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Abstract

We outline the techniques used within PEREGRINE, a 3D Monte Carlo code calculation system, to model the photon output
from medical accelerators. We discuss the methods used to reduce the phase-space data to a form that is accuratellyand efficient
sampled.

Introduction

PEREGRINE is a 3D Monte Carlo code calculation system
designed specifically for radiation therapy planning. Unlike
current dose calculation methods, which approximate dose
distributions in the patient based on water phantom measure-
ments, PEREGRINE determines the dose in the patient by
simulating the actual treatment, particle interaction by particle
interaction.

Accurate Monte Carlo dose calculations rely on a detailed
understanding of the radiation source. One of the operational
requirements for Monte Carlo treatment planning is that this
detailed understanding be expressed as a set of distributions
which may be rapidly and efficiently sampled, but which still
accurately represent the underlying phase-space used to derive
those distributions.

The nature of the problem is perhaps best understood in the
context of Figure 1. A monoenergetic beam of electrons
(~2 mm diameter) strikes a thin (~1 mm) target made of a
high-Z material such as tungsten. The resulting bremsstrahl-
ung photons are collimated by conical collimator (typically
tungsten).

The photon beam passes through a beam flattener (also
known as a flattening filter), which is usually made of Cu, Pb,
or steel. The beam flattener, being thicker in the center, attenu-
ates the central portion of the bremsstrahlung photon distribu-
tion. This results in a flat energy fluence distribution at the — (X, ¥, u,v,weight, E, q, Z,,5)
patient plane. Although the energy fluence distribution is uni-
form, the energy distribution itself is not uniform, since the
photons landing at different points on the patient plane will — — (x,y,u,v,weight, E, q, Z;55;)
have gone through differing thicknesses of the beam flattener.

In addition, non-negligible amounts of radiation will scatter Figure 1: A stylized picture of the head portion of a medical
from the collimator and the beam flattener and arrive at theaccelerator. Monoenergetic electrons with energies of 4, 6, 8, 10, 15, or
. . . . . 8 MeV are incident on a thin (~1 mm), high-Z target such as tungsten. The
patient plane. This radiation field needs to be characterized l:bremsstrahlung radiation so produced is collimated by a primary collimator,
several distributions of bremsstrahlung and scattered photoralso typically made from tungsten. The forward-peaked bremsstrahlung flu-

ence distribution is ‘flattened’ by a conical piece of metal, typically made
from copper. This filter, being thicker in the center, attenuates the center por-
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MCNP have physics ‘switches’ which allow the biasing of the
various physical processes that occur within the accelerator
head. In addition, the BEAM code comes with the capability
to record the ‘position of last interaction’ of a particle, as well
as the number of the cell in which a given particle was cre-
- ated. Only those portions of the treatment heads lying above
the jaws were simulated, since this portion of the accelerator
does not vary between treatments. Modeling of the movable
jaws and patient-specific portions of the accelerator will be
discussed elsewhere. A schematic of the modeling process is
shown in Figure 1. The bremsstrahlung photons are tracked
through the accelerator head. Photons arriving at the bottom of
i the head are tallied. Their positipny), their direction cosines
(u,v), as well as their particle type, energy, weight (to account
for the various physics-biasing schemes used), and position of
last interactionz,,, are written to the phase-space file.zZThe
coordinate for each particle, being merely the tally-plane posi-
tion, and the direction cosinveg known from

Figure 2. Backtracking the photons to their point of origin shows which por- — 2 2
i X W= 4Jl1-u -V

tions of the accelerator head contribute to the output fluence. . ) . 6
do not need to be written to the file. Approximatéby10

and may be further shaped by beam shaping hardware suchiasident electrons are used in the simulations. Given the vari-
movable jaws and other devices. All of these distributionsance reduction schemes used (e.g., forced collisions, particle
must be understood in order to develop a useful source modsplitting), the resulting phase-space files contain information
for input into PEREGRINE. In addition, the source modelfor several tens of millions of photons (of varying weights)
derived from this understanding must satisfy the operationahnd occupy ~1 GB of disk space each. To date we have simu-
needs of being easily and efficiently sampled within the overtated eight accelerators made by Varian, Inc. Work has started
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all problem. on accelerators made by Siemens, Inc.
In this paper we present methods currently used within PER-
EGRINE to satisfy these requirements. Analysis of Phase Space Files
Methods and Materials The first step in the analysis is to ‘backtrack’ the photons to

their place of creation. This is done using the equations

The simulations were performed using the Monte Carlo

codes BEAM96 [1] and MCNP4B [2]. Machine drawings and

materials data for the medical accelerators discussed in this Ys = Y+ (Zast— Zany) X V/ W
paper were supplied by Varian, Inc [3]. Both BEAM and
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A scatter plot of x, vsz,. for a stylized accelerator
head is shown in Figure 2. This step in the phase-space analy-
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Figure 4. The fluence at the patient plane comprises contributions feom th
target, the primary collimator, and the flattening filter. The target is the majo
source of the energy reaching the patient.

Figure 3. An expanded view of the region around the bremsstrahlung target
of the stylized accelerator head shown in Figure 2. The sharp edges of the inci-
dent electron distribution are clearly visible, as is the broader, less intense dis1. We have since added this capability to MCNP, along with a number of other
tribution of photons that scatter within the target. diagnostics which are not covered here.
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Figure 5. The photon energy distributions vary strongly with the piece of hard  Figure 6. The photon energy distributions shown in Figure 5 change wit
ware in which they are created. Photons from the target have energieg ranginincreasing distance from the central axis of the accelerator. The energy distribu
from the energy of the initial electrons down to low, but not quite zero, energy. tions at a radius of 20 cm are shown.

This is consistent with the flattening filter’'s removal of the lower energy photons.

The energy distribution from the primary collimator reflects both this fitterin . :

process (on the low energy side) and the fact that the photons are Compton chpqtons. Rather, the prlmgry (?Olllmator appears to be more of
tered through a non-negligibengle (thus affecting the high energy side)e Th @ ‘ring’ source. The flattening filter is also a source of photons.

photon distribution from the flattening filter reflects both the lack of low-gnerg Unlike the primary collimator, however, the flattening filter is
filtering as well as thgossibility for small angle scattering (and conseqyentl much more uniformly ‘filled’.

little energy loss).

) ) ) ) We next analyze the fluence distributions at the patient
Sis serves wo purposes — the first being practical, the secongl,ne This is shown in Figure 4 for an accelerator operating at
being conceptual. First, it is a useful check on the input dec MeV. We see that most of the energy comes directly from the

since the Iocgtlons of the photon creations should Correlatf'arget, with contributions at the several percent level from the
with the physical structure of the accelerator head. Second, ffattening filter and the primary collimator

gives us a feel for how each portion of the hardware contrib-

utes to the output of the machine. For the example shown iBnergy Distribution
Figures 2 and 3, we see that photons originating from the
target come from a well defined spot. Photons coming 1‘ron%h
the primary collimator are fewer in number, and they tend to
come from the upper edge of the collimator. Thus, the inneE
surface of the primary collimator is not a uniform source of

We show in Figure 5 the photon energy distributions from
e various components at the center of the patient plane. The
hoton energy distributions vary strongly with the piece of
ardware in which they are created. Photons from the target
have energies ranging from the energy of the initial incident
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Figure 7. Each subsource illuminates a different amount of the patient sur- Figure 8. The effective source distributions, looking upwards from the patient
face. This area is a function both of the source ‘size’ as well as its distance tiPlane towards the bremsstrahlung target. The photons coming from the target
the jaws. The ‘target’ source is most sharply defined. The other sources illumi-2Ppear to come from a 2 mm diameter disk; those photons coming from the pri-
nate larger areas of the patient. The dashed lines in the lower two panels denoMary collimator appear to come from a ring-like source (compare with
a suitable area for Monte Carlo sampling. Figure 2); and those photons coming from the fIattenlng filter appear to come

from a broad, almost Gaussian-like source. Note the different diameters of the
various sources.



electrons down to low, but not quite zero, energy. This is conSource Algorithm

sistent with the flattening filter’s removal of the lower energy ) .

photons. The energy distribution from the primary collimator W& now have enough information to develop a source algo-
reflects both this filtering process (on the low energy side) anfthm for use in PEREGRINE. The ‘source’ problem, as
the fact that the photons are Compton scattered through a nofiéScribed in the Introduction, was to be able to generate pho-
negligible angle (thus setting an upper bound on the higﬁons in-a manner that was both accurate and_ efficient. Lgt us
energy side). The photon distribution from the flattening filterc_ons'der the prob_lem for a treatmen_t conS|st|ng of _one f_|eld
reflects both the lack of low-energy filtering (since this is th size fqr one machine; the generalization to multiple field sizes
last piece of hardware transited by the photons) as well as tH& Straightforward.

possibility for small-angle scattering (and consequently little For a given field size, we know what proportion of the
energy loss) of the high energy photons coming from the tarenergy reaching the patient comes from each subsource
get. (Figures 4 and 7).

The energy distributions shown in Figure 5 change as we Step 1: Decide which subsource will be sampled.
move to larger distances from the central axis of the beam. step 2:  For this subsource and field size, determing the

This is shown in Figure 6. We find that the distributions show andy limits of illumination (Figure 7). Generate a
an increase in the proportion of low energy (here, ~1 MeV) random, uniformly distributedx,y) coordinate
photons with increasing distance from the central axis, which within this area.

correlates with the decrease in the thickness of the flattening

filter traversed by these photons. Step 3:  Given thigx,y) pair, calculate. Adjust the weight

of the particle to account for the slowly-varying
Energy Fluence at Patient fluence (Figure 4) of this subsource. Sample the
particle’s energy from the energy distribution for

The fluence patterns at the patient from each of the sub- this subsource, at thigFigures 5 and 6).

sources for a 10 cm 10 cm field (that is, where the jaws in
Figure 1 have been moved so that the photons from the target
illuminate a 10 cnx 10 cm square) are shown in Figure 7. We : : > -2
see that, as expected, the target photons illuminate the desired ing radius and angle from the appropriate distribu-
area. Photons from the primary collimator illuminate a larger tion (Figure 8).

area of the patient. This is expected, since the ‘source’ of theseAt this point, we have the particle’s energy and weight
particular photons is both closer to the jaws and largefSteps 2 and 3), as well as two points defining its trajectory
(Figure 2). This trend becomes even more pronounced for thgteps 3 and 4). The trajectory-defining points define the parti-
photons from the flattening filter. Indeed, these photons illumicle’s direction cosines, and we have all the required phase-
nate a slightly rectangular area, a result of the different aspespace information needed to start tracking this particle in the
ratio of the x- and y-jaw pairs. Analysis indicates that, at thigoatient. Sampling from the various distributions is performed
field size, 93% of the photon energy reaching the patientising the alias sampling method [4]. ‘Step 2’ above keeps the
comes from the target, 2% from the primary collimator, andefficiency of the overall algorithm high, since we tend to pick
5% from the flattening filter. only those photons that will hit the patient.

Step 4: Given the subsource being sampled, sample an
initial position for the photon by choosing a start-

While the area of illumination at a given field size is differ- .
ent for each subsource, it is true, on the other hand, that eaponclusion

subsource will illuminate a specific area of the patient for a \we have given an overview of the approaches used within
specific jaw setting. The areas of illumination shown in{he PEREGRINE project to model medical accelerators. We
Figure 7 can be studied for other jaw settings and the resuligyye described the variations in the energy and angular distri-
tabulated for later use. butions of the radiation produced in or scattered by various
portions of the accelerator. We have outlined our procedures

for sampling these distributions to yield an algorithm that is
The subsources, in addition to illuminating different sizeyoth efficient and rapid.

areas of the patient, also have markedly different source distri-
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