEAM papet suggests usingBrsPLvalues in the range
1. Selecting the splitting number  (NBRSPL) 10-20, but at that time, when Russian Roulette was used,

Figure 2 shows the total photon fluence efficiency in thesecondary fat electrons were not split as they are now. The
beam field vs bremsstrahlung splitting numigeBrspPy for  previously suggested range would result in a photon effi-
UBS, SBS, and DBS. Efficiencies have been normalized teiency well below the maximum and implies that the most
the total photon fluence efficiency with no splitting. In the recent implementation of UBS in BEAMnrc, which uses the
case of UBS and SBS, results are shown with Russian Rouluilt-in bremsstrahlung splitting function in EGSrrds
lette on(empty circle$ and off (filled circleg. SBS was run  more efficient than UBS in older versions of BEAMp to
with a splitting field sizefs, parameter of 30 cm, which is and including BEAMOO.
the value used by Sheikh-Bagheri and Ro%éorsin their In the case of SBS, Fig. 2 indicates that maximum photon
simulations of Elekta photon beams. Results for DBS arefficiency is achieved witlhnersPL=1000. It is important to
shown with no electron splittingempty circle$ and with  note that, in SBSNBRSPL represents the maximum possible
electron splitting on with the splitting plane at=15.46 cm  splitting number, and that the actual bremsstrahlung splitting
and the Russian Roulette planeZat15.2 cm. Results with number is a calculated value falling somewhere between the
electron splitting on and the splitting plane A+ 15.66 cm  user-input minimum splitting numberMIN (given its sug-
(the very bottom of the flattening filteand the Russian Rou- gested value ofBRsSPU10 in all of these simulationsand
lette plane aZ=15.5 cm are indistinguishable from the re- NBRSPL The BEAMnrc Manudl suggests a value ofBRSPL
sults shown. We therefore assume that the trend in photoim the range 200-1000, which is certainly reasonable given
fluence efficiency vsiBRSPLIs independent of the placement that there is little variation in photon fluence efficiency over
of the splitting and Russian Roulette planes in DBS. this range.

From Fig. 2 it is clear that DBS, with or without electron  Figure 2 indicates the splitting number for maximum pho-
splitting, is a significant improvement over UBS and SBS.ton efficiency in DBS(with electron splitting is 1000. Ad-
The maximum improvement in photon fluence efficiency us-ditional results with the electron splitting plane &
ing DBS (with NBRSPL=2500, no electron splittings a fac- =15.66 cm and the Russian Roulette planeZatl5.5 cm
tor of 500, over 8 times the maximum efficiency using SBSindicate that this optimum value ofsRsPL does not change
(with NBRSPL=2500 and Russian Roulette )oand 20 times with the positions of the these planes. Positioning of the
that achieved using UB®with NBRSPL=750 and Russian splitting and Russian Roulette planes will be discussed in
Roulette on. For all splitting algorithms, the production of more detail below.
electrons(either by turning Russian Roulette off or by turn-  The electron fluence efficiencies as a function of brems-
ing electron splitting onresults in a decrease in photon flu- strahlung splitting number are shown in Fig. 3 relative to the
ence efficiency by a factor of 3 and a shift of the splitting total electron fluence efficiency with no splitting. To generate
number(NBRSPL) at which the photon efficiency peaks to- electrons with UBS and SBS, Russian Roulette was turned
ward lower values. off. As in the plot of photon fluence efficiency wgrsPL, the

Since users are generally interested in electrons at theplitting field sizefs, was set to 30 cm. In the case of DBS,
bottom of the accelerator, Fig. 2 suggests using a splittinglectron splitting was turned on and two sets of splitting
number of 100 for peak photon efficiency in UBS. The origi- plane and Russian Roulette plane positions were used to
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demonstrate that the behavior of total electron fluence effi- 160
ciency as a function afiBRsPL follows the same trend inde-
pendent of the setting of these two parameters. Note that
single points are shown for DB8\BRSPL=1000 with a
splitting plane(Z=15.66 cm but no Russian Roulette plane
and with a Russian Roulette plaid=14.9 cm but no split-

140
120 DBS
100

open symbols: electrons
closed symbols: photons

=3
(=3

relative total fluence efficiency

ting plane. 60
Figure 3 shows that using DBS can result in 8 times 40
greater electron fluence efficiency than SBS and 20 times 2 sBS
greater efficiency than UBS. In the case of UBS and SBS, &= " . ) ﬁ;
electron fluence efficiency shows little variation wBRSPL % 10 20 30 40 50

over the range of splitting numbers studied. This means that spliting leld parameter (FS or radius) fem

the splitting number for maximum ph(_)ton fluence efficiencygg. 4. Total photon(closed circlel and electron(open circles fluence
(100 in the case of UBS and 1000 in the case of BBS efficiency inside the 18 10 cn? field of the simulated Elekta SL25 6 MV
adequate for electron efficiency as well. Directional brems+hoton beam versus the size of the bremsstrahlung splitting[fisi@vidth
-of a square field for SBS and radius for DBJS Efficiencies shown are

Strahlung spllttmg, on the other hand, has a definite max'?elative to their counterparts with no splitting. SBS was run with Russian

mum in electron fluence efficiency occurring BBRSPL  Roylette off and DBS was run with electron splitting on, with the splitting
=1000. This is also the splitting number for maximum pho-plane atz=15.66 cm(the back of the flattening filtgrand the Russian

ton fluence efficiency when using DBS. The two DBS Roulette plane aZ=15.5 cm. The splitting numbgngrsey) for both SBS
. . L. - and DBS was 1000, which was shown to give maximum photon fluence
curves, each with dlfferer}Z posmons of the splitting and efficiency when electrons are generated.
Russian Roulette planes, indicate that the placement of these
planes has little effect on the behavior of electron fluence

efficiency as a function ofiBRsPL The point with no Rus-  maximizing photon fluence efficiency, the setting ©$
sian Roulette plane indicates that the Russian Roulette planezg cm used by Sheikh-Bagheri and Rogéfsiand used

is essential for good electron statistics with DBS, with theg|sewhere in this studyis certainly adequate, but the value
addition of the Russian Roulette plane increasing electropt s suggested by the BEAMnrc manudreatment field
fluence efficiency by a factor of almost 30 a&BRSPL  gjze+10 cm=20 ciis slightly low.

=1000. Co_nyersely, the point yvith no splitting plane illus- |y the case of DBS, Fig. 4 shows that photon fluence
trates that it is necessary to split fat charged particles. If theggficiency constantly decreases with increasing splitting field
reach the field then they can decrease the efficiency by gydius. This behavior is expected since increasing the split-
factor of ~80. ting field size increases the number of events that must be
split. Electron fluence efficiency, on the other hand, shows a
peak at splitting radius=10 cm. From the point of view of
maximizing photon fluence efficiency, it would seem that the

optimum splitting radius would be the smallest that com-

Another consideration when using SBS and DBS is selecp|ete|y encompasses the %0 cn? treatment field(e.g.,
tion of the splitting field size at the bottom of the accelerator.7 1 cm). However in this particular accelerator, significant
In SBS, the user is asked to input a field size paramesr,  contributions to dose are made by photons out to a radius of
which the BEAMnrc Users Mam?ai;gggests setting equal to 10 cm. Thus, we use a splitting radius of 10 cm for the rest
the longest side of the treatment field plus 10 cm. In DBSyf the study. This results in only a&6% drop in photon
the user inputs a field radius which must include, as a minifj ence efficiency compared to a splitting radius of 7.5 cm

mum, the entire treatment field. . and also maximizes electron fluence efficiency.
Figure 4 shows the relative efficiency when scoring total

photon and electron fluence within the @0 cn? field of ) » o )
the SL25 6 MV photon beam as a functionrsffor SBS and 3 Selécting position of splitting and Russian
splitting field radius for DBS. Since we were interested in fou/ette planes (DBS)
generating electrons, Russian Roulette was turned off in Further degrees of freedom are available in DBS for op-
SBS, and electron splitting was turned on in DB& of  timizing photon and electron fluence efficieneiz., the set-
splitting plane=15.66 cm,Z of Russian Roulette plane ting of the positions of the electron splitting and Russian
=15.5 cm). The bremsstrahlung splitting numb@iBRrRsPL)  Roulette planes. The function of these planes is described in
was set to 1000 for both SBS and DBS, since this was showdetail in Sec. Il H. The splitting plane should be set close to
to give maximum photon fluence efficiency when electronghe bottom of the flattening filter to maximize the number of
were generate(see Sec. IV B L electrons reaching the bottom of the accelerator while mini-
For SBS, Fig. 4 shows that photon fluence efficiencymizing the time spent transporting them in such structures as
peaks ars=40 cm, although there is little variation in effi- the primary collimator and the flattening filter itself. The
ciency beyondrs=30 cm. Electron fluence efficiency in- Russian Roulette plane, below which Russian Roulette is not
creases constantly over the rangersfvalues studied, but played on electrons resulting from interactions and low-
also shows little variation over a wide rangersf Based on  weight photons are allowed to interact, should be placed

2. Selecting splitting field size  (FS and splitting
radius )
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180

T packof cially noticeable in the case with the Russian Roulette plane
170 |z ot spitting plane= 149am 0 atZ=15.66 cm and the splitting plane At 15.6 cm. Ignor-
160 | 7 of spling planex 1366 em A 4 ing this extreme point, though, the overall change in electron
L fluence efficiency is=12% over the range of plane positions

studied.

Based on the above results, we selected a splitting plane
position of Z=15.66 cm(i.e., at the base of the flattening
filter) with the Russian Roulette plane At15.5 cm. This

140 |

130 |
open symbols: electrons
120 | closed symbols: photons I/

relative total fluence efficiency

o b d T ] results in near-maximum values of the photon and electron
100 ) ) ) ) ) fluence efficiencies while not sacrificing one efficiency for
130 135 140 145 150 155 160 the other(as done with splitting plané=15.66 cm and Rus-
Z of Russian Roulette plane /cm . e
sian Roulette planeZ=15.6 cm, or splitting planeZ
Fic. 5. Total photon(closed circles and electron(open circles fluence ~ =15.46 cm with Russian Roulette plade15.2 cm). How-

efficiency inside the 1810 cn¥ field of the simulated Elekta SL25 6 MV ever, exact placement of these planes is not critical as long as
photon beam versus the position of the Russian Roulette plane in DBS. they are near the back of the flattening filter, since the varia-

Photon and electron efficiencies shown are relative to photon and electron - . . .
efficiencies with no splitting. Curves are shown for three diffei2mosi- tion in both photon and electron fluence efficiencies with the

tions of the electron splitting plane: 14.9 cm, 15.46 cm, and 15.66Z2m. positions of the splitting and Russian Roulette planes tends
=14.9 cm andZ=15.46 cm correspond to layer boundaries in the modelledig pe relatively small.

B s s oy G o 06 et e, s important to note that the curves shown in Fig. 5 are
was 1000(shown to give maximum photon and electron fluence efficiency N0t general, and the behavior of photon and electron fluence
in DBS) and the splitting field radius was 10 cm. efficiencies with splitting and Russian Roulette plane posi-
tions will most likely depend upon the flattening filter model
and the beam energy.
above the splitting plane. Due to the way electron splitting is
coded, the splitting plane is restricted to being coinciden
with a geometrical plane in the BEAMnrc component mod-
ule in which it is located. Thus, in the flattening filter, this  Figure 6 shows the relative fluence efficiency for photons
plane must coincide with a layer boundary in the modelleda) and electrongb) as a function ofX at Y=0 at the SSD
flattening filter or with the planes defining the top or bottom (100 crm of the simulated SL25 6 MV photon beam. The
of the flattening filter. There is no such restriction on thesplitting parameters used were those determined based on
position of the Russian Roulette plane. results in Sec. IV B above.

Figure 5 shows the relative total photon and electron flu- Photon fluence efficiency profiles are constant within the
ence efficiency inside the 2010 cn? field of the simulated 10X 10 cn? beam field(i.e., from X=-5 to 5 cm) with the
SL25 6 MV photon beam as a function of the position of therelative efficiency approximately equal to the relative effi-
Russian Roulette plane. Curves are shown for splitting planeiency totalled over the entire beam field for the same split-
Z positions of 14.9 cm and 15.46 cm, both corresponding tding routine/parameterésee Sec. IV B abovye Beyond the
layer boundaries in the modelled flattening filter, and forbeam field the UBS efficiency profile remains constant at a
splitting planeZ=15.66 cm, corresponding to the bottom of factor of =7 times the efficiency with no splitting. This il-
the flattening filter. The Russian Roulette plane was alwayfustrates the main limitation of UBS, in which bremsstrah-
placed above the splitting plane. The splitting numberung splitting is equal in all directions. In the case of SBS,
(NBRSPL) was set to 100Qshown above to maximize photon selective bremsstrahlung splitting causes the photon fluence
and electron fluence efficiency in DB&nd the splitting field  efficiency to drop by a factor o2 beyond the edges of the
radius was 10 cm. field. Even so, the efficiency outside the field remains quite

The curves show that photon fluence efficiency increasekigh due to the fact that, withs=30 cm, the splitting field
as the splitting plane is brought closer to the Russian Rougoes well beyond the edges of the field, and to the fact that
lette plane and also as both planes are brought closer to tleven photons aimed beyond the edges of the splitting field
bottom of the flattening filte¢15.66 cm. Ignoring the outlier are split by the background splitting numb@min). The
at splitting planeZ=15.46 cm and Russian Roulette plane DBS efficiency profile, on the other hand, falls off to very
Z=14.6 cm, the overall variation in photon fluence efficiencylow values(=0.3 times the efficiency with no splittinde-
is =16% over the range of splitting and Russian Rouletteyond the edge of the splitting field =10 cm) since no split-
plane positions studied. Note that, again not considering théng is done there. The large variations in the DBS efficiency
outlying point, the photon efficiency for a given Russian profile between the edge of the field and the edge of the
Roulette plane position does not change appreciably witlsplitting field are due to the fact that the fluence with no
splitting plane position. splitting, used to normalize these profiles, has large uncer-

Electron fluence efficiency shows a similar trend to pho-tainties in this region.
ton fluence efficiency with the exception that there is a drop In contrast to the photon fluence efficiency, electron flu-
off in efficiency once the splitting plane is very close to ence efficiency profilegFig. 6b)] are almost constant over
(within 0.06 cm of the Russian Roulette plane. This is espe-the entire range aoX values for all splitting routines, with the

tC. Fluence efficiency profiles
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Fic. 6. Fluence efficiency for photor{s) and electrongb) vs X at Y=0 at Fic. 7. Efficiency of central-axis dose as a function of depth in phantom for
the SSD(100 cm of the simulated Elekta SL25 6 MV photon bediD the simulated 6 MV SL25 photon bea¢h0x 10 cn? field). Dose scoring

X 10 cnt field). Photon fluence was scored irxIL cn? zones, and electron  volumes had radii 1 cm and thicknesses in the range 0.5—2 cm. Efficiencies
fluence was scored in>24 cn? zones. Efficiencies are relative to their have been normalized by the efficiency with no splittigg. shows total
counterparts with no splitting. UBS was run with Russian Roulette off anddose efficiency an¢b) shows efficiency of dose contributions from photons
NBRSPL=250. SBS was run with Russian Roulette ofrspL=1000 and  and charged particleghick line separately. Normalized depth-dose pro-
Fs=30 cm. DBS was run witlnerspL=1000, splitting field radius=10 cm, files are also shown for all cases. Splitting parameters are the same as in
and electron splitting on with splitting plar#&=15.66 cm and Russian Rou-  Fig. 6.

lette planeZz=15.5 cm. The photon and electron fluence profiles are also

shown.

relative electron efficiency approximately equal to the rela-
tive electron efficiency totalled over the beam field in Sec.
IV B for the same splitting routine/parameters.

In separate calculations we have shown that these photons
only contribute about 0.1% of the dose maximum to the dose
in the phantom. At the same time they lead to large fluctua-
D. Dose efficiency tions in the efficiency of the dose calculation since a few
) . o . photons carry so much weight. It is clear that the size of the
Central-axis relative efficiencies for calculating dose as &qntripution from excluded fat photons must be determined
function of depth in phantom for the simulated 6 MV beamy, gach situation, to ensure they are not of importance. It may
usmgﬂthe spllttl?fg parameters ﬁpt|m'29d;9f p?ot'c:)p and slecbe necessary to increase the splitting field radius to ensure
trr?n uter:clede |C|e?f§:y are s OV:;nF!nb;gh ' tlr?ur@f?' that their contribution to dose can be safely ignored and,
shows tofal dose €etliciencies an igb)7shows the effi- thus, the efficiency of the dose calculation increased.
ciencies of the dose contributions of photons and electrons . .
. ) -~ In the case of total dose efficiency, Figayshows that,
separately. Normalized depth-dose profiles are also shown |1n . . ) . - .
or all splitting routines, the improvement in efficiency is

Fig. 7. : )
9 essentially constant over all depths in the phantom. DBS

An inherent feature of the DBS technique is the occur- X . ) . .
rence of fat photons outside the splitting field radius. we'€Sulted in the largest efficiency gain, with an improvement

have found that these fat photons can introduce a very largy @ factor of 6 over SBS and an improvement by a factor of
uncertainty in the dose in a phantom, despite the fact thag3 over UBS. The photon dose efficiencies shown in Fig.
these photons contribute a very small fraction of the dose irf(b) are almost indistinguishable from the total dose efficien-
the beam. We have therefore added an option to our codédes, since the total dose is almost entirely comprised of pho-
for scoring dose in a phantorti.e., DOSXYZnrc and the tons. There is some contribution from electrons at the sur-
CHAMBER CM in BEAMnrc) which allows us to ignore the face, however, and over the range of depths in which
dose from these fat photons. In the case of DBS in Fig. 7¢lectron dose is significantly greater than z€de-2.5 cm),

contributions from fat photons that enter the phantom fronthe electron dose efficiency gain for a given splitting routine
outside the splitting field radiud0 cm have been excluded. is similar to the photon dose efficiency gain. There are larger
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190 T — T T TaBLE |I. CPU times required by simulated 6 MV photon beam from an
es | central axis a ) Elekta SL25 acceleratorl0x 10 cn? field) using DBS with all possible
5 NBRSPL=7500  ,/ combinations of the time-saving subroutir@ssmart bremsanddo_smart comp-
g 180 ¢ y TTTT A ton. CPU times are relative to CPU time using bathsmart bremsanddo_s-
% ‘ mart_compton The top table shows results with electron splitting off, and the
§ bottom table shows results with electron splitting on.
°©
% do_smart_brems
£ ON OFF
K do_smart_compton ON 10 53
_Smar_comp OFF 3.3 7.6
150 . . . . . No electron splitting
] 5 10 15 20 25 30
depth in phantom /ecm do_smart_brems
200 . . . . . ON OFF
closed circles: dose at d,,,, (1.75 cm) b d ; ; ON 1.0 2.43
{ ircles: .2 0_smart_compton
& open circles dose near surtace (0.25 cm) B [ P OFE 177 3.2
7 150 PR Electron splitting withZ of splitting plane=15.66 cniback of the
g ' flattening filte) andZ of Russian Roulette plane=15.5 cm
5
2 100
3
e o5} sults in maximum or near-maximum efficiency at most radii
at dyax
0 N e 2
0 5 10 15 20 25 E. Performance of do_smart_brems and do_smart_compton

radius /em
N ' ' As mentioned in Secs. Il A and Ill C above, DBS makes

Fic. 8. Total dose efficiency vs depth) and vs radiugb) in phantom for use of the subroutines smart bremsand do_smart comptonto

the simulated 6 MV SL25 photon beam using DBS with different values of liminate th df - _I' d th_ I_ . R .

NBRSPL as indicated. Efficiencies have all been normalized to efficienciesc!Minate . e ne.e or samp |ng' an . en p aY'”g ussian

with no splitting. In(b) the NersPL=5000 resultgdotted—dashed lipehave ~ Roulette with split photons not aimed into the field by only

been dropped to avoid confusion. Also(l), efficiency vs radius results are generating those photons that will be aimed into the field. In

shown atd,,, (1.75 cm—closed circlgsand near the surface of the phantom order to determine how much CPU time these subroutines

(0.25 cm depth—open circlgsOther DBS parameters were the same as in .

Figs. 6 and 7. actually save, we have simulated the 6 MV SL25 photon
beam using DBS$parameters optimized as described above
with all possible combinations @b _smart bremsanddo_smart-

_comptonturned on and off.

variations in electron dose efficienggspecially visible in Results from this timing study are shown in Table I. The
the case of DBgsince the uncertainties in electron dose aretop table shows the results with electron splitting off and the
relatively high. bottom table shows results with electron splitting on. Note

To confirm that optimizing parameters for fluence effi- that in each table, the CPU times have been normalized to
ciency resulted in the maximum dose efficiency we also exthe time with bothdo_smart compton and do_smart brems on
amined dose efficiency in the phantom while varying severali.e., the default cage
of the splitting parameters in DBS. Of these parameters, only When electron splitting is offupper Table ), it is clear
the splitting numberNBrsPL, had an effect on dose effi- that both of the smart subroutines contribute significantly to
ciency. the high efficiency of DBS, withdo smart brems playing a

Figure 8 shows relative total dose efficiency in the phanslightly larger role thardo smart compton This simply indi-
tom when using DBS with several different valuesv\eRspL  cates that when the smart routines are not used, more time is
in the simulated 6 MV SL25 photon beam. Figuréa)3 spent simulating bremsstrahlung events than simulating
shows the central axis dose efficiency, and Figp) 8hows Compton events. It is interesting to note that the increase by
dose efficiency as a function of radius in the phantord, g  a factor of 7.6 in CPU time with both subroutines off is equal
(1.75 cm depth—closed circlgand near the surface of the to the difference in photon fluence efficiency between SBS
phantom(0.25 cm depth—open circlgsNormalized dose (with Russian Roulette on andBrsPL=1000 and DBS
profiles at the two depths are also shown in Figh)&or  (with electron splitting off ana\BRsPL=1000 shown in Fig.
reference. This figure emphasizes that the efficiency im2.
provement depends strongly on exactly what quantity is of When electron splitting is odower Table ), the contri-
interest. Although our setting ofiBRSPL=1000 does not butions of bothdo smart bremsanddo_smart comptonto the ef-
maximize dose efficiency on the central axis, it does maxificiency of DBS decrease. This is due to the fact that a much
mize efficiency at all other radii near the surfa@ehich is  larger portion of the time in this simulation is spent tracking
consistent with the fact thatBrspL=1000 resulted in maxi- electrons independent of the usedofsmart bremsor do_smart-
mum total fluence efficiency in the beam figlahd also re- _compton Interestingly, the contribution ofio_smart compton
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relative todo_smart bremsis approximately the same as when
electron splitting is turned off, yet electron splitting pre-
cludes the use afo_smart comptonbelow the Russian Roulette
plane even whemo_smart comptonis on. This indicates that
the CPU time required for split Compton events below the
Russian Roulette plane is completely overshadowed by the
CPU time required for electron transport. Note that the factor 0
of 3.2 increase in CPU time when badb smart comptonand

do_smart brems are off is only a fraction of the factor of 8

difference in photon fluence efficiency between D@&$c-  Fic. 10. Dose efficiency vs depth in phantom for a simulated 18 MV photon
tron splitting on,NBRSPL=1000) and SBS(Russian Roulette beam frqm a Siemens KD2 accelera;thf)x 10 cn? field). (a)' sh.ows total
off, NBRSPL= 1000 shown in Fig. 2, underscoring the fact dose efficiency an¢b) shows the efficiencies of the phot¢hin lines and

. : o charged particl¢thick lines components. Separately normalized depth-dose
that these subroutines play less of a role in the efficiency Ofurves are shown for reference. For UB&RspL=250. For SBSNBRSPL

DBS when electrons are generated. =1000 andrs=30 cm. DBS usediBrspL, splitting radius=10 cm, electron
splitting planeZz=9.795 cm(the back of the flattening filtgrand Russian
Roulette planez=9 cm. For DBS, total dose efficiency shown (i@ ex-
V. PERFORMANCE OF DBS AT HIGH ENERGY cludes fat photons.

To test the performance of DBS at a higher photon energy,
we simulated an 18 MV photon beaf0x 10 cn¥) field
from a Siemens KD2 accelerator and examined central-axisf the flattening filter in the KD2. The flattening filter of the
dose in a phantom at the SIMDO0 c). Geometrical param- KD2 has a hollowed out portion near the bottésee Fig. 9.
eters were identical to those used by Sheikh-Bagheri antWhen the Russian Roulette plane was placed slightly above
Rogers in their study of photon beah® In addition to the  this portion(atZ=8.7 cn), the efficiency gain obtained using
various bremsstrahlung splitting routingparameters dis- DBS was approximately equal for both the photon and
cussed in more detail belgwcharged particle range rejec- charged particle components of the dose. However, when the
tion was used, witlESAVE=5 MeV, in all simulations. Z position of the Russian Roulette plane was increased to

In the case of UBS and SBS, the splitting parameter® cm (now cutting through the hollowed out portion of the
(NBRSPL and, for SBS, the splitting field size&s) found to  flattening filtey, the efficiency of the photon portion of the
optimize fluence or dose efficiency in the simulated SL25dose increased by 45%, while the efficiency of the charged
6 MV photon beam above were also found to optimize dosearticle portion decreased by up to 40%. Since the photon
efficiencies in the KD2 18 MV simulation. Thus, for UBS portion of the dose dominates the total dose at every depth,
NBRSPLWas set to 250, and for SB#RsPLwas set to 1000 with the charged particle portion only making significant
andrswas set to 30 cm. In the case of DBS, the positions oftontributions in the first 5 cm of depth, we opted for the
the electron splitting and Russian Roulette planes had to blewer (Z=9 cm) placement of the Russian Roulette plane. In
changed to reflect the geometry and position of the flatteningddition, the bremsstrahlung splitting number of 1000 found
filter in the KD2 18 MV accelerator. As in the SL25 accel- to optimize dose efficiency at 6 MV in the SL25 accelerator
erator, the highest efficiencies were obtained with the splitdid not optimize central-axis dose efficiency in the KD2. By
ting plane placed right on the bottom surface of the flatteninglecreasinguBrspL to 750, we were able to obtain a 14%
filter (Z=9.8 cm. However, some trade-offs were involved increase in efficiency over that obtained withBRSPL
in placement of the Russian Roulette plane due to the shapel000.

~ Photon depth-dose

w0
(=

relative dose efficiency
s
o

0 10 20 30 40
depth in phantom /cm
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Figure 10 shows the dose efficiencies on the central axiabove. Other than the jaws and their settings, the simulation
of the phantom(voxel radius=1 cm, voxel thickness=1 cm geometry and other parameters were identical to those used
or 2 cm) placed at SSD=100 cm in the 18 MV KD2 photon with the 10x 10 cn¥ field.
beam using the splitting parameters discussed above. The The splitting parameters used for all splitting routines
total dose efficiency shown in Fig. @) is broken down into  were those found to optimize performance in the 6 MV SL25
the efficiencies of the photon and charged particle compoaccelerator with a 18 10 cn? field (see Sec. IV B above
nents in Fig. 1(). The corresponding depth-dose curves areyith the exception of the splitting field sizes, in SBS and
also shown for reference. All efficiencies are relative to effi-the splitting field radius in DBS. For SB$s was set to
F:iency with no spllttlng Efficiencies for the DBS case do notgo cm. This Setting is based on the performance of SBS as a
include any fat photons. . N ~ function of Fs in the 10x 10 cn? beam(see Sec. IV B 2

Figure 1Qa) shows that DBS increased the efficiency in apovg, where little improvement in photon fluence effi-
dose calculations on the central axis by a factor of 3.6 OVeEiency was observed for values e6>field size+20 cm.
SBS and by a factor of 13 over UBS. Although still offering The splitting radius used in DBS was 30 cm. This radius
substantial improvement over the other splitting routines, eftompletely encloses the 4040 cn? field, allowing for 2 cm
ficiency with DBS relative to no splitting dropped by a factor peyond the corners of the field. Note that with such a large
2.5 from its performance in the 6 MV SL25 beam. By com- gpjitiing radius, the difference in efficiency with a small
parison, relative efficiency with SBS is a factor of 1.5 |0W€rchange in the splitting radiug.g., reducing it by 2 cm so
than in the 6 MV case, and UBS drops by a factor of onlyy, ¢ it exactly encloses the figlis expected to be negligible.
1.3. One reason for the relative decrease in efficiency of SBS £, ihe purposes of scoring fluence, the phase-space sur-
and DBS is that at higher energies the angular distribution Oface at SSD=100 cm was divided ir'1to 65681 % 81)1
bremsstrahlung and Compton scattered photons becomes) ..y scqoring zones. As with the study of photon fluence
more forward peaked. In the case of SBS, this means that thgg iency in the 10« 10 cn? beam, efficiency of all splitting
splitting number will be very high for photons directed into algorithms is expected to increase as the area of the scoring
the splitting field. For DBS, the implication is that fewer zones is decrease@ee Sec. IV A above Unlike the 10
phgtc_)ns can be eliminated as being aimed away from th§< 10 cnt field case, the X 1 cn? scoring zones were used
splitting field. for both photon and electron fluence efficiency profiles.

overall fficionty of the BEAMAIC caleulation aith no splt. . 10UTe 11 SOWS the photaa) and electrort) fluence
y b efficiency profiles (efficiency vs X at Y=0) at SSD

ting increases by a factor of about 2.7 going from 6 MV to:lOO cm in the 4X 40 cn? beam. Efficiencies are relative

18 MV. This is because of the more forward peaked photon - : .
. . - efficiency with no splitting. Photon and electron fluence
at the higher energy. This means that the overall efficiency of~ . . )
rofiles are also shown for reference. The fluctuations in

the DBS algorithm does not change much between the 6 mprom . . o
and 18 MV cases because it has been optimized for th elative electron fluence efficiency with DBS visible in Fig.

forward-going photons 1(b) are due mainly to fluctuations in efficiency with no
In addition, the total dose efficiency with both SBS andSplitting (i.e., the normalizing quantijyultimately caused by

DBS drops off near the surface of the phantom. Figur@)L0 the s.maII scoring ZOnes. )
shows that this drop-off is due to the lower efficiency in the !t iS clear from the figures that, in the broad beam, DBS

charged particle contribution to the dose relative to the effiStill Offers a substantial improvement in efficiency over the

ciency of the photon component of the dose in the case Ocpther splitting routines. In the case pf photon fluence within
DBS and SBS(charged particles account for 12.5% of the the field (-20 cm=X<20 cm, DBS is between 5.%at the
total dose near the surface of the phantohe reason for Ccenter of the fielgand 7 (at the edges of the fieldimes

the lower charged particle dose efficiency in the case of DBSNO® efficient than SBS and 812 times more efficient than

(a factor of up to 3 lower than the efficiency of the photonUBS. Between the edges of the field and the edge of the
componenthas been discussed above, in which we opted fosPlitting field (20 cm=[X|<30 cm, the relative photon ef-

a placement of the Russian Roulette plane that would optificiency with DBS increases, resulting in the “*horns” in Fig.

mize the photon dose efficiency at the expense of somél(@). This increase is due to the high uncertaitityw effi-
charged patrticle efficiency. ciency) in the photon fluence with no splitting in this region.

In the case of electron fluence, the efficiency using DBS is

~8 times greater than with SBS anre¢l4 times greater than
VI. PERFORMANCE OF DBS IN A BROAD BEAM with UBS in the field.

We also tested the performance of DBS in the simulated The efficiency of DBS in the broad beam is significantly

6 MV SL25 photon beam by examining fluence efficiency atlower than in the 1610 cn? beam(Fig. 6), with photon
the SSD (100 cm) with the jaws widened to give a 40 fluence efficiency inside the field dropping by a factor of
X 40 cn? field. The jaws simulated in this case were the=1.7 and electron fluence efficiency inside the field dropping
“standard” jaws(10 cm thick, comprising 5 cm of tungsten by a similar amount. In comparison, photon fluence effi-
and 5 cm of leaglinstead of the jaws for use with a multileaf ciency inside the field using SBS drops by a factor of only
collimator that were used to determine performance of DBSL.1 (at the center of the fiejdo 1.5(at the edges of the field
with a 10X 10 cn? field in this accelerato(see Sec. IV in the broad beam, with electron fluence efficiency dropping
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ifg F 2l and electron fluence and dose efficiency over the previously
Z 100 b DBS ] available bremsstrahlung splitting routines in BEAMnrc, uni-
:é o0 b ] form bremsstrahlung splittingUBS) and selective brems-
§ 80 | strahlung splitting(SBS. In a “realistic” simulation of a
§ N / : 6 MV photon beam from an Elekta SL25 acceleraif
g gg ) ] % 10 cnt field) in which photons and electrons were gener-
2 sl ,,\ ] ated (generation of electrons entailed turning Russian Rou-
2 a0} ! “phaton fluence profile : lette off in UBS and SBS and using electron splitting in
® 20 ] “ ] DBS), the photon fluence efficiency inside the field when
12 . ; using DBS was a factor of 8 higher than when using SBS.
=40 -30 -20 -10 Electron fluence efficiency in the field was a factor of almost
150 9 higher with DBS than with SBS. Efficiency of central-axis
1;3 : Mw‘/“""’“‘«*.‘ ) b 1 depth-dose in a phantom placed at the S@D0 cnm) was

over 6 times higher with DBS than with SBS.

Obtaining the optimum efficiency gain with DBS required
us to optimize settings of the bremsstrahlung splitting num-
ber,NBRSPL, the splitting field radius, and the positions of the

relative electron fluence efficiency

gg b ,;’“\e—ﬂuenceproﬁle \"\ 1 electron splitting plane and Russian Roulette plane. For the

S N 6 MV photon beam, we found thaBrspL=1000 optimized

jod / uBS N the photon and electron fluence efficiency in the field. Since

10 5’»"/'\»\~~~,~§E‘-S—»~~--—1~Am;1«,\;;§ photon fluence efficiency decreased with increasing splitting

T Y T T S T S field radius, it was important to choose the smallest radius
X /om that completely enclosed the field with some overlap to en-

Fic. 11. Photorn(a) and electronb) fluence efficiency v (at Y=0) at the sure that the contr_lbutlon to central-axis dos_e from fat pho-
SSD (100 cm for a simulated 6 MV SL25 photon beam with jaws ex- tons(photons coming back to the central axis from beyond
panded to give a 48 40 cn field. Efficiencies are relative to the efficiency the edge of the splitting fiejJdvas negligible. We found that
with no splitting. The arbitrarily normalized photon and electron quencea splitting field radius of 10 cm was sufficient to meet these
profiles atY=0 are also shown for comparison. For UBBRspLwas set to . . . L.
250. For SBSNBRsSPL=1000 and the splitting field sizess, was set to requwement_s..Another C0n5_|derat|0n was the positions OT the
60 cm. For DBSNBRrsPL=1000, splitting field radius was 30 crid,of the ~ electron splitting and Russian Roulette planes. For a fixed
electron splitti'ng plane was 15.66 dine back of the flattening filtgrand splitting plane location, the efficiency could be varied by up
Z of the Russian Roulette plane was 15.5 cm. to 10% by moving the Russian Roulette plaReissian Rou-
lette plane always above the splitting planwith a trend
r[ﬁgwards higher efficiencies as both the splitting plane and
compared to the 18 10 cn? beam is insignificant. ussian Roulette plane were brought closer to the bottom of

The directional splitting routine€SBS and DB$are less the flattenllng f|Iter.- L .
efficient in the broad beam simply because of the required '_I'he optimal setpngs fORBRSPL, Sp"“‘”g,f""—"d r§d|us and
increase in splitting field size. In the case of DBS, this results':‘pllttlng gnd Russian Roulette plgne p_osmons will depend on
in both fewer photons being eliminated by Russian Roulettéhe detglls of th_e accelerator_ being s_lmulat_ed. For example,
and more photons being generated by dh@mart bremsand the optimal setting oNBRsiDL in our simulations of an 18
do_smart comptonsubroutines. In the case of SBS, this resultsMY Photon beam from a Siemens KD2 accelerator was 750.
in a higher splitting number over a greater range of incidenf\Iso, the hollowed out portlor_1 of_the flattepmg filter in this
electron directions/energies. The reason that the overall efficcelerator was a consideration in the optimal placement of
ciency drop in the broad beam is relatively greater for pesthe Russian Roulette plane in reIaugn to the electron spl|tt|_ng
than for SBS may be due to the increased number of spliflane. However, we can generalize and say that setting
Compton interactions in DBESBS does not split these in- NBRSPL= 1000 will result in near-optimum performance,
teractions. In the case of UBS, the change in field size doeswith adjustments around this number possibly increasing ef-
not change the number of split photons that must be trackediciency by 15%. It is also a general rule that the electron
resulting in no significant efficiency change. splitting plane should be placed at the back of the flattening

Itis interesting to note that for a given Sp|itting routine in filter with the Russian Roulette plane in a solid pOI’tiOﬂ of the
both broad beam and 2010 cn? cases, the relative electron flattening filter somewhere above the splitting plane.
fluence efficiency is of the same order as the relative photon The fluence or dose efficiency improvement of DBS is
fluence efficiency which is useful since electron contaminaalso dependent on the particular accelerator being simulated,

by a factor of only=1.2. In the case of UBS, the drop in
photon and electron fluence efficiency in the broad beal

tion plays a more important role in the broad beams. with relative efficiency improvements tending to decrease at
higher photon energies. This is because the inherent effi-
VII. CONCLUSIONS ciency of these simulations is higher since bremsstrahlung

We have demonstrated that directional bremsstrahlunghotons at higher energies are more forward-directed, so
splitting (DBS) offers a significant improvement in photon fewer are subject to Russian Roulette by the DBS splitting
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routine. In this study, we have shown that the improvement 4
in central-axis dose efficiency that DBS has over SBS drops

from a factor of 6 in the 6 MV SL25 accelerator to a factor X
of 3.6 in the 18 MV KD2 accelerator.

The relative efficiency of DBS also decreases with in-
creasing field size. When the field size of the 6 MV SL25
photon beam was increased t0>4@0 cn¥ (broad beary the
photon and electron fluence efficiencies in the field with
DBS decreased by a factor ef1.7 from their values in the
10X 10 cn? beam. This compared to a drop in SBS effi-
ciency by a factor of 1.Xcenter of field to 1.5 (edges of
field) for photon fluence and by a factor of1.2 for electron
fluence. Both SBS and DBS efficiencies were expected to
drop due to the greater number of split photons that must be
tracked in the broad beam, but the relatively greater effi-
ciency decrease in DBS efficiency may be due to the greater %
number of split Compton events in the broad beam. Even so,

DBS is still significantly more efficient than SBS in the

broad beam, with photon fluence efficien@yside the fieldl

between 5.5 and 7 times greater than with SBY2 times

greater than with UB§ and electron fluence efficiency8 . 12. The geometry used to derive the equations in Appendix A and B.
times greater than with SBG=12 times greater than with Note that/i,a=co 6., etc.

UBS).

Overall, the efficiency improvement of DBS is substantial
and it will save large amounts of CPU time in the simulationsampled provided that their angles are sampled so that they

bl

QI'IBX

=Y

Co1

Z

of photon beams. are directed towards the COIl. W< 1, a substantial saving
of CPU time may be achieved.
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APPENDIX A: DO_SMART_BREMS ALGORITHM With the definitions
Consider an electrorfor positron at positionx=(x,y,2) r= \)@Tyz

travelling along the directioni=(u,v,w) that is about to
undergo a bremsstrahlung event. The process is in a coordi-
nate system where the beam axis is alongzla&is and the
upper plane of the photon target is z£0. The circle of = 3
interest(COl, also denoted as field of interest in the main tmax= VA" + (R+1)%,
text) is in a plane perpendicular to threaxis and located at

min = {

a, = (% — %) £ RV1 - w2,
(A3)

Va2 +(R-1)?, r<R,
d, r>R,

Xo=(0,0,d) (d is typically 100 cm and has a radius dR
(see Fig. 12 We assume that the angular distribution

p(w, @) of bremsstrahlung photons is described by the lead- . . . . o
ing term of Eq. 2BS from the article by Koch and Mdt: and simple geometrical considerations it is easy to see that
' " the minimum and maximum polar scattering angjes,, and

1-82 1 (A1) HMmax that may result in a direction towards the COI are
47 (1-Bw)? given by

P, @) =

Here, u is the cosine of the polar scattering andglee., = Min(1,.) _ adtmin, =0,

cog6)], ¢ is the azimuthal angle anélis the electron veloc- Hmax el M a/tpae @, <0,

ity in units of the speed of light. The probability given in Eq. (Ad)
(A1) is normalized over all angles to unity. The goal is to altpe =0,
calculate the probability that this electron will emit a Mmin=Max(=L,u), p-= alt a<0
bremsstrahlung photon that is pointed towards the circle of min: '
interest. If\W is known and one wants to perform bremsstrah-The possible range of azimuthal scattering angles depends on
lung splitting with a splitting number oN, keeping only X, X, andu in a complicated way. In addition, if the fact is
photons going towards the COIl, orly N photons need to be taken into account that not all azimuthal angles will lead to a
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direction towards the COlI, the integration in E42) cannot  sponding minimum and maximum scattered photon energies,
be performed analytically. However, we can provide an upk/,, and k/,, are given by Eq.B1) with u=pumn, or u

per limit of the probabilityW, denoted bywW’, by using all  =u,.. respectively. The upper bound of the probabilty
azimuthal angles. The correct number of photons towards thior having the scattered photon moving towards the G,
COIl will result by simulatingW’N bremsstrahlung events (see Appendix A for discussion of why we must ugé

and then rejecting photons not going towards the COIl. Wenstead ofW), is

have

i’ ey /dk’ |
W= ij‘ﬂmaxdﬂ ou) = (1 _ﬂz)(l’«max_ Hmin) (A5) W = I Kmin - -= HH]_(/kT_m’kZm(an ,
2(1 = Bitmaxd (1 = Bitmin) fk/(“mdk doren/dlk (A1+29.1

Mmin

(B2)

With e and s, defined via Eqs(A3) and (Ad) where dryy/dk’ is the Klein—Nishina cross section and

; L %
The algorithm of thedo_smart bremssubroutine is then as (X, %) = In—z(kz— 2%-2)
follows. X1

(1) Calculatewmin, #max @nd the estimated probability/’. k 1+2k kK

(2) Determine the number of photon anglel], to be * (XZ_Xl)(E e T §(X1+X2)>' (B3)
sampled. If we denote bjy] the integer part ofx and
by na random number uniform'y distributed between The algorithm of thejo_smart_compt subroutine is then as
zero and unity, thet’ =[W'N]+1, if p<W'N-[W'N],  follows:

N':[W,N;L otherwise. (1) Calculateumin, #max @nd the probabilityV'.
(3) SampleN’ polar angles.; betweenmiy and may from  (2) petermine the numbeX’ of Compton interactions to be

theT probability distributionp(x) and .azimu.thal angles sampled. If we denote bj] the integer part ofr and

uniformly between 0 and 2 Sampling; is accom- by » a random number uniformly distributed between

plished using zero and unity, thetN’ =[W'N]+1, if 7<W'N-[W’'N],

(1 - + - N’=[W'N], otherwise.

Mi= MTE IBMBMTT;” (Zlfﬂmixﬂ /_Lr;m), (A6)  (3) SampleN’ scattered photon energies betwdép, and
max rmeax: Frmin kimax from the Klein—Nishina cross section. The algo-

where 7; is a random number uniformly distributed be- rithm is very similar to the one used to sample the full

tween zero and unity. distribution(see, e.g., the EGSnrc Manlbalexcept that

(4) Reject all photons that do not go towards the COI. This  the constants; anda, have to be calculated usirig,;,
will lead to a smaller number of photoi¥, all of them andk,,, instead ofk/(1+2k) andk as the integration
having a weight of 1. limits.

(5) Sample a polar angle from(u) between —1 and 1. If (4) Calculate the corresponding scattering angles and pho-
this angle is not between,;, and wma keep this pho- ton directions and reject all photons not moving towards
ton with a weight of 1 and increas¢’ by one. the COI. Also reject all electrons.

(6) Sample N” photon energies from the bremsstrahlung(5) Sample one Compton interaction without restrictions.
cross section differential in energy.Nf'=0, sample one Keep the resulting electron with a weight of 1. Keep the
photon energy. scattered photon only if its energy is not betwdép,

(7) Decrease the electron energy by the energy of the last andk;,, and give it the weight of 1.
sampled photon energy.

APPENDIX B: DOo_SMART_coMPT ALGORITHM
- - dpresent address: Physics Department, Carleton University, Ottawa K1S

Consider a photon with enerdy positionx and direction b)SBG, Canada.
U that is about to undergo a Compton scattering event mod-, Electronic mail: bwalters@irs.phy.nrc.ca _
elled using the Klein—Nishina cross sectidnwithin the D. W. ©. Rogers, B. A. Faddegon, G. X. Ding, C.-M. Ma, J. Wei, and T.
. . g . i ; R. Mackie, “BEAM: A Monte Carlo code to simulate radiotherapy treat-
Klein—Nishina approximation each polar scattering angle ment units,” Med. Phys22, 503-524(1995.
=cog#) uniquely corresponds to a scattered photon energyzD. W. O. Rogers, C.-M. Ma, G. X. Ding, B. Walters, D. Sheikh-Bagheri,

K’ and G. G. Zhang, BEAMnrc Users Manual, NRC Report PIRS
! 509a)revF (2001).
Kk 3D. W. O. Rogers, Publications using or about BEAM or the OMEGA
/= m, (B]_) project, http://www.irs.inms.nrc.ca/inms/irs/BEAM/bibliog/
+ iy omega_pubs.html

. o . ) “D.W. O. Rogers, C.-M. Ma, G. X. Ding, B. Walters, D. Sheikh-Bagheri,
where for the simplicity of the notation all energies are ex- and G. G. Zhang, BEAM98 Users Manual, NRC Report PIRS&08vC
pressed in terms of the electron rest energy. As discussed in(1998. . _
Appendix A, the minimum and maximum angl%m and D She|kh-Bagher|,. Mo'ntt'a Cgrlo study of photon beams onm medlca_l

. : linear accelerators; optimization, benchmark and spectra,” PhD thesis,
Mmax that may result in a scattered photon going towards the carjeton University, Ottawa, 1999.

circle of interest(COI) are given by Eq(A4). The corre- 8. Kawrakow, “Accurate condensed history Monte Carlo simulation of

Medical Physics, Vol. 31, No. 10, October 2004



2898 Kawrakow, Rogers, and Walters: Directional bremsstrahlung splitting 2898

electron transport. I. EGSnrc, the new EGS4 version,” Med. PRys. age photon beam spectra using the BEAM Monte Carlo code,” Med.
485 498(2000. Phys. 29, 391-402(2002.
I. Kawrakow and D. W. O. Rogers, The EGSnrc Code System: Monte 118 R_ B. Walters, I. Kawrakow, and D. W. O. Rogers, “History by history

Carlo simulation of electron and photon transport, Technical Report gavistical estimators in the BEAM code system,” Med. Phg@, 2745—
PIRS-701, National Research Council of Canada, Ottawa, Canada, 2000. "2752(2002 '

8 ) )
I. Lux and L. Koblinger,Monte Carlo Particle Transport Methods: Neu- ;5 . .
tron and Photon CalculationéCRC Press, New York, 1991 H. W. Koch and J. W. Motz, “Bremsstrahlung cross-section formulas and

°D. Sheikh-Bagheri and D. W. O. Rogers, “Sensitivity of megavoltage related data,” Rev. Mod. Ifhyﬁl 920-955(1959.
photon beam Monte Carlo simulations to electron beam parameters, »%0. Klein and Y. Nishina, “Uber die Streuung von Strahlung durch freie
Med. Phys. 29, 379-390(2002. Elektronen nach der neuen relativistischen Quantendynamik von Dirac,”
1op, Sheikh-Bagheri and D. W. O. Rogers, “Calculation of nine megavolt- Z. Phys. 52, 853—-868(1929.

Medical Physics, Vol. 31, No. 10, October 2004



