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simulation etc� These proceedings include most of the presentations at this workshop�

Finally� we would like to express our great appreciation to all authors who have prepared
manuscript quickly for the publication of this proceedings�
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MODIFIED RANDOM HINGE TRANSPORT

MECHANICS AND MULTIPLE SCATTERING

STEP-SIZE SELECTION IN EGS5

S. J. Wilderman and A. F. Bielajew
University of Michigan, Ann Arbor, MI, USA

Abstract

The new transport mechanics in EGS5 allows for significantly longer electron transport step
sizes and hence shorter computation times than required for identical problems in EGS4. But as
with all Monte Carlo electron transport algorithms, certain classes of problems exhibit step-size
dependencies even when operating within recommended ranges, sometimes making selection
of step-sizes a daunting task for novice users. Further contributing to this problem, because
of the decoupling of multiple scattering and continuous energy loss in the dual random hinge
transport mechanics of EGS5, there are two independent step sizes in EGS5, one for multiple
scattering and one for continuous energy loss, each of which influences speed and accuracy in a
different manner. Further, whereas EGS4 used a single value of fractional energy loss (ESTEPE)
to determine step sizes at all energies, to increase performance by decreasing the amount of effort
expended simulating lower energy particles, EGS5 permits the fractional energy loss values which
are used to determine both the multiple scattering and continuous energy loss step sizes to vary
with energy. This results in requiring the user to specify four fractional energy loss values when
optimizing computations for speed. Thus, in order to simplify step-size selection and to mitigate
step-size dependencies, a method has been devised to automatically optimize step-size selection
based on a single material dependent input related to the size of problem tally region. In this
paper we discuss the new transport mechanics in EGS5 and describe the automatic step-size
optimization algorithm.

1 Introduction

Because of the very large number of scattering collisions per unit path which electrons undergo
as they pass through matter, Monte Carlo simulation of individual electron collisions (sometimes
referred to as “analog Monte Carlo electron transport”) is computationally feasible only in limited
situations. Computationally realistic simulations of electron transport must therefore depart from
the physical situation of linear, point-to-point, translation between individual scattering collisions
(elastic or inelastic) and instead transport particles through long “multiple-scattering steps,” over
which thousands of collisions may occur, a technique commonly referred to as the “condensed
history” [1] method. If we assume that most electron Monte Carlo simulation algorithms exhibit
Larsen convergence1 [2], then all algorithms exhibit an accuracy/speed trade-off which is driven
by solely the length of the multiple scattering step they can take while still remaining faithful
to the physical processes which might occur during those long steps. Models describing energy
loss, angular deflection, and secondary electron production over long steps are quite well known.
Descriptions of the longitudinal and transverse displacement coupled to energy loss and deflection
over a long transport step, even in homogeneous media, however, require complete solutions of the
transport equation, and so models which are sometimes quite approximate are used. The methods
employed in Monte Carlo programs for selecting electron spatial coordinates after transport through
multiple-scattering steps have come to be referred to as “transport mechanics.” This is illustrated
schematically in figure 1.

1Larsen noted that electron transport algorithms using multiple-scattering steps ought to converge to the analog
result as the number of collisions in the multiple-scattering steps decreases. It must be noted that in general, this is
not the case.
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Figure 1: Condensed history/multiple scattering diagram.

As an electron moving in the z direction passes through a semi-infinite region of thickness s,
it will have traveled a total distance of t, will have undergone lateral displacements (relative to its
initial direction) of Δx and Δy, and will be traveling in a direction specified by Θ and φ. That is,
relative to it’s initial position and direction, the particle’s final position is (Δx, Δy, s), and the final
direction vector given by (sin Θ cos φ, sin Θ sin φ, cos Θ). The angle Θ can be determined from an
appropriate multiple scattering distribution, the angle φ is assumed to be uniformly distributed, and
the selection of Δx, Δy and s are determined from the transport mechanics of a given simulation
algorithm.

The fidelity with which an algorithm’s transport mechanics model reproduces true distributions
for displacement is almost the only factor driving the speed/accuracy trade-off of the program, and
hence a substantial effort was made to improve the transport mechanics model in EGS5 relative
to that in EGS4. In this paper, we will describe the motivation and development of the EGS5
transport mechanics model, discuss the parameters used to control the multiple scattering steps
sizes in EGS5, and then present a novel approach for automatically determining nearly optimal
values of the parameters based on a single, geometry-related parameter.

2 Transport Mechanics in EGS5

In this section we develop the motivation for the novel approach to transport mechanics taken in
EGS5. Until the introduction of the PRESTA [3] algorithm, previous versions of EGS corrected for
the difference between s and t, but ignored the lateral deflections Δx and Δy. The mechanics of
the procedure used to simulate the transport of the electron thus were to translate it in a straight
line a distance s along its initial direction and then determine its new direction by sampling the
scattering angle Θ from a multiple scattering p.d.f. dependent upon the material, the total distance
traveled, t, and the particle energy.

Ignoring lateral deflections introduces significant errors, however, unless restrictions (often quite
severe) are placed on the maximum sizes of the electron transport tracklengths t. These restrictions
were greatly eased by the introduction of the PRESTA algorithm, which treats Δx and Δy explicitly
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during the transport simulation and which also includes a more accurate prescription for relating
the straight line transport distance s to the actual pathlength t. It should be noted here that
because of the random nature of the particle trajectory, s, Δx, and Δy are actually random
variables (dependent upon the scattering angle Θ, In PRESTA, Δx and Δy range between 0 and
t/2 and s is given by some fraction of t. There are two major drawbacks to the PRESTA formalism,
however. First, in situations where an electron is traveling close to a region boundary, translating it
lateral distances Δx and Δy perpendicular to its initial direction can sometimes result in moving it
across the boundary and into a region with different material properties. Thus PRESTA required
computationally expensive interrogation of the problem geometry and sometimes resulted in very
small steps when particles were traveling roughly parallel to nearby region boundaries. Second,
PRESTA is not adept at modeling backscattering. Electron backscattering in general results from
a single, very large angle collision and not as the aggregate effect of a large number of small-angle
collisions. It is clear from figure1 that physically, if an electron were to experience a 180 degree
collision immediately at t = 0, it could potentially travel a distance s = −t in the backward
direction. Thus the set of all possible final positions for an electron traveling a pathlength t is a
sphere of radius t (this is sometimes referred to as the “transport sphere”). Because it always sets
s to be a positive value, the PRESTA formalism tends to overestimate the penetration prior to
the large-angle backscatter event, which can lead to significant errors in computations of energy
distributions of backscattered electrons, among other quantities.

2.1 Random Hinge Transport Mechanics

In EGS5 a new transport mechanics model, the random hinge, is introduced to address these
shortcomings of PRESTA and thus permit very long step-sizes. The random hinge model, first
used in PENELOPE [4], derives a large part of its success from being formulated so that the set of
all possible termination points is in fact the full transport sphere of radius t. In this methodology,
instead of transporting the particle a distance s and then displacing the particle by ΔX and ΔY
and updating its direction according to the sampled scattering angles Θ and φ, the particle track t
is first split randomly into two parts of lengths ξt and (1 − ξ)t, where ξ is a random number. The
electron is transported along its initial direction a distance ξt, at which point (the hinge point) its
direction is updated (using Θ and φ as the scattering angles) and the particle is then translated in
this new direction the remainder of it original tracklength, given by (1 − ξ)t.

It is clearly seen from the schematic of figure 2 that the case of ξ = 0 (i.e., the hinge point
falling at the initial position) provides a mechanism to simulate track termination points over the
full transport sphere. Formally, the advantages of this method can be demonstrated by examining
the moments of the random hinge model. Ignoring energy losses, Kawrakow and Bielajew [5] have
shown that this version of the random hinge model yields the correct values of the average straight-
line path 〈s〉/t and lateral displacement 〈Δx2 + Δy2〉/t, and also comes very near to preserving
many higher angle spatial moments.

Energy losses, because they result in changes in the single scattering cross section along t,
reduce the accuracy of the random hinge. It has been shown by Fernández-Varea et al. [6] that
when the single elastic scattering cross section is dependent on t, the first moments for axial
and lateral displacements in the random hinge model differ from the exact moments in that they
effectively evaluate first and second transport cross sections at slightly different distances along t.
The transport cross sections (or inverse transport mean free paths), G�, are given by the Legendre
moments of the single scattering cross sections, as in

G�(t) = 2π
∫ 1

−1
dμΣ(μ; t)[1 − P�(μ)], (1)

where Σ(μ; t) is the spatially dependent macroscopic single elastic scattering cross section and μ is
cos(Θ). Whereas the correct expressions for 〈s〉/t and 〈Δx2 +Δy2〉/t in the energy dependent case
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respectively [6]. Since the G�(t)’s increase as t increases (and energy decreases), the random
hinge model slightly underestimates the average straight-line path s and overestimates the lateral
deflections.

2.2 Modified Random Hinge Transport Mechanics

The analysis above suggests a modification to correct the random hinge method which was first
employed in the Monte Carlo program DPM [7]. In the original random hinge methodology, energy
loss is accounted for by simply evaluating the multiple scattering p.d.f. at the hinge point, which,
on average, will occur at t/2. In the new methodology, the location of the random hinge is not
a randomly selected fraction of the total distance to be traveled, t, but instead it is based on a
randomly selected fraction of the integral over t of G1, the first transport mean free path, commonly
referred to as the “scattering power.” This integral quantity is commonly called the “scattering
strength,” and denoted by K1(t), as in

K1(t) =
∫ t

0
dt′G1(t′). (6)

4



Δ

x

s

x

Δ

y

y

Θ

Final Direction 

φ

Θ

(1 − ξ)

z

t( K1)

t(K1)

ξt( K1)

Figure 3: Modified random hinge transport mechanics.

Thus, instead of the hinge consisting of steps ξt and (1 − ξ)t, it consists of steps of the distances
corresponding to the accumulation of scattering strengths ξK1(t) and (1 − ξ)K1(t). In this way,
the total scattering strength K1(t) over the step is preserved, and the average location of the hinge
will correspond to that location which preserves the first moments of spatial displacements. The
modified random hinge transport mechanics of EGS5, illustrated in figure 3, is therefore capable
of simulating accurately the average final positions of electrons moving long pathlengths through
materials, even when energy loss occurs continuously along the track. The length of an electron
step is therefore limited only by the accuracy of the multiple scattering p.d.f., any need to higher
order spatial moments (as would be required for some differential tallies), and the accuracy of the
method used to compute the integral in Eq.6 along the paths between hinge points.

2.3 Dual Random Hinge Approach

The accuracy with which the integral over the scattering power G1 is computed over the hinge
can be stated more plainly as the accuracy of the computation of the hinge distances in cm given
the scattering strength, ξK1 and (1 − ξ)K1. Inverting integrals over pathlength such as Eq.6 is
a common process in Monte Carlo electron transport programs, analogous to the computation in
EGS4, for example, of the pathlength to be taken given a specified fractional energy loss to occur
over the step. In typical Monte Carlo programs this type of calculation is done by some form of
the trapezoid rule, which requires that the integrand (stopping power, scattering power, etc) vary
no more than linearly through the step.

EGS5 employs a different approach to this problem in an effort to retain as much as possible
the very large steps permitted with the multiple scattering hinge as long as average values of K1

are preserved over the steps. Thus, rather than require small steps to assure accurate integration
of G1 over energy, EGS5 completely decouples energy loss and multiple scattering by employing a
second random hinge to described energy loss, relying on the random position of the energy loss
hinges to yield the correct energy-averaged computation of K1. A schematic of the dual random
hinge approach is presented in figure 4. Independent energy loss steps tE(ΔE) (the distance being
determined from some initially specified fractional energy loss) and multiple scattering steps tΘ(K1)
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(here the distance is determined from an initially specified scattering strength) are simultaneously
processed, using random hinges. The lengths of the initial segments are determined by multiplying
random numbers ξE and ξΘ by ΔE and K1 respectively, as before. A particle is then transported
linearly until it reaches a hinge point at either tE(ξEΔE) or tΘ(ξΘK1). When the multiple scattering
hinge point is reached, the deflection is modeled assuming that the entire multiple scattering path
tΘ(K1) had been traversed, and transport continues. Similarly, the energy of the electron remains
unchanged along its track until the energy hinge point tE(ξEΔE) is reached, at which time the
electron energy is decremented by the full amount ΔE prescribed. Subsequent to a reaching a
hinge point and undergoing either energy loss or deflection, the electron must then be transported
the distance remaining for the given step, tE[(1 − ξE)ΔE) for energy hinges or tΘ[(1 − ξΘ)K1

for multiple scattering hinges. The two hinge mechanisms are completely independent, as several
energy hinges may occur before a single multiple scattering is applied, and vice versa.

In evaluating the multiple scattering distribution and sampling for the deflection, all parameters
which have an energy dependence are computed using the most recently updated energy for the
particle. Since energy hinges will occur sometimes before scattering hinges and sometimes after,
there is thus an implicit averaging of the electron energies over the full hinge distance. It is in this
way that the random energy hinge provides accurate integration of K1 by, on average, using G1 at
the correct energy. This same methodology is employed when computing the energy loss from the
integral of the stopping power: rather than attempt to approximate the average stopping power
over the step, EGS5 relies on the random energy hinge to provide the correct average result for the
total energy loss.

Note that the quantities that remain fixed over the hinges are ΔE and K1, and not the distances
tE and tΘ. Whenever an event occurs in which values of the scattering power or stopping power
change, such as an energy hinge, the energy loss and scattering strength remain fixed, and any
unused hinge distances tE and tΘ must be updated using the new values of the scattering and
stopping power. Energy deposition along the track is done using the continuous slowing down
approximation (CSDA) model, with updates made whenever a hinge point is reached or any other
event occurs.
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2.4 Boundary Crossing

One extremely important implication of the use of the modified random hinge for multiple scattering
is that it lends itself to a method for seamlessly crossing region boundaries. In all previous versions
of EGS, including EGS4 with PRESTA, when a particle boundary was reached multiple elastic
scattering was applied and transport started anew in the new region. With the modified random
hinge however, multiple scattering occurs only at hinge points. If a boundary is crossed during
either the pre-hinge (ξK1(t)) or post-hinge ((1− ξ)K1(t)) portion of the step, the value of G1 used
in updating the accumulated scattering strength is simply changed to reflect the new value of the
scattering power in the new media. Thus it is not necessary to apply multiple scattering at region
boundaries, and the expensive re-interrogation of the problem geometry required by PRESTA is
completely avoided. Inherent in this is the implication that multiple scattering distributions are
equivalent for different materials at a given energy and for pathlengths which correspond to the
same scattering strength K1. This, of course, is not strictly true. It can be shown formally, however,
that for a multiple scattering distribution expressed as a sum of Legendre polynomials in Θ,

〈cos(Θ)〉 = exp(−K1) (7)

so that for small K1

K1 � 1 − 〈cos(Θ)〉. (8)

Thus, in preserving K1 for cross boundary transport, the EGS5 method also roughly preserves the
average cosine of the scattering angle over the boundary.

Inspection of the implementation details reveals that the boundary crossing in EGS5 is analo-
gous to an energy hinge without energy loss. All step-size variables (rates and distances) need to
be updated, but otherwise transport to the next event is uninterrupted, as shown in figure 5.

2.5 EGS5 Transport Algorithm

The transport between hard collisions (bremsstrahlung or delta-ray collisions) is superimposed on
the decoupled hinge mechanics as an independent, third possible transport process. To retain the
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decoupling of geometry from all physics processes, for hard collisions EGS5 holds fixed over all
boundary crossing an initially sampled number of mean free paths before the next hard collision,
updating the corresponding distance (computed from the new total cross section), when entering
a new region. Again, while the random energy hinge preserves the average distance between hard
collisions, it does not preserve the exact distribution of collision distances if the hard collision cross
section exhibits an energy dependence between the energy hinges. In practice, however, this leads
to only small errors in cases where the energy hinge steps are very large and the hard collision
mean free path is sharply varying with energy.

Because energy loss, multiple scattering, hard collisions and boundary crossing have been com-
pletely decoupled in EGS5, the basic electron transport algorithm can be described simply as the
loop until escape or absorption over the most proximal of the following four processes: (For the sake
of illustration, it was assumed in table 1 that the particle remained active after collision analysis.)

3 Step-Size Selection Using Fractional Energy Loss

User control of multiple scattering step-sizes in EGS4 is accomplished through the specification
of the variable ESTEPE, the fractional kinetic energy loss desired over the steps. Because of the
complete decoupling of the energy loss and elastic scattering models, there are two separate step-
size mechanisms, one based on energy loss and controlling energy hinge steps, and one based
on scattering strength and controlling multiple-scattering hinge steps. Of the two, the multiple-
scattering step is almost always the more limiting because it is what drives the transport mechanics.
As stated earlier, energy hinges are required mostly to provide accurate numerical integration of
energy-dependent quantities. Because hard collisions provide de facto energy hinges whenever they
are encountered, for situations in which these cross sections are large because the PEGS thresholds
AE and AP are small, the numerous hard collisions can provide all of accuracy required in energy
integration and energy hinges can be superfluous. Only in cases where hard collisions are small
and material cross sections, stopping powers, etc., vary rapidly with energy do small energy hinge
steps need to be imposed.

For consistency with EGS4, EGS5 retains ESTEPE, as the variable used to specify energy loss
hinges. To control multiple scattering step-sizes, it would seem logical for EGS5 to require speci-
fication of cos Θ, because K1 is very close to 1 − 〈cos Θ〉 (see equation 8). Figure 6 shows results
from simulations of central axis depth/dose with EGS5 with electron multiple scattering steps set
to cos Θ of 0.990 and from runs using various values of ESTEPE in EGS4. The test problem em-
ployed a 30x30x30 cm water phantom broken into 2.5 mm voxels with an incident pencil beam of
energy of 10 MeV and an electron cut-off energy of 500 keV. In all cases, 100,000 particles were
simulated. The value of cos Θ of .990 used in the EGS5 corresponds to roughly a 5% fractional
energy loss at 10 MeV, and values of ESTEPE of .05, .02, .01, .005 and .002 were used in the EGS4
runs. Simulation time for the EGS5 case was 634 seconds, while the EGS4 runs required 261, 454,
809, 1513, and 3674 seconds, respectively. It is seen that to achieve results comparable to those
of EGS5, EGS4 required values of ESTEPE of no greater than .005, for which EGS4 it roughly 2.5
times more slowly than EGS5 for this problem.

But we encounter some interesting problems in examining these results. Despite being able to
take steps that are 10 times longer than those used in EGS4, EGS5 is only 2.5 times faster. Although
there is extra bookkeeping involved in processing the hinge variables2, it does not account for this
large discrepancy. The real problem is that since electron scattering power changes (increases)
much more rapidly than stopping power as an electron slows under an MeV or so, fixing K1 for
the entire electron trajectory results in taking very much smaller steps for lower energy electrons

2We move particles in distances measured in cm, but we track step-size variables in energy loss and scattering
strength, so we are constantly converting between the two. In addition, EGS5 must keep track of both the pre- and
post-hinge point values of the step-size variables.
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• Energy Hinge

1. deposit CSDA energy

2. update remaining Nhard, and K1

3. change particle energy

4. update G1, dE
dx , Σhard

5. update tΘ from remaining K1 and new G1

6. update thard from remaining Nhard and new Σhard

7. set new energy hinge

• Hard Collision

1. deposit CSDA energy

2. update remaining K1

3. update particle Energy

4. perform collision analysis

5. update G1, dE
dx , Σhard

6. update tΘ from remaining K1 and new G1

7. sample new hard collision mean free paths

8. set new energy hinge

• Multiple Scattering Hinge

1. deposit CSDA energy

2. update remaining Nhard, and ΔE

3. deflect particle

4. update thard from remaining Nhard and current Σhard

5. update tE from remaining ΔE and current dE
dx

6. set new multiple scattering hinge

• Boundary Crossing

1. deposit CSDA energy

2. update remaining Nhard, K1 and ΔE

3. update G1, dE
dx , Σhard

4. update tΘ from remaining K1 and new G1

5. update thard from remaining Nhard and new Σhard

6. update tE from remaining ΔE and new dE
dx

7. get new distance to boundary

Table 1: Actions at each of the four de-coupled transport processes in EGS5
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Figure 6: Comparison of EGS5 and EGS4 for 2.5 mm3 voxel water phantom at 10 MeV.

than the fixed fractional energy loss method using ESTEPE of EGS4, given the same step size at
the initial (higher) energy. For example, the value of K1 corresponding to a 2% energy loss for
a 10 MeV electron in water corresponds to a 0.3% energy loss at 500 keV. Thus, for small voxel
sizes (and the lower energy cutoffs that they require), a step-size control mechanism based on a
scattering strength that is constant with energy makes EGS5 take so many small steps at lower
energies than EGS4 that it could be slower for certain problems, despite being able to take long
steps 10 times as long at high energies. To circumvent this problem, despite still basing multiple
scattering steps on scattering strength, EGS5 reverts to specifying the multiple scattering step-size
based on a fractional energy loss over the step, which is now called EFRACH, to distinguish it from
ESTEPE, which is still used for energy hinges. EFRACH is material dependent and specified in the
PEGS input NAMELIST.

One consequence of the work done to assure that EGS5 expends most of its computational
effort where it was most important (i.e., at higher energies), was the recognition that additional
efficiency might be achieved by allowing the fractional energy loss of the multiple scattering steps
to vary over the energy range of the problem. Thus, in addition to EFRACH, which is now defined to
be the fractional energy loss over a multiple scattering step at the highest problem energy, a second
parameter EFRACL, corresponding to the fractional energy loss over a multiple scattering step at
the lowest problem energy, is used. Like EFRACH, EFRACL is also material dependent and is specified
in the PEGS input NAMELIST, and the fractional energy loss permitting for multiple-scattering
steps swings logarithmically over the energy range of the problem.

Because of the dramatic results obtained in permitted multiple scattering step fractional energy
losses to vary, a similar method was implemented to permit energy loss hinges to vary, using the
parameter ESTEPE2 to define the fractional loss at the low energies.

The central-axis depth/dose simulation described earlier was then repeated using the four-
parameter step size control model of EGS5 on a problem for which EGS4 was actually faster than
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Figure 7: Comparison of EGS5 and EGS4 for 1.0 mm3 voxel water phantom at 10 MeV.

EGS5 when employing the constant scattering strength model, because of all the extra work EGS5
had been doing at low energies. In this problem, which again uses a 10 MeV pencil beam incident
on a water phantom, voxels were reduced to 1 mm and an electron cutoff energy of 200 keV was
employed.

We see from figure 7 that EGS5 can again take steps which again are roughly 10 times as long as
those require with EGS4 at the initial energy. We also see the relatively small effect that the energy
hinge step size has on the computation (because the threshold for secondary particle production is
low), and we see how unnecessary it is (for this problem, at least), to take the same size multiple
scattering steps (measured in terms of fractional energy loss) needed at high energies at all energies.
There is no appreciable differences between computations using 5% and 20% EFRACL.

Table 2 can be used to roughly gauge how much various factors (improved transport mechanics,
variable EFRACH, decoupling of the energy hinge, and variable ESTEPE) contribute to the overall
gain in efficiency in EGS5 vs. EGS4.

4 Step-Size Specification Using Media Dependent “Characteristic
Distances”

Optimal step-size selection (by “optimal” we mean the longest steps and hence the shortest run time
which would provide a converged answer for the given desired error limit) is inherently problem-
dependent, thus requiring some user input. As illustrated in the two examples from the preceding
section, step-size is often a function of the dimension or“granularity” of desired output tally. Central
axis dose from a pencil beam is a very fine grain problem, for example, and as the granularity
becomes finer (such as by decreasing the voxel sizes), the user step-size must also be selected to be
somewhat smaller, for both EGS4 and EGS5.
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EFRACH,EFRACL,ESTEPE,ESTEPE2 CPU time for 1M histories
EGS4 with ESTEPE = .003 42160.6
.01,.05,.01,.01 7296.0
.01,.05,.01,.10 4592.3
.01,.05,.10,.10 4073.2
.01,.10,.10,.10 3027.6
.03,.10,.10,.10 2550.8
.03,.15,.10,.10 2261.2
.03,.20,.10,.20 1990.2

Table 2: CPU times for various combinations of EFRACH,EFRACL, ESTEPE,ESTEPE2

Clearly, for any given problem, judicious choices of EFRACH,EFRACL,ESTEPE and ESTEPE2 should
result in the largest possible transport throughout the full electron energy range and hence optimize
EGS5 for speed. But it is also fairly obvious from the discussion above that only an expert user
could appropriately and effectively select these parameters in all situations. Even acknowledging
that step-size selection necessarily requires some input from the user because of it is inherently
problem-dependent, it is clear that step-size selection based on the four EGS5 parameters EFRACH,
EFRACL, ESTEPE, and ESTEPE2 places an undue burden on the user. To address this problem, a
method has been devised which will automatically select step-sizes based on a single user input
parameter based on the problem geometry.

Development of a method for optimization of step-size selection first requires the adoption
of a practical standard for accuracy. From the discussion of the depth/dose example problems
in the previous section is it clear there do indeed exist optimal multiple scattering step-sizes for
the random hinge mechanics using tally-regions of varying sizes. Since spatial energy deposition
profiles are essentially maps of region-dependent electron tracklengths, and because most problem
tallies will be correct if the spatial distribution of electron tracklengths is correct3, the largest
value of scattering strength K1(E) which produces converged results for energy deposition for a
given material in a reference geometric element was chosen to be the standard for the EGS5 step-
size selection algorithm. Thus, in addition to permitting selection EFRACH and EFRACL to control
multiple scattering step-sizes, EGS5 also provides an option by which the user can input a single
distance which characterizes the geometric granularity of the problem tallies. This distance is
called the “characteristic distance” for the problem, and is set in the user’s main program through
specifying a value of the variable charD, which is material dependent.

Given an input characteristic distance for a medium, EGS5 then determines energy dependent
values of K1(E) by interpolating data tables of maximum scattering strengths vs. distance for a
variety of materials, energies and geometric element sizes. The tables range in energy from roughly
2 keV 4 up to 10 GeV by using values of 2, 3, 5, 8 and 10 in each of the 7 decades spanning the range
from 1 keV to 1 GeV. The characteristic geometric distances in the data sets range from the lesser
of 10 microns and 10−5 times the electron CSDA range up to half of the CSDA range 5. Because
K1 is the integral over distance of scattering power, which is proportional to ρZ2 times the integral
of the shape of the differential elastic scattering cross section, K1 should be roughly proportional
to tρZ2, if t is the distance. Thus interpolation in the material dimension is performed in terms of

3See the end of this section for a brief description of special cases in which this is not true.
4For high Z materials for which the Bethe stopping power formula is inaccurate at 2 keV, the tables stop at 10

keV.
5An additional constraint on the minimum characteristic distance in EGS5 is the smallest pathlength for which the

Molière multiple scattering distribution produces viable results. Bethe [8] has suggested that paths which encompass
at least 20 elastic scattering collisions are necessary, though EGS4 will compute the distribution using as few as e
collisions, which is a numerical limit that simply assures positivity.
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Material Z ρ ρZ2

Li 3 0.534 4.81
H2O 10 1.000 66.0
C 6 2.260 81.4
Al 13 2.702 456.6
S 16 2.070 529.9
Ti 22 4.540 2197.4
Ge 32 5.360 5488.6
Cu 29 8.933 7512.9
Zr 40 6.400 10240.0
La 57 6.150 19981.4
Ag 47 10.50 23194.5
Gd 64 7.870 32235.5
Hf 72 11.40 59097.6
W 74 19.30 105686.8
Au 79 19.30 120451.3
U 92 18.90 159969.6

Table 3: Reference materials in tables of energy and characteristic distance dependent scattering
strength tables.

ρZ2 rather than Z. For gases, interpolation is done in terms of Z and the values are then scaled in
terms of ρ. Positron K1 values are determined by scaling electron scattering strength by the ratio
of the positron and electron scattering power. The list of reference materials is given in table 3. A
description of the generation of the data tables of optimal values of K1 as a function of ρZ2, E,
and t follows.

Perhaps the most severe test of a Monte Carlo program’s electron transport mechanics is the
“broomstick” problem, in which electrons are normally incident on the planar faces of semi-infinite
right-circular cylinders of progressive smaller radii (to isolate the effects of the transport mechanics,
hard-collisions are usually ignored in this problem). For cylinders with radii of the CSDA range
or greater, all electrons will be fully absorbed in the cylinder (assuming that the energy is so high
that backscatter is negligible), meaning that the average track-length was the full CSDA range. In
this case, multiple-scattering step-sizes can be pushed to the theoretical limits of the underlying
distribution functions will still provide converged results. For cylinders with radii approaching
infinitesimal thinness, the average tracklength of an incident electron would given by the single
elastic scattering mean-free path, and so only step-sizes which reproduce that value would provide
converged results in a Monte Carlo simulation. Clearly, for any given cylinder radius, for any
transport mechanics model, if we start at very small step-sizes (we are assuming Larsen convergence)
and gradually increase them, we will eventually see encounter divergence in the computed average
electron track inside the cylinder as the model will over-estimate the penetration prior to deflection
out toward the sides of the “broomstick.” This is illustrated in figure 8.

(Note that ignoring hard collisions and using unrestricted stopping powers at the upper end of
the energy range in question is physically unrealistic. Computations in this energy range were made
nonetheless to fill out the tables with overly-conservative estimates of the appropriate step-size.)

For each material, energy, and distance (broomstick diameter) a series of Monte Carlo simula-
tions were performed, using up to 20 different values of EFRACH, covering the range from 30% to
0.05% (except when such steps exceeded the theoretical limits of the Molière distribution). Energy
loss hinges were set to 0.5% fractional energy loss, and 50,000 histories were simulated, resulting
in relative uncertainties at 2σ of around .4%. Tallies were made of energy deposition, backscatter
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Figure 8: Schematic illustrating the broomstick problem.

and escape from the side of the broomstick. An illustrative plot of the divergence in the results
Copper at 5 MeV for several different broomstick thicknesses are shown in figure 9.

Approximately 6000 such plots were generated from over 50,000 simulations to encompass the
desired ranges of materials, energies, and distances. The data was then analyzed to determine
the initial scattering strength corresponding to the maximum fractional energy loss which showed
convergence within the statistical uncertainty of the data, using a least-squares fit to a line with
slope zero and intercept given by the converged value at short paths. In order to assure that
backscatter was being modeled correctly, the analysis required that results be converged for both
energy deposition inside the cylinders and energy escaping the sides. Plot of maximum values of K1

to assure convergence as a function of broomstick radii for several energies in titanium are shown
in figure 10.

The expected nearly linearly relationship between K1 and t and the appropriate scaling of K1

with E is clearly evident in the figures. We also see several artifacts of our method. First, we see
that our estimation process did not always produce monotonic results, primarily because of noise
in the data due to the Monte Carlo statistics (given the large number of runs, some outlier points
were to be expected) and because some points were generated outside the applicable range of some
of the physics, Traps in the analysis program designed to weed-out data from invalid (too long or
too short) step-sizes sometimes resulted in errors for large cylinders, grossly under-determining the
maximum scattering strength in some cases. Additionally, the plots exhibit some discrete jumps
because of the finite number of possible K1 values tested in the parameter study. This effect is
more clearly evident in figure 11, which presents similar data but in terms of EFRACH and fractional
range instead of K1 and t in cm for a variety of elements at 100 MeV. Even though results are
presented for 12 elements, only 3 curves are visible in figure 11 because of the finite number of
combinations of EFRACH and t/R in the runs.

Figure 12 shows the same data presented in figure 11, but in terms of K1 and t again, which is
easier to interpret. We see an additional artifact in this plot, caused by limiting our test runs to a
maximum of 30% fractional energy loss. This leads to a plateauing of the plots for high energies.
Other data sets show the corresponding artifact caused by numerical limits on the minimum step-
size at low energies. Note also from figure 12 that the scaling of K1 in ρZ2 rather than Z2 is
evident in the comparison of the plots for silver and lanthanum, which are roughly equivalent in
ρZ2, though obviously not in Z2.

Despite all of the approximations involved in the definition and determination of convergence,
the data exhibits for the most part the linear behavior we expected in ρZ2, t, and E. Especially
for a given element at a given energy, the plots can generally be described as being roughly linear
in t, though possibly plateauing at either end. Thus each curve (which represents one energy for
a given element) can be wholly defined by the characteristic distances corresponding to the onset
(if any) of plateaus, the values of K1 at those points, and the slope of line between those plateau
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Run Edep CPU time
EFRACH, EFRACL = .05,.05 13.50% 29.34
charD = .1395 13.57% 29.63
charD w/ ρZ2 interp. 13.52% 29.01

Table 4: Validation of optimizing K1 with charD interpolation.

points. All of the curves were thus inspected visually and corrected to assure monotonicity and
to eliminate the more significant artifacts caused by having a limited set of discrete data points,
and eliminate any physically unrealistic trends in K1 as a function of t or E for the same material.
Using these corrected plots, the five parameters defining each line were determined, with a least
squares fit applied to calculate the slope. The full set of parameters was compiled into a single
data file K1.dat provided with the EGS5 distribution.

To verify that the new technique is both accurate and fast, three test cases where run. In the
the broomstick problem for silver at 2 MeV and t/R of 10% (t = .1395 cm), the converged value
for fractional energy deposition of 13.5% was found to first occur at K1 = .23635, or 5% fractional
energy loss. This problem was then repeated using EFRACH and EFRACL of 5% to reproduce the
original data run. Next, a simulation was performed using the new methodology with charD of
0.1395 cm, and finally, to test the interpolation, the computation was repeated with the data for
silver removed from the K1.dat file. The results shown in table 4 show that the method works well
at reproducing accurate results and also maintaining speed-up optimization even with interpolation
between materials.

It must be noted that not all classes of problems are guaranteed to be modeled accurately
whenever the average tracklength is modeled correctly through given volume regions. In particular,
problems using on tallies which have a spatial or directional dependence on secondary particle
production which occur prior to the first multiple scattering hinge point can show artifacts not
present in EGS4, which always imposes multiple scattering prior to secondary particle production.
To counter this problem and still permit EGS5 to take very long steps, a user switch to relate the
first multiple scattering hinge step for primary particles to some fraction of the hard collision mean
free path.

5 Conclusions

The random hinge transport mechanics of EGS5 has been show to provide a significant improve-
ment over the model of EGS4. In addition to large speed-ups in most general problems, the new
method permits EGS5 to simulate accurately some classes of problems, most notably electron
backscattering, which EGS4 was know to model imprecisely.

In addition, a new prescription for automatic control of multiple scattering step sizes by relating
them to problem geometry dimensions has been devised. This new technique based on providing
values of electron tracklengths which are accurate to at least 1% for the given characteristic distance.
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NEW PHOTON TRANSPORT PHYSICS IN EGS�

Y� Namito� H� Hirayama

High Energy Accelerator Research Organization �KEK�� Oho� Tsukuba �����	�
� Japan

Abstract

We have improved photon transport in egs� code in various points� �� Linearly polarized
photon scattering� �� Doppler broadening and binding in Compton scattering� �� L	X rays�
�� Auger electron� 
� X ray and Auger electron from compound�mixture� �� K shell electron
impact ionization EII�� �� Use of PHOTX data base� and �� General treatment of photoelectric
cross sections� New photon transport physics in EGS
 also consists of these items� Comparisons
of measurements and EGS
 calculation are included� Also� calculations using improved EGS�
code are mentioned�

� Introduction

Improvement of photon transport in egs� ��� code has been described in �st and �nd international
EGS workshop ��� ��	 The items were


�	 Linearly polarized photon scattering� Electric vector of photon is maintained while pho�
ton transport calculation	 Azimuth angle dependence of photon intensity in Compton and
Rayleigh scattering is considered	 ���

�	 Doppler broadening and binding in Compton scattering� Doppler broadening of Compton
scattered photon energy due to pre�collision motion of electron is treated	 ��

�	 L�X rays� Energy dependence of L��L��L� sub shell photoelectric e�ect cross section is
treated	 The energy dependent branching ratio of each sub�shell was introduced by �tting
from the data provided for limited materials� Ag� Pub and U	 ��� Salem�s L X�ray emission
rate ��� is used	 ��� ��

�	 Auger electron� K shell and L shell Auger electron is considered	

	 X ray and Auger electron from compound�mixture� Ratio of photoelectric e�ect cross sections
of each element in compound or mixture is introduced to treat X ray and Auger electron from
compound or mixture	

�	 K shell electron impact ionization �EII�� Five kind of K shell EII cross section is included	
���� ���

�	 Use of PHOTX data base� The principal change is to photoelectric cross section	 ���� ���

After �nd international EGS workshop� one improvement is introduced


�	 General treatment of photoelectric cross sections� K�� L��� L��� L� and other sub�shell photo�
electric cross sections taken from the PHOTX data base are �tted to a quadratic function in a
log�log plot and prepared in the form of the BLOCK DATA of EGS�	 It becomes possible to
calculate the branching ratio of each element inside EGS� by this improvement and becomes
not necessary to use piece�wise linear��tted data calculated by PEGS�	 This means that the
general treatment for compounds or mixtures can be applied to the material data calculated
defaults PEGS�	 ����
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Table �� Incident photon energy and linear polarization

Energy �keV� �� �� ��

Linear Polarization �P � �	�� �	��� �	���

Table �� Samples and their thickness

Sample C Cu Ag Pb

T �mm� �	� � �	 �	

New photon transport physics in EGS also consists of these items	 Comparisons of mea�
surements and EGS calculation are mentioned	 Also� calculation using improved EGS� code are
mentioned	

� Systematic Comparison of Measurement and Calculation

��� Photon Beam Incident

We performed a mono�energy photon�scattering experiment at a BL���C in a �	 GeV synchrotron
light facility �PF�	 The experimental arrangement is shown in Fig	�	 Photons from a vertical
wiggler were used after being monochronized by a Si������� double crystal monochrometer	 A
linearly polarized mono�energy photon beam was scattered by a sample located at point O with its
normal vector ���

�
�� �p

�
� �
�
�
 the scattered photons were detected by two high�purity Ge detectors

located at � � ���	 Incident photon energies and linear polarization are shown in Table �	 Sample
and their thickness are shown in Table �	 One Ge detector �Ge�� was located in the plane of the
incident polarization vector�� � ���� and the other �Ge�� in the plane perpendicular to it �� � ����	
Samples were contained in a vacuum chamber� and vacuum pipes were placed between the vacuum
chamber and the Ge detectors in order to reduce any scattering due to the air	 Collimators of
	�� mm aperture were placed in front of Ge detectors �C�� C��	 The distance from the surface
of the sample to the collimator was ��� mm	 The opening angle of this collimator was ����� and
the energy spread of a Compton�scattered photon due to this opening angle �without Doppler
broadening� was negligibly small� ��eV for incident beam of �� keV	 The incident photon intensity
was monitored in a free�air ionization chamber� which was calibrated using a calorimeter ���	

For photon beam incident� calculation result by improved egs� is compared with measurements�
because improved egs� and egs adopt the same physics model for photon transport	 And compar�
ison of improved egs� and egs regarding photon incident is performed elsewhere ����	

Two stage EGS� calculation was performed	 In the �rst stage� photon beam incident on the
sample and emergent photons �A� are scored	 In the second stage� energy deposition in Ge detector
was calculated while using �A� as a photon source	

Measured and calculated photon spectra are shown in Fig	 �	 The spectrum by EGS� calcu�
lation is smeared by Gaussian function of FWHM��	� keV to account for the resolution of Ge
detector	 The shape of Compton scattering� Rayleigh scattering� K�X ray and L�X ray peaks are
well reproduced by the EGS� calculation	

The ratio of measured and calculated peaks are shown in Fig	 �	 In the L�X ray comparison�
preliminary data of Gd sample and W sample are also shown	 jC�M� �j � �	�� for Compton� �	�
for Rayleigh� �	� for K�X and �	� for L�X	
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Table �� Geometric average of C�M of K�X ray yields	 Gr means the calculation result using
Gryzi�nski�s cross section	

Target Al Ti Cu Ag Au Av

EGS� �	���� �	��� �	�� �	�� �	� �	���
EGS��EII�Gr� �	�� �	�� �	�� �	�� �	�� �	��
EGS�Gr� �	�� �	�� �	�� �	�� �	�� �	��

��� Electron Beam Incident

We simulated Dick et al�s experiment	���� Dick et al performed a systematic measurement of K�X
ray when electron beam of ��� ��� ��� ���� ���� ��� ��� and ���� keV hits target�Al� Ti� Cu� Ag
and Au� normally	 K�X ray yield per incident electron was measured at � � ���� and ����	

EGS� calculation with and without the improvement to treat EII were performed	 EGS cal�
culation with EII is also performed� since di�erent treatment of electron transport in EGS� and
EGS may a�ect the results	 As a K�shell EII cross section� Gryzi�nski�s relativistic cross section
���� were used	 All the comparisons were done in absolute� i	e	 no normalization between the mea�
surement and the calculation were done	 Following EGS parameters were used
 EFRACH��	��
EFRACL��	�
 ESTEPE��	�� ESTEPE���	�� UE���	��� AE��	��	

The calculated and measured K�X ray yields are shown in Fig	�	 The statistical error in the
calculation is within �� for EGS��EII and EGS� ��� and � for EGS� of Al and other targets�
respectively	 The geometric average of the ratio of the calculated K�X ray yield to the measured
one is shown for each target in Table �	 No signi�cant di�erence was seen between EGS��EII
calculation and EGS calculation	

The EGS� calculation apparently becomes underestimated with decreasing Z of the target	
C�M is only �	���� for Al� but C�M is �	� for Au	 The degree of underestimation depends weakly
on the electron incident energy and the scoring angle	

For Al� Ti� Cu and Ag sample� dominant contribution of K�X ray is EII	 For Au sample�
dominant contribution of K�X ray is photoelectric e�ect of bremsstrahlung photon	

� Conclusion

Two systematic comparisons of measurements and EGS� code were performed to verify the va�
lidity of the improvement	 The �rst comparison is ������ keV synchrotron radiation scattering
experiment 	 Targets are C� Cu� Ag� and Pb	 Compton� Rayleigh� K�X� L�X rays are observed
using Ge detectors	 L�X rays from Gd sample were also measured	 The agreement of EGS� and
the measurement was good both in the energy spectral shape and intensity� jC�M� �j � �	�� for
Compton� �	� for Rayleigh� �	� for K�X and �	� for L�X	 This indicates the validity of EGS
code� because photon transport model in EGS code and improved EGS� code is the same	

Systematic comparison of measured and calculated K�X ray yield from various target for electron
beam of �	�� to � MeV was performed without any normalization	 General agreement between
measurement and calculation show the validity of EGS code	 For Al� Ti� Cu and Ag sample�
dominant contribution of K�X ray is EII	 For Au sample� dominant contribution of K�X ray is
photoelectric e�ect of bremsstrahlung photon	
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Figure �� Experiment arrangement	 A mono�energetic linearly polarized synchrotron radiation
photon beam was scattered by a sample �S�
 the scattered photons were counted by two high�purity
Ge detectors for low�energy photons �Ge�� Ge��	 The aperture of the C� collimator was � mm	 A
free air ion chamber �FAIC� was located in front of the sample to monitor incident photon intensity	
The sample was placed at point O
 its normal vector is ���

�
�� �p

�
� �
�
�	 Collimators�C�� C�� de�ne

the opening angle of Ge detectors	 The distance from the surface of the sample to the exit of
collimator �L�� was ��� mm and the aperture of Collimator�D�� was 	�� mm	
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Figure �� Comparison of the photon spectra	 Measurement is shown by �lled �horizontal� and open
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Figure �� Comparison of the K�X ray yield	 The measured values by Dick et al	 are indicated by
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Abstract    
 
In the past few years, EGS4 has undergone an extensive upgrade to EGS5, in particularly in the 
areas of low-energy electron physics, low-energy photon physics, PEGS cross section 
generation, and the coding from Mortran to Fortran programming. Benchmark calculations have 
been made to assure the accuracy, reliability and high quality of the EGS5 code system. This 
study reports three benchmark examples that show the successful upgrade from EGS4 to EGS5 
based on the excellent agreements among EGS4, EGS5 and measurements. The first benchmark 
example is the 1969 Crannell Experiment to measure the three-dimensional distribution of 
energy deposition for 1-GeV electrons shower in water and aluminum tanks. The second 
example is the 1995 Compton-scattered spectra measurements for 20-40 keV, linearly polarized 
photon by Namito et. al., in KEK, which was a main part of the low-energy photon expansion 
work for both EGS4 and EGS5. The third example is the 1986 heterogeneity benchmark 
experiment by Shortt et. al., who used a monoenergetic 20-MeV electron beam to hit the front 
face of a water tank containing both air and aluminum cylinders and measured spatial depth dose 
distribution using a small solid-state detector.   
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INTRODUCTION 
 
In the past few years, EGS4 [1] has been upgraded to EGS5 in the following areas: low-

energy electron physics[2,3], low-energy photon physics [4,5], the PEGS cross section 
generation, and the change of coding from Mortran to Fortran language (by Nelson). Therefore, 
benchmark calculations have been made in various transition phases to assure the accuracy, 
reliability and high quality of EGS5. This paper reports the three benchmark studies that show 
the successful upgrade from EGS4 to EGS5, based on the agreements among EGS4, EGS5 and 
the benchmark measurements. The three benchmark examples, which have been important in 
testing all versions of EGS4 Code System, are: 
1) Shower Experiment, in which 1-GeV electrons hit water and aluminum tanks and three-

dimensional distribution of energy deposition were measured [6]. 
2) Polarization/Doppler Experiment in which 20-40 keV, linearly polarized photons hit carbon 

and copper targets and the Compton-scattered spectra were measured [7].  
3) Heterogeneity Experiment in which 10 and 20 MeV broad electron beam hit the front face of 

a water tank containing both air and aluminum cylinders. The depth dose distribution and 
lateral dose distribution at various depths were measured [8]. 

  
    
KEY PARAMETERS IN EGS CALCULATIONS 
  

Table 1 summarizes the input values for the key EGS parameters in the three benchmark 
examples. The EFRACH, EFRACL, ESTEPE and ESTEPE2 are related to the new EGS5 
electron transport mechanics [2]. In the polarization benchmark study [5], which involves the 
photon physics of polarization, bound Compton scattering, and Doppler broadening, the PEGS 
inputs for IBOUND / INCOH / ICPROF are 1 / 1 / -3, respectively. 
 
 

Table 1. Values for the key EGS parameters in benchmark examples. 
 

EGS5 Parameters EFRACH / EFRACL ESTEPE / ESTEPE2 
Values 0.05 / 0.20 0.1 / 0.2 

 
Benchmark AE / UE AP / UP 

Shower 0.611 / 1000.1 0.001 / 1000 
Polarization 0.512 / 0.711 0.001 / 0.200 

Heterogeneity 0.711 / 21.0 0.100 / 20.0 
 
 
 
BENCHMARK RESULTS 
 
 The three benchmark experiments and EGS comparison results, as well as the timing 
comparison, will be shown in the following sections. In the comparison figures, EGS4.4 is 
already a Fortran 77 version with PEGS4 cross generation on the fly and with low-energy photon 
physics included, while EGS5 is a version with the addition of low-energy electron physics.  

 28



  
Shower Experiment 

In the Crannell shower experiment [6], a 1-GeV electron beam was incident on 8000 
liters of distilled water in a stainless steel tank (140x140x460 cm3) or an Al block. 
Measurements of the radial energy deposition (MeV/cm3/electron) were made at various depths 
of the targets using a scintillation detector. This is an important benchmark to test shower 
development. EGS4 has been shown to be in excellent agreement, on an absolute basis, with the 
measurements [9].  

Figure 1 shows the EGS5 user input file (using the format of getRTZ user code) for 
Shower experiment, which prescribes 2 media, the radii of cylinders, the parallel planes at 
various depths, the electron beam parameters, number of cases, and various transport and physics 
switches/values. Note the values of ESTEPE (0.1) and ESTEPE2 (0.2) in the last row.  

Figure 2 shows the PEGS input for Shower experiment in EGS5 calculations. It is similar 
to EGS4, except the addition of EFRACH (0.05) and EFRACL (0.2) values for both media.  

Figure 3 compares the depth dose profile in central axis (1-cm-radius) between the 
experiment, EGS4.4, and EGS5 for the phantom of water (top figure) and Al (bottom figure). 
The agreement is within the experimental uncertainty. A complete benchmark check of the radial 
energy deposition profiles has also been made successfully, but the results are not shown here.  
 
Polarization Experiment 
 

Figure 4 shows the set-up for the Polarization/Doppler Experiment [7], which is an 
important benchmark to test the low-energy photon physics. The 40-keV photons hit an inclined 
carbon or a copper disc and the scattered photon spectra at 90-degrees (both vertical and 
horizontal) were measured with High Purity Ge detectors (HPGe) at about 0.4 m. Because the 
photons from the wiggler are linearly polarized, the scattered photon intensities at vertical and 
horizontal planes are different and the average of the two spectra is used in the comparison. 

Figure 5 shows the EGS5 user input file (using the format of getRTZ user code) for 
Polarization Experiment. Note that the three switches for polarization, Bound Compton and 
Doppler broadening effects (ipolarsw, incohrsw and iprofrsw), as well as those important for 
low-energy photon transport and physics, were activated.  

Figure 6 shows the EGS5 PEGS input for Polarization Experiment Note that the three 
switches for Bound Compton and Doppler broadening effects (IBOUND=1, INCOH=1, ICPROF=-3) 
were activated. 
 Figure 7 shows the agreement of the 90o-scattered Compton spectra for the targets of 
carbon (top figure) and copper (bottom figure) between the experiment, EGS4.4 and EGS5. Note 
that the calculated spectra have been broadened by the resolution of the HPGe using a post-
processing routine. 
 
Heterogeneity Experiment 
 

Figure 8 shows the set-up for the Heterogeneity Experiment [8], which is one of the most 
critical benchmark problem in medical physics to test the low-energy electron physics and 
transport in a Monte Carlo code. The 20-MeV (or 10-MeV) electron broad beam hit the front 
face of the water phantom, in which a small cylinder disc (air or aluminum) may be inserted at a 
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distance of 2-mm (or 2-cm) behind the front face. The EGS5 user input files and the PEGS file 
are similar to those shown for Shower and Polarization Experiments. 

Figure 9a shows the agreement of the depth dose curves at central axis for the 3 cases of 
20-MeV electron and 2-mm-gap between experiment, EGS4.4 and EGS5. The figure numbers 
indicated on the figures are those in the original paper [8] so readers can check easily if needed. 
Figure 9b shows the corresponding radial dose profiles at various depths behind the air disc, 
while Figure 9c compares the radial dose profiles at various depths behind the Al disc. The 
discrepancy between measurements and calculations for the dose near the boundary between 
water and inserted disc was due to the larger spatial bin in the EGS calculations than the detector 
size.  

Similar to Figures 9a, 9b and 9c, Figures 10a, 10b and 10c show the benchmark results 
for the case of 10-MeV electron at 2-mm gap. Similar to Figure 9a (2-mm-gap), Figures 11 and 
12 compares the depth dose curve for the cases of 20-MeV and 10-MeV electron, respectively, at 
2-cm gap. 

 
Timing Comparison 
 

The new low-energy electron transport mechanics should make EGS5 run faster than 
EGS4 [2,3]. Table 2 summarizes the time comparison between EGS4.4 and EGS5 for the three 
benchmark examples. EGS5 takes less time than EGS4.4, particularly for the Heterogeneity 
Experiment, in which low-energy electron transport is important (a factor of 5 gain in speed for 
EGS5 in this case). 
 
 

Table 2. Time comparison between EGS4.4 and EGS5 for three benchmark experiments. 
   

Shower Experiment (2.5x105 cases for EGS4.4 & 106 cases for EGS5) 
Phantom Water Aluminum 

EGS5 / EGS4.4 0.43 0.43 
Polarization Experiment (2x109 cases) 

Scattering Target Carbon Copper 
EGS5 / EGS4.4 0.58 0.73 

Heterogeneity Experiment (105 cases, 20-MeV Beam) 
Inserted Disc with  2-mm-gap None Air Aluminum 

EGS5 / EGS4.4 0.16 0.18 0.18 
Inserted Disc with  2-cm-gap None Air Aluminum 

EGS5 / EGS4.4 0.16 0.18 0.2 
Heterogeneity Experiment (105 cases, 10-MeV Beam) 
Inserted Disc with  2-mm-gap None Air Aluminum 

EGS5 / EGS4.4 0.18 0.19 0.18 
Inserted Disc with  2-cm-gap None Air Aluminum 

EGS5 / EGS4.4 0.18 0.24 0.20 
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CONCLUSIONS 
  

EGS4 has undergone an extensive upgrade to EGS5, in the areas of low-energy electron 
physics and transport, as well as low-energy photon physics. The PEGS cross section can be 
generated on the fly. And the coding has changed from Mortran to Fortran 77. The EGS5 Code 
System is now more integrated than EGS4 and it also runs faster. This work, which compares 
EGS5 with three standard benchmark experiments, has assured the accuracy and high quality of 
EGS5.  
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Crannell water shower experiment 
         2                         nmed (I10) 
WATER (CRANNELL)               media(j,1) (24A1) 
AL (INTERFACE) 
       0.1       0.1            ecutin,pcutin (Kinetic) (MeV) 
        11         1        12 imax,jmax,kmax (3I10) 
       1.0  i=1                 cyrad (cm) (F10.0) 
       2.0   =2 
       3.0   =3 
       4.0   =4 
       6.0   =5 
       8.0   =6 
      12.0   =7 
      16.0   =8 
      20.0   =9 
      24.0   =10 
      68.8   =11=imax 
       0.0  j=1=jmax           tpl (degrees) (F10.0) 
       0.0  k=1                zpl (cm) 
      20.0   =2 
      40.0   =3 
      60.0   =4 
      80.0   =5 
     120.0   =6 
     160.0   =7 
     200.0   =8 
     240.0   =9 
     280.0   =10 
     320.0   =11 
     360.0   =12=kmax 
     460.0   =13=kmax+1 
    1   11    1    1    1   12    1       0.0 WATER (CRANNELL) 
                                                     blank card (required EOF) 
       0.0       0.0       0.0   xin,yin,zin (3F10.0) 
         1         1         1      iin,jin,kin (3I10) 
       0.0       0.0       1.0   uin,vin,win (3F10.0) 
   1000000                      ncases (I10) 
    1000.0        -1         0  ekein(mev),iqin,isamp (F10.0,2I10) 
    1    1    1    0           ipeangsw,iedgesw,iraysw,iwatch (4I5) 
    0    0    0    0           ipolarsw,incohrsw,iprofrsw,impacrsw (4I5) 
    1    2    0    0           ibrdst,iprdst,ibrspl,nbrspl (4I5) 
    0.10      0.20           estepe and estepe2 (2F10.0) 
 
 

Figure 1. EGS5 user input (using format of getRTZ user code) for Shower experiment. 
 

 32



COMP 
&INP NE=2, RHO=1.0, PZ=2,1, IAPRIM=1, EFRACH=0.05, EFRACL=0.20, IRAYL=1, 
IBOUND=0, INCOH=0, ICPROF=0, IMPACT=0 /END 
WATER (CRANNELL)              H2O                      
H  O 
ENER 
&INP AE=0.611, AP=0.001, UE=1001.0, UP=1000.0 /END 
ELEM 
&INP RHO=2.65, IRAYL=1, IBOUND=0, INCOH=0, ICPROF=0, IMPACT=0, IAPRIM=1, 
EFRACH=0.05, EFRACL=0.20 /END 
AL (INTERFACE)                AL 
AL 
ENER 
&INP AE=0.611, AP=0.001, UE=1001.0, UP=1000.0 /END 
  
 

Figure 2. EGS5 PEGS input for Shower experiment. 
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Figure 3. Benchmark results (depth dose profile in central axis, 1-cm-radius) for Shower 
experiment: water (top) and Al (bottom). 
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Figure 4. Set-up for Polarization/Doppler Experiement [7]. 
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Check of KEK-LSCAT experiment (Fig.4 of KEK-97-16) 
           2                                   nmed (I10) 
C-ICPROF3-PHOTX           media(j,1) (24A1) 
CU-ICPROF3-PHOTX                
         0.5            0.0                 ecutin,pcutin (Kinetic) (MeV) (2F10.0) 
            1               1          1     imax,jmax,kmax (3I10) 
       2.26   i=1=imax               cyrad (cm) (F10.0) 
         0.0   j=1=jmax               tpl (degrees) (F10.0) 
         0.0   k=1=kmax             zpl (cm) 
         0.2   =2=kmax+1           (actually, the "thickness" of the scatterer) 
            1    1    1    1    1    1    2      0.0 CU-ICPROF3-PHOTX 
                                                               blank card 
(required EOF) 
               0.0       0.0       0.0     xin,yin,zin (3F10.0) 
                  1          1          1     iin,jin,kin (3I10) 
               0.0       0.0       1.0     uin,vin,win (3F10.0) 
2000000000                             ncases (I10) 
       0.04007          0          0     ekein(mev),iqin,isamp (F10.0,2I10) 
            1    1    1    0                 ipeangsw,iedgesw,iraysw,iwatch (4I5) 
            1    1    1    0                 ipolarsw,incohrsw,iprofrsw,impacrsw 
(4I5) 
            1    2    0    0                 ibrdst,iprdst,ibrspl,nbrspl (4I5) 
             0.10     0.20                 estepe and estepe2 (2F10.0) 
           100.0                             sprad (cm) (F10.0) For scoring only 
 
Figure 5. EGS5 user input (using format of getRTZ user code) for Polarization Experiment. 
 
 
 
ELEM 
&INP IRAYL=1, IBOUND=1, INCOH=1, ICPROF=-3, IAPRIM=0, EFRACH=0.05, 
EFRACL=0.20 /END 
C-ICPROF3-PHOTX               C 
C 
ENER 
&INP AE=0.512, AP=0.001, UE=0.711, UP=0.200 /END 
ELEM 
&INP IRAYL=1, IBOUND=1, INCOH=1, ICPROF=-3, IAPRIM=0, EFRACH=0.05, 
EFRACL=0.20 /END 
CU-ICPROF3-PHOTX              CU 
CU 
ENER 
&INP AE=0.512, AP=0.001, UE=0.711, UP=0.200 /END 
 

Figure 6. EGS5 PEGS input for Polarization Experiment. 
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Figure 7. Benchmark results for Polarization Experiment: 90o-scattered Compton spectra 
for carbon (top) and copper (bottom).   
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Figure 8. Set-up for HeterogeneityExperiement [8]. 
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Figure 9a. Benchmark results for Heterogeneity Experiment (20-MeV electron; pure water, 
and water with air or Al disc at 2-mm gap;  depth dose curves at central axis). 
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Figure 9b. Benchmark results for Heterogeneity Experiment (20-MeV electron; water with 
air disc at 2-mm gap; radial dose profiles at various depths behind the air disc).   
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Figure 9c. Benchmark results for Heterogeneity Experiment (20-MeV electron; water with 
Al disc at 2-mm gap; radial dose profiles at various depths behind the Al disc).   
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Figure 10a. Benchmark results for Heterogeneity Experiment (10-MeV electron; pure 
water, and water with air or Al disc at 2-mm gap;  depth dose curves at central axis). 
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Figure 10b. Benchmark results for Heterogeneity Experiment(10-MeV electron; water with 
air disc at 2-mm gap; radial dose profiles at various depths behind the air disc). 
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Figure 10c. Benchmark results for Heterogeneity Experiment (10-MeV electron; water 
with Al disc at 2-mm gap; radial dose profiles at various depths behind the Al disc).   
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Figure 11. Benchmark results for Heterogeneity Experiment (20-MeV electron; pure water, 
and water with air or Al disc at 2-cm gap;  depth dose curves at central axis). 
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Figure 12. Benchmark results for Heterogeneity Experiment (10-MeV electron; pure water, 
and water with air or Al disc at 2-cm gap;  depth dose curves at central axis). 
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SIMULTANEOUS DISTRIBUTION BETWEEN THE

DEFLECTION ANGLE AND THE SPATIAL DISPLACEMENT
FOR CHARGED PARTICLES PENETRATING THROUGH

MATTERS
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y

Okayama Shoka University� Okayama ��������� Japan
yDept	 of Physics� Okayama University� Okayama �����
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Abstract

Although Moli�ere theory is less accurate than Goudsmit�Saunderson theory due to the small

angle approximation� there still remain many superior aspects of Moli�ere theory to the latter�

Some problems are yet too di�cult to solve through Goudsmit�Saunderson theory itself due to

our mathematical insu�ciencies and require Moli�ere and other results� Some Moli�ere results are

still valuable in solving problems under Goudsmit�Saunderson theory� Some Moli�ere results will

be useful in examining accuracy of the results derived through Goudsmit�Saunderson theory�

We will look back and look forward again the signi�cance of Moli�ere theory and Moli�ere results�

� Introduction

We have derived the Moli�ere angular distribution with ionization ��� by using Kamata�Nishimura
formulation of the theory ��� 	�
 We have investigated the transport mechanism of Moli�ere process
with and without ionization� and found the Moli�ere expansion can be well explained by dividing
the single�scattering cross�section at an adequate separation angle� where the primary gaussian
distribution is generated by the high�frequent moderate scatterings smaller than the separation
angle and the subsequent additive correction terms are generated by the low�frequent large�angle
scatterings greater than the separation angle ���
 This physical interpretation brought us the
highly accurate and the highly e�cient sampling sequence of track tracing for charged particle
taking account of ionization loss �� ��


Although Moli�ere theory ��� �� �� is less accurate than Goudsmit�Saunderson theory ���� ���
due to the small angle approximation ����� Moli�ere theory is far rich in mathematical tools and
results� compared with the latter
 Utilizing these superior aspects of Moli�ere theory� we would
like to discuss some problems useful in charged�particles transport even applicable to Goudsmit�
Saunderson theory


� Improved Moli�ere scattering theory by Kamata�Nishimura for�

mulation to take account ionization loss

The di�usion equation for the Moli�ere angular distribution with ionization is simply described as

� �f

�t
� �K���

�E�
�ff�� �

�
ln

K���

�E�
g� �

� �f

�E
���

in Kamata�Nishimura equation� where �f denotes the Hankel transforms for the angular distribution

The equation is easily integrated as

�f �
�

��
expf���G�

�

�
��� �

�
ln

��G�
�

��t
�g� ���
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where

��G � K�t��E�E�� �	�

� � e��E�E��
�E��E���E��E�� ���

and translated to Moli�ere�Bethe solution�

�f �
�

��
expf���M�

�

�
��� �

B
ln

��M�
�

�
�g� ��

so that the angular distribution becomes

��f�	� � f ����	� �B��f ����	� �B��f ����	� � � � � � ���

where the expansion parameter B and the scale angle �M are determined as

B � lnB � �� ln � � ln��t�� ���

�M � �G

q
B��
 ���

Moli�ere angular distributions with and without ionization are compared in Fig
 �


� Is Moli�ere theory still valuable in the day of Goudsmit�Saunderson

track�tracing �

There still remain many merits to use Moli�ere theory� such as

� Moli�ere theory is highly e�cient� converging within only few terms


� Moli�ere theory is rich in results of mathematical analysis


� There still exist many regions to require results solved under the small angle approximation�
e	g	 high energy particle physics� cosmic ray physics� etc



� It is yet very di�cult to solve the problems of multiple Coulomb scattering completely under
the solid angle space� e	g	

� only the mean square has been obtained for the transverse distribution�

� only the restricted few moments have been obtained for the longitudinal distribution�

through the Lewis theory ��	� ���


and so on


� GS�Lewis angular distribution with ionization

Lewis described Goudsmit�Saunderson angular distribution as

F ��v� t� �
�

��

�X
l��

��l� ��Pl�cos �� expf�
Z x

�
dx

Z �

�
��N������� Pl�cos ��� sin �d�g

� �

��

�X
l��

��l� ��Pl�cos �� expf�
Z x

�
dxg
 ���
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f(
θ)
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θ2 × 
2π

f(
θ)

in water

Figure �� Comparison of expected angular
distributions multiplied by �� for muons with
and without ionization loss� assuming the
rest energy negligible
 Solid curves in �b�
show the distributions after traverse of thick�
ness at ��� 	�� �� ��� and �� percent dissi�
pations of the incident energy from left to
right� and the curves in �a� show the tra�
ditional distributions without ionization loss
after traverse of the same thickness
 Dot
curves denote the asymptotic distributions
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Figure �� Comparison of expected angular
distributions multiplied by �� for muons de�
rived by Lewis theory �solid curves� and by
Moli�ere theory �dot curves�� assuming the
rest energy negligible
 Curves in �b� show
the distributions after traverse of thickness
at ��� 	�� �� ��� and �� percent dissipations
of the incident energy from left to right� and
curves in �a� show the distributions without
energy loss after traverse of the same thick�
ness
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For the single�scattering cross�section of

N������ sin �d�dx � K�

��E�

�

��� cos � � ��a���
�
�� sin �d�dt� ����

we have

�
Z x

�
dx � �

Z t

�

�K�dt

�E�

�

�

Z �

��

�� Pl���

��� � � ��a���
�
d�

� �
Z t

�

K�dt

��E�
l�l� ���ln

�

��a
� �� �

lX
m��

m���
 ����

Assuming the screening angle as

��a �
K�

E�
e������C � ����

we have

�
Z x

�
dx � �K��t

�E�E
l�l� ��f�� �

�
�ln

K�

�E�E
� �C � �

lX
m��

m
�

�g

� ���G
�
l�l� ��f�� �

�
�ln

��G
��t

� �C � �
lX

m��

m���g

� ���M
�
l�l� ��f�� �

B
�ln

��M
�
� �C � �

lX
m��

m���g� ��	�

using B and �M of Moli�ere theory

So we �nd Lewis angular distribution with ionization is expressed by

��F ��v� t� �
�X
l��

�l�
�

�
�Pl�cos �� expf���M

�
l�l� ��f�� �

B
�ln

��M
�
� �C � �

lX
m��

m���g� ����

using the same B and �M� instead of the Moli�ere�Bethe distribution

fMB�	� t�	d	 � �d�

Z �

�
�d�J����� expf���M�

�

�
��� �

B
ln

��M�
�

�
�g ���

with 	 � ���M
 These relations satisfy even if we take account of the rest energy


	 The cross�section dividing method

��� Splitting of the cross�section and the reproduction of Moli�ere series

We split of the cross�section at a separation angle ��B of

��B � eB
���pe�a ����

into the moderate scattering �M and the large�angle scattering �L� as shown in Fig
 	
 Then we
have the solution

�f �
�

��
expf����M�

�

�
��� �

B�
�ln

���M�
�

�
� ln � ��g� ����
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σM

σL

√
eχa χ′

B θ

Figure 	� Dividing of the single scattering cross�section � at ��B to the moderate scattering �M and
the large�angle scattering �L


where

���M � B�

�
��G �

B�

�

K�t

E�E
and � � ����M��

��
B�e

���C 
 ����

Using 	 � ����M� the angular distribution becomes

��f�	� � f ����	� �
�

B�
ff ����	� � f

���
� �	� ln �g

�
�

B��
ff ����	� � f

���
� �	� ln � � f

���
� �	��ln ���g� � � � � ����

as discussed in the Tenth EGS� Users Meeting in Japan ���
 We remained ��B as a free parameter
up to now
 Only when we put ln � to vanish�

ln � � � or ���B � ���Me
���C � ����

gives the equation for the expansion parameter B and the scale angle �M� Eqs
 ��� and ���� and
de�nes the Moli�ere splitting angle �B�

�B � eB��
p
e�a � �Me

��C 
 ����

Then we have the Moli�ere expansion of simple series ���
 It should be known that the probability
p to receive the large�angle scattering in this case is evaluated as

p � N

A

Z x

�
dx

Z �

�
�L������d� �

�t

�
e�B������C �

�

B
e�C��� ����

so we �nd the expansion parameter B acts as the probability parameter of large�angle scatter�
ing
 These facts give us the stochastic interpretation of the Moli�ere expansion� that is the high�
frequent moderate scatterings generate the primary gaussian term and the low�frequent large�angle
scattering provides the successive correction terms of the central distribution depending on their
probabilities within the thickness


��� Single sampling sequence with the cross�section dividing method

The stochastic interpretation of the Moli�ere series described in the preceding subsection bring us a
new sampling sequence of the Moli�ere angular distribution� like other authors ��� ����
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Figure � Central distribution produced
by the moderate scattering� divided at
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 x denotes 	�


� the �rst sampling of the central distribution generated by the high�frequent moderate scat�
tering

� the following poisson samplings of the low�frequent large�angle scattering within the pene�
trating depth and the corrections of the direction angle

��� Splitting angle of the cross�section and the results of angular distributions
with ionization derived by the cross�section dividing method

We have examined feasibility of the cross�section dividing method by comparing the results with
those derived by the detailed Monte Carlo simulation based on the non�divided cross�section �� ��


In case we adopt of the Moli�ere splitting angle of �B� the small distortions from the gaussian
distribution were found in the central distribution generated by the moderate scattering �M� as
indicated in Fig
 �
 The distortion would come from the insu�cient traversing thickness for rather
wide angular ranges of the moderate scattering expanding from

p
e�a to �B
 So we made angular

range of the moderate scattering narrower by taking the splitting angle smaller at �C� known as
the one�scattering angle ���� ���
 Then the central distribution became adequate enough as the
central gaussian distribution� as indicated in Fig
 


Moli�ere angular distribution with ionization derived by the cross�section dividing method with
the splitting angle of �C is compared with that derived by the detailed Monte Carlo simulation
based on the non�divided cross�section at a traversed thickness corresponding to E�loss of ���� in
Fig
 �


��� Simultaneous distribution between the de	ection angle and the lateral dis�
placement

We can obtain the simultaneous distribution between the de�ection angle and the lateral displace�
ment �����r� by the cross�section dividing method� where the correlated �� and �r derived by the central
gaussian distribution are corrected by

��� and ��r � �t� t����� ��	�
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 �open
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at each large�angle scattering at t�� where t denotes the destination thickness
 Fig
 � shows all the
linear combinations �E����E ��r�t��E� derived by the cross�section dividing method with di�erent
� agree very well at the common depth t� as predicted by the theory in Appendices


��� The cross�section dividing method for GS�Lewis track�tracing

Track of charged particle will be e�ectively traced in solid angle space by the cross�section di�
viding method
 De�cits of the Goudsmit�Saunderson theory for insu�cient knowledge about the
longitudinal distribution ��	� will be removed by applying Yang distribution for the simultaneous
distribution between the de�ection angle and the spatial displacement ���� ��� ��� against tracks
before undergoing the large�angle scattering


Moderate scattering �M Large�angle scattering �L

Yang distribution
�Gaussian approximation�

Accidental change of direction

Simultaneous distribution between

��� and ��r��x��y��z�
���


 Conclusions and discussions

We found Goudsmit�Saunderson angular distribution with ionization is described explicitly by
using the same characteristic parameters B and �M as for the Moli�ere distribution
 Through the
cross�section dividing method we derived the method to obtain the simultaneous distribution for
charged particles between the de�ection angle and the spatial displacement� which is important for
natural and smooth track tracing of charged particles in Monte Carlo simulation especially when
we take long step sizes
 Tracing of charged particles by sampling of primary Yang distribution and
subsequent corrections by large�angle scattering is proposed to improve the usual tracings through
mere mean spatial displacement predicted by Goudsmit�Saunderson�Lewis theory
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We have found deep understanding of Moli�ere theory is yet very important in investigating the
transport mechanism of charged particles penetrating through matters


Appendix

A Moli�ere distributions for linear combination of the de�ection

angle �� and the lateral displacement �r

We derive the Moli�ere distribution for a linear combination of the de�ection angle �� and the chord�
angle �r�t
 Let �p be

�p � a�� � b�r�t� ����

and g��p� t�d�p be its probability density�

g��p� t�d�p �
d�p

a

ZZ
f�

�p

a
� b�r

at
� �r� t�d�r
 ���

Let �g���� t� be the Fourier transform of g with the Fourier variable ���

�g���� �
�

��

ZZ
e�i

���pg��p� t�d�p � �� �f�a��� b���t� t�� ����

so that

ln ���g �

Z �

�

K�t���a� bu��

���E � �tu��
ln

K����a� bu��

�e��E � �tu��
du
 ����

This de�nite integral cannot be expressed explicitly within elementary functions in general cases�
except for the following cases when we can get both the spatial and the projected distributions from
the characteristic parameters B and �M described below


A�� b � �

This situation with a � � corresponds to the distribution without taking account of lateral dis�
placements �r� so that it gives the angular distribution under the ionization process described above


A�� � � �

The situation gives the distribution under the �xed�energy process� for the arbitrary linear combi�
nation a�� � b�r�t� as Moli�ere derived for the projected components �����

ln ���g �
K�t��

��E�b
f�a� b�	 � a	

	b
ln

K����a� b��

�E�e����	
� a	

	b
ln

a�

�a� b��
g� ����

so that we have the same characteristic parameters as Moli�ere�

B � lnB � �� ln � � ln t�
�

	
�

a	�b

	a� � 	ab� b�
ln

a�

�a� b��
� ln

	a� � 	ab� b�

	�a� b��
� ����

��M �
	a� � 	ab� b�

	

B

�

K�t

E�

 �	��
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A�� a�E � b��t

The ratio a to b agrees with E to �t� so that the linear combination becomes

�p � �E�� ��E � �r�t��E�
 �	��

Then we have the same explicit result

ln ���g �
K�t��

��E�
�

ln
K���

�E�
�e
�
� �	��

as under the �xed�energy process
 Thus we �nd the linear combination �E�� � �E � �r�t��E� has
the same distribution as the angular distribution at the same traversed thickness derived under the
�xed�energy condition of � � �
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Abstract

A samplingmethod for multiple Coulomb scattering is presented� The method is constructed

by dividing the di�erential scattering cross section into the moderate and large angle scattering�

and exploiting the central limit theorem� That is� the sum of many small angle de�ections is

simulated by a Gaussian random number and the large angle scattering is directly sampled from

the di�erential scattering cross section� It is found that the appropriate selection of the dividing

angle makes the Gaussian approximation of the moderate scattering good while keeping the

sampling frequency of large angle scattering low�

If we use the screened Rutherford cross section with the small angle approximation� our

method yields the Moli�ere distribution� however� it doesn�t require auxiliary numerical tables�

Therefore� it can be implemented as simple as� and as fast as Gaussian approximation methods�

The most important feature of our new method is the simultaneous sampling of the de�ection

angle and the lateral displacement� A correction for taking a constant energy loss per unit length

into account is also presented�

� Introduction

We have been developing a method for sampling multiple Coulomb scattering �see ��� �� and refer�
ences therein	
 The method is constructed by dividing the di�erential scattering cross section into
the moderate scattering and the large angle scattering
 Owing to the central limit theorem� the
sum of many small angle de�ections less than the dividing angle �d can be simulated by a Gaussian
random number to a good approximation �section �	
 On the other hand� the large scattering is
rare and directly sampled from the scattering cross section
 Our method can yield Moliere distri�
bution ��� �� ��� however� it doesn�t require auxiliary numerical tables which are in general used
for Moliere distribution sampling
 Therefore� it can be implemented as simple as� and as fast as
Gaussian approximation methods��� ��


Since we so far have shown the method for sampling the scattering angle only� in this paper�
the method for simultaneous sampling of the angular and lateral deviations with the small angle
approximation is presented
 A correction for taking a constant energy loss per unit length into
account is also presented


� The central limit theorem and multiple scattering

If we have N independent random variables Xi �i � �� � � � � N	� each from a distribution with mean
�i and variance ��i � the distribution of the sum S �

P
Xi will have a mean

P
�i and variance

P
��i 


The central limt theorem ��� says that as N ���

�
S �

NX
i��

�i

��vuut NX
i��

��i � N��� �	� ��	
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This theorem is very powerful since it does not specify the distribution of Xi except for their means
and variances
 This means that if we choose the proper dividing angle �d� the resulting angular
distribution from a large number of small angle de�ections will be Gaussian no matter what the
shape of the di�erential scattering cross section f��	
 Following Moliere and Bethe ��� �� ��� we
write the screened Rutherford cross section with the small angle approximation as

f��	 d� � ���c�
q��	

��
d� � ���cc

t

E�
�
q��	

��
d� ��	

q��	 �
��

��� � ��a	
�
�

The expected total number of scattering n is

n �
Z �

�

f��	 d� �
��c
��a

� ��	

Dividing the cross section at �d� we have the expected numbers of moderate and large scattering�
nM and nL�

nM �

Z �d

�

f��	 d� ��	

nL �

Z �

�d

f��	 d� ��	

and the variance of anglular deviation due to the moderate scattering�

��� �

Z �d

�

��f��	 d�� ��	

The selection of �d is crucial since small �d makes the Gaussian approximation better but nL larger
and vice versa
 �Sampling with larger nL requires longer computational time
	 The dividing angle
should vary with the expected number of de�ections� that is� the energy of scattered particle and
the thickness of material traversed
 Balancing the sampling accuracy and speed� we have selectedp
��c � ��a � �c to be the dividing angle �d
 Then� we have

nM � n� � ��	

��� � ��c

�
lnn � � �

�

n

�
��	

and nL is always unity and the sampling speed would be fast enough
 Hence we can focus on the
goodness of the Gaussian approximation for the moderate scattering


One measure of how close to Gaussian a distribution is� is given by the measures of skewness
and kurtosis
 �For Gaussian� these are zero
	 The symmetry of scattering cross section makes the
coe�cient of skewness be always zero and we use the coe�cient of kurtosis ��


The projected distribution of the central part of the screened Rutherford cross section can be
written as

p��x	 �
��c
�

Z p��
d
���

x

�

�

��x � ��y � ��a
d�y

�
��c
�

�
�

q
��
d
� ��x

���x � ��a	��
�
d
� ��a	

�
�

���x � ��a	
�

�

arctan

	


s
��
d
� ��x

��x � ��a

�
A
�
 ��	

where �x and �y are plane angles and �� � ��x � ��y � �
�
�x

� ���y �
�
�
���
 For simplicity� we use p��x	

rather than f��	 for examining the Gaussian approximation by calculating ��
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Figure � shows the coe�cient of kurtosis numerically calculated with the cumulant K� ��� as a
function of the expected total number of de�ections n � nM � nL � nM � � for �d �

p
��c � ��a


It can be seen that j��j 	 ��� for n � �� Since �� for the well known simple Gaussian random
number generator which uses �� uniform random numbers is ����� it can be said that the Gaussian
approximation for moderate scattering with the dividing angle of

p
��c � ��a is good enough for

practical purposes
 For example� �gure � shows the moderate scattering distributions for n � �� ��
and ��� �nM��� �� and ��	� obtained from direct Monte Carlo simulations with p��x	
 The abscissa
and ordinate are scaled so as to compare the results with the standard normal distribution N����	

The agreement is very well except for the region where dominated by the large angle de�ections in
the �nal multiple scattering distribution
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Figure �� The coe�cient of kurtosis �� of the angular distrubution of the moderate scattering as a
function of the expected total number of de�ections n
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Carlo simulations
 The dotted curve show the standard normal distribution
 Left� linear ordinate�
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� The sampling procedure

��� sampling anglular deviation only

Here we describe the procedure for sampling the de�ection polar azimuthal angle �� 
 due to
multiple Coulomb scattering�

�
 Calculate �c� �a and n � ��c��
�
a �see for example refs
 ��� ���	


�
 Using the single scattering cross section� equation ��	� that is� according to equation ��	�
calculate the variance of the central Gaussian distribution


�
 Sample � and 
 due to the moderate scattering with Gaussian and uniform random number
generators


�
 Sample nL from the Poisson distribution which has the mean value of one


�
 If nL � �� sample the large angle de�ections directly from the single scattering cross section


None of these sampling steps reqires special numerical tables calculated from the Moli�ere theory

Therefore� a very simple and intuitive implementation is possible


��� simultaneous sampling of anglular and lateral deviations

In a Gaussian approximation of multiple scattering� angular and lateral deviations� �x and lx� can
be sampled simultaneously from the probability dinsity

P ��x� lx	 �
�

����x�lx
p
�� �

exp

�
� �

���� �	

�
��x
���x

�
lx
�

��lx
� �

�xlx
��x�lx

��
���	

where ���x and ��lx are the variances of �x and lx respectively� and  is the correlation coe�cient
between �x and lx
 The conditional probability density of lx given �x is

P �lxj�x	 � �p
���lx

p
�� �

exp

�
� �

���lx��� �	

�
lx �

�

�lx
��x

�x

����
���	

If energy loss during the step is negligible and the step size is t� ��lx � ���x t�� and  �
p
��� and

equation ���	 becomes

P �lxj�x	 �
�p

���lx�
p
�
exp

�
� �

���lx��

�
lx � �

�
�xt

���

�
�p

����x t�
p
��

exp

�
� �

����x t
����

�
lx � �

�
�xt

���
� ���	

In usual multiple scattering simulations with the Moliele theory� the lateral displacement in a
single step is neglected or aproximated by assuming a de�ection point
 However� our cross section
dividing method makes the simultaneous sampling possible as angular and lateral deviations due to
the moderate scattering� �x�M and lx�M� are sampled from the correlated Gaussian distribution� and
the large angle scattering is simulated exactly� that is� not only the de�ection angles� the positions
where the de�ections occurred� � 	 t� 	 t� 	 � � � 	 tnL 	 tnL�� � t� are also sampled
 For example�
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under the small angle approximation� �x and lx can be obtained as

�x � �x�M �
nLX
i��

�x�L�i ���	

lx � lx�M �
nLX
i��

�ti�� � ti	
iX

j��

�x�L�j

� lx�M �
nLX
i��

�t� ti	�x�L�i� ���	

where �x�L�i is the i�th de�ection angle due to the large scattering

Although ti�� � ti is distributed exponentially� we do not have to take log since ti has unifrom

distribution between � and t
 Hence equation ���	 can be rewritten with zi� a uniform random
deviate between � and �� as

lx � lx�M � t
nLX
i��

zi�x�L�i� ���	

�Note that the sum does not depend on the order of the values being added
	 Therefore� in
comparison with a Gaussian approximation method� our method allows us to simulate multiple
Coulomb scattering more accurately with little additional computational cost
 �The sampling of
nL also can be implemented without taking log or exp since the mean value is always unity����
	

��� energy loss correction

In this subsection� we describe the correction for the large pathlength case where particle�s energy
loss cannot be neglected


When a relativistic charged particle of mass m and energy E� traverses material of thickness t
and loses its energy at a constant rate of �� if Ef � E�� �t� mc�� ��c�E	��

�
a�E	 remains constant

and the variances and the correlation coe�cient for the moderate scattering can be calculated as

��� �
���
E�
�

t� �

a
���	

��l �
���
�E�

�

t� � �

��� a	�

h
�� a� � �a ln a

i
���	

cov��� l	 �
���
�E�

�

t� � �

��� a	�
�a� �� ln a� ���	

 �
a� �� ln as

��� a	

�
�

a
� a� � ln a

� ���	

where ��� � ��cc�lnn � � � ��n	 and a � Ef�E�
 The square root of the variances �the standard
deviations	 and the correlation coe�cient calculated as a function of a are shown in �gure �
 It
can be seen that �� and �l are di�erently dependent on a and  decreases with increasing energy
loss �dicreasing a	


For the i�th large scattering occurred at ti� the dividing angle should be modi�ed as

�d�Ei	 �
q
��c�Ei	� ��a�Ei	

�
E�

Ei

�d�E�	 ���	

where Ei � E� � �ti
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Figure �� The square root of variances �left	 and the correlation coe�cient �right	 as a function of
a � Ef�E� calculated for ��cc � �� E� � � and t � �


� Results

In this section� multiple scattering distributions obtained from the method described in the previous
section are compared with ones obtained from direct Monte Carlo simulations with the screened
Rutherford cross section �Rutherford MC	 or from the Moliere theory
 The number of events is ��	

for every simulation
 To generate uniform random numbers� we used Mersenne Twister ���� which
has the period ��

�� � � and ����dimensional equidistribution property


��� angular�lateral distribution

Figure � shows the multiple scattering angular distribution f��	 for n � ���
 The open circle� solid
histogram and dotted curve show the distributions obtained from our method� Rutherford MC and
the Moliere theory respectively
 Figure � shows ��f��	 for n � ��� and ��� with logarithmic scale

The abscissa is shifted by �M � �c

p
B in units of �a � �
 It can be seen that the distributions

from the three methods agree very well from the central region to the tail

Figure � and � show the projected lateral distributions for n � ��� and ��� respectively
 The

thick and thin solid curves show the distributions obtained from our method and Rutherford MC
respectively
 The abscissa and ordinate are scaled so as to compare the results with the standard
normal distribution N����	 �dotted curve	
 In the n � ��� case� the distribution from our method is
slightly �atter than the one from Rutherford MC at lx � � and Gaussian doesn�t model the lateral
distribution very well


��� simultaneous distribution

The contour plots of the simultaneous distribution of �x and lx for n � ��� obtained from our
method and Rutherford MC are shown in �gure �
 Figure � shows the conditional probability
density of lx given �x for n � ���
 The symbols with error bar and solid histograms show the distri�
butions from our method and Rutherford MC respectively
 The variables �x and lx are standardized
by �M�

p
� and �Mt�

p
� respectively


Figures �� and �� show the same distributions as �gures � and � respectively� but for the a � ���
���� energy loss	 case
 These �gures demonstrate that our method works very well even for the
case where particles lose signi�cant fraction of their energy
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Figure �� The multiple scattering angular distribution for n � ��� obtained from our method �open
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� Conclusions

A method for sampling multiple Coulomb scattering is presented
 Using the method� we can sample
the de�ection angle and the lateral displacement simultaneously


Since our method can be implemented quite simply and intuitively� it would be easily optimized
for a particular CPU or application
 Furthermore� the method can take account of a constant energy
loss process and be used for long step size cases where particles lose signi�cant fraction of their
energy
 Hence� our method would speed up high energy charged particle transport simulations
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Abstract 
To overcome the inconvenience and difficulty in using the EGS4 code by novice users, 
a visual user interface program, called the EGSWIN system, has been developed by 
the Monte Carlo Research Center of Tsinghua University in China. EGSWIN allows 
users to run EGS4 for many applications without any user coding. A mixed-language 
programming technique with Visual C++ and Visual Fortran is used in order to embed 
both EGS4 and PEGS4 into EGSWIN. The system has the features of visual geometry 
input, geometry processing, visual definitions of source, scoring and computing 
parameters, and particle trajectories display. Comparison between the calculated 
results with EGS4 and EGSWIN, as well as with FLUKA and GEANT, has been 
made to validate EGSWIN. 

1. INTRODUCTION 

The EGSWIN system [1] is basically a Windows version of EGS4 [2] combining 
with some auxiliary functions such as visual geometry input and particle trajectories 
display. The main goal of EGSWIN is to replace the traditional EGS4 coding 
requirements for the general main program (MAIN) and the two subroutines 
HOWFAR and AUSGAB with Visual C++ [3]. This paper introduces the structure, 
functions, and the implementation approaches of EGSWIN. Benchmark tests and 
future improvements will also be discussed. 

2. STRUCTURE AND FUNCTIONS 

2.1 Structure 
The structure of the whole EGSWIN system is shown in Figure 1.The user initially 
inputs all the geometry and material parameters in the Visual Geometry Input module. 
The information is then stored in an INI type file, which would be imported into the 
EGSWIN main program (EGS.EXE). As the subroutines of PEGS4 and EGS4 are 
already converted to Visual Fortran and incorporated into EGSWIN, the main 
program uses them to calculate and get the results. In the end, particle trajectories 
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could also be displayed. In addition, users can submit several jobs to different PCs to 
accelerate the calculation. 
 

2.2 Functions  
EGSWIN is an integrated system, it can be divided into three main and modules 

as follows: 
1) Visual Geometry Input Module (SPLIT3.EXE).  

This module [4] can be operated independently even though it has been 
incorporated into the main program (EGS.EXE). Users can input the parameters 
related to the geometry, define the materials used, and assign medium to each region 
in a visual interface. This module can process this information and get the definitions 
of the geometry and material, and then output a file in an INI type, which could be 
used by the main program. 

The basic geometrical bodies include the cube, sphere, cylinder, special 
hexahedron, and array of cubes and cylinders. The last one is adopted in order to give 
users convenience when the array of detectors is needed. These bodies are defined by 
coordinates and dimensions. For example, a sphere could be defined by setting the 
coordinate of the sphere center and the radius. An image including all kinds of bodies 
is shown in Figure 2. 

The use of OPGL [5] in EGSWIN gives users a colorful 3D display of the 
geometry during the input process instantaneously. Users could change the viewpoint, 
the colors of the bodies and background. Furthermore they can zoom out, zoom in, 
rotate and move the image in different directions. It is quite convenient and explicit. 

After the geometry and material are defined, an INI type file can be created 
automaticly. 
2) Program Running Module (the main program).  

This module is the kernel of the EGSWIN system. This module processes all the 
information users input, gets the material cross section data with PEGS4, and 
simulates the transport of the particles using the subroutines of EGS4. 

It includes the following functions: 
 To import the geometry information (in an INI type file)  
 To show the parameters of the geometry: 

After users import the INI type file into the main program, the information of 
all the surfaces and regions in the geometry would be automatically shown on 
the interface, such as the functions of surfaces and the description of material 
of each region. Figure3 shows an example. 

 To set the initial parameters of a source particle: 
The type, energy, direction, position, weight of the particle of the source in an 
application could be specified. The types of source particles include photon, 
electron and positron. The energy of particles could be mono or be sampled 
from a table distribution. The angular distribution could be mono-directional 
or isotropic. The source could be a point or a surface. 

 To define the scorings including surface current, surface flux, and energy 
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deposition in regions: 
The three types of scorings could be given for all 3 different kinds of particles. 
The first two could also be given in angular bins and energy bins. 

 To set calculation parameters: 
The initial random number could be changed if users want to. 
Users could end the running process by limit the total number of particle 
histories or maximum time. 

 To input an INP file and get the material data with PEGS4 
Users need to give an input file used to create material cross section data 

prior to running an application. The basic format of this file is the same as the 
input file for PEGS4. However, users could put the information of multiple 
materials including element, compound and mixture in one input file. The 
program can automatically separate them, send them to PEGS4, and combine 
all the created PEMF data together. ???? 

 To run and show the particle history status in a scroll bar 
Users could know what percentage of particle history has been 

completed at any moment. 
 To show the scoring results: 

The results could be shown on the interface at the end of calculation 
process and also be saved to a Text type file. 

In addition the function of batch jobs may help users to accelerate the 
calculation.  

A running interface is shown in Figure 4 
3) Particle Trajectories Display Module.  

This module could be very helpful to check the geometry for the calculation and 
particle trajectories visually for validating the calculation conditions. It is also useful 
for understanding the interactions. 

Users could choose the particle trajectories, which they are interested in by 
setting the regions or surfaces and get the 3D display. The main program output the 
WRL type file with VRML[6], which stores the data of the particle trajectories. Users 
could open the file to see the 3D geometry and particle trajectories with a software 
called CosmoPlayer installed in Internet Explorer. The interface is an interactive one 
in which users could zoom in or out, pan, rotate, and change the viewpoint. The whole 
geometry may be displayed or switched off. The particle species are distinguished by 
colors: photons are yellow, electrons are green, and positrons are red. The 
representation of a given particle species may be switched on or off. 

An application of this module is shown in Figure5. 

3. BENCHMARK TEST RESULTS 

The Crannell water shower experiment has been one of the important benchmarks 
for testing all versions of the EGS4 Code System [7]. In the Crannell experiment [8], 
a 1 GeV electron beam was incident on 8000 liters of distilled water in a stainless 
steel tank (122x122x460 cm3) and an Aluminum target (61x61x180 cm3). Radial 
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energy deposition (MeV/cm3/electron) measurements were made at various depths of 
water or Aluminium. EGS4 has been shown to be in excellent agreement, on an 
absolute basis, with the measurements. 

 The test geometry for EGSWIN’s benchmark was: a single cylinder of Al having 
a radius of 34.4 cm with a total length of 120 cm broken up into twelve slabs along 
the z direction. Each has a length of 10 cm except the last is 20 cm. A 1 GeV electron 
beam was incident on the front face of the target. The longitudinal energy deposition 
fraction in the radius of 0~1 cm as a function of Al depth was calculated. The 
comparison of the results obtained with EGS4, EGSWIN, FLUKA, GEANT4 and 
experiment is shown in Figure6.  Figure 7 and Figure 8 show the comparison 
between EGS4 and EGSWIN in linear scale and log scale, respectively. Different 
values for ESTEPE in EGSWIN are also used to test the sensitivity of the result to 
ESTEPE. 

The results of EGSWIN and EGS4 agree with each other very well. The 
statistical errors are so small that they could hardly be shown in the curves except the 
last two points in Figure 8.  

4. DISCUSSIONS AND CONCLUSIONS 

 In this paper we have described the EGSWIN system, a Windows version of 
EGS4 developed with Visual C++ and Visual Fortran. The EGSWIN system can 
produce the same results as the conventional EGS4. EGSWIN could allow users to get 
the result without any user coding, which could not be achieved with other visual 
interface systems for EGS4 such as CGVIEW. EGSWIN provides a whole interactive 
environment for users to input all parameters and get the numeric result as well as the 
particle tracks display. However, as this EGSWIN is a preliminary version there are 
some aspects that need to be improved. A simple model is used in which PE-angle 
sampling, K & L-edge fluorescence, bremsstrahlung and pair production angle 
sampling are not taken into account. More accurate model, more geometry types and 
scorings such as track length would be added. Variance reduction techniques also 
need to be used in order to accelerate the calculation. 
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Figure1．The structure of the whole EGSWIN system. 
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Figure2. Bodies shown in the input interface. 
 
 
 
 
 
 

 
Figure 3.  Main program interface. 
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Figure 4.  Program running interface. 
 

 

Figure 5.  Particle tracks display. 
 

 
Figure 6.  Comparison of depth dose curves calculated with different codes. 
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Figure 7.  Comparison of EGS4 and EGSWIN with different ESTEPE (Linear scale). 
 
 
 

 
Figure 8  Comparison of EGS4 and EGSWIN with different ESTEPE (Log scale). 
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Abstract 
 
The idea of Virtual Monte Carlo is that to run different Monte Carlo codes without changing user codes, such as input 
and output format as well as geometry and detector response. There are several well-known and widely-used simulation 
packages. However, comparing between different simulation tools often raises controversial issues in geometry 
description, cut values and so on. In this sense, the approach of Virtual Monte Carlo could be useful to settle down this 
kind of problems. 
Geant4 has rich flexibility and expansibility brought by its Object-Oriented approach, especially in adding physics 
processes. We can use Geant4 as a framework of Virtual Monte Carlo system and plug-in the part of physics processes of 
other packages as Geant4 modules. In this paper, we especially focused on interfacing EGS4, which is one of the most 
well-known simulation packages, with Geant4. Taking advantage of the capability of Geant4 as a framework, we 
developed a plug-in interface for using EGS4 as a module of Geant4 physics process. By means of this interface, users 
can make applications on which the two different simulation systems can co-work in an easy and proper way. This is 
useful and important for making comparisons between EGS4 and Geant4, especially in users’ application level. In 
addition, EGS4 users can share Geant4 powerful resources, such as geometry description, tracking etc. 
In this paper, we describe our approach of design and implementation of the interface. And also, through some basic 
comparison tests, the feasibility and usefulness of Virtual Monte Carlo approach can be shown. 
 

1.  Introduction 
 
Geant4 is a toolkit for detector simulation of the passage of particles through matter. It provides a comprehensive 

set of functionalities for geometry, material, tracking particles, particle interaction, detector response, event, run, 
visualization and user interfaces 1). Exploiting an Object-Oriented methodology and C++ programming language, Geant4 
enjoys rich flexibility and expansibility as generic simulation system. Particularly in terms of physics process, Geant4 
gives clear and definite protocols between particle and process, and tracking and process, so that users can make a choice 
of models for each process and/or easily implement additional users’ own processes. On the other hand, EGS4 is another 
well-established simulation code 2). Physics processes implemented in EGS4 are confined to electromagnetic physics of 
electron and photon. But it is widely used as a standard especially in medical research area. 
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In general, comparing between different simulation tools often raises controversial issues in geometry description, 
cut values and so on. In order to minimize these kinds of problems, our attention is focused on interfacing these 
well-established and commonly-used simulation codes. Taking advantage of the capability of Geant4 as a framework, we 
developed a plug-in interface for using EGS4 as a module of Geant4 physics process. By means of this interface, users 
can make applications on which the two different simulation systems can co-work in an easy and proper way. This is 
useful and important for making comparisons between EGS4 and Geant4 especially in users’ application level. In 
addition, EGS4 users can share Geant4 powerful resources, such as geometry description, tracking etc.  

In the following, we describe our design and implementation of the interface, and the results of basic benchmarks 
are also presented. 
 

2.  SYSTEM ANALYSIS AND DESIGN 
 

First of all, our design policy is set. We should care for not to change algorithms and prescriptions which are 
applied in the EGS4 system in order to get the same output as obtained by using EGS4 itself. According to our policy, we 
make careful system analysis for each component of EGS4 and decide whether it can be replaced with a corresponding 
Geant4 component or should be left as it is. Analysis for each functional component is described in the following 
subsections, and summarized in Table 1. 

Table 1 
Summary of which package is used in each functional component 

 
Component Which package? 

Control Framework Geant4 
Geometry and Tracking Geant4 

Material Geant4/EGS4 
Cross Section Table EGS4 (PEGS) 

Physics Process EGS4 
Cutoff EGS4 

 
2.1 Geometry and Tracking 

Geometry description model is very different from each other. In Geant4, describing geometry is completely 
separated from the tracking component in users’ implementation level. Geometry model is based on the mother-daughter 
concept, in which each volume can be described by being placed in its mother volume hierarchically. Functionality of 
particle transportation is provided in another part of the toolkit. Users can implement their own detector geometries not 
taking care of matters with tracking particles. In EGS4, on the other hand, geometry description is closely coupled with 
users’ implementation of particle transportation. To implement geometry, users have to calculate the distance between the 
current location and the closest surface and transport a particle in their own codes. In other words, EGS4 does not provide 
a generic way of describing geometry and tracking particles. Therefore we can make use of Geant4 functionalities for 
describing geometry and tracking particles without any care. 
 
2.2 Process and Tracking  

The next consideration is focused on how a physics process is invoked in tracking, that is, a way of step size 
calculation and process selection. In Geant4, each process has its own fate in terms of number of interaction length. Then, 
a process having minimum fate will be invoked. In EGS4, the next step size is decided based on the total cross section. 
Then, which process will be applied is chosen at the rate of branching fraction of a process. In principle, these two 
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treatments function in the same manner. The remaining small difference is fixed in implementation level. Practically, we 
implement EGS4 physics processes as single Geant4 processes for electron and photon respectively.  

Subroutines of physics processes in EGS4 are written in FORTRAN (Mortran in practice). Each of them is reused 
as it is. This is because the already existing FORTRAN codes are working well and it is more convenient to keep 
independence from each package for future updates. 
 
2.3 Material and Cross Section Table 

In the EGS4 system, defining materials and calculation of cross section tables have to be prepared by PEGS, 
which is an external program, prior to execution of users’ programs. An output file of PEGS is read in an EGS4 program 
at initialization phase. We make a design decision to share this procedure for defining materials and calculating cross 
section tables.  

Information described as material attributes is slightly different. In Geant4, in most cases, material information 
has only properties of material itself, such as atomic number, composition, density, etc. In EGS4, additional information 
associated with process such as cutoff energy, parameters and coefficients of formulas, option flags specific to processes 
are also given. Therefore, our interface is supposed to manage materials in terms of both Geant4 and EGS4. Besides 
Geant4 material classes, classes describing materials defined in EGS4 are designed. In addition, a mapping table between 
Geant4 materials and EGS4 materials is in need to convert a Geant4 material to a corresponding EGS4 material, and vice 
versa. 
 
2.4 Cutoff 

The word “cutoff” is used in two meanings. One is “tracking cut”; particles below the cutoff energy will be 
discarded. The second meaning is “production cut”; only particles above the cutoff will be generated as secondary 
particles. In Geant4, only production cut is applied, and particles basically will be transported until they have zero kinetic 
energy. In EGS4, on the contrary, both cutoffs are applied. A way of setting cutoff values is also different. In Geant4, only 
one value is set in terms of range, and it is internally converted to energy for each combination of material and particle 
species. On the other hand, in EGS4, a cutoff parameter is specified for each material. So, we manage cutoff values in 
material description. According to our policy, care should be taken not to change the cutoff treatment carried out in EGS4. 
Therefore, we bypass cutoff treatment in Geant4 and set and apply cutoff in the EGS4 style. 
 

3.  Implementation 
 
3.1 Material 

There are two additional classes presented to describe materials used in EGS4; EGS2G4PegsMaterial and 
EGS2G4Material. EGS2G4PegsMaterial describes a material defined in a PEGS output file. Its attributes consist of 
name, index of a material array in the EGS4 common block, density, energy range of cross section tables (AP, UP, AE, 
UE) and some user flags. Its objects will be instantiated from a PEGS output at initialization time. EGS2G4Matetial, 
which is referred by EGS4 processes, represents a practical medium assigned to a volume. It has user parameters, like 
cutoff (aka ECUT, PCUT), density, process switch, etc in addition to a reference to an object of EGS2G4PegsMaterial. A 
correspondence between EGS2G4Material and G4Material has to be given as a form of a mapping table (g4-egs4 
material map) at initialization. This table is used at tracking time to retrieve an EGS2G4Material object corresponding to 
a G4Material one of a current volume. 
 
3.2 Physics Process 

Geant4 is designed to allow users to implement new processes in a generic way. All actual process classes inherit from 
G4VProcess, in which definite protocols to invoke interactions from the tracking side are defined. All processes are classified into 
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the following process types; “AtRest”, “AlongStep”, “PostStep” and any combinations of these types. Each type of process has two 
mandatory methods to be implemented. GetPhysicalInteraction-Length(GPIL)() limits the step size and calculates when an 
interaction will occur. DoIt() gives actual changes of a particle and creates secondary particles. In EGS4, tracking electrons and 
photons is handled in the FORTRAN subroutines, ELECTR and PHOTO respectively. Each actual physics process is called in these 
subroutines at the rate of its cross section. 

Practical implementation is carried out according to the Geant4 scheme. As previously mentioned, single Geant4 processes 
per electron and photon are implemented; EGS2G4eProcess for electron and EGS2G4gProcess for photon, inheriting from 
G4VProcess. They are implemented as a “continuous-discrete-at-rest” process and a “discrete” process respectively. The 
corresponding EGS4 subroutines (ELECTR and PHOTO) are divided into two parts so as to match with the protocols of Geant4 
process. One is a part of calculating GPIL(), and the other is to describe actual reaction of processes, i.e. DoIt(). The divided parts are 
written in Mortran codes and wrapped with C++ because it is much easier and safer to handle the original codes.  

The list of processes currently covered is summarized in Table 2. At the first target, we start with connecting a plain version 
of EGS4 package. Some extension components like PRESTA are not included yet. It is noted that the current implementation of 
multiple scattering is described only by flipping momentum direction. In order to include lateral displacement, which is included in 
the PRESTA extension, we have to set a safety limit on lateral displacement not to push an electron/positron out to the next volume. 
This is the next target of our plan. 

 
Table 2 

Process list currently covered 
 

Electron processes Photon processes 
multiple scattering 

continuous energy loss 
Bremsstrahlung 
Møller scattering 

positron annihilation 
(in-flight / at-rest) 

Rayleigh scattering 
pair production 

photo-electric effect with 
subsequent fluorescence 

Compton scattering 

 
With regard to cutoff treatment, a particle below cutoff energy will be stopped and killed with depositing its 

kinetic energy. In case of positron, a positron will be stopped and followed by annihilation to two photons. 
 
3.3 How It Works 

In this subsection, how the interface works is described from the tracking view point. We let particles travel in 
parallel worlds; Geant4 and EGS4 geometries. A Geant4 world is just a geometry constructed in the Geant4 manner, and 
particles are practically transported in this geometry. On the other hand, an EGS4 world is composed of a single “virtual” 
volume with no dimensions (huge enough) and a medium dynamically updated at every step. This volume is used only 
for actual reaction of EGS4 processes. The practical work flow at tracking time is as follows: 

 
1. A Geant4 material of a current volume is converted to a corresponding EGS4 medium through the g4-egs4 

material map. 
2. Medium information of the EGS4 volume is updated.  
3. Kinematical information in the EGS4 stack is updated from a Geant4 track.  
4. An EGS4 process is invoked and recorded to the EGS4 stack. 
5. The stack information of EGS4 is evacuated to a change of particle in the Geant4 representation. 
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3.4 User Interface 

What is provided from users’ side of view? At first, we provide another user physics list for using EGS4 processes. 
To use EGS4 processes, any existing Geant4 geometry codes don’t have to be modified. As for materials, users have to 
prepare EGS4 materials by themselves. Practically, users define PEGS materials in a PEGS input file and execute PEGS 
to generate a cross section file. In addition, users have to give assignments for which PEGS material corresponds to a 
Geant4 material used in users’ geometry. All operations for setting user parameters and flags controlling behavior of 
EGS4 programs can be performed through Geant4 command line interface. So, users don’t have to recompile any 
programs to modify user parameters and flags. 

 

4. Benchmarks 
 
The development was carried out under Linux system (SUSE Linux 9.1). We used gcc and g77 of version 3.3 and 

Geant4 of version 6.2. The version of EGS4 used was a version distributed at the KEK site. The first implementation was 
finished, and we have checked basic functionalities. As for robustness of the system, several million events in a simple 
geometry were successfully generated without any problems. We also carried out benchmark tests proposed in 3). Fig.1 
and Fig.2 show the comparison between EGS4/PRESTA which is presented in 3) and EGS4 on Gean4 with this interface 
for photon and electron respectively. Good agreements can be seen in these plots despite some small discrepancy. These 
good agreements demonstrate that our interface is well working. The discrepancy is considered to be due to the difference 
in describing multiple scattering, because our interface does not include PRESTA yet. For this point, technical study for 
including PRESTA is planned for more precise simulation. Now, we are ready to make comparisons between Geant4 and 
EGS4 with this interface on common users’ geometries. 
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Fig. 1. Comparison of depth-dose curves for the photon case. The geometry is composed of several layers of slab 
phantoms. From 0 to 3cm is water, 3 to 5 cm is aluminum, 5 to 12 cm is lung material and 12 to 30 cm is water. The 
photon beam is a uniform 18MV beam from a realistic clinical accelerator as calculated at NRC using BEAM code. The 
line shows the calculation by EGS4/PRESTA which is presented in 3). The dots with error bars represent the result 
obtained by EGS4 on Geant4 with this interface. 
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Fig. 2. Comparison of depth-dose curves for the case of 20 MeV mono-energetic electron beam. The composition of the 
geometry is that from 0 to 2 cm is water, 2 to 3 cm is aluminum, 3 to 6 cm is lung material and 6 to 30 cm is water. The 
representation of each plot is same as in Fig. 1. 
 

5.  Summary  

 
We have successfully developed an interface between EGS4 and Geant4 based on Object-Oriented approach. 

This work is a proof of flexibility and expansibility of the Geant4 toolkit, and shows a good example of Virtual Monte 
Carlo approach. This is useful for making comparisons between EGS4 and Geant4 especially in users’ application level. 
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Abstract

LSCAT-GISMO is an easy-to-use and powerful framework for particle simulation written in
C++. It supports the user in setting up his own experimental environment by providing classes
for particle sources, geometries, interactions and graphical visualisations. The object-oriented
approach and the open design of LSCAT-GISMO makes it flexible and easy to extend. For
example classes for hadronic interactions (GHEISHA) as well as electromagnetic interactions
(EGS4 and LSCAT) are available. Furthermore it is also possible to extend LSCAT-GISMO
fulfilling additional physical needs. We will give a short overview of the physical background
of LSCAT-GISMO, present its features and explain the concept by showing the basic class
dependencies.

1 Introduction

Computer simulations are a standard tool in modern particle and medical physics. They can be
used to design and optimise experiments and to verify the results with theory. The simulation
software should therefore be flexible to support the user in realising his own experimental setup
and it should provide adequate physics. Due to its object-oriented approach and the use of EGS4
and GHEISHA algorithms LSCAT-GISMO [1] is very well suited for this task.

2 History

LSCAT-GISMO continues a development that started at CERN in 1990, where a discussion about
the benefits of an object-oriented particle simulation tool has taken place. In the following years
two workshops were held, one at SLAC and one at the University of Florida. These workshops
finally led to the first release of GISMO (Graphical Interface for Simulation and Monte Carlo Code
with Objects) at SLAC in 1993 [2]. Until 1996 Toby Burnett from University Washington improved
GISMO by including CLHEP (C-Library of High Energy Physics) [3] into GISMO and called his
version HEP-GISMO [4]. In 1996 our group started two projects in medical physics and used HEP-
GISMO for developing simulation tools for nuclear medicine and X-ray imaging. For the need of
low energy behaviour we incorporated the LSCAT extension [5] into HEP-GISMO and released a
new version of GISMO which we called LSCAT-GISMO.

3 The framework

LSCAT-GISMO is not an executable program but a class library written in C++. It is a framework
which supports a programmer in realising particle simulations. For a basic application just five
steps are necessary (see fig. 1):

1. Define setup (geometries, materials, fields, etc.)

2. Setup a source and its proporties
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3. Choose the interaction algorithm

4. Implement scoring methods for detector objects

5. Start event generation

Figure 1: Basic class diagram for applications

LSCAT-GISMO provides a lot of standard geometrical objects like boxes, tubes, cones, etc. By
combining these objects also complex geometries can be realised to imitate the real-life experiment.
For special shapes the object-oriented concepts of inheritance and derived classes can be used to
add additional geometries to LSCAT-GISMO.

The source defines the initial particle of each event. LSCAT-GISMO includes a database of
particles with their physical properties. Depending on the source type choosen the position and
momentum vector of the individual initial particles can vary. So it is very easy to realise for example
an isotropic source or a pencil beam source.

The users hook during the propagation of a particle is the detector property that can be applied
to a medium. If an interaction takes place in a medium the associated score method of the detector
is called whereas the particle proporties like energy or position are passed. The user must adapt
the score method to extract his ‘measurement’ results. For example the energy deposition in a
medium can be calculated and compared to experimental data.

A simple example that demonstrates the usage of LSCAT-GISMO is shown in fig. 2: A gamma
ray pencil beam of energy 40 keV hits a germanium detector. The interaction position in z-direction
is printed out.

4 Physics

The essential part of a particle simulation are the interaction algorithms. They define the physics
covered by the simulation. In LSCAT-GISMO all implementations of interaction algorithms have
to be done in classes which are derived from the base class Interactor. That means different
interactors fulfilling different physical needs can be realised in separate interactor classes. They
can be implemented, tested and used independently from each other. In LSCAT-GISMO already
three interaction classes exist: EGSInteractor, LSCATInteractor and GHEISHAInteractor.

4.1 EGSInterator

The EGSInteractor is a C++ implementation of the standard EGS4 algorithms and describes
the interaction of photons, electrons and positrons in matter [6]. It is valid for photon energies
between 1 keV and thousands of GeV and includes photo effect, Compton scattering, Rayleigh
scattering, pair production and bremsstrahlung. For charged particle the algorithms are valid for
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#include "gismo/BaseApp.h"
#include "gismo/Box.h"
#include "lscat/LSCATInteractor.h"

class myDetector : public Detector
{
  public :
    myDetector() {}
    void score(MCParticle* currentParticle);
};

void myDetector::score(MCParticle* currentParticle)
{
  // Print out z position for gammas
  if(currentParticle−>charge() == 0)
    std::cout << currentParticle−>position().z() << std::endl;
}

int main()
{
  BaseApp  myBaseApp;
  World*   myWorld = new World();
  
  // Use LSCATInteractor
  myBaseApp.addInteractor(new LSCATInteractor("electromagnetic"));

  // Create gamma ray pencil beam of 40 keV at point (0,0,−10) in z−direction
  myBaseApp.setGenerator(new Generator("gamma", Vector(0,0,0.000040), Point(0,0,−10)));
  
  // Create world consisting of a germanium box detector at origin with detector property
  Medium* myMedium = new Medium((Medium*) 0, new Box(0.5,0.5,0.5), "Ge", new myDetector());
  myWorld−>addMedium(myMedium);
  myWorld−>setKECutOff(0.0000001);

  // Set world  
  myBaseApp.setWorld(myWorld);
  
  // Trigger one event
  myBaseApp.run(1);
}

Figure 2: Example of a BaseApp application

kinetic energies between a few tens of keV and a few thousand GeV. It includes Møller interaction
for electrons, Bhaba interaction and annihilation for positrons and Coulomb scattering as well as
continuous energy loss for both.

4.2 LSCATInterator

The physical model for keV photon transport of EGS4 has been expanded with LSCAT (low-energy
photon scattering expansion for the EGS4 code) by Namito and Hirayama [5]. LSCATInteractor

is a C++ adaption of this package. Using this interactor LSCAT-GISMO takes into account bound
Compton scattering, Doppler broadening, linearly polarised photon scattering, fluorescence pho-
tons, Auger electrons and electron impact ionisation. Furthermore the improved Bremsstrahlung
sampling algorithm of Bielajew [7] has been incorporated.

4.3 GHEISHAInteractor

For the simulation of hadronic interactions GHEISHAInteractor is included in LSCAT-GISMO. It
is a C++ wrapper for the GHEISHA code which is written in Fortran. Gheisha has been developed
by Fesefeldt and is part of GEANT3 [8]. It takes into account elastic scattering, inelastic scattering,
nuclear fission with inelastic scattering and neutron capture.

5 Graphical User Interface

Since the implementation of a setup has to be programmed, a graphical visualisation of the result
may be useful for verifying and debugging. LSCAT-GISMO offers different output formats, e. g. in
a window or in Postscript format. The viewpoint of the scene can be choosen arbitrarily to get a
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reasonable 3D representation of the setup. If a particle has been propagated the trajectory of the
particle and its daughters can be drawn as well.

In addition to the graphical output LSCAT-GISMO also supports the user in realising appli-
cations with a graphical user interface (GUI). Therefore the framework supplies methods e. g. to
handle text and graphic windows or to implement menu driven applications. Two examples are
shown in fig. 3. On the left hand side a muon has been propagated in liquid argon. The trajectories
and the detector response is also drawn. On the right hand side a test setup of a Compton camera
for medical imaging is shown where a gamma particle is being Compton scattered in a germanium
detector and absorbed in a CdZnTe detector. The menu entry for controlling the detail level of the
output is selected. The GUI framework of LSCAT-GISMO can be used on Microsoft Windows and
Unix systems.

Figure 3: Graphical user interface for Microsoft Windows (left) and Linux (right) systems

6 Applications

LSCAT-GISMO and its predecessors have been successfully used in different applications and
demonstrated their versatility. For the Gamma Ray Large Area Space Telescope project (GLAST)
for example the interactions of high-energy gamma rays (20 MeV to 300 GeV) with the GLAST
detector were simulated to optimise the detector design.

The EDDA experiment investigates the excitation function for elastic proton-proton scattering.
For the analysis HEP-GISMO was used and expanded by the MICRES package which leads to a
more accurate simulation of hadronic interactions in the mid-energy range. In order to include the
MICRES code in HEP-GISMO the concept of derived classes has been used for the interactor and
the source.

The Roentgen Simulation ROSI is based on LSCAT-GISMO and is dedicated to X-ray imaging
and X-ray tube calculations [9]. It extends LSCAT-GISMO by complex particle sources which are
needed to describe the energy spectrum or angular distribution of X-ray tubes. ROSI is capable
of parallel computing to accelerate the calculation speed by using the Local Area Multicomputer
platform LAM [10]. An information socket enables the user to monitor the simulation progress via
internet. The configuration is done by a C++ file. So from the users point of view ROSI can be
considerd like a black box where only a few parameters have to be defined to investigate physical
problems of X-ray imaging (see Fig. 4).
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physical world

Interaction points
Momentum
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List of network computers

Number of particles

of status information
Socket address for request

Material data
Geometrical data

Particle source data

Figure 4: Black box of ROSI

7 Conclusion

LSCAT-GISMO is a framework for particle simulations that has been successfully used in different
applications. It supports the user in implementing his setup, propagating particles, visualising
the simulated environment and realising applications with a graphical user interface. The interac-
tors included are based on established algorithms of the EGS4, LSCAT and GHEISHA packages.
LSCAT-GISMO is written in C++. Due to the object orientated approach it can easily be extended
and has an open design for further improvements.
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ROSI � A MONTE CARLO SIMULATION FOR

X�RAY TUBES

F� Sukowski

Physikalisches Institut IV� Erwin�Rommel�Str� �� Universit�at Erlangen�N�urnberg� Germany

Abstract

When developing X�ray tubes� the energy spectrum and the intensity of the X�ray radiation
is most important� To calculate X�ray spectra� there are programs which are based on experi�
mental data� These programs are only able to calculate spectra from anode materials which are
explicitly provided� Using the object�oriented framework LSCAT�GISMO we have developed
ROSI ���� a Monte Carlo simulation which is capable of simulating arbitrary anode materials
and even arbitrary tube geometries� ROSI uses the well esablished EGS� �	��algorithms with
the LSCAT�extension� Comparison with experimental data has been done�

� Introduction

In the �eld of X�ray tube development� the main goal is to maximize the dose output of the X�ray
radiation while minimizing the heat in the anode due to energy deposition of the electrons� It is also
very important to predict the energy spectrum and the angular distribution of the X�rays� With
ROSI ��� we provide an X�ray tube simulation tool� which is capable of simulating all these aspects
while using arbitrary X�ray �lters� anode materials or tube geometries� Therefore no expensive
experimental setup is required when studying new tube designs� Furthermore� also X�ray photons
can be tracked to simulate X�ray imaging as well�

� Simulation Setup

θ

Electron
detector

Electron
source

Backscattered

Anode

detector
X−Ray

filter
X−Ray

electrons

X−Ray photons

Figure �	 Simulation setup� The primary electrons hit the
anode in the �hot spot�� From there X�rays and backscat�
tered electrons are emitted and can be detected by the X�ray
detector �red� and electron detector �blue�� The X�rays are
�ltered by various materials �green��

Figure � shows the simulation setup that was
used for the X�ray tube study� First an elec�
tron source that emits electrons with kinetic en�
ergy E	 in a certain direction is de�ned� The
origin and direction of the electrons can be ran�
domly varied� so a realistic electron beam can be
modeled� The primary electrons hit the anode in
the so called 
hot spot�� The anode is de�ned
as a box inclined by the anode angle � towards
the incident electron direction� All energy losses
by electrons in its volume have been recorded�
ROSI is capable of simulating the emission of
bremsstrahlung and characteristic radiation from
the anode which can be detected by an X�ray de�
tector �red circle in Fig� � that was de�ned as a
hemisphere around the anode� Furthermore� an
additional �ltration �green circle in Fig� � was
applied to model realistic X�ray tubes�

In addition to the X�ray radiation� ROSI is capable of simulating backscattered electrons from
the anode as well� In order to study the energy and angular distribution of them� an electron
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detector �blue circle in Fig� � was de�ned� This electron detectector stops all electrons when they
enter its volume and lets all photons pass�

� X�Ray Generation Process

When electrons propagate into a solid� they are scattered in the Coulomb �eld of the atoms� While
most of the electrons lose kinetic energy to the atoms and heat up the solid� there is a possibility
that a bremsstrahlung photon is emitted during this process� since the electrons are accelerated in
the coulomb �eld�

The second mechanism of X�rays production is the collision between either electrons or photons
and K� or L�shell electrons of the anode� but this process is only possible� if the kinetic energy of
the incident electron is greater than the binding energy of the target electorn of the solid� Electrons
from the next shell �ll the hole of the inner shell under emission of a photon with energy equal to
the binding energy di�erence between inner and outer shell� These photons have certain energies
that are characteristic for the anode material� ���

��� Energy Spectra

For medical applications the X�ray energy spectrum is very important� Therefore it is crucial to
verify the correct physical behaviour of the simulation� Figure � shows the comparison between
measured ��� and simulated energy spectra from a standard diagnostic X�ray tube with a tungsten
anode and a total �ltration of ���mm Aluminium� The kinetic energy of the primary electrons
varies between �� keV and ��� keV� The plots show energy spectra without detector e�ects� In the
�� keV spectra there is no characteristic radiation� because the binding energy of K�shell electrons
in tungsten is EK � �� keV� When going to higher primary energies� the tungsten atoms can
be ionized and electrons from the L�shell �ll the holes in the K�shell and photons with energy
E� � �� keV are emitted� This e�ect can be seen in experimental data as well as in the ROSI
results �see Fig� ��

Another type of commonly used X�ray tubes are mammography tubes with molybdenum an�
odes that have characteristic lines at E�� � �� keV and E�� � �� keV� To cut o� photons with
higher energies� the radiation is �ltered by materials that have ionizing energies slightly above ��
keV� so photons with higher energies are absorbed due to photoelectric e�ect� Futhermore� the
characteristic line is very intense compared to the bremsstrahlung spectrum� which is important in
this medical modality�

Figure � shows the comparison between experiment ��� and simulation of mammography tube
spectra with several �lters in addition to the � mm beryllium exitation window� The spectra agree
very well�

��� Detector E�ects

In experimental measuring setups� the e�ciency of the detector is limited and dependent on photon
energy� When photons with energy above the K�shell ionizing energy of the detector material enter
the detector volume� there is an additional possibility of photoelectric e�ect producing �uorescence
photons� Fluorescence photons are produced in an arbitrary direction and can leave the detector
volume� This mechanism causes the decrease of the e�ective photon counting rate above K�shell
ionizing energies�

In our experiment� the X�ray radiation was measured with a CdTe detector with K�shell ionizing
energies of �� keV �Cd and �� keV �Te and a diagnostic tube �tungsten anode� Figure � shows
measured and simulated raw spectra �detector e�ects are now taken into account� The experiment
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Figure �	 X�ray energy spectra from a diagnostic tube with a tungsten anode and di
erent tube voltages �black� �	kV
red� �		kV green� ��	kV�� Left� spectra simulated with ROSI Right� experimental spectra ���� These spectra are without
detector e
ects�

was done with the following tube voltages	 �� kV� �� kV and �� kV� In both plots the reduced
detector e�ciency above K�shell ionizing energies can be seen�

��� Heel�E�ect

Figure �	 Diagramhow the Heel�E
ectworks� Pho�
tons are produces in the red shaded volume� The ab�
sorption of the photons in the anode is dependent on
the distance from the production point to the surface
and therefore on the production angle�

When the incident electrons hit the anode� they are im�
mediately scattered in the Coulomb �eld of the atoms
and propagate in an arbitrary direction already after
a few interactions� thus bremsstrahlung is produced
nearly isotropically� The photons are produced in a
volume slightly below the surface� Photons with direc�
tion perpendicular to the surface have a short distance
to leave the anode volume with only small absorption
while photons with a direction nearly parallel to the
surface have a long distance to leave the anode and
undergo great absorption as it is shown in Figure ��

Therefore the radiation intensity is exspected to de�
crease at �at angles� which is called the Heel�E�ect ����
Figure � shows the angle dependency of the simulated
X�ray radiation intensity� The simulation was made
with a tungsten anode with anode angles of � � ����
The origin of the angle in the plot is set to the perpen�
dicular to the electron beam� consequently � � ����

means the direction parallel to the surface� Below that
angle� there is no intensity� because of the shadow from
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Figure �	 X�ray energy spectra from a mammography tube with a molybdenum anode and di
erent addinional �ltration
�black� �	�m Nb red� �	�m Mo green� ���m Rh� tube voltage� ��kV� Left� spectra simulated with ROSI Right�
experimental spectra ���� The spectra are without detector e
ects�

the anode� At higher angles� the intensity increases
slowly until it becomes nearly constant� where the distance from the photon production point to
the anode surface is very weakly dependent on the angle� As the simulation results show this e�ect
can be reproduced with ROSI very well�

� Energy Deposition in the Anode

Simulation setup for
energy deposition and 
backscattered electrons

Electron beam

Anode

59°

Figure �	 Setup for further simulations� Tungsten was
chosen as anode materials the anode angle was � � ����

Apart from the X�ray radiation� the energy loss of
the elctrons in the anode is also a very important
aspect when developing X�ray tubes� Since the
loss of electron energy to the anode results in
heating�up of the anode� especially in the 
hot
spot�� where the electrons hit the anode� The
temperature must not exceed the melting point of
the anode material� that means the tube current
and thus the possible X�ray radiation dose output
is limited by the electron energy deposition�

The simulations were made with a tungsten
anode at an anode angle of � � ��� as it is shown
in �gure ��

Figure � shows the spacial energy deposition
in the anode� The deposited energy was inte�
grated over all anode depths�
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Figure �	 X�ray energy raw spectra from a diagnostic tube with a tungsten anode and di
erent tube voltages �black� �	kV
red� �	kV green� �	kV�� Left� spectra simulated with ROSI Right� experimental spectra�

The incident electron beam hit the anode from below at the coordinates ����� Almost all
energy is deposited in a circle about �� �m in diameter� The energy deposit is shifted slightly in
the primary beam direction� The depth of the energy distribution is shown in �gure �� Energy
depoisition from electrons occurs only in the �rst �� �m from the surface� From that point the
gradient of the distribution is getting smaller� since the energy that is deposited comes from photons
which can propagate deeper into the anode�

With these data it is possible to calculate heat transportation through the anode with a heat
transportation simulation tools� Taking this into account� �nally the allowed tube voltage and
current can be estimated�
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Figure �	 Angular distribution of X�ray radiation� � � ��	� is parallel to the anode surface � � 	� is perpendicular to the
incident electron beam� The intensity increases slowly with the angle until it is nearly constanst where the absorption in the
anode is almost not dependent on the angle�

� Backscattered Electrons

Only about � � of the energy of the incident electron beam is used to produce X�ray radiation�
��� ��� results in heating up of the anode� The missing energy is kinetic energy of electrons that
are backscattered from the surface� These are de�ected onto other points of impact on the anode
due to the electric �eld and contribute the further heat in the anode� But these electrons are not
so critical� because they do not contribute to the heat in the 
hot spot�� For understanding all
physics of X�ray tubes� they are nevertheless an important issue� In this context� we used again the
simulation setup from section �� but now we have recorded the energy and angular distributions of
backscattered electrons�

Figure �� shows the energy spectrum of backscattered electrons from the surface� The primary
energy of the electron beam is E	 � ��� keV� Most backscattered electrons still have much kinetic
energy since they are backscattered near the surface�

A ��dimensional plot of the angular distribution is shown in �gure ��� The number of backscat�
tered electrons were counted by a virtual hemispherical detector above the anode� � is the polar
angle and � is the azimuth angle� � � �� means the top of the hemisphere and � � ��� the lower
border� The incident electron beam direction was set to � � ��� and � � ��� As the diagram
shows� the backscattered electrons are slightly shifted toward the direction of the incident electron
beam� Furthermore� the most electrons are backscattered to low polar angles � due to the electron
Heel�E�ect�
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Figure �	 Energy deposition in the anode top view

� Conclusion and Outlook

As all results show� ROSI can model the simulated X�ray spectra� the Heel�E�ect� the energy
deposition in the anode� backscattered electrons and even detector e�ects� All this is possible
using arbitrary anode materials and arbitrary �lters� Thus ROSI is a very �exible and versatile
simulation tool for X�ray tube design�

In the future� we will also include e�ects of surface roughness� which will allow the simulation
of aging e�ects of X�ray tubes�
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Figure �	 Depth energy deposition in the anode

96



Figure ��	 Energy spectrum of backscattered electrons from a tungsten anode and primary energy E� � ��	keV�

97



Figure ��	 Angular distribution of backscattered electrons from a tungsten anode and primary energy E� � ��	keV� The
incident electron beam hits the anode under � � ��� and � � 	��
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Abstract 
 
The MACRO programs which express a simple shape such as PLANE, SPHERE, CYLINDER and 
CONE, are used to the formation of the geometry in EGS4. Each MACRO calculates the important 
value for the main code to recognize the configured geometry. This calculation process may 
generate the calculation error due to the effect of a round-off error. SPHERE, CYLINDER and 
CONE MACRO include the function to avoid the effect, but PLANE MACRO dose not include. The 
effect of the round-off error is small usually in case of PLANE MACRO, however a slant plane may 
cause the expansion of the effect. Therefore, we have configured the DELPLANE program with the 
function to avoid the effect of the round-off error. In this study, we examine the DELPLANE 
program using the simply geometry with slant plane. As a result, the normal PLANE MACRO 
generates the round-off error, however DELPLANE program dose not generates one.  
 
1. Introduction 
 

A user can set up the geometry with the several regions by configuring the subroutine 
HOWFAR in EGS4. This subroutine compares USTEP (step of the transportation) with the 
distance (TVAL) between the particle position and the boundary of the regions that the 
particle crosses, and converts USTEP into TVAL when TVAL is less than or equal USTEP. 
Figure 1 shows the changing transportation distance of the particle due to the subroutine 
HOWFAR. TVAL is important for this transportation and calculated by the MACRO programs. 
The MACRO expresses the simple shape such as PLANE, CYLINDER, SPHERE and CONE, 
and helps a user constructing the geometry. 

Using PLANE MACRO, we tried to set up the geometry of the gantry head which is the 
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radiation aperture of an X-ray generator. In order to set up the gantry head, it needed some 
slant planes. However, the generation of NEGATIVE-USTEP was increased using this slant 
planes. NEGATIVE-USTEP indicates calculation errors which are occurred by a round-off 
error, and the program is stopped by detecting many appearances of NEGATIVE–USTEP. 

The effect of the round-off error may occur when a particle is transported to the boundary 
of the regions. In other words, the new particle position may deviate from the boundary after 
the transportation (figure 2). Even if the geometry is simple, the round-off error may occur. 
However generation probability of these errors is low usually. The probability based on slant 
plane became higher than that based on simple plane such as horizontal or vertical plane.  

Other MACROs include the function to avoid the effect of the round-off error, but PLANE 
MACRO dose not included. Therefore we referenced CYLINDR to configure the program to 
avoid the effect of the round-off error, and we called this program “DELPLANE” program. In 
this study, we examine the DELPLANE. 
 
2. Materials and Method 
 
2.1 DELPLANE program 

Figure 3 shows the function of DELPLANE program. To avoid the effect of the round-off 
error, DELPLANE is configured from normal PLANE MACRO by the addition of allowable 
band, and we called the allowable band “DELBAN”. In addition, if a particle exists in the 
DELBAN band and crosses the boundary of the regions, TVAL is converted to DELBAN. Flow 
charts of the normal PLANE MACRO and DELPLANE are shown in figure 4. 
 
2.2  The normal PLANE MACRO and DELPLANE 

The geometry was the cube of water which was divided in two regions by a slant plane. 
The cubic size was 200×200×200 cm3 (figure 5). The radiation source was the pencil beam of 
5 MeV photon. The distance between the source and the slant plane was 1mm. 

1) Confirmation for the normal PLANE MACRO, ①the angles of the slant plane were 
every 5 degrees from 0 to 45 degrees, ②the directions of the pencil beam were every 5 degrees 
from 0 to 90 degrees against the slant plane, and ③the number of the history was 106 (figure 
6).  

2) Confirmation for DELPLANE, ①the angles of the slant plane were every 5 degrees 
from 0 to 45 degrees, ②the pencil beam direction was 0 degree against the slant plane, and 
③the number of the history was 106. 

In addition, ①the angle of the slant plane was 45 degrees, ②the direction of the pencil 
beam was 0 degree against the slant plane, and ③the number of the history was 1010. 

On these situations, the number of the appearance of NEGATIVE-USTEP was counted 
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without the program stop. 
 
2.3  Comparison of the normal PLANE MACRO with DELPLANE 

The slant plane with 0 degree was very simple. The radiation source was isotropic source 
and the number of the history was 107. The distances between the source and the slant plane 
were 0, 10 and 50 cm. The parameters for comparing the outputs were the number of event, 
energy deposition, and calculation time. The number of event is equal to the number of time 
the subroutine AUSGAB was called. The number of event and energy deposition were 
outputted by the method in EGS4 user code ucnai3. The relative difference between normal 
MACRO and DELPLANE was used to evaluation of these calculations by the following 
formula. 

[ ]%100/ ×
−

=
nor

nordel
nordel X

XXRatio  

 
where Xdel is value of DELPLANE, Xnor is value of normal MACRO. 
 
3. Results and discussions 
 

Table 1-1 shows the number of the appearance of NEGATIVE-USTEP obtained by normal 
PLANE MACRO, and these data were plotted in figure 7. In case of the 0 degree of the slant 
plane angle, the effect of the round-off error was negligible because the appearance number 
was small. However, the effect was large when the slant plane had angles, and the effect was 
largest when the beam direction was parallel to the plane.  

Table 1-2 shows the number of the appearance of NEGATIVE-USTEP obtained by 
DELPLANE. The normal PLANE MACRO generated many appearances of 
NEGATIVE-USTEP, but DELPLANE did not generate. In addition, NEGATIVE-USTEP was 
not generated under the condition that the angle of the slant plane was 45 degrees, the 
direction of the pencil beam was 0 degree against the slant plane, and the number of the 
history was 1010. Therefore DELPLANE could avoid the effect of the round-off error. 

Tables 2-1 and 2-2 show the relative difference between normal MACRO and the 
DELPLANE. The maximum relative differences were 1.69×10-3 [%] in case of the number of 
events, and 4.95×10-3 [%] in case of the energy depositions. Therefore the changes of output 
by using the DELPLANE were very small. The calculation time ratio of normal MACRO to 
DELPLANE was about 1.10, because the DELPLANE was included more IF statement than 
the normal PLANE MACRO. 
 
4. Conclusions 
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DELPLANE is available to avoid the effect of the round-off error. Furthermore, the 

difference between the output by normal PLANE MACRO and that by DELPLANE is very 
small except for NEGATIVE-USTEP. Therefore DELPLANE program is available for the 
complicated geometry such as a gantry head. 
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Table 1-1  The number of NEGATIVE-USTEP using normal MACRO 
in case of 106 incident particles 

PLANE ANGLES PARTICLE 
DIRECTIONS 0 ° 5° 10° 15° 20° 25° 30° 35° 40° 45°

0 ° 0 63 153 216 284 326 393 490 499 450
5 ° 0 2 6 5 10 12 14 11 16 16 

10 ° 1 2 0 0 3 5 4 5 4 3 
15 ° 0 0 1 3 2 3 2 3 1 3 
･･･ - - - - - - - - - - 
75 ° 0 0 0 0 0 0 0 0 0 0 
80 ° 0 0 0 0 0 0 0 0 0 0 
85 ° 0 0 0 0 0 0 0 0 0 0 
9 0 0 ° 0 0 0 0 0 0 0 0 0 
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figure 7  The number of NEGATIVE-USTEP by normal MACRO 

 
 

Table 1-2  The number of NEGATIVE-USTEP using DELPLANE 
in case of 106 incident particles 

PLANE ANGLES PARTICLE 
DIRECTIONS 0 ° 5° 10° 15° 20° 25° 30° 35° 40° 45°

0 ° 0 0 0 0 0 0 0 0 0 0 
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Table 2-1  Relative difference of the number of events*1  
in case of 107 incident particles 

The distances between source and plane 
particle 

0 [cm] 10 [cm] 50 [cm] 
electron 1.41E-04 [%] 3.38E-05 [%] 1.08E-04 [%] 
photon 3.86E-04 [%] 2.01E-04 [%] 3.40E-05 [%] 

positron 1.69E-03 [%] 7.15E-04 [%] 2.28E-04 [%] 
*1 The number of events is equal to the number of times the subroutine AUSGAB was called. 

 

 

 

Table 2-2  Relative difference of energy deposition 
in case of 107 incident particles 

The distances between source and plane 
particle 

0 [cm] 10 [cm] 50 [cm] 

electron 3.74E-04 [%] 2.20E-05 [%] 1.49E-04 [%] 
photon 4.9 1.26E-03 [%] 5E-03 [%] 1.01E-03 [%] 

positron 1.48E-03 [%] 3.48E-04 [%] 1.22E-03 [%] 
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Abstract 
Calculating photon energy spectrum outputted from a liner accelerator needs to consider some matters. 

Deciding the number of energy bins and the widths of bins are also involved in those. 
In this work, we have compared dose distributions in aluminum by monochromatic X-rays and those 

by X-rays with rectangular spectrum of some widths. So, we have investigated a method to select the number of 
energy bins and the widths of bins. 

To evaluate the level of difference between monochromatic X-rays and X-rays with rectangular 
spectrum, we introduced the index into each dose distribution by X-rays with rectangular spectrum of the widths. 
As a result, the optimal width of energy bin was 0.10 MeV in the low energy (1.0 MeV) and that was 4.00 MeV 
in the high energy (6.0 MeV). However the index needs more assumption to decide more optimal the number of 
energy bins and the widths of bins. 
 
 

1.  Introduction 
 
With development of radiotherapy, the dose calculating method used for treatment planning 

system in external radiotherapy has been improved variously, and recently the convolution method and the 
super position method came to be used. The energy spectra of the X-ray outputted from a linear accelerator 
are used to these algorithms. Actually, it is very difficult to measure the spectra of the X-rays used in 
radiotherapy. So, we began to study calculation methods of the energy spectrum outputted from a linear 
accelerator using EGS4 Monte Carlo code. 

Usually transmission data are used for calculating the energy spectrum of the X-rays outputted 
from a linear accelerator. But, we can also use dose distributions in material by various monochromatic 
X-rays for calculating the energy spectrum. Consequently, each dose distribution of monochromatic X-rays 
is individually calculated by EGS4, and the energy spectrum is determined by calculating backward from 
each dose distribution by monochromatic X-rays. 

However, it is very difficult to synthesize the energy spectrum by the large number of 
monochromatic X-rays because of the complexity of the calculation. Thus, we divide the energy spectra 
into some rectangles, and we calculate backward the energy spectra from these rectangles. The number of 
rectangles is expressed as the number of bins. 
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Generally, it is easy to calculate backward the energy spectrum if the number of bins is small. 
However, dividing the energy spectrum into a few bins with a constant width may cause changing largely 
the quality of radiation beam. If the quality of radiation beam is not almost changed by modifying each 
width of bins, it needs not to be a constant width. Then, the number and each width of bins should be 
selected under the condition that the quality of radiation beam has not changed. So, in this study, we 
discussed how to select the number and each width of bins. 
 
 

2.  Materials and Method 
 
2.1 Transmission function 

Generally, transmission through a material by X-rays expresses as  

)1()()( max

0

)( ⋅⋅⋅⋅= ∫ ⋅− 　　μE xE dEEFexT  

where, T(x) is the transmission function measured with the material of thickness x, Emax is the maximum 
photon energy of the spectrum, μ(E) is linear attenuation coefficient for the energy E, and F(E) is the 
fraction of the photons with the energy E. 

The value measured can be also thought the sum of dose distributions by monochromatic X-rays, 
it can be expressed as  

)2()(),,,(),,( max

0
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E
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where, D(x,y,z) is the absorbed dose at point (x,y,z), D(x,y,z,E) is the absorbed dose at point (x,y,z) for the 
energy E. Then, equation (2) can be rewritten as 
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where, n is the number of bins, k is bin number, Ek is the energy of k bin, and ΔEk is the width of k bin. 
When the large number of bins is selected, the calculation of equation (3) becomes troublesome. If the two 
distributions seem to be nearly equal according to comparison of the dose distributions by the 
monochromatic X-ray and those by X-ray with the rectangular spectrum, the two spectrums can be 
assumed equal to each other. Thus the number of bins can be reduced efficiently. 
 
2.2 Assumption of Calculation 

The geometry that we can calculate the absorbed dose distribution in aluminum (purity: 100%, 
density: 2.72g/cm3) is shown in Figure 1. Incident particle is photon and the energy region was 1.0 to 6.0 
MeV. The number of particles was 8.0×108 in each simulation. We chose the cut off energy of photon as 
20keV, and electron as 50keV. Irradiation field was fan beam with square field (field size: 3×3cm2 at 
phantom surface), and source surface distance was 100cm. Calculation voxel size was 1×1×1cm3, and the 
number of calculation voxels which were inside irradiation volume was 3×3×40. 
 
2.3 Calculation of absorbed dose distribution 

First, the absorbed dose distribution in aluminum by a monochromatic X-ray was calculated. 
Then, the absorbed dose distributions in aluminum by X-rays with rectangular spectrum, mean energy was 
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to equal that of the monochromatic X-ray, of various widths (ΔE) were individually calculated. Thus, each 
absorbed dose distribution by monochromatic X-rays and those by X-rays withΔE were obtained from 1.0 
to 6.0 MeV. 
 
2.4 Evaluation of absorbed dose distribution 

The relative differences between each dose distribution by monochromatic X-rays and those by 
X-rays with ΔE were evaluated at each voxel. The relative difference was expressed as  

( ) [ ] )4(%100
,,,

),,,(),,,([%]),,,( E
E ⋅⋅⋅×

−
= 　　　 Δ

Δ EzyxD
EzyxDEzyxDEzyxdif

mono

mono  

where, dif ΔE(x,y,z,E) was the relative difference for the energy E at point (x,y,z), DΔE(x,y,z,E) was the absolute 
absorbed dose for the energy E with ΔE at point (x,y,z), Dmono(x,y,z,E) was the absolute absorbed dose for the 
monochromatic energy E at point (x,y,z). 
        Furthermore, a quantity Uα shown in the following equation was considered as the value which 
showed the grade of the difference between two dose distributions. 

)5([%]100[%] ⋅⋅⋅×= 　　　　α
total

p

N
N

U  

Uα was the rate of Np to Ntotal. Np was the number of voxels that dif ΔE(x,y,z,E) was grater than significant 
value α% (for example, 1.0%, 5.0%, 10.0%, etc…), and Ntotal was the total number of voxels in the 
irradiation field. 
 
 

3. Results 
 

The results of each depth dose curve are shown in figures 2 to 4. In every energy region, the 
difference tended to be large at the deep point. In the higher energy, the difference was hardly observed 
even if the width of ΔE was very large. In the lower energy, the difference was observed significantly even 
if the width of ΔE was very small. 

Figure 5 shows the relationship between U1.0 andΔE. U1.0 is the rate of the number of voxels that 
dif ΔE(x,y,z,E) is grater than 1.0%. In every energy region, U1.0 raised when the width of ΔE exceeded a 
certain value. The condition of U1.0 =5.0%, was functioning well as the index which showed the stand up 
part of the grow curve. 

Figure 6 shows the relationship between incident photon energy and width of ΔE. Horizontal 
axis is energy, and vertical axis is the width of ΔE. The index value Uα can be used as a parameter to 
decide the width of ΔE. In this figure, the maximum widths of ΔE that Uα did not exceed about 1.0 or 
5.0 or 10.0 [%] were plotted in each energy region. When large Uα is chosen, the large ΔE is selected. In 
case U1.0 was smaller than or equal 5.0% in 1.0 MeV, the optimal width of ΔE was 0.10 MeV. In case U1.0 
was smaller than or equal 5.0% in 6.0 MeV, the optimal width ofΔE was 3.50 MeV. 
 
 
4. Discussion 
 

In this study, we set the lower limits of the width of ΔE to 0.10 MeV. However, in the lower 
energy region (for example 1.0 MeV), U1.0 was large even if the width of ΔE was 0.10 MeV. So, the 
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results may denotes us the fact that the width of ΔE should be much reduced in the lower energy region. 
While, in the high energy region, it could be decided only if the width of ΔE was very large. In case of 6.0 
MeV, it could not decide that the difference was significant even if the width of ΔE was 4.0 MeV. 

These results may be improved using the additional deep point data of the material. Because, the 
relative difference between those dose distributions will appear at the deeper point. 

The energy spectrum can be calculated correctly under the condition that the number and each 
width of ΔE are selected according to the result in each energy region. In further study, we will put the 
geometry to the condition of the measurement, and will try this way of the determination of the width of Δ
E to be turned into actual utilization. 
 
 

5. Conclusions  

 
We obtained dose distributions in aluminum by monochromatic X-rays and X-rays with 

rectangular spectrum of some widths in the region from 1.0 to 6.0 MeV. The number and each width of bins 
can be decided by comparing the relative difference between dose distributions by the monochromatic 
X-rays and those by X-rays with rectangular spectrum of widths of ΔE.  
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Figure 1: The geometry to calculate dose distribution in aluminum 
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Figure 2: Depth dose curves on beam axis by 1.0 MeV and 2.0 MeV 
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Figure 3: Depth dose curves on beam axis by 3.0 MeV and 4.0 MeV 
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Figure 5: The relationship between width of ΔE and U1.0
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Abstract 

A radiation treatment planning system is used for the calculation of three-dimensional dose distribution in a 

patient. Dose calculation algorithms have been improved to correct the effect of scatter and heterogeneity. 

Recently, Convolution and superposition methods come to be used in the routine and use terma and kernel to 

calculate the dose distribution. Terma and kernel are usually calculated by Monte Carlo simulation because those 

cannot be measured. In this study, we tried to generate terma and kernel with EGS4, and to compare the dose 

distributions obtained by convolution method and Monte Carlo simulation. As the results, good agreements were 

obtained when incident photon energies were 4.0MeV and 10.0MeV. 

 

1.  Introduction 
 

A radiation treatment planning system is used for the calculation of three-dimensional distribution 

in a patient. It is important to obtain the proper dose distribution and we must check whether radiation 

beam irradiates a target correctly or not. Dose calculation algorithms have been improved to correct the 

effect of scatter and heterogeneity. 

The works about convolution method have been already reported by a lot of researchers. The 

convolution method gives good agreement for the 15MV x-ray dose in electronic disequilibrium situations, 

such as the buildup region, near beam boundaries, and near low-density heterogeneities (T.R. Mackie, J.W. 

Scrimger, and J.J. Battista 1985).1) In addition, the EGS Monte Carlo code is used to generate energy 

deposition kernels which describe the energy deposited by charged particles set in motion by primary, first 

scatter, second scatter, multiple scattered and bremsstrahlung plus annihilation photons (T.R. Mackie, A.F. 

Bielajew, D.W.O. Rogers, and J.J. Battista 1988) 2). 

On the other hand, terma is used for the calculation of the dose distribution and is defined as total 

energy released primary photon interaction per unit mass.  

We tried to generate terma and kernel with EGS4 and to evaluate the accuracy of convolution 

method using them. 
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2.  Method 
Figure 1 shows the geometry for the calculations by EGS4. The material was water with the 

volume of 15.5×15.5×15.5cm3 and calculated voxels were 0.5×0.5×0.5cm3. Monochromatic parallel beams 

of 2×109 histories with 1.25, 4.0 and 10.0MeV were used in this simulation. 

 
2.1. Generation of Terma 

The sum of released energy by interaction of primary photon was stored and terma was obtained 

by the following conditions. 

 

ECUT: incident energy [MeV] 

PCUT: incident energy－10-7 [MeV] 

 

2.2. Generation of Kernel 
Kernel was generated by utilizing variable LATCH included in EGS4. First, primary photon 

entering a region was marked a “LATCH=1”. Secondary, if primary photon marked by “LATCH=1” 

interacted with the atom in the region, the released particles were marked by “LATCH=2”. Finally, the 

scattered photon or the charged particles marked by “LATCH=2” were traced until all those particles were 

deposited. The absorbed dose in each calculated voxel gotten by LATCH was normalized to terma at the 

depth 2.25cm on the central axis. In addition, both ECUT and PCUT were 10keV. 

 
2.3. Comparison of Convolution Method and Monte Carlo Method 

On convolution method, the absorbed dose was calculated by the following convolution integral3) 

with terma and kernel obtained with the method 2.1 and 2.2; 

 
''''''''' ),,(),,(),,( dzdydxzzyyxxKzyxTzyxD ×−−−⋅= ∫∫∫

(1) 

 

where D(x,y,z) is the absorbed dose at the point (x,y,z), T(x’,y’,z’) is terma at the point (x’,y’,z’), and 

K(x-x’,y-y’,z-z’) is kernel at the point (x,y,z) far from the point (x’,y’,z’). 

While, we calculated the absorbed dose of water using EGS4 on Monte Carlo method. Both ECUT 

and PCUT were 10keV. 

       The absorbed doses between convolution method and Monte Carlo method were compared in this 

study. 

 

2.4. Sectional modulated photon fluence 
The dose distribution by sectionally modulated photon fluence was produced. Figure 2 shows the 
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modulation of photon fluence. The incident beam was 10.0MeV monochromatic photon and the number of 

history was 109. The irradiation field was 9.5×9.5cm2 and the photon fluence at the left side was two times 

more than its fluence at the right side. The left side was the area from -4.75cm to 0.25cm for y-axis and the 

right side was the area from 0.25cm to 4.75cm. 

 

3.  Results and discussion 
 

3.1. Generation of Terma and Kernel 
Figure 3 shows profile curves of terma and figure 4 shows the shape of kernel with 10.0MeV 

incident photon by software EGS4win32. 
 

3.2. Comparison of Convolution Method and Monte Carlo Method  
Figures 5, 6 and 7 show depth dose curves and horizontal profile curves of 1.25, 4.0, 10.0MeV 

photons, respectively. Table 1 shows the relative dose difference between convolution method and Monte 

Carlo method. In depth dose curves, inside of the irradiation field border is 4.5cm far from central axis, and 

outside of the irradiation field border is 5.0cm far from central axis.  

As shown by depth dose curves and horizontal profile curves, the absorbed doses of convolution 

method tended to be slightly smaller than those of Monte Carlo method. One of the reasons may be the 

truncation of kernel size. Furthermore, the relative dose difference tended to be smaller as the incident 

energy was higher. Two reasons can be pointed out. One is a statistical error and the other is a volume size 

of region. In this study, kernels with the same volume size for each energy were obtained. But, the volume 

size of region might be too large for 1.25MeV. In the cases of 4.0 and 10.0MeV, the results from 

convolution method agree well with those of Monte Carlo method. 

 

3.3. Horizontal profile curve for modulating photon fluence 
Figure 8 shows the horizontal profile curves by modulated photon fluence with 10.0MeV. The 

calculated results of convolution method were agreed well with those of Monte Carlo method. This result 

shows that we may be able to apply for various dose calculations using wedge filter and block filter. 

        

The method with the simple geometry was used for the comparison of the absorbed doses between 

convolution method and Monte Carlo method. However, we should consider that photon beam used in 

radiotherapy has continuous energy spectrum and spreads as fan line, and particle and energy fluences on 

the surface of water are modified due to the geometry of the gantry of the accelerator. 

The details of kernel distribution, the effective penetration depth and lateral distance traveled by 

primary charge particles have been given by Mackie et al. As the future work, we will compare our data 

with given data by them and examine the dose distribution of more intricate irradiation field. 
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4.  Conclusions 
We could get the good agreements between calculated results of convolution method and those of 

Monte Carlo method in the cases of 4.0 and 10.0MeV. 
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Figure 4  Shape of kernel by photon with 10.0MeV incident energy. Electron and positron are displayed 
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Figure 5  Depth dose curves (A) and horizontal profile curves (B) with 1.25MeV 

119



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0E+00

7.0E-05

1.4E-04

2.1E-04

2.8E-04

3.5E-04

0 4 8 12 16

Depth(cm)

A
bs

or
be

d 
do

se
(G

y)

central axis

inside of the irradiation field

outside of the irradiation field

(A)

0.0E+00

7.0E-05

1.4E-04

2.1E-04

2.8E-04

3.5E-04

-9.5 -4.75 0 4.75 9.5

Off-axis distance(cm)

A
bs

or
be

d 
do

se
(G

y)

depth=1.75cm depth=5.25cm

depth=10.25cm

(B)

 

Figure 6  Depth dose curves (A) and horizontal profile curves (B) with 4.0MeV 

120



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.0E+00

1.5E-04

3.0E-04

4.5E-04

6.0E-04

0 4 8 12
Depth(cm)

A
bs

or
be

d 
do

se
(G

y

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

16

)

(A) central axis

inside of the irradiation field

outside of the irradiation field

0.0E+00

1.5E-04

3.0E-04

4.5E-04

6.0E-04

-9.5 -4.75 0 4.75 9.5

Off-axis distance(cm)

A
bs

or
be

d 
do

se
(G

y)

(B) depth=4.25cm

depth=10.25cm

depth=15.25cm

 

Figure 7  Depth dose curves (A) and horizontal profile curves (B) with 10.0MeV 
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Figure 8  Horizontal profile curves by modulated photon fluence with 10.0MeV 

 

 

Table 1  Relative dose difference 

 
incident energy[MeV] central axis inside of the irradiation field outside of the irradiation field

1.25 1.26% 1.46% 5.68%
4.0 0.77% 1.26% 1.01%

10.0 0.86% 1.19% 0.93%
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Abstract 
Synchrotron radiation is a high-intensity x-ray beam. The in-situ absolute intensity measurement is important for various 

experiments. At SPring-8 of a large-scaled synchrotron radiation facility, we have developed a parallel-plate free-air ionization 
chamber for photons up to 150 keV from a bending magnet and the uncertainty was confirmed within 3%. At undulator 
beamlines, a small free-air ionization chamber with 4.2-mm plate separation was developed and the collection efficiency within 
3.8% and 1.1% was confirmed for 8 and 10 keV photons up to 4×1013 photons/s, respectively. Moreover, parallel-plate 
ionization chambers of graphite-wall and Al-evaporated-film-wall were developed for the intense beam above 10 keV. A 
Monte-Carlo code EGS4 was used for these monitor designs by calculating the energy deposition considering linear 
polarization, and contributed to the estimations of the electron loss.  
 

1.  Introduction 
 

SPring-8 is a third-generation synchrotron radiation facility in Japan, which can produce a strong beam intensity and 
provide high photon energies. For high-energy photons up to 150 keV produced from a bending magnet, a portable 
parallel-plate free-air ionization chamber has been developed as an absolute intensity monitor with an uncertainty within 
3%.1) Moreover, for high-intensity photon beams produced from an insertion device undulator, a miniature free-air 
ionization chamber has been developed.2) The linearity was confirmed between 8 and 30 keV and the collection 
efficiency within 3.8% and 1.1% was confirmed at 8 and 10 keV, respectively. Above 10 keV, a parallel-plate ionization 
chamber with thin electrodes, gas scintillation detectors and a vacuum chamber were developed and the linearity was 
confirmed between 15 and 30 keV on the order of 1013 photons/sec.  

On the designs of these chambers and analysis of the measurements, a Monte Carlo code EGS4 was used. 
Synchrotron radiation at most of the beamlines in SPring-8 is linearly polarized. In EGS4, dependence of Compton 
photon and electron emission angle on azimuth is considered.3) By adding a routine considering the photoelectron 
emission angle distribution to the code, the program became satisfactorily available to the simulation of photon and 
electron transport from synchrotron radiation. In this study, monitor characteristics of the ionization chambers obtained in 
the experiments using synchrotron radiation are presented with the simulation results of EGS4.  

  

2.  Materials and methods 
 
2.1 Chamber design 

The sectional view of the ionization chamber for high energy photons is shown in Fig. 1. The length of the guard 
plate was 130 mm, the width was 260 mm and the plate separation was 85 mm. The size of the collecting electrode was 
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10 mm by 200 mm. The front and side walls were made of stainless steel and measured 10 and 5 mm in thickness, 
respectively. The size of the entrance mouth was 10 mm by 150 mm and the exit mouth was 20 mm by 160 mm. The 
applied voltage resistance ranged up to 10 kV.  

For the ionization chamber for high intense photons, the electrode gap was set to 4.2 mm, which was considered to 
be the minimum distance to avoid the photon scattering. The length of the electrode was 5 mm and the width was 30 mm. 
The guard electrodes 10 mm long were placed before and behind the collecting electrodes.  

Figure 2 shows the cross section of the parallel-plate ionization chamber. The electrodes were circular in 50-mm 
diameter. The third plate was an electric-field shield. The distance between the electrodes was variable from 1 mm to 10 
mm. The electrodes used were 0.15-mm thick graphite and Al evaporated on both sides of polyethylene. The latter 
electrode thickness was 6 μm: 0.1-μm-thick Al and 5.8-μm-thick polyethylene.   
 
2.2 Simulation method for the monitor to high energy photons 

To estimate the electron escape fraction on the design of the ionization chamber for high energy photons, the energy 
deposition in the air between the collection electrodes was calculated using EGS4 for 40 to 190 keV photons. In the 
original EGS4 code, the photoelectron is given the same direction of motion as the original photon. In the present 
simulation, the IPHTER option in the code4) was used. In addition, when the photons are linearly-polarized, the 
photoelectrons are emitted more easily in the plane including the electric field vector of the photons. This effect decreases 
electron loss when electrodes of the ionization chamber are set in the vertical direction, because the electric field vector of 
the photons is included in the horizontal plane at the bending-magnet beamlines. The angular distribution was sampled 
based on Sauter’s equation.5)  

On the other hand, Compton electrons tend to be strongly scattered vertically to the plane including the electric field 
vector. The behavior is illustrated in Fig. 3. The polarization degree used for the simulations was 0.9997, which was 
calculated with a SPECTRA code.6) The calculations of EGS4 were not highly sensitive to the degree.  

In the calculations, to confirm the effect of the beam size, 1- and 5-mm square beams were used for all of the 
energies, and 10-mm square beams were used below 70 keV. These beam sizes were adjusted to the commonly used 
beam size. The cutoff energies were 1 and 5 keV for photons and electrons, respectively. For electron loss, the absorbed 
energies at the plate separations of 8.5 cm and infinity were calculated, and the ratio of these two values was used as the 
collection efficiency: the difference between the ratio and unity equals the proportion of electron loss. The statistical 
errors were all below 0.5%. 
 
2.3 Experiments at bending-magnet beamlines 

The experiments were carried out at SPring-8 beamlines BL20B2 and BL38B1. The experimental setup is 
illustrated in Fig. 4. At both beamlines, a monoenergetic photon beam is available through a two-crystal Si 
monochromator. The constituents were confirmed to be negligible for the first harmonic above 30 keV. The typical beam 
size used was 10 mm wide by 1 mm high at BL38B1. At BL20B2, the beam sizes of 1 mm by 1 mm to 6 mm by 40 mm 
were used.  

The photon intensity was obtained from the current of the ionization chamber. For comparison, reference monitors 
were employed and photon intensity was also obtained from the current. One monitor was an ionization chamber with 
5-cm plate separation and the other was a Si-PIN photodiode of S1357-04, which had been calibrated with a total 
absorption calorimeter using synchrotron radiation between 10 and 40 keV.7)  

 
2.4 Experiments at an undulator beamline 

The experiments were carried out at the BL47XU undulator beamline, in which a double-crystal monochromator is 
cooled with liquid nitrogen. The setup is also shown in Fig. 4. For the reference monitor, the Si-PIN photodiode was used. 
However, the maximum current is limited to 2 mA, which would be exceeded at the maximum photon intensity. In this 
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situation, aluminum plates of 0.1- to 2.8-mm thickness were placed between the ionization chamber and the photodiode 
in order to weaken the intensity to the photodiode. For the parallel-plate ionization chamber, the miniature ionization 
chamber was used as the reference monitor.  

The ratio of the intensity obtained by the ionization chamber and the reference monitor was considered to equal the 
collection efficiency of the ionization chamber. The photon energies used were 8, 10, 12, 15, 20 and 30 keV. The beam 
size was about 0.5 mm in height by 1 mm in width. High harmonic components were negligible. Negative voltage up to 
-5 kV was applied to the ionization chamber and a reverse voltage of –10 V was applied to the photodiode.  

 

3.  Results and discussions 
 

3.1 Ionization chamber for high energy synchrotron radiation 
The ratio of the measured photon intensity with the ionization chamber to that of the reference monitors is shown in 

Fig. 5. At the experiments of BL38B1, as expected with the EGS4 calculation, the discrepancies from unity were about 
1-1.3% at 30-60 keV, and the ratio decreased to 0.978 at 80-100 keV. At 150 keV, the ratio increased to 0.990, which also 
agreed with the EGS4 result. At 150 keV, the ionizing current became small and the signal-to-noise ratio drastically 
increased, especially for the photodiode. The large error bars are due to the weak current, and the errors of the ionization 
chamber itself are below 1%. Beam-size dependence was not observed between the 1- and 10-mm square beams. 

The reason for the collection-efficiency increase at 150 keV is the decreased occurrence of the photoelectric effect 
that causes electron loss. According to EGS4, the proportion of energy deposition by photoelectrons decreased to only 
1% at 150 keV. At 190 keV, even the loss of Compton recoil electrons becomes considerable, and the build-up region is 
insufficient. Above 190 keV, the efficiency decreased steeply in the calculations.  

The collection efficiency was enhanced by about 2% from those without linear polarization except at 190 keV. As 
explained in section 2.2, this is because the photoelectron is easily emitted in the horizontal direction including the 
electric field vector, which is parallel to the electrodes. On the other hand, Compton electrons tend to be scattered rather 
vertically to the plane. The electron does not contribute to the electron loss because of the low energy; nevertheless, 
above 150 keV, even Compton electrons can reach the electrodes.  

After all, the electron loss in Fig. 5 was found to be below 0.5% up to 60 keV, 2.7-3.3% below 150 keV and 1.1% at 
150 keV. Up to 100 keV, the decrease is owing to the shortness of the plate separation; on the other hand, above 150 keV 
the loss is somewhat attributable to the shortness of the buildup region, which is smaller than the electron range.  

 
3.2 Ionization chamber for high intensity synchrotron radiation 

Figure 6 shows the saturation characteristics of the ionizing current at 8-30 keV. The photon intensity was converted 
from the measured current using the collection efficiency described below. The values became almost constant above -2 
kV at 8 and 10 keV, and at 15, 20 and 30 keV the only flat region was observed over the voltages; saturation was 
confirmed on the order of 1013 photons/s. As shown in the figure, with decreasing photon energy, both photon intensity 
and dose rate per incident photon increases, which induces ion recombination more easily. At 8 keV, the photon 
attenuation was large. The slight scattering on the plateau at 8 keV may also be due to the large photon attenuation.   

Figure 7 shows the collection efficiency as a function of photon energy. At 8 and 10 keV, the values became almost 
unity within 3.8% and 1.1%, respectively, and decreased with increasing photon energy owing to the electron loss: 0.848, 
0.690 and 0.517 at 15, 20 and 30 keV, respectively. At 8 keV, the photon attenuation in the air is considered to be a large 
origin of the difference. The plate distance of 4.2 mm is smaller than the two-fold electron range at 10 keV, that is, 4.8 
mm. This range, however, is the maximum value and most of the electrons travel at shorter distances. Moreover, the 
linear polarization of synchrotron radiation reduces the size of the electron escape fraction. These reasons account for the 
lack of electron loss observed at 10 keV.  

Figure 7 also shows the dependence of the current on the electrode plate position. When the plates were set on the 
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left and right sides of the beam, the current became smaller compared to the case in which the plates were placed above 
and below the beam: the ratio is 0.84 at 20 keV and 0.78 at 30 keV. This is owing to the linear polarization. When the 
plates are placed on the left and right sides, some high-energy electrons reach the plates without becoming sufficiently 
ionized, which results in the decrease of the measurement current. The reproducibility of the collection efficiency was 
confirmed at the same beamline, while the values will depend on the beam size. 

Increasing the gap was expected to extend the applicable range of this type of chamber to a higher energy level than 
10 keV. The electron loss fraction was calculated at various gap widths using EGS4. The energy deposition in the 
chamber was calculated for the infinite plate separation, while the minimum plate separation at which the energy 
deposition equaled the value at the infinite separation was also determined. As a result, values of 26, 14 and 8 mm were 
obtained as the gaps required to prevent electron loss at 30, 20 and 15 keV, respectively. 

 
3.3 Parallel-plate ionization chamber for high intensity synchrotron radiation 

Saturation of the graphite wall chamber is shown in Fig. 8. To 15, 20 and 30 keV photons, saturation was obtained at 
±400 V, 300 V and 200 V, respectively. On the other hand, the chamber did not show the linearity at the positive or 
negative voltage. This was attributed to Compton current.8) When the average values were obtained from those at positive 
and negative voltages, linearity was obtained as shown in Fig. 9. The plate separation was 1 mm. 

Influence of Compton current becomes smaller for thinner electrodes and lower photon energies. Figure 10 shows 
the linearity of the Al-evaporated wall chamber at 1- and 2-mm plate separations. Between 10 and 20 keV, linearity was 
observed at 1-mm plate separation. While nonlinearity appeared at 30 keV, the degree decreased at 2-mm plate separation. 
At 3- or 4-mm separation, linearity will be attained even to 30 keV photons.  

Energy deposition between the plates was calculated with EGS4 and the current converted from the values were 
compared with the experimental values. The result is shown in Fig. 11, in which disagreement was obtained. The degree, 
however, was lower for thinner electrodes and lower photon energies, which was attributable to Compton current.  
   
4.  Conclusions  

 
EGS4 simulations considering linear polarization contributed to the designs of the ionization chambers for 

measuring the absolute photon intensity of synchrotron radiation at SPring-8. For high energy photons from bending 
magnet and photons between 8 and 10 keV from an undulator, the absolute intensity monitors have become available. 
Above 10 keV for an undulator, an Al-evaporated-wall parallel-plate ionization chamber will be calibrated at each energy 
level.   
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Fig. 1 Cross section of the ionization chamber for high energy photons (unit: mm) 
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Fig. 2 Cross section of the parallel-plate ionization chamber for high intensity photons (unit: mm) 
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Fig. 3 A schematic of the electron motion produced in the air of the monitor. Photoelectrons have almost the same energy 
as the incident photons and some are emitted at large angle with respect to the beam axis. Linear polarization, however, 

makes the emission more in the horizontal plane. By contrast, Compton electrons have much lower energy while emitted 
in the vertical plane. 
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Fig. 4 Experimental setup 
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Fig.5 Collection efficiency measured and calculated considering linear polarization. The both values almost agreed: the 

decrease between 80 and 150 keV is owing to the electron loss. Without linear polarization, the collection efficiency 
became clearly smaller between 70 and 150 keV.   
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Fig.6 Saturation characteristics at 8-30 keV. A Si-PIN photodiode was used as the reference dosimeter. Aluminum plates 
were placed before the photodiode to decrease the photon intensity because the intensity was too strong for the dosimeter. 
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Fig. 7 Collection efficiency measured between 8 and 30 keV. The electrodes were set above and below the beam, and on 
the left and right sides of the beam, respectively. The difference of the collection efficiencies shows the effect of linear 

polarization. 
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Fig. 8 Saturation characteristics of the graphite wall chamber with 1-mm separation 
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Fig. 9 Linearity of the graphite wall chamber at 1- and 3-mm plate separation 
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Fig. 10 Linearity of the Al-evaporated wall chamber at 1- and 2-mm plate separations 
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Fig. 11 Comparison of the current obtained from the calculated energy deposition and measured current for the graphite 

and Al-evaporated wall between 1- and 4-mm plate separation 
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ABSTRACT 

 
 
A feasibility of the simulation method with EGS4 code was investigated by comparing the energy spectra 

measured using a high purity Ge detector with the calculated ones. A collimator consisting of lead disks 

with 3mm diameter holes was used to reduce the scattered photons from the surrounding material 

entering the detector. The measured spectra with the collimator were then compared with the theoretical 

calculations using EGS4 code. The comparisons showed excellent agreements for the two radioisotopes 

with negligible difference in the shapes of the absorption energy spectra. And the measured spectrum 

obtained with a source to detector distance 60cm for 60Co source was unfolded. To unfold the measured 

spectrum, pulse height distributions of the high purity Ge detector were first calculated using EGS4 code 

and the calculated spectrum was normalized to the measured one at the peak of incident beam energy. The 

strengths of the main peaks in the unfolded spectrum appeared to be stronger than the ones in the 

measured spectrum about 5 times. In the unfolded spectrum, about 36% of the total events were caused by 

the scattered photons from the surrounding materials. 

 

1. INTRODUCTION  
Since the photon beams radiated from the source are uncharged particles, the detection is only 

possible by the creations of photoelectrons to transfer all or part of their energies to the electrons in the 

material. Because the mean free paths of the electron and positron in the detector is very small, typically 

order of μm, all the charged particles produced in the detector can be assumed to transfer all the energies 

to the detector, and contribute to the absorption energy spectra. The surrounding materials also contribute 

to the absorption energy spectra. [Fig.1]  

Even though the incident photons have the unique energy, the energies absorbed by detecting photons 

in the detector are not equal, but spread through the whole energy regions from zero up to the maximum 
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energy of incident photons.[1,2,3,4,5] As a result, no matter how good detector we might use, the measured 

energy spectrum may be much different from the real one and it appears to be very hard to determine 

right values of the physical constants in order to measure the air kerma rate for gamma- and X-rays. This 

dilemma can be solved for the exact investigations of the radiation-related materials through theoretical 

approach using a computer simulation in which all the characteristics of the detecting materials and 

measurement system are considered.[6]

One of the most powerful theoretical tools currently being used worldwide is a simulation using 

EGS4 (Electron Gamma Shower version 4) code.[7] Using this code, we can calculate energy spectra 

deposited to the material in the detector for the incident photon and electron beam with kinetic energies 

ranging from a few keV to hundreds of GeV. The energy deposit spectra thus calculated at many different 

values of energies can then be compared with the experimentally measured spectra by using an 

interpolation in order to simulate the real spectra, which is called unfolding of the measured spectra. In 

the previous experiment to measure the energy spectra radiating from the 60Co and 137Cs,[8] the calculated 

energy spectra with an assumption that the incident photons entered a detector directly from the source 

showed noticeable disagreement with the measured ones. In this experiment, to investigate the feasibility 

of the simulation method using EGS4 code, the energy spectra were measured with a collimator to avoid 

the scattered photons from the surrounding walls and detecting equipment entering the detector. A couple 

of measured spectra were then compared with the theoretical calculations to investigate the feasibility of 

the computer simulations using EGS4 code. The radiation sources used for this feasibility are 60Co and 
137Cs. We measured the energy spectra with a high-count rate HPGe (high purity Ge) detector. The 

spectrum measured in the open space with SDD(Source to Detector Distance) of 60cm for the 60Co source 

was unfolded to find a real spectrum that arrived at the front surface of a detector. The procedures and 

results of unfolding of the measured spectrum are presented in this paper.  

 
2. EXPERIMENTAL SETUP AND DATA ACQUISION   

The collimator was designed to reduce the contribution of the scattered beam from the surrounding 

walls and detecting equipments. It consists of a cylindrical pipe of 8cm diameter with 5mm thickness and 

a number of lead disks in the pipe. The schematic diagram of the collimator is given in Fig.2. Each lead 

disk is 8cm in diameter and 1cm thick and has a hole of 3mm diameter at the center so that only primary 

beam from the source and some secondary beam scattered at the lead disks are allowed to arrive at the 

detector. The acrylic spacers are placed in between the lead disks and were used to vary SDD. Ge crystal 

is a cylindrical shape of 4.98cm in diameter and 4.73cm in length. The HPGe detector is a high-count rate 

detector that can accept more than 10,000 photons per second and has a high resolution, about 1.85keV 

FWHM (full width half maximum) for 1,332keV gamma ray of 60Co and 628eV for 5.9keV of 55Fe. For 

feasibility check of simulation, two radiation sources were used and a number of the lead disks. The 

SDDs used to investigate the feasibility were 9cm for 60Co and 30cm for 137Cs.[Fig.3] and the spectrum 
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obtained with SDD=60cm for the 60Co source in open space was unfolded. The dead time of the detector 

has been maintained below 15% during the measurement. Measurement time intervals have been 

determined by keeping total count of the measured events to be more than one million. The measuring 

time was about 6,000sec during the experiment.  

 

3. INVESTIGATION OF FEASIBILITY OF SIMULATION METHOD USING 
EGS4 CODE 

To investigate the feasibility of a simulation method, energy absorption pulse height distribution of 

the HPGe detector for incident photon was first calculated using EGS4 code by putting all the information 

about the radiation sources, detecting units and surrounding conditions of the measuring system into the 

calculation. The kinetic energies and relative weight of the incident photons for each source were input in 

the program. The energy spectra passing through the collimator were measured by HPGe detector and 

compared with the calculated ones, which are again normalized to the measured one at the main peaks of 

the incident beam energy. 

In the calculations, the cutoff energies for the photon, electron and positron were set to be 10keV. All 

the particles with kinetic energies lower than the cutoff energy were assumed to transfer all their kinetic 

energies to the media and converted to electrical signal. The direction of the photon was chosen randomly 

so that the photons hit the surface of a detector uniformly in radial direction. No two particles were 

assumed to follow the same trajectory. To obtain a good statistical result, three million incident photons at 

each energy step with 200 batches, and 1keV bin have been used. The corresponding spectra measured 

using HPGe detector with a collimator are compared with the calculated ones that are normalized to the 

measured spectra at the main peaks of incident beam energies. [Fig.3]. 

In a calculated spectrum for the 60Co source at SDD = 9cm, the photons of 1,173keV and 1,332keV 

with a weight of 0.9986 and 0.9998 were used as incident particles. The result is shown in Fig.3(a) with 

an experimental spectrum. The sharp peaks around 75keV and 85keV are contributed by the characteristic 

X-rays of the lead disks and the lead blocks that surround the collimator. The calculated spectrum is 

normalized to the measured one at the 1,332keV peak. The Gaussian distributions rather than a single 

energy value at each bin are adopted in the calculation to fit the calculated peak to the experimental one. 

The comparison gives an excellent agreement in the shape between the simulated one and measured one. 

The total strength of a calculated spectrum is about 98.7% of the experimentally measured strength. This 

means that 98.7% of the detected photons are the primary photons emitted from the source or the photons 

scattered at the collimator, and the other 1.3% of the detected particles is assumed contributed by the 

photons scattered at the wall of a detecting room or experimental table. As was expected, no other 

particles except the photons of 1,173keV and 1,332keV from the source and the photons scattered by the 

collimator entered the detector significantly. 

 Fig.3(b) shows the energy spectra for 137Cs source at SDD=30cm. The peaks at 662keV and 32keV 
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are from the 137Cs source with the relative weight of 0.85 and 0.13 respectively. The result of theoretical 

calculation with the input of 85% of 662keV photons and 13% of 32keV photons has been normalized to 

the 662keV peak of the measured spectrum. The comparison shows also good agreement with slight 

discrepancies at 75 and 85keV peaks. The reason for the difference seems mainly due to the imperfect 

duplication of the real experimental conditions. Because we used a collimator with small holes of 3mm 

diameter, a slight mismatch with the real experimental conditions seemed to cause the noticeable 

difference in producing the characteristic X-rays of the lead.  

In both cases using a collimator preventing the scattered beam from the surrounding materials to 

enter the detector, the simulations with EGS4 code showed very good agreements to the experimental 

measurements in the shapes of the spectra. This suggests that the simulations with EGS4 code can be 

applied in prediction of radiation detection and in further research of radiation detection.   

 
4. UNFOLDING PROCEDURE OF THE MEASURED SPECTRUM 

To unfold the measured spectrum, the pulse height distributions were calculated for the incident 

photons entering the detector in radial direction with the kinetic energies from 20keV up to 1,400keV in 

10keV step. Then a simulated energy spectrum of photons entering the detector with any incident energy 

between 20keV and 1,400keV can be obtained from these data files. For example, if the incident photons 

have the kinetic energy of 1,332keV, the simulated energy absorption spectrum can be obtained using the 

previously calculated spectra of 1,330keV and 1,340keV at the same SDD with a weight of 0.8 and 0.2. 

With the same way, any spectrum for arbitrary incident energy can be obtained using interpolation. The 

spectrum is then normalized to the measured one at the peak of the highest energy =1,332keV to 

find a ratio, 

maxE

)(
)(

maxcalculated

maxmeasured

ES
ESr = , where is the measured strength with the absorbed energy of 

= 1,332keV and  is the calculated one with . The ratio r should be multiplied to 

the strength of each energy bin of the theoretically calculated spectrum, starting from the highest energy 

 to the lowest energy 1keV. The spectrum calculated and adjusted in this way represents the strength 

contributed by the incident photons of 1,332keV, and thus the strength of this spectrum should be 

subtracted from the measured one. The newly obtained measured spectrum is then the contribution of the 

photons that enter the detector with energies less than 1,332keV and the unfolded strength at energy  

can be obtained from the following equation, 
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Eeff

ES ⋅= , where  

is a detector efficiency to absorb full energy of the incident photon with energy .  is 

the real strength of the photons that arrive at the surface of the detector with the energy =1,332keV. 

Once it’s done, the next step is to lower down the energy of the incident photons by 1keV, and obtain the 

simulated spectrum for the incident photons of =1,331keV from the data files and normalize this 

spectrum to the remaining one at the energy of 1,331keV peak to get the next highest one. By repeating 
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maxE )( maxunfolded ES

maxE

maxE
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the same process until the energy of the incident photons becomes 20keV, which is considered to be the 

minimum energy that could contribute to the measured spectrum, the unfolding of the measured spectrum 

can be achieved. This process should be repeated in a descending order, from the highest energy down to 

the lowest energy. 
The energy spectra measured with SDD=60cm for the 60Co in the open space is unfolded with this 

method and is given in Fig.4. In the measured spectra for the radiations emitted from the 60Co source in 

the open source with SDD=60cm, the strength of the two peaks of 1,173keV and 1,332keV to the whole 

strength is about 12.83%. However, in the unfolded spectrum, the ratio of the two peaks is 63.7%. This 

means that 63.7% of the whole measured strength is originated from the photons which have 1,173keV or 

1,332keV. The rest 36.3% is assumed to be the contribution by the scattered photons from the surrounding 

materials. The relative strengths of the 1,173keV peak to the 1,332keV peak in the measured spectra are 

about 1.15, whereas they are almost 1.0 in the unfolded spectra. This suggests that almost equal number 

of the photons with energies of 1,173keV and 1,332keV entered the detector as was expected.  

 

5. SUMMARY AND DISCUSSION 
To check the validity of the program, we measured the energy spectra from 60Co and 137Cs sources 

using the newly homemade simple collimator that prevents the beam scattered from the surrounding 

materials to arrive at the detector. Also, we made the pure theoretical calculation in the condition 

simulating the experimental one as much as possible and they were compared with the measured ones. 

The calculated energy spectra showed an excellent agreement with the measured ones for each 

radioactive source with small but acceptable discrepancy, which may be contributed by radiation beam 

from the surrounding materials that were not considered in the calculation. This suggests that the 

simulations with EGS4 code can be used in prediction of radiation detection and in further research of 

radiation detection.  

To unfold the measured spectrum, the pulse height distributions were first calculated using EGS4 

code for the detection of the incident photons entering the detector from a source. The strengths of the 

main peaks in the unfolded spectra appeared to be about 5 times stronger than the ones in the measured 

spectrum. The relative strengths of the 1,173keV peak to the 1,332keV peak in the measured spectrum are 

about 1.14, whereas they are almost 1.0 in the unfolded spectra. This means that almost equal number of 

the photons with energies of 1,173keV and 1,332keV entered the detector as was expected, and suggests 

that the unfolding is very reliable.  
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Figure.1 Graphs of measured energy spectra for the 60Co sources with SDD=60cm and 100cm. The plots 

in the bottom in each graph are obtained by blocking the primary beam to enter the detector directly from 

the source using a 3cm thick lead disk. 
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Figure.3 Graphs of measured energy spectra with a collimator versus theoretically calculated ones at 

SDD=9cm for the 60Co and 30cm for the 137Cs in the open space 

 

137



SDD=60cm , 60Co in open space
co

un
ts

 / 
ch

an
ne

l

10

100

1000

10000

absorbed energy (keV)

0 200 400 600 800 1000 1200 1400
1e+1

1e+2

1e+3

1e+4

1e+5
0.152M

0.153M
total    counts      :  0.479 M
1173 + 1332keV :  0.305 M (63.7 %)

11000
12500

total    counts    :  183,200
1173 + 1332keV  : 23.500 (12.83%)

Measured

1173keV
1332keV

Unfolded

 
Figure.4 Graphs of the measured, and unfolded spectra for the 60Co source. The numbers of percentage 

represent the relative ratio of the peak strength to the total strength. 
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Abstract 
In radiotherapy, it is certainly necessary to grasp the quantity and the distribution of the radiation 

administered to the human body. To measure these correctly, the standard measurement method of the absorbed 

dose of water is recommended by AAPM1), IAEA2) and JSPM3). The standard method also recommends that 

absolute measurements should be performed using the thimble ionization chamber (TIC). The absorbed dose of 

water measured by TIC should be corrected for diverse effects. There is the definition of measurement point for 

TIC based on these effects. Because TIC is cylindrical form and has finite volume, the measurement point differs 

from the geometrical center of TIC. In the standard definitions, the point is called the effective point and 

recommended that its location is a shift equal to 0.6 times of the inner radius of TIC from the geometrical center. 

In this work, we examined the accuracy of the definitions of the effective point for TIC by simulation with 

EGS4.   

 
 
1.  Introduction 
 

The quantity and the distribution of the radiation dose administered to the human body should be 

correctly measured in radiotherapy. But it is very difficult to achieve these because the absorbed dose in the 

body can not be directly measured. Therefore, the absorbed dose in the body is replaced with that of water. 

The water absorbed dose is generally measured by Thimble Ionization Chamber (TIC). To measure the 

water absorbed dose correctly, the standard methods are recommended by AAPM1), IAEA2) and JSPM3). 

The measurement of the water absorbed dose using TIC is carried out according to these standard 

definitions. 

To make secondary electric equilibrium easily and measure the water absorbed dose based on 

Bragg-Gray cavity theory, TIC had been modified by replacing the air slab with an air equivalent material. 

The geometry of TIC consists of the cylindrical ionization cavity as shown in figure1. The ionization cavity 

has finite radius. It causes that the measurement point is shifted from the geometrical center of TIC. 

Therefore, the measurement point of TIC is defined as the effective point, which is related to the radius of 
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the ionization cavity and the attenuation of radiation etc. In this study, to verify the accuracy of these 

standard methods for high energy photon beam, we evaluated the effective point of these methods with the 

simulation of TIC using EGS4. 

 
 
2.  Material and Method 
 
 2.1 The effective measurement point recommended by standard methods of AAPM, IAEA and 

JAMP 

In the case of high energy photon beam, the effective measurement points recommended by 

standard methods of AAPM1), IAEA2) and JSPM3, 4) are decided as the location reduced 0.6 times of the 

inner radius of the ionization cavity from the geometrical center in inverse direction of radiation beam as 

shown in figure2. 

 

2.2 Comparison method 

1) The profile curves of the absorbed doses. 

The profile curves were obtained under the simulation condition as shown in figure3. The point 

source was used for the simulation and the energies of incident particle were 1.17 and 1.33 MeV (Co-60), 

the source-surface distance (SSD) was 80cm, the irradiation field size was 5.0×5.0 cm2, the incident beam 

was cone beam and the phantom was tough water with the composition as shown in table1. Tough water is 

a kind of water equivalent material, in this work; the absorbed dose of tough water was regarded as that of 

water. The phantom size was 30×30×30 cm3. The numbers of the incident particle are 2×109 and 2×

1010 to calculate the absorbed dose of air in TIC and that of water, respectively.  

The profile curve of the air absorbed dose using TIC was obtained by moving the location of 

TIC in the direction of radiation beam on the center axis of the phantom. TIC used for this simulation was 

the type of JARP (Ouyougiken, Japan). The geometry and the composition of this TIC are shown in figure1 

and table1, respectively. While, the profile curve of the water absorbed dose was obtained on the center axis 

of phantom. The size of regions is 1.0×1.0×1.0 mm3. 

2) Comparison of the effective measurement point of the standard methods and that of the 

simulation. 

Each profile curve obtained by the simulation was normalized at each peak of depth dose. 

Furthermore those were compared (figure4). Then the profile curve of the air absorbed dose was shifted to 

the location reduced by the distance between the effective measurement point and the geometrical center of 

TIC in the direction of radiation beam. Because rcyl is 3.0mm, in the case of TIC used this work, the 

displacement is 1.8mm =0.6×rcyl according to the standard methods. In addition, the profile curve of the 

air absorbed dose was shifted to the location reduced by the distance between both peaks of depth doses of 
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profile curves. 

 
 
3.  Results and Discussion 
 

Figure4 shows the comparison of the relative dose profile curve of air with TIC and that of water 

without TIC on the center axis of phantom. The difference between both peak points was 2.5mm.  

Figures5-1,-2 show that two profile curves, which are shifted equal to 0.6×rcyl (1.8mm) and the distance 

(2.5mm) between both peak points, are compared with the dose profile curve of water measured without 

TIC. The profile curve with the movement of 2.5mm is good agreement with that of water more than that of 

0.6×rcyl. However, this result is obtained using the simple simulation, so we will compare the results of 

other energy.  
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Figure3  The geometrical arrangements of simulation
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ELEMENT WR(% ) RHO(g/cm3) PCUT(MeV) ECUT(MeV)
Chamber

cavity Air 1.205E-03 0.01 0.521
N 75.575
O 23.143
Ar 1.282

wall PMMA 1.19 0.01 0.521
H 8.05
C 59.98
O 31.96

electric pole Aluminum **** 0.01 0.521
Al 100.0

Phantom
Tough water 1.017 0.01 0.521

H 8.21
C 66.33
N 2.21
O 20.65
Cl 0.40
Ca 2.20

*WR(%): weight rate

Table 1  Material data and details for PEGS4.

 

 

 

Figure4  Comparison of relative dose profile curves of obtained in air with TIC
                                                                          and that of water without TIC
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Figure5-1  Comparison of relative dose profile curves obtained
       in air with TIC(shited 1.8mm and 2.5mm) and that of water without TIC
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Figure5-2  Comparison of relative dose profile curves obtained
       in air with TIC(shited 1.8mm and 2.5mm) and that of water without TIC
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Abstract 
The dose calculation system IMAGINE is under development for supporting X-ray radiotherapy by rapidly providing the 
accurate dose distribution in a patient body utilizing precise models of the patient body and accelerator assembly incorporated 
with Monte Carlo calculations. The system will be used for the quality assurance of the current radiotherapy widely carried out 
at present, and further for promoting the prevalence of advanced therapy. The system is scheduled to be completed in 2007 after 
the five-year project.  
 

1.  Introduction 
 
The main cause of death in Japan is cancer. Tough radiotherapy has been considered to be an advantageous 

therapy method, the contribution of radiotherapy to the whole cancer treatments in Japan is less than one half of that in 
USA1). The main reason for the relatively low usage of radiotherapy is often attributed to the extreme shortage of medical 
staffs able to properly estimate the doses in radiotherapy. While, it has been pointed out that under some specific 
conditions the commercial treatment planning systems used for dose evaluation may not give sufficiently accurate doses 

2). ICRP recommends that the overall error of dose evaluation for radiotherapy should be within 5%3). Considering these 
situations, a system supporting radiotherapy on the basis of reliable dose evaluation is expected to contribute to the 
improvement of the quality assurance of radiotherapy. In this paper, the outline of the system IMAGINE for supporting 
photon therapy by providing accurate doses is described. 

 

2. Outline of the System  
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The project for developing the system started in 2002 and is scheduled to continue for five years being funded by 
JST. The system utilizes a sophisticated human model constructed from CT images and Monte Carlo calculations with 
the EGS4 code4). The system is planned to work on the ITBL (Information Technology Based Laboratory) computer 
consisting of 512 CPUs located at the Kankai Establishment, JAERI. Figure 1 gives the schematic design of the system. 
The data on CT images and treatment plan are transferred from a hospital to the dose calculation center; a voxel phantom 
is constructed immediately and the dose distribution in the patient body for the treatment is calculated in a short time; 
then, the calculated dose distribution is sent back to the hospital. The purposes of the system are: to provide benchmarks 
for the quality assurance and safety control of current radiotherapy; and to contribute to the promotion of the usage of 
advanced therapy. 

In this system a voxel phantom - the numerical human model where organs and tissues are defined as sets of 
small cuboid units called voxels - will be automatically constructed from CT data of a patient. In this project, a procedure 
will be developed to rapidly construct the voxel phantom that has the least information needed for dose calculation with 
an accuracy of a few percent. The basic technique for constructing voxel phantoms has been cultivated through research 
on dose evaluation for radiation protection5). 

Radiation transport calculation is performed in two different ways. First, the particle fluence entering a patient 
body is calculated modeling the accelerator assembly (target, collimators, filters etc.) precisely. The EGS4 user code 
BEAMnrc6) developed at National Research Council Canada (NRCC) is used for this simulation. Second, the dose 
distribution in a patient body is calculated using the voxel phantom described above. A prototype of the dose calculation 
code for radiotherapy incorporated with voxel phantoms has been already developed as a EGS4 user code7). Basically, 
we try to avoid as much as possible the usage of the approximations which might lead to degradation of dose accuracy. 
While, it is an essential requirement to reduce computational time significantly in order to obtain the dose distribution 
within a reasonably short time. Super parallel computing on the ITBL computers will be fully utilized to fasten the 
computational time.  

The IMAGINE system is planned to apply to the advanced radiotherapy of intensity modulated radiation therapy 
(IMRT)8) and CT radiotherapy (CTRTx) 9) besides common photon therapy. Since the both radiotherapy needs 
sophisticated dose calculation, the IMAGINE system is expected to be quite effective. The IMAGINE system specified 
for CTRTx is going to be developed in this year at the same time that the treatment system is completed.  

The system will be completed in 2007. However, to make the system practically useful, the discussion concerning 
the administrative framework of the system operation is also very important as well as the technical investigation. We 
would appreciate receiving comments widely from doctors, medical staffs engaged in radiotherapy, and anyone 
interested in the system. 
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Figure 1 Schematic design of the IMAGINE system. 
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Abstract 
EGS4 user codes were developed to calculate dose distributions in a patient body for the IMAGINE project intending to 
supports radiation therapy remotely. The codes were designed to provide accurate dose distributions for any postulated therapy 
cases using with sophisticated patient models and avoiding approximations leading to uncertainties. These user codes will be 
tuned up to show best performance with parallel computers. They will be implanted in IMAGINE system and connected with 
other modules, such as the radiation source data base, the human body modeling system, the user interface launching dose 
calculations and obtaining the results remotely, and commercial treatment planning systems such as FOCUSTM within two or 
three years.  
 

1. Introduction 
 

The purpose of the IMAGINE system1) is the improvement of the quality assurance of radiotherapy being widely 
performed. For the purpose, the calculated dose distributions with the IMAGINE system are to be reference values which 
are calculated with the least assumptions. This is the reason why we adopted Monte Carlo method with EGS4 code2) as a 
solver of dose distribution in a human body. 

The body of a patient is modeled by voxels of which minimum size is 1mm cubic. The required statistical 
uncertainty of dose in each voxel is below a few %. A huge number of histories are required to achieve the statistical 
accuracy in such small voxels, and it will spend a lot of computing time, typically few tens of days with a recent fastest 
processor. The IMAGINE must return calculated dose distributions to remote users before they begin treatment, thus the 
computing time allowed will be within a day or hopefully much shorter. It requires to apply some techniques for speed 
up or acceleration of EGS4 user codes used in the IMAGINE. For the acceleration, the computing time spent in each part 
of EGS4 was analyzed, and parameters such as energy cut off of each kind of particle are determined. Parallel computing 
technique was applied for speed up by using the ITBL computer consisting of 512 CPUs located at the Kansai 
Establishment, JAERI. 

In this paper, the software configurations of the IMAGINE system and the developed EGS4 user codes are 
described first. Then, effects of the parallelization are shown for a prototype user code with a human voxel phantom 
developed at JAERI.  Finally, the test results are shown for the user codes and IMAGINE system with CT data of a 
rabbit for CTRTx, a tomotherapy system using medium-energy X rays as radiation source. 

 

2. Software configuration of IMAGINE and EGS4 user codes 
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2.1 Software configuration of IMAGINE 
Figure 1 shows the software configuration of the IMAGINE system. The IMAGINE will support any medical 

facilities using LINAC, and the users are supposed to use commercial radiation treatment planning systems such as 
FOCUSTM, XiOTM etc. These commercial systems will be appropriated for the user interface of IMAGINE to be used by 
many users without additional experiences. Treatment planning servers are placed at user sites (i.e. hospitals), and 
convert data from CT machines and treatment planning systems into data used in the IMAGINE system. These data will 
be sent to the dose calculation center that has fast parallel computers. The dose distributions in patients are calculated 
with the dose calculation engine installed in the parallel computers. 

Figure 2 shows the constituents of the dose calculation engine. Two EGS4 user codes are installed in the dose 
calculation engine to calculate dose distribution in the body of a patient. UCDSE was developed for electron linear 
accelerators (LINAC) which are commonly used for radiotherapy. UCCTRTx is for a new radiotherapy system called 
CTRTx which is under development for stereotactic radiotherapy (SRT) of lung tumors with medium-energy 
(few-hundred keV) X rays produced by a X-ray tube. Both user codes are based on the prototype version called UCRTP 
which was developed to calculate the dose distribution in a human body using the voxel phantom developed in JAERI3). 
UCRTP was parallelized with MPI and installed on the ITBL computer. This prototype code was used for the 
investigation on the effect of the parallelization. 

UCDSE can calculate the dose distribution in the patient body considering the change of multi-leaf collimator 
(MLC) shapes for intensity modulated radiation therapy (IMRT) or 3D conformal radiation therapy. UCCTRTx was 
tuned to accelerate the calculations for medium-energy photons. Both user codes have the interface for the human body 
modeling system which creates a voxel model of a patient from CT data. UCDSE is now in development and UCCTRTx 
has been developed and is in test with rabbit phantom data. 

The collimator calculation module is used to simulate photon fluence entering the patient body according to the 
data on energy, position, and angular distributions of photons at a plane above the MLC stored in the photon source 
database. The photon distributions in the database are previously calculated using BEAMnrc4) user code originally 
developed at NRCC and modified for this system. The correct photon distributions will be obtained based on the 
procedure called commissioning of LINAC, in which accelerator parameters are adopted to reproduce the measured dose 
distributions in water phantoms. 

 
2.2 Detail of UCCTRTx user code 

UCCTRTx was tuned up to simulate transport of medium- and low-energy electrons and photons efficiently.  
This code treats the voxel geometry based on CT data, and the minimum voxel size available is about 1mm. The data of 
material ID and the weight density have been given to each voxel. The weight density is based on CT value, and the 
following material data are treated in the code. 

- Lung 
- Adipose 
- Muscle 
- Bone 
- Bone Marrow 

The cross sections of above five materials are prepared by PEGS4 previously. The weight density of each voxel 
used in EGS4 is corrected by the CT value. There are two assumptions or methods to convert CT values to weight 
densities of above materials.  

Method 1: The ratio of the weight density by the CT value (DMAS_CT) and the standard density of the 
material (DENSIT) is set to the variable RHOF in EGS4, using with $SET-RHOF macro. 

RHOF = DMAS_CT / DENSIT 
Method 2: The voxel is divided into the void region and the material region by the volume corresponding to 
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the ratio of the weight density by the CT value (DMAS_CT) and the standard density of the 
material (DENSIT). 

a / (a+b) = DMAS_CT / DENSIT Void

Tissue

One boxel

a

b
 
 

 
 
 

Difference of calculated dose distributions due to the assumptions were significant for low energy photons, and 
the results using a rabbit phantom are described below. 

 
3. Test Results 
 
3.1 Parallelization 

Figure 3 shows the speed up results of the parallelization of UCRTP.  In this figure, the speed-up factors are 
shown as a function of the number of processors. The results of the following two irradiation conditions are shown: (a) 
6MV X-ray single port and (b) 6MV X-ray rotation. The total number of histories of each case is 2.56×106, and the voxel 
size is 2x2x2 mm3. The calculated dose distributions did not depend on the number of used PE (Processor Element) , 
because UCRTP utlizes the parallelized random number generator called SPRNG6) and is parallelized for each "batch" 
loops. The batch is grouped histories which has the same history number. The measured elapsed time ("total" in Figure 3) 
are divided into three components, CPU time in the batch loop (“batch loop”), the inter-processor communication 
(“comm.”), and the time to process input and output data (“I/O”). The time in the batch loop is the maximum of CPU 
time spent in the processors for calculations. The time for “I/O” is a rest part of subtracting "batch loop + comm." from 
"total". 

There are no significant differences in the computing time and the performance between the single port 
irradiation and the rotation irradiation. The acceleration of the calculation was almost in inverse proportion to the number 
of PEs, and 63 times or more speed up were obtained with 64-PEs for "batch loop". The time for the inter-processor 
communication and I/O increases along with the number of PEs used. In the case of 64 PEs, the required time for the 
communication and the I/O were 20  and 83 seconds respectively, and they were comparable to the time for batch loop, 
172 seconds. It is necessary to decrease the processing time for I/O and communications for more efficient parallel 
calculations with a larger number of processors. The improvements will be performed for the practical version of user 
codes. 

 
3.2 Test of UCCTRTx with Rabbit CT data 

 
UCCTRTx was tested with actual CT data of a rabbit. Figure 5 shows the CT image of the rabbit. The dose 

distribution was calculated with the rabbit model created from the CT data which consist of eleven slices with 512×512 
pixels sized at 0.158mm square. The voltage of an X-ray tube was 120kV. Figure 4 shows the X-ray energy spectrum 
from the X-ray tube5). The rabbit was rotationally irradiated around the axis of the body. The iso-center of the irradiation 
was set to the center at the slice of CT data, and the extension of the beam was assumed to be 1 cm from the iso-center. 
The number of histories was 10000 histories × 100 batches.  

Figure 6 compares the dose distributions calculated with the two assumptions of the weight density. The 
difference due to the weight density assumptions was about 10% at the highest dose point. Assumption 2 is considered to 
be valid if the tissues are constructed from void and dense material, such as lungs or bones. These assumptions must be 
carefully applied according to the anatomical knowledge of human organs and tissues for low-energy irradiations.  

The relation of electron cut-off energy to computational times spent in each part of simulations were investigated 
for CTRTx. Table 1 shows the difference of computing time according to the electron cut-off energy and there was no 
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significant difference of computing time. The lower electron energy cut off can be used in UCCTRTx. Further, it was 
found that most of computing time is spent in the HOWFAR routine. Table 2 shows the numbers to call the HOWFAR 
routine. In most cases, the HOWFAR routine was called for the photon transport calculation. Therefore, further speed up 
can be expected by changing the transport calculation algorithm of the photon of EGS4, using a method to reduce the 
number of region judgments such as the Coleman's method7,8).  

 
4. Conclusions  

 
The two EGS4 user codes for the IMAGINE system have been developed, and one of them was tested in the 

condition similar to actual usages with parallel computers. We found that the speed up of calculations were nearly 
proportional to the number of processes. For the low-energy photon irradiation, the effect of increasing electron cut-off 
energy on the speed up was not large. Regional judgments for the photons took place frequently in the calculation, and it 
required a lot of processing time. 

The user codes are going to operate on parallel computers, such as the ITBL computer. We will try to examine 
the possibility of speed up by the Coleman's method which can reduce the frequency of the region judgment. It is 
necessary to verify the calculation result by the comparison with the measurement data, carefully considering the 
conditions that the experiments meet. We also plan to develop the software to properly simulate direct and scattered 
photons from multi-leaf collimators without spending much time. 

All developed user codes will be tuned up to show best performance with parallel computers. They will be 
implanted in the IMAGINE system and connected with other modules, such as the radiation source data base, the human 
body modeling system, the user interface launching dose calculations and obtaining the results remotely, and commercial 
treatment planning systems such as FOCUSTM within two or three years.  
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Table 1 Difference of computing time according to the electron cutoff energy. 

electron cutoff energy 10 keV 1 MeV 

computing time [sec]   

 total 359 338 

 in HOWFAR 156 147 

 in AUSGAB 69 68 

 in SOURCE routine 3.7 3.7 

 

 

 

Table 2: Number of calculation steps 

Number of steps (include voxel boundary crossing) No. Material 

Photon Electron Total 

2 Lungs 10,354,554 
(98.9%) 

119,950 
(1.1%) 

10,474,504 
(5.3%) 

3 Fat 29,391,103 
(97.3%) 

801,577 
(2.7%) 

30,192,680 
(15.3%) 

4 Muscle 55,678,635 
(95.0%) 

2,955,314 
(5.0%) 

58,633,949 
(29.8%) 

5 Marrow 704,934 
(96.6%) 

24,584 
(3.4%) 

729,518 
(0.4%) 

6 Bone 2,508,443 
(57.9%) 

1,821,628 
(42.1%) 

4,330,071 
(2.2%) 

7 Air(vacuum) 92,540,033 
(99.99%) 

12,738 
(0.01%) 

92,552,771 
(47.0%) 
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Figure 1: Overview of IMAGINE Software 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Flow of the Dose Calculation Engine 
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               (a) 6MV single port                               (b) 6MV rotation 

Figure 3: Parallelization Results by the two different irradiation conditions 
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Figure 5: CT image of the rabbit drawn by a treatment planning system.  

Colored lines were used for markings and not used to create the model for dose calculations. 

 
The maximum dose (at isocenter)  

 

 

 

 

 

 

 

 

 

 

 
 

               (a) Method 1                                    (b) Method 2 

Figure 6: Dose distribution of the rabbit voxel model by the two methods for the weight density correction. 

The maximum dose with method 1 was 10% higher than those with method 2. 
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Abstract  

For the Convolution, Superposition and Monte Carlo methods, energy spectrum data is an essential pa-
rameter.  Especially, by using Monte Carlo method, if the adequate properties of electrons are set, complex en-
ergy spectrum data can be calculated by simple input.  However, adjustment of the property of electrons incident 
on the target of linear accelerator is time-consuming procedure.  To cover the difference of many accelerators, it 
is important how we obtain accurate energy spectrum by simple methods.  Especially, the total accuracy of dose 
calculation depends on the agreement of measured and calculated percentage depth dose (PDD) and off-axis ra-
tio (OAR).  Thus, a simple method for the determination of the simulation parameters was considered.  To re-
duce the adjustment procedure, we selected values of important three parameters, which were the mean energy 
of the input electron beam, the energy distribution of the input electron beam and the radial distribution of the 
electron beam.  The mean energy of the incident electron beam was determined by two equations and compared.  
The three parameters were applied to the properties of incident electrons, and PDDs and /or OARs were calcu-
lated.  Then they were compared to the measured those.  The calculated PDDs by adjusting only mean energy of 
the input electron beam could not be matched to the measured PDDs at small fields, such as the field size of 3x3 
cm.  On the other hand, by adjusting selected two parameters, calculated PDDs could be matched to the meas-
ured PDDs for a wide range of field size.  And the radial distribution of the electron beam influenced OARs.   
 

1 Introduction 

The present radiotherapy needs high accuracy.  
For accurate radiotherapy, more accurate dose distri-
butions are required.  Convolution, Superposition and 
Monte Carlo are well known as accurate dose distri-
bution calculation methods.  For the Convolution, Su-
perposition and Monte Carlo methods, energy spec-
trum data is an essential parameter.  Especially, by 
using Monte Carlo method, if the adequate properties 
of electrons are set, complex energy spectrum data 
can be calculated by simple input.  However, adjust-
ment of the property of electrons incident on the tar-
get of linear accelerator is time-consuming procedure.  
To cover the difference of many accelerators, it is im-
portant how we obtain accurate energy spectrum by 
simple methods.  Especially, the total accuracy of 
dose calculation depends on the agreement of meas-
ured and calculated percentage depth dose (PDD) and 
off-axis ratio (OAR).  The first advantage of the 
Monte Carlo method is that the accurate energy spec-

trum data can be calculated by a simple energy spec-
trum input.  The second advantage is that the energy 
spectrum can be generated not only in the central part 
of beam, but also simultaneously in regions away 
from it. 

Fig. 1 describes a diagram of accelerator head 
and the variations of the energy spectrum.  When ac-
celerated electrons enter the target, bremsstrahlungs 
are generated in the target.  The photon energy spec-
trum distribution varies due to target material and 
thickness.  The photons pass and/or interact with the 
primary collimator and flattening filter.  From flatten-
ing filter, scattered photon, secondary electron and 
positron are added to the beam.  Finally, at beam col-
limating jaw and multi leaf collimator, scattered pho-
ton and electron are added to treatment beam.  Thus, 
spectrum of treatment beam is complicated.   

In order to calculate the energy spectrum with 
Monte Carlo method, it is necessary to reproduce the 
actual accelerator faithfully on computers.  Generally, 
it is known that PDD of within 1% of error is gener-
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able when an accelerator is designed accurately.  
However, there are slight differences in the realistic 
accelerators that currently installed in hospitals etc., 
and the trials of a lot of frequencies are needed to re-
duce those differences.  On the other hand, those dif-
ferences appear in OAR notably.  Therefore, strictly 
fitting calculated OARs to measured OARs leads to 
the calculation of the accurate energy spectra of real-
istic accelerators.   

In this study, optimal parameters for accurate 
energy spectrum calculation were introduced.  These 
parameters were very sensitive to Monte Carlo calcu-
lations to generate accurate energy spectrum.  The 
calculated data that had applied several parameters 
were compared to measured PDD and OAR.  Then, 
by analyzing the difference between calculated and 
measured data, optimal parameters were determined.  
The study to obtain the accurate in-air off-axis factors 
for average accelerators was described by D. S. 
Bagheri and D. W. O. Rogers [1].  In this study, the 
important three parameters for energy spectrum calcu-
lations were selected from the parameters that de-
scribed in [1].   
 
 
2 Material and Methods 

In the Monte Carlo for dose calculations in wa-
ter including accelerator head simulations, the impor-
tant simulation parameters to obtain an accurate dose 
distributions are almost the behaviour of the electrons 
which incident to the target.   

It is an iterative process to determine a consis-
tent set of simulation parameters (i.e. electron beam 
energy and radial distribution of the incident beam).  

First, the simulation was run by starting with the 
manufacturer’s specifications or suggestions for these 
parameters.  If this didn’t lead to a strict match of the 
PDD or OAR values, one then adjusted the incident 
electron mean energy and the energy distribution of 
the incident electron beam to match the calculated 
PDD to measured PDD.  Once this was matched, the 
radius of the incident radial distribution was varied to 
get a match with the OAR.  If a match cannot be 
achieved, it was necessary to re-adjust the mean en-
ergy somewhat to achieve agreement with the OAR.  
Once this agreement was satisfactory, it was essential 
to verify that the PDD was still matched adequately 
since the incident mean energy had been changed.      

This section describes how the PDD and OAR 
values were calculated and compared with measure-
ments.   
 
 
2.1 Monte Carlo Parameters for PDD 

Calculations 

According to the reference [1], both PDD and 
OAR were very sensitive especially to the three pa-
rameters; the mean energy of the electron beam, the 
energy distribution of the electron beam and the radial 
intensity distribution of the electron beam.  Fig. 2 
shows the relations of those three parameters at the 
surface of the target.  In Fig.2 (1) is the mean energy 
of the incident electron beam.  This is a mean of ki-
netic energy of the electrons immediately before the 
incidence in the target.  Fig.2 (2) is the energy distri-
bution of the electron beam.  This shows the exten-
sion of the kinetic energy of the electron immediately 
before the target.  Fig. 2 (3) is the radial distribution 

                      Fig. 1 The diagram of an accelerator head and the variation of the energy spectrum at each position 
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of the incident beam. This parameter shows the prob-
ability that an incidence electron extends from center 
of the target to radial.  The probability of the point of 
an electron incident to the target was approximated 
Gaussian model. 

To start Monte Carlo simulations, at first, the 
determination of the mean energy of the electron 
beam was required. Then, the following three kinetic 
energies of electrons were tested.  The first was the 
nominal kinetic energy that was manufacturer’s speci-
fication.  The second was the kinetic energy that was 
calculated by LaRiviere’s equation [2]. This equation 
is shown as follows,  
 

1 0( 4 6 .7 8 ) / 2 6 .0 91 0 DE −=                          (1) 
 
where E is the mean kinetic energy of electron and 
D10 is the PDD value of 10×10 cm2 field size and the 
10 cm depth from water surface.  Because our meas-
ured data were PDDs, it was possible to apply this 
equation easily.  The third was the kinetic energy that 
was calculated by the equation as follows, 
 

1 00 .0 3 9 1 6 40 .0 1 3 9 1 1 0 DE ×= ×             (2) 
 
where E and D10 are the same to the above mentioned. 
This equation is proposed by Hiraoka [3]. 

Next, the energy distribution of the electron 
beam was considered.  In general, the electron energy 
spectrum isn’t symmetrical distribution for realistic 
accelerators.  However, we used the model that ap-
proximated simply by the Gaussian distributions in 
this study.   
 
 

2.2 Monte Carlo Parameters for OAR 
Calculations 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

     The above-mentioned two parameters were 
changed and OAR was calculated by using the pa-
rameters that matched to the measurements most 
among obtained PDDs.  In the calculation of OAR, 
the third parameter, the radial distribution of the inci-
dent beam was introduced.   
     In this study, this parameter was approximated by 
Gaussian distribution model.  The FWHM was varied 
from no distribution to 4 mm.  Then the output OARs 
were compared with measured OAR. 
 
 
2.3 Calculation Tools for Accelerator 

Head Simulations 

In this study, BEAMnrc code system was used 
for energy spectrum calculation of accelerators [1] [4].  
The BEAMnrc code system is a general purpose EGS 
user-code for the simulation of radiotherapy beams, 
especially those from linear accelerators.  The code 
has been widely used to simulate electron, positron 
and photon beams.  The advantage of BEAMnrc code 
system is that all dimensions and materials of the lin-
ear accelerator, as well as the incident electron beam 
energy and spatial intensity distribution can be speci-
fied independently and did not need to be derived 
from dose measurement.  The BEAMnrc code is able 
to output the description of particles, it is called 
“phase-space file”.  The Phase-space file contains 
data relating to particle position, direction, charge, etc. 
for every particle crossing a scoring plane.  Phase-
space file can be output for each scoring plane in an 
accelerator, and can be used as an input of BEAMnrc 
code.   

In this study, the two phase-space data were 
produced in the accelerator that constructed strictly on 
the computer.  One was at the front of secondary col-
limators (phase-space1), and the other was just before 
the phantom surface (phase-space2).  The phase-
space1 was calculated by field size of 40×40 cm2 to 
cut the influences of back scatter from the secondary 
collimators.  By using this method, if the incident 
electron parameters didn’t change, the same phase-
space1 could be used in different field sizes.  Then, 
the phase-space2 was calculated by using the phase-
space1 as the input data.  From the obtained phase-
space2, the energy spectrum could be generated by 
using BEAMDP sub code [5]. 
 
 
2.4 Calculation Tools for Dose 

Distribution Simulations 

To calculate dose distributions in water, 
DOSXYZnrc code was applied [6].  DOSXYZnrc is 
an EGSnrc-based Monte Carlo simulation code for 

Fig. 2 The relation of the three parameters for the electron 
which incident to the target.   (1) The mean energy 
of the electron beam, (2) the energy distribution of 
the electron beam and (3) the radial distribution of 
the incident beam 
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calculating dose distributions in a rectilinear voxel 
phantom and is based directly on the DOSXYZ code 
developed for the EGS4 code system [5].  This code 
is able to simulate the 3D dose distribution in phan-
tom by input of simple particle data, energy spectrum 
data and phase-space data.  By using this code, the 
water phantom of the size of 40×40 ×35 cm3 (x, y, 
z:depth) was constructed in the computer.  The inside 
of water phantom was divided by voxel size of 2×2
×2 mm3 at all region.  The PDD and OAR were ob-
tained by editing the output value by using the stat-
dose sub code in DOSXYZnrc code [6]. 

In this study, no variance reduction technique 
was used because we aimed to recognize the slight 
differences of output PDDs or OARs by changing the 
three parameters.  And, to our regret, we had not un-
derstood enough the influence given to the output 
value when these were used.  Thus, to obtain better 
than 1% uncertainty, more enough histories of the in-
put particles were needed than the needs of standard 
calculations.   
 
 
2.5 Matching PDD and OAR 

The calculated PDD and OAR should be compared 
strictly with the measured those.  In this study, to 
evaluate the error margin equally by the comparison 
between a small value and a big value, the relative 
error was applied.  The relative error (RE) was de-
fined as, 
 

                    
               (3)                                                   

                      

     In the 6 MV accelerator simulations, only PDD 
was calculated.  The water phantom was used by both 
measured and calculated PDD. The source-surface 
distance (SSD) was 100 cm.  At first, the PDD of 
10×10 cm                                                                                             

 
where Valc was calculated value and Valm was meas-
ured value.  All the results of the calculation were 
compared by this equation. 
     The measured PDD and OAR were the values that 
were detected by ion chamber.  So these were the val-

ues that averaged the range of the detector’s diameter.  
Therefore, calculated values were required to average 
by the diameter of the detectors.  These differences 
were shown notably at the penumbra of OAR.  In our 
case, averaging the range of 4 mm or 6 mm was re-
quired.   
 
 
2.6 Computational Conditions 

     These codes were running on a cluster system.  
This cluster system was consisted of 12 PCs that each 
computer was mounted two CPUs with Symmetric 
Multiple Processor (SMP) and Hyper Threading (HT) 
technology was enabled. By using HT technology, 
two threads or tasks could be executed at the same 
time.   Thus, theoretically, 48 parallel processing were 
available.  Nevertheless, in this study, because the de-
crease at the processing speed was observed in 48 
parallels, then 36 parallels were permitted. Each clus-
ter was operated by Generic NQS for batch system. 
 
 

2.7 Simulation Conditions  

     Two types of accelerators were simulated.  The 
first accelerator had the nominal kinetic energy of 6 
MeV, and the second had nominal kinetic energy of 
10 MeV.  Both of these accelerator heads were con-
structed strictly in the computer.   

c m

m 2 field size was calculated.  In this study, the 
three mean kinetic energies of incident electrons were 
decided to 6.0 MeV of nominal energy, 6.1 MeV that 
was derived by Eq. (1) and 6.2 MeV that was derived 
by Eq. (2).  Each PDD was calculated by 300 million 
histories.  These conditions were described in Table 1.  
Each calculated PDD was compared to measured 

 
 
Table 2 Simulation conditions (10 MV X-ray) 

 
 

 
 
   Table 1 Simulation conditions (6 MV X-ray) 

Val Val
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l
−
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PDD.  The PDD of 3×3 cm2 and the PDD of 20×20 
cm2 were simulated by using the parameters of deriv-
ing the most corresponding calculated PDD of 10×10 
cm2 to the measured PDD of 10×10 cm2.  Next, the 
PDD of each field size were simulated in using the 
input electron with the energy distribution of FWHM 
of 3 % in the mean electron energy. 
     In the 10 MV accelerator simulations, PDD and 
OAR were calculated.  The process to obtain the op-
timal parameters for PDD calculation was same as the 
case of the 6 MV accelerator simulations.  The condi-
tion of the 10 MV accelerator simulations was de-
scribed in Table 2.  In this study, because the same 
mean energy was derived by Eq. (1) and Eq. (2), the 
mean energy of the electron beam was decided to 
10.48 MeV.  And each OAR was simulated by 2 bil-
lion histories.  After the optimal values of two pa-
rameters were decided, the parameter of the radial 
distributions of the incident beam was added to the 
OAR simulations.  The OARs were calculated in the 
case of no distributions, FWHM of 0.15 cm and 

FWHM of 0.4 cm. If the optimal value of this pa-
rameter was decided, The three parameters were ap-
plied to the OAR  calculations of the two different 
field sizes that were 4×4 cm2 and 20×20 cm2. Those 
results were compared with the measured OARs of 
each 2.5, 7.5, 12.5, 17.5, 22.5 and 27.5 cm depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 The calculated PDD that was introduced by 6.0 MeV        Fig. 5  The calculated PDD that was introduced by 6.1 MeV  
incident electrons                                                                            incident electrons  

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6 The calculated PDD that was introduced by 6.2 MeV        Fig. 7  The relative errors of PDDs of three mean kinetic 
incident electrons                                                                            energies 
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3 Results and Considerations 

3.1 Results of the 6 MV Accelerator 

     Fig. 4 to Fig. 6 showed the variation of the calcu-
lated PDDs by the difference of the mean energy of 
electrons.  From these figures, it was almost impossi-
ble to recognize the difference with measured PDD.  
Then, the relative error of each calculated PDD was 
shown in Fig 7.  According to Fig. 7, specifically, the 
6.2 MeV PDD was confirmed that the relative errors 
were the smallest and the all of the relative errors 
were within 1%.  Thus, from this in the following cal-
culation, the mean energy of the electrons was as-
sumed to be 6.2 MeV.  The relative errors with the 
measurement PDD of calculated PDD by the change 
in the field sizes were shown in Fig. 8.  Fig. 8 showed 
that the relative error of  the PDD of 3×3 cm2 , the 
PDD of  10 ×10 cm2 and 20 ×20 cm2.  In Fig. 8, the 
relative error increased by two field sizes except the 
PDD of 10×10 cm2 and those exceeds 1%.  Then, the 
relative error of PDD that had been obtained by the 
calculation that applied the second important parame-
ter, the energy distribution of the electron beam, was 
examined for the same field size.   

In Fig. 9, though the relative error reached a 
small value overall, the relative error still exceeded 
1% at the deep of the water phantom.  The energy dis-
tribution of 7 % FWHM was also tested.  Then the 
relative errors decreased.  However, the degree of de-
crease was smaller than in the case of 3%.  As these 
results, it was suggested that there was a difference in 
a fundamental part.  Therefore, in this accelerator 
simulation, OAR simulation didn’t execute.  Though, 
by adding the energy distribution, the relative error 
decreased overall.  At the point of this, the energy dis-

tribution of the electron energy was an effective pa-
rameter. 
 
 
3.2 Results of the 10 MV Accelerator 

     The calculated PDD of 4×4 cm2, 10 ×10 cm2 and 
20×20 cm2 were compared to the measured them.  
These results were shown in Fig.10.  In the simulation 
of this accelerator, the calculated PDD in all the field 
sizes matched to measurement PDD very well.  In ad-
dition, the statistical uncertainty of all the areas in the 
phantom was all much smaller than 1% according to 
the simulation by an enough history.  The energy dis-
tribution of the electron beam was determined to 3% 
by three trial of the head simulation.   
     Next, by using decided parameters, the OARs 
were simulated.  Fig. 11 showed that the calculated 
OAR of 10×10 cm2 at the depth of 2.5 cm was com-
pared to the measured OAR.  In the OAR simulation, 
third parameter, the radial distribution of the incident 
beam was examined.  In the case of no distribution, 
dose at the central axis was relatively decreased.  In 
the case of FWHM of 0.15 cm, almost the same dose 
at the central axis and at the near the penumbra, and 
this FWHM was the best value to match with the 
measured OAR.  In the case of FWHM of 0.4 cm, 
dose at the central axis relatively increased.  Then, the 
calculated OAR of 20 × 20 cm2 and 4 × 4 cm2 were 
compared to the measured OARs.  These were shown 
in Fig. 12 and Fig. 13.  Both OARs were well agreed 
with the measured OARs.  On the other hand, because 
the measured OAR was slight asymmetrical with re-
spect to the central axis, there were the regions that 
the relative error wasn’t within 1%. 
 
 

 
 
Fig.  8 The relative errors of the PDDs of the different field         Fig. 9 The relative errors of the PDDs of the different field
 sizes (non energy distribution)                                                       sizes (FWHM of 3% of energy distribution)  
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4 Conclusions 

     The purpose of our study was to reduce the pa-
rameters for adjustment of the property of electrons 
incident on the target and to obtain highly accurate 
energy spectrum by simple method.  In this paper, we 
paid attention to the three Monte Carlo parameters; 
the mean energy, energy distribution and the radial 
distribution of the incident beam.  Both of PDD and 
OAR were very sensitive to the mean energy of the 
electron beam and the energy distribution of the elec-
tron beam.  The radial distribution of the incident 
beam notably influenced OAR properties. 
 
 
5 Literature 

[1] D.S.Bagheri and D.W.O.Rogers: Sensitivity of 
megavoltage photon beam Monte Carlo 
simulations to electron beam and other 

parameters : Med Phys.,Mar, 29(3), pp.379-390, 
2002 

[2] LaRiviere PD: The quality of high-energy X-ray 
beams : Brit. J. Rad., 62, 473-481, 1989  

[3] Takeshi Hiraoka: Appendix 14, Stanard 
Dosimetry of Absorbed Dose in External Beam 
Radiotherapy, edited by Japan Scociety of 
Medical Physics : pp.170-171, Tsusho-Sangyo 
Kenkyu-Sha, Tokyo, 2002 

[4] D.W.O. Rogers, C.-M.Ma B.Walters et al.:：
BEAMnrc Users Manual : NRCC Report PIRS-
509(A)revF, 2001 

[5] C.-M.Ma, D.W.O. Rogers: BEAMDP Users 
Manual: NRCC Report PIRS-509(C), 1999 

[6] D.W.O. Rogers, C.-M.Ma B.Walters et al.:：
DOSXYZnrc Users Manual : NRCC Report 
PIRS-509B(revF), 2001 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Comparison between the calculated and measured PDDs    Fig. 11 Comparison between 10×10 cm2 measured and  
calculated OARs with the radial intensity distribu-
tions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 12 Comparison between 20×20 cm2 measured and                       Fig. 13 Comparison between 4×4 cm2 measured and  

calculated OARs                                                                                    calculated OARs 
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Abstract 
A preliminary study about the advantage of the multiple composition patient model to the traditional single 
composition model for the dose distribution calculation in the radiotherapy treatment planning was performed. We 
have developed a prototype dose calculation code UCRTP with based upon EGS4. We also employed two CT-based 
anthropomorphic voxel phantoms. The organs and tissues in the phantoms were categorized into six groups, skeleton, 
lungs, skin, muscle and other organs, adipose tissues and the target, and we calculated the X-ray irradiation simulation 
with replacing the materials corresponding to lungs, skin, muscle and other organs and adipose tissues. Comparing 
Dmean among the composition models, the deviation between the most detailed model (ICRU lung, ICRU skin, ICRU 
adipose tissue and ICRU skeletal muscle) and the most simple model (liquid water) was up to 1.2 % for the X-ray 
tube spectrum, and up to 0.5 % for linac X-ray spectrum. Though these deviations themselves were quite small, it is 
necessary to study further to conclude the advantage of the multiple composition model because the other aspects like 
the dose uniformity were out of the scope at present. 
 

1.  Introduction 
 
In the external radiotherapy, calculation of accurate dose distribution in a patient body is essential to 

achieve the tumor control and to avoid the complications of the healthy tissues and organs. However, 
performing these calculations with good accuracy takes much computing time so that most of clinically 
implemented treatment planning systems utilize simple and analytical algorithms which do not thoroughly 
account for the electron non-equilibrium due to the tissue inhomogeneities in a patient body, or the ratio of the 
partial cross sections of photon-electron reaction. 

In recent years, the drastic advancement of the computing power and parallel computing techniques 
enables us to perform the Monte Carlo radiation transport calculation, which can provide the result of best 
accuracy, for obtaining the dose distribution in a patient body. At present, they begin to be utilized for the 
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quality assurance of the linac and beam delivery systems, and are considered as very promising. In near future, 
the further advancement of the computing technology may enable us to utilize the radiation transport codes for 
the routine treatment planning widely. 

IMAGINE (IT-Based Medical Aiding Gear for Instantaneous Numeration of Energy deposition 
distribution) project has been started in autumn, 20021). The aim of this project is to develop an accurate and 
high-speed Monte-Carlo dose distribution calculation system employing large scale parallel computing 
technique (100 ~ 1000 CPU) in order to provide a reference dose calculation tool to the medical physicists, or 
someone who is responsible for the quality assurance of the treatment planning system in remote hospitals. 

Because the IMAGINE is intended to provide doses with the best accuracy for any irradiation condition, 
we need to select sufficiently detailed models and parameters. The whole system of the external radiotherapy 
can be considered as three individual parts: the beam model, the models of beam modification devices and the 
patient model. The former two parts have been well studied because they are useful to the quality assurance of 
the treatment devices. The studies about the patient model is, on the other hand, still rarely performed because 
the quality assurance of the treatment planning system was not considered as important until the modern beam 
delivery technique, like 3D-CRT (conformal radiotherapy) or IMRT (intensity modulating radiotherapy) was 
widely employed. In addition, the new technology of CT radiotherapy system, which irradiates tube X-ray from 
the multiple arcs to the target, is under developing by Keio University and Toshiba, in parallel with IMAGINE 
system. Due to the low energy of the tube X-ray, the effects of the tissue compositions are more important in the 
CT radiotherapy than those in the linac radiotherapy. 

The patient modeling can be basically understood as a 2D or 3D image filter converting X-ray CT 
images or the images of other modalities into the geometrical input data to the radiation transport calculation. In 
the traditional patient model, each voxel (volume element) has a single parameter, electron density, and all the 
materials were supposed as water-equivalent. However, the branching ratio of photon-electron interaction 
processes in the materials varies depending on the elemental compositions of the materials. Some of Monte 
Carlo dose calculation codes employ the patient model that consist of a weight density map and an elemental 
composition map and a similar patient model will be employed to our IMAGINE system also. However, the 
advantage of multiple composition models was not discussed quantitatively. 

In recent years, the advancement of medical image processing technique related to the computer aided 
diagnosis enabled us to create more detailed patient model automatically or semi-automatically so that the 
correlation between the degree of detail in the patient model and the dose calculation accuracy was be studied. 
We surveyed the advantage of the multiple soft tissue compositions model to the dose calculation accuracy, 
focused on the target dose and soft tissues substitution. 
 

2.  Materials and Method 
 
2.1 Voxel Phantoms 

Voxel phantoms, the computer phantoms which consists of a number of small rectilinear voxels (volume 
elements) of an identical shape, have been developed and widely used for the radiation protection dosimetry and 
the basic study of medical imaging. In this study, we have employed two voxel phantoms originally planned to 
be used in the radiation protection studies: The phantom of Japanese male adult ‘otoko’ (170 cm height, 65 kg 
weight) and the Japanese female adult phantom ‘onago’ (162 cm height, 57 kg weight, a slice was shown in 
Figure 1) developed by JAERI in collaboration with GSF 2,3). These are based upon the whole-body X-ray CT 
images. Each slice of the CT images included 512 x 512 pixels with dimensions of 0.98 x 0.98 mm2 and a slice 
thickness of 10 mm. The voxels in phantoms were the same shape as the CT pixels so that the voxel volume was 
around 9.5 mm3. 
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These phantoms are described by the format developed in GSF. In this format, each phantom consists of 
two text files. One is for describing region index number (ID) that represents the tissues or organs the voxel 
belongs to. The other is for describing the CT value only for the skeletal voxels. All the skeletal voxels are 
supposed to be a mixture of cortical bone and bone marrow, with its ratio determined by the interpolation of 
CT-value. These voxel phantoms have no density information in themselves, which is supplied by external files. 
Thus every region except the skeleton has uniform density distribution in the voxel phantoms. Note that this is 
not a naïve extension of traditional patient model which has density information in every non-air voxels. In 
order to save the computer memory, the run length compression is applied to the region ID map and the CT map. 
As a result, the file sizes were reduced to around 5 to 8 megabytes for each file, while that of 2-byte-per-pixel 
base CT images are 90 megabytes in total. 

We modified the original phantoms in two points for this research. First, we removed both arms, because 
the original phantoms have arms along the body trunk while in the radiotherapy the arms are often raised in 
order to avoid the unnecessary exposure. Second, several target regions were added to the original voxel 
phantoms. Nine targets, one on the brain, two on the lung, one on the liver for both ‘otoko’ and ‘onago’, and one 
as the prostate of ‘otoko’ (whole-organ irradiation was often performed for prostate cancer) were created, while 
only five of them were presented in this paper. All the targets except the prostate were 2 cm in diameter and 
thickness, while the prostate tumor was 3 cm in diameter and thickness. 
 
2.2 Calculation Code and Computers 

The prototype dose calculation code for radiotherapy UCRTP4) was developed as a user code of EGS45). 
UCRTP was derived from UCPIXEL6), the dose calculation code for radiation protection. UCRTP can be 
executed on the parallel environment by utilizing MPICH parallel processing library7) and SPRNG 2.0 random 
number generation library8). The primary aim of UCRTP was the survey of the dose calculation accuracy and 
the estimation of the network load so that no variance reduction technique was employed. 

In this study, three X-ray energy spectra, 120 kV (tube), 6 MV and 24 MV (linac) were taken into 
calculations. The spectra of 6 MV and 24 MV were from the calculation of Mohan et al9) and the 120 kV 
spectrum was according to the measurement of the CT radiotherapy system. In this study, we used the 
360-degree-rotating coplanar (the beam axis is perpendicular to the body axis) cone-beam. The source was 
100cm apart from the isocenter (same as target center) and the field diameter was same to those of targets. No 
multileaf collimator, modulator or other beam modification devices were modeled. 

As geometrical inputs, UCRTP needs three kinds of information: the voxel phantom described in GSF 
format, the material data created by PEGS preprocessor and the table of the correspondences between region ID 
in the voxel phantom and the materials described in PEGS files. Every skeletal voxel was reconstructed to a 
cortical bone voxel and a bone marrow voxel of fractional volumes. UCRTP can output the organ doses and 
three-dimensional dose distribution. Only Dmean, the volume average of the absorbed dose in the target volume 
was considered in this study because the irradiation conditions here do not deliver the uniform dose distribution 
in the target volume. 

For all the calculation describing here, we have used the Beowulf-type cluster-computer consisting of 
nine 3.0 GHz Pentium4 PCs. Every node has 1 GB memory and is connected via one Gigabit network and one 
100Base network with each other. SuSE Linux 7.3 was used as their operating systems. For building the 
executable, we used Intel FORTRAN Compiler ver.7.1 because of the strictness of warning message during the 
compilation, and the speed advantage of the executable. 
 
2.3 Material Data and Tissue Substitution Method 

We categorized all the regions in the voxel phantoms into six groups except the air in the inner cavity: 
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skeleton, muscle (including most organs), skin, lungs, adipose tissue, and targets. The female breast and all the 
contents in the GI-tract and urinary bladder were categorized as adipose tissue. Four soft tissue groups, muscle, 
skin, lung and adipose tissue were to be substituted by other materials in this study so that the material of the 
skeleton, inner air and target groups were kept unchanged. 

The elemental compositions and weight densities of the human body tissues and substitution materials 
were based upon ICRU report 4610) and ICRP publication 8911). Most of the material data were utilized literally, 
while the “bone marrow” was assumed to be the half-and-half mixture of the red bone marrow and yellow bone 
marrow. Also the “average tissue” was the average over that of male and female ones. We used “adult #2” 
composition and density in ICRU Report 46 for the adipose tissue, and “muscle-skeletal” for the muscle and 
target compositions. 

The seven composition models we have calculated were summarized in Table 1. The model A (muscle, 
skin, lungs, adipose tissue) was the most detailed model so that it was treated as a reference model. The next 
three, model B, C, and D were the simplified models of the model A, which supposed the compositions of lungs 
and/or skin as identical as the muscle. Therefore the model D and the model E (water-ethanol) was 
two-composition model. The model E were studied because it is comparably similar to the conventional 
water-only model and the elemental composition of ethanol is quite similar to that of the adipose tissue, while 
its weight density is much smaller. We also studied the two one-composition models, the model F (average 
tissue only) and the model G (water only). In order to keep the weight density of the target volume unchanged, 
the composition of the target region was muscle for all the composition models. 

As the method of substituting materials, we employed “CT-invariant” weight density adjustment. First 
we supposed the patient model A (reference model) as the true physical existence. In order to create the patient 
model of other composition model, we adjust the density of substitutes with keeping its CT value unchanged. 
Because of difficulty in calculating CT value for continuous energy X-ray, we assumed that the linear 
attenuation coefficient for 50 keV monoenergetic X-ray as the ideal CT value. This assumption can be 
expressed as, 

onSubstitutiOrigina μαμ ×=l ,  

where  Originalμ  and  onSubstitutiμ  denote the linear attenuation coefficient of the tissue material to be 

substituted and the substitution material for 50 keV X-ray, and α  is the adjustment factor. Breaking the linear 
attenuation coefficients into the mass attenuation coefficient and the weight density and we obtain the 
conversion formula, 
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where onSubstitutiρ  and onSubstituti)(
ρ
μ

denote the weight density and the mass attenuation coefficient of the 

substitution, and Originalρ  and Original)(
ρ
μ

denote those of the tissue material to be substituted. The linear 

attenuation coefficients were calculated by X-COM developed by NIST11). 
In this conversion scheme, for example, in the case the liquid water (ρSubstitution = 1.000 g/cm3) replacing 

the muscle (ρOriginal = 1.050 g/cm3), α becomes 1.0477 so that the substitution material is a water but has slightly 
high density. Similarly in the case the liquid water replacing adipose tissue adipose tissue (ρOriginal = 0.950 
g/cm3), the substitution becomes a water which density is 0.8897 g/cm3. Hereafter we denote the substituting 
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materials as “104.77 % water”, “88.97 % water”, and so on. 
 

3.  Results and Discussions 
 

The five figures of the positions we calculated were shown on Figure 2. Though we have calculated four 
other positions (three for lung position and one for liver position), they displayed similar results as those we 
present in this paper. The target dose differences when compositions of soft tissues were changed were 
summarized in Figure 3. All the results were normalized as the results of the model A to unity. The error bars in 
the figure indicates statistical errors. The number of histories were 160 millions for each calculation, which 
corresponds to around 0.04 % target dose errors. 

When skin or lungs were substituted by the muscle (model B,C), the target dose deviation up to 0.2% 
was observed for all the target positions. For the case where the both skin and lungs were substituted by the 
muscle (model D), the deviation was up to 0.3%. 

The one-composition models (model F,G) showed 0.5-1.2 % deviations for 120 kV calculations in the 
some target positions. For the 6 MV and 24 MV calculations, the maximum deviation was 0.5 %. The deviations 
of one-composition models were larger in the liver and the prostate positions so that there may be the correlation 
between the body fat ratio and the dose deviations for one-composition model. The average tissue model (model 
F) shows larger deviations than the water-only model (model G) in the liver position, while the model G shows 
larger than the model F. Therefore it can be concluded that utilizing the average tissue as a soft tissue 
substitution causes no accuracy gain, and the liquid water is still one of the best substitution material for soft 
tissue. 

The water-ethanol model (model E) showed less than 0.2 % deviations for most positions, so that this 
model can give us better accuracy than water-only model (model G). 

We should note that the phantom and the target position dependences of the dose deviations were quite 
large, which can be seen in the results of the ‘otoko’ head and ‘onago’ head, so that the more studies about the 
different targets in the different phantoms may be necessary to discuss about the advantage of the 
multi-composition model more quantitatively. 

Though this study was preliminary, it seems to be almost clear that the discriminating skin and lungs 
from the muscle-like tissue causes small accuracy gain, so that the segmentation of skin and lungs from the 
muscle-like tissues will be considered only from the viewpoint of estimating complications and/or the step 
length optimization. Discriminating adipose tissue from the soft tissue will showed finite accuracy gains in 
many cases. The deviations were around 0.5 % for linac radiotherapy, which is still quite small so that it can be 
justified to utilize the water-only model. 

However, honestly speaking, Dmean was easy to obtain but not an only parameter to evaluate the 
advantage of the multiple composition models. The advantage should be evaluated more precisely by 
performing the dose-volume analyses of the target itself and neighbor organs at risk, which will be done by our 
group collaboration. 
 

4.  Conclusions 
 

We studied the relation between the tissue substitution and target dose for tube and linac X-ray using the 
prototype dose calculation code and the voxel phantoms. 

For the tube X-ray radiotherapy, the target dose errors caused by one-composition model were estimated 
around 0.5 % for head and lung positions, and 1.2 % for liver and prostate positions. If we employed 
two-composition soft-tissue model for tube X-ray, the tumor dose error was reduced to 0.3 %. Most calculations 
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for the models for 6 MV linac X-ray and some of 24 MV linac X-ray calculations showed 0.5 % dose deviations 
for one-composition model. To mention about the one-composition model, changing the tissue substitution from 
water to more realistic materials provided no advantage. Separating skin and/or lungs from the muscle like 
tissues gain the tumor dose accuracy 0.3 % at most. 

Though the dose errors estimated in this study were not large in general, further studies on the relation 
between the dose calculation accuracy and the tissue composition are preferred. Because the advantage of the 
IMRT is the ability to avoid the complications on the healthy neighbor tissues and organs with irradiating the 
prescription dose for whole target volume, dose-volume analysis of the target dose and the doses of the organs at 
risk are necessary. 
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Table 1 The sets of soft-tissue substitution model we have calculated. The first four were for the substitution of 
muscle-like tissues. The first one was the reference. The latter three were for whole soft-tissue substitution. “average 
tissue” and “water” were called as the one-composition model. 

Name of Model Name of Category 
Signature Detail Muscle/Organ Skin Lung Adipose 
A muscle/skin/lung 

-adipose 
100 % muscle 100 % skin 100 % lung 100 % Adipose 

B muscle/lung -adipose 100 % muscle 102.16% muscle 100 % lung 100 % Adipose 
C muscle/skin-adipose 100 % muscle 100 % skin 24.85 % muscle 100 % Adipose 
D muscle-adipose 100 % muscle 102.16% muscle 24.85 % muscle 100 % Adipose 
E water-ethanol 104.77 % water 107.03 % water 26.03 % water 118.00 % ethanol 
F average tissue 104.49 % average 106.75 % average 25.97 % average 88.73 % average 
G water 104.77 % water 107.03 % water 26.03 % water 88.97 % water 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1 An example of the anthropomorphic voxel phantom. Here showed a slice in the chest of Japanese female 
phantom “onago”. (a) The base X-ray CT image used in the phantom production, (b) the region index number map and 
(c) the map that the material ID was assigned are shown. The bright circle in the material ID map (dark circle in the 
region ID map) was the target. Note that we have used armless phantom. 
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(a) (b)

 

 

 

(c) (d)

 

 

Figure 2 Target created in the voxel phantoms. 
(a) ‘Onago’ (female phantom) head (b) ‘Otoko’ 
(male) head, (c) ‘Onago’ lung, (d) ‘Onago liver’, 
(e) ‘Otoko’ prostate. In the figure (e), Two circles 
are shown: one is prostate, and another is rectum.

 

(e) 
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Figure 3 Results of the Calculations. The letter 
A-G indicates the composition model (see Table 
1), and all the calculated Dmean were normalized 
as the results of model A to unity. Legends: 
120kV tube X-ray (black dotted line), 6MV linac 
X-ray (red solid line), 24MV (green dashed line)
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Abstract 
Stereotactic Radiotherapy (SRT) of lung tumors with a narrow and precise medium energy x-ray beam where the 

homogeneous high dose area will be confined within the tumors are desirable. A conventional x-ray CT with 

medium energy x-ray has been modified to develop a radiotherapy system for lung SRT. A cylindrical collimator 

(0.3 cmφ) made of tungsten was introduced to collimate the X-ray beam. The system was simulated with 

BEAMnrc(EGS4) Monte Carlo code and various x-ray energy spectra were generated to investigate the dose 

distributions with our kilo-voltage SRT system. Experiments were performed to acquire the energy spectra of 100, 

120 and 135 kVp (kilo-voltage peak) from CT measurements and those results were compared with the spectra 

obtained from Monte Carlo simulations. Verifications of percentage of dose depth (PDD) for 120 and 147.5 kVp 

were investigated in a water phantom with experiments and Monte Carlo simulations. Finally dose distributions of 

120, 135, 147.5, 200, 250, 300, 350, 400, 500 kVp spectra were investigated with lung phantom and human lung. 

The Percentage of Depth Dose (PDD) in the water phantom calculated from the experimental and simulated spectra 

of 120 and 147.5 kVp show good agreement with each other. The PDD of 147.5 and 120 kVp spectra at 9 cm depth 

was approximately 10% and 9%, respectively. Dose distributions around the lung tumor in the phantom and 

human for all x-ray energies were almost uniform but in the case of the human lung absorptions of dose at ribs for 

the energy lower than 135kVp was more than 35% and those absorptions for the energy spectra of 147.5 kVp and 

above was less than 30%. This absorption gradually decreases with increasing x-ray energies. Uniform dose 

distributions in the lung region of human and thorax phantom demonstrated the possibility of SRT system with 

medium energy X-ray. A detail performance of this system as a kilo-voltage conformal radiotherapy is under 

investigations.   
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1. Introduction 

Orthovoltage radiotherapy units with kilo-voltage x-ray energy usually used to treat superficial lesion near to 

the skin and dosimetries of kilo-voltage with x-ray beam have been described in the literature 1, 2) with protocols 
3 4) considering its growing interest for radiotherapy and radiobiology. Although the point of interest of kilo-

voltage therapy is to treat the superficial lesion often near the body surface, treatment of tumor at a large depth 
3 4) is not been well investigated in these few decades.  With the kilo voltage x-ray energy, 140 kVp (kilo-

voltage peak), a conventional computed tomography (CT) scanner has been used as a therapy machine 5) by 

adding a collimator to produce rectangular or square radiation filed. This machine was used as an arc therapy to 

treat brain tumors on animal 6) and human 7) with the infusion of x-ray contrast materials (CM), to enhance 

radiation doses.  

For stereotactic irradiation (STI) of a lung tumor in terms of higher uniformity in the target volume, Saitoh et al 
8) recommended the lower, rather than higher energy, with multiple converging arcs or multiple static port 

irradiations.  In a Monte Carlo simulation with arc therapy, it has been shown that dose uniformity in a small 

lung tumor (2cm φ ) for low energy photon (250kVp) is much higher than the high energy photon(>4MV) 

(personal communications) and the penumbra effect is vice versa.  To treat lung tumor we are developing a kilo 

voltage radiotherapy system with the conventional CT.  The concept is very similar to the system described by 

Iwamoto et al. 5)  but our system will have a micro-multileaf collimator (μMLC) to control the beam size and 

the system will capable to do non-coplanar multiple arc therapy (gantry rotation =0 ~ 360 degree and tilting 

rotation = 30 -150 degree). But in before hand, the possibility to treat lung tumors with our kilo-voltage 

radiotherapy system, Monte Carlo simulations with various energies were performed in water phantom, thorax 

phantom and human lung. A prototype collimator was used in this study. As we have the flexibility to change 

the x-ray energies, the percentages of depth doses (PDD) in a water phantom were verified for the x-ray 

energies of 100, 120, 147.5, 200, 250, 300, 400 and 500 kVp to investigate the dependency of PDD on kilo-

voltage energies.   
 

2. Material and methods 

This study consists of two parts: (1) modeling of x-ray tube for energy spectra and (2) verifications of dose 

distributions in various medium. In both cases BEAMnrc Monte Carlo (MC) simulation 10) was used.  

To obtain energy spectra, the x-ray tube of the CT canner (Toshiba Aquilion TSX-101A) used in our study was 

simulated with the BEAMnrc MC code 10). The target in the x-ray tube was composed of tungsten and rhenium 

and inclination of the target towards the electron beam was 7o. A collimator made of tungsten was designed to 

open in such a way that it can give 2cm × 2cm beam at 50 cm source to surface distance (SSD).  Source to 

collimator distance was 25cm and an Al filter of 3mm thickness was used.  To obtain the energy spectra to be 

used for dosimetry calculations, a phase space 10) file below the collimator was modeled. The energy spectra of 

100, 120, 147.5, 200, 250, 300, 400 and 500kVp were extracted from the phase space file by using beamdp 
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graphical user interface 10).  The global electron and photon cut off energy used in the simulation was 0.05 and 

0.001 MeV, respectively and 100 million electron events were used in all cases.  To validate the simulated 

energy spectra, the CT machine was operated at 100, 120 and 135 kVp with 400mA current and energy spectra 

of 100, 120 and 135 kVp were measured and compared with the corresponding simulated spectra.   

Energy spectra obtained from experiments and simulations were used to calculate the PDD’s and isodose in a 

water phantom with the xyz_gui MC simulations 10). The dimension of the water phantom was 20cm × 20cm × 

20cm. The beam size at a SSD of 50cm was 2cm × 2cm.  Using the same phantom geometry and beam 

configurations, the isodose curves due to irradiation of Co60 source were plotted and compared with the isodose 

curves obtained from kVp spectra. In all cases, point source from the front with rectangular collimation was 

considered 10).  The calculated PDD for experimental and simulated energy spectra of 100, 120 and 135 kVp 

were compared with each other. To reconfirm the PDD results, the x-ray beam from CT operated at 120 and 

147 kVp with 400mA were irradiated to hard-water phantom with normal incidence and PDD were measured 

with the tissue air ratio (TAR) method. Those PDD’s were compared with the calculated PDD from simulated 

spectra. A pinpoint ionization chamber (IC) was used in the experiment. As the PDD’s strongly depends on the 

energy spectra, variations of PDD’s with their corresponding energy spectra were compared with each other.  

Explicit dependency of PDD’s on energy for the phantom depths of 5, 7.5, 10 and 12.5 cm were also compared 

with each other.  Finally a comparison of dose distributions was done for 200kVp and Co60 source in a thorax 

phantom. Multiple non-coplanar arcs were applied to irradiate the target volume situated in the thorax phantom. 
 

3. Results  

Experimental and simulated x-ray energy spectra of 100, 120 and 135 kVp were compared with each other. A 

comparison of energy spectra for 120 and 135 kVp in experiment and simulation are shown in figure 1. In 

spectral distribution, each energy bin was normalized with their corresponding area under the curve (AUC) and 

in all cases the simulated energy spectra shows good agreement with the experimental spectra except near to 

the lower energy of the peak. Other energy spectra for 147.5, 200, 250, 300, 400 and 500 kVp were also 

simulated.  

A comparison of experimental PDD with TMR method was done with the PDD's calculated from the simulated 

energy spectra of 120 and 147.5 kVp (not shown). The experimental PDD obtained from the TMR method 

showed good agreement with those PDD calculated from the energy spectra.  Comparisons of PDD, calculated 

from various (kVp) energy spectra are shown in figure 2. All data were well fitted with an exponential fit. 

Variations of PDD with x-ray energy can be seen in figure 3.  The PDD data of 5, 7.5, 10 and 12.5 cm 

phantom depths were plotted in figure 3 with respect of the energy. All the data were fitted with a polynomial 

function. With increasing energy of the x-ray photons PDD is also increased but this increment is not linear to 

the x-ray energy.  

In figure 4, the isodose curves in a water phantom due to irradiation of 147.5, 200, 300 and 400kVp spectra 

were plotted and compared with the isodose curves irradiated with the Co60 source. With increasing the x-ray 
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energy, the percentage of dose also increased but that increments of doses are not comparable with the dose of 

Co60 source. For 200kVp spectra the dose at 10cm depth is 10% but for Co60 source that dose is around 40%.  

Irradiation to a lung tumor in a thorax phantom has shown in figure 5. Usually in Co60 therapy multiple non-

coplanar arcs doesn’t considered, but for the comparison of our system we applied the same technique to Co60 

also. 

 

4. Discussion  

In this study we have investigated several kilo voltage x-ray energies to explore the possibility to treat lung 

tumors with Monte Carlo simulations. The BEAMnrc Monte Carlo code 10) is based on EGS4 11) is a nice tool 

to simulate radiotherapy beam with LINAC system, which includes lot of build in modules including x-ray 

tubes. In the latest version of the BEAM code the low energy photon treatments 12) are included, therefore 

BEAM code enable us to simulate the x-ray tube accurately. The phase space files below the collimator were 

considered and energy spectra of the beam were extracted from the phase space files. Some discrepancies 

between the experimental spectra and simulated spectra in figure 1 were observed, it was because the 

semiconductor detector used to measure the experimental energy spectra was not modeled in the simulations 

From figure 2 and 4 it can be seen that, for all energies 70% to 100% doses are deposited within the 2 cm depth 

of the phantom and with increasing energy the PDD also increased. Variations of doses with energy for the 

phantom depth of 5, 7.5, 10 and 12.5 cm can be seen in figure 4. For 200kVp the PDD’s for the mentioned 

depths are 33%, 18%, 11% and 6%, respectively. Those PDD’s for 147.5kVp are 29%, 15%, 8% and 5%, 

respectively. At present our system can give highest 147.5kVp energy but it is possible to extend the energy up 

to 200kVp in future, therefore, 147.5 and 200kVp were considered in all possible studies. In figure 4 it can be 

clearly seen that with increasing energy the PDD are increased but the increment is not linear with the energy. 

Usually photo electric effect with low energy x-ray is sensitive to the high density materials like bone and with 

increasing energy this effect decreases. 

This study enables us to give some idea to use kilo-voltage energies to treat lung tumors. Usually mega-voltage 

x-rays with higher energy is preferred for the therapy because that have less attenuation in the tissue than those 

with lower energy, and therefore a higher dose in the deep target is obtained. Another reason is that mega-

voltage beams allow a reduced skin dose, and therefore less skin damage than lower energy beams because of 

the build-up effect of mega-voltage x-rays. However, with the development of 3DCRT, as the target is 

irradiated with the beam from multiple arcs, the skin dose is reduced. In figure 5, it can be seen that with 

200kVp the target can be irradiated uniformly.  
 

Conclusions 
We are investigating a stereiotactic converging radiotherapy system with kilo voltage x-ray energy by using a 

CT scanner which will produce narrow x-ray beams with a μMLC collimator. Practical investigation of system 

with micro multi leaf collimator is going on. But in beforehand the dosimetry property of the system with a 
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prototype collimator for various kVp x-ray energies we have investigated with BEAMnrc MC code. The main 

disadvantage to treat the lung tumor with the low energy x-ray is the ribs bone where dose enhancement is 

relatively higher due to the photo electrons in the calcium of the bone. This can be minimized with increasing 

the x-ray energy.  
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Figure1:  Comparison of experimental and simulated energy spectra for 120 and 135 kVp x-ray.  
All the data were normalized with their corresponding area under the curve (AUC).  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure2: Logarithmic plots of simulated PDD’s for various kVp x-ray spectra (100, 147.5, 200, 
250, 300, 400, and 500 kVp). Maximum water phantom depth used was 20cm with SSD 50cm. 
 

177



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure3: Variations of PDD’s with kilo-voltage energy at the phantom depths of 5, 7.5, 10 and 
12.5 cm. 
 
 

 
 
Figure4: Several kVp isodose curves in a water phantom with the isodose curves of Co-60. Left 
side scale indicates phantom depth and right side color scale indicates percentage of dose.  In all 
cases 50cm SSD was considered to calculate doses in the water phantom. 
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Figure5. Irradiation to the target in a lung phantom with 200kVp x-ray (top) and with 1.33MeV 
photon from Co-60 (bottom). Irradiated volume size (2cm) appeared in figure. In both cases 
seven non-coplanar arcs irradiation were considered in this study. 
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Abstract 

This study shows detailed characteristics of dose distributions for realistic incident 

photon beams. It provides more comprehensive information for radiotherapy photon 

beams including incident photons as well as contaminating electrons and positrons in a 

radiation beam for different field sizes and beam energies. The EGSnrc Monte Carlo 

code, BEAMnrc has been used to simulate 4 and 10 MV photon beams from a Varian 

Clinac 2100C accelerator. A simulated realistic beam is stored in a phase space files, 

which contains details of each particle’s complete history including where it has been 

and where it has interacted. The phase space files are used to calculate depth-dose 

components from different particles and surface dose and contribution from different 

particles to surface dose across the filed. The accuracy of a simulated beam is 

validated by the excellent agreement between the Monte Carlo calculated and 

measured dose distributions except for 10 MV at the 40 × 40 cm2 field in the buildup 

region. At 4 MV, the incident charged particles contribute 6% to 26% of maximum 

dose at the surface when the field size increases from 10 × 10 to 40 × 40 cm2. Similarly, 

their contributions at 10 MV are up to 7% and 23% of maximum dose at the surface for 

10 × 10 cm2 and 40 × 40 cm2 fields, respectively. 

 

Key word: Monte Carlo simulations, linear accelerators, contaminant particles, dose 

calculations 
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1. Introduction 

The BEAM code1) is a general purpose Monte Carlo user code for the simulation of 

radiotherapy beams, especially those from linear accelerators. It has been benchmarked 

against measurements for electron and photon beams from various accelerators.1)-6)  

Recently, Ding6) had calculated energy spectra, angular spread, fluence profiles and 

dose distributions of 6 and 18 MV photon beams from a Varian 2100EX accelerator 

using the EGS4 Monte Carlo code, BEAM. The results are also included detailed 

information for contaminant charged particles (electrons and positrons) and primary 

photon beams in the photon beams. It is difficult to analyze experimentally such 

components of the photon beams incident on a phantom surface because of various 

limitations in the clinical environment and detectors. One of the major advantages of 

the Monte Carlo technique is that it allows detailed information about each particle’s 

history to be known. Therefore, Monte Carlo simulation can be used to obtain the 

information that cannot be measured experimentally.  

The purpose of this study is to show detailed characteristics of dose distributions 

for realistic incident photon beams. It provides more comprehensive information for 

radiotherapy photon beams including incident photons as well as contaminating 

electrons and positrons in a radiation beam for different field sizes and beam energies.  

 

2. Methods and materials 

2.1. Monte Carlo simulations 

The EGSnrc7) user code BEAMnrc8) was used to simulate 4 and 10 MV radiotherapy 

photon beams emerging from a Varian Clinac 2100C accelerator (Varian Oncology 

Systems, Palo Alto, CA). The geometry and the materials used in the simulation reflect 

a realistic construction of the linear accelerator. The component modules for the Varian 

Clinac machine 2100C consist of the following: target, primary collimator, exit 

window, flattening filter, monitor chamber, mirror, secondary jaws and protection 

window. A diagram of the machine head operated in the photon mode is illustrated in 

Fig. 1. The front face of a water phantom is placed at 100 cm SSD (source-to-surface 

distance) from the upstream surface of the target. 

The position, energy, angle, charge and weight of scored particles were scored in a 

phase space files. The variable LACH1) was used to record each particle’s complete 
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history of where a particle has been or where a particle has interacted in the beam 

simulation. The phase space plane was designed at the surface of the water phantom. 

The stored phase space files were used repeatedly as input to the EGSnrc user code 

DOSXYZnrc9) to calculate the dose distributions in the water phantom. 

The CPU used for the simulation was a Pentium IV with 3.2 GHz processors. For 

4 MV beams, a total of 7.5 × 108 and 4 × 107 electron histories were simulated for the 

10 × 10 cm2 and 40 x 40 cm2 fields, respectively. While at 10 MV, a total of 2.5 × 108 

and 1 × 107 electron histories were simulated for 10 × 10 cm2 and 40 × 40 cm2 fields, 

respectively.  

The parameters for simulating 4 and 10 MV photon beams were: AE=ECUT=0.7 

MeV, AP=PCUT=0.1 MeV, no photon interaction forcing and no Rayleigh scattering. A 

variance reduction technique1) was used to increase the simulation speed. The 

parameters used with the electron range rejection1) were ESAVE=0.7 MeV in the target 

and ESAVE=1.0 MeV in other component modules for 4 MV. While at 10 MV, they 

were ESAVE=1.0 MeV in the target and ESAVE=2.0 MeV in other component modules. 

The variance reduction technique called selective bremsstrahlung splitting (SBS)8) was 

also used and the parameters were: Nmin=10, Nmax=100. Russian roulette of secondary 

electron is not employed. 

Both the distribution of the energy and the radial intensity of the electron beam 

incident on the target were adjusted to produced the best match between Monte Carlo 

calculated and measured dose distributions of the largest field size for a given beam 

energy. For 4 MV beams, the final incident electron mean energy and energy spread 

were 4.2 MeV and a Gaussian with a FWHM (full-width half-maximum) of 3%, 

respectively. The electron radial intensity distribution was also taken as Gaussian with 

the FWHM of 1.2 mm. While at 10 MV, final incident electron mean energy and energy 

spread were 10.3 MeV and the FWHM of 3%, respectively, and the radial intensity 

distribution was the FWHM of 1.5 mm. 

It is worth mentioning that dose profiles of large fields were very sensitive to the 

width of the radial intensity distribution of incident electrons. While the central axis 

depth-dose curves strongly depend on the incident electron mean energy but show a 

weak sensitivity to the electron energy spread.4)  
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2.2. Measurements 

All measurements were performed using a water phantom (Dynascan, Computer Medical 

Systems Inc). Depth-ionization curves and ionization profiles were made using a 

PTW-31002 ionization chamber. The active scanning dimensions of the water phantom 

are 50 cm × 50 cm × 43 cm. The scanning system has a position accuracy of ≤ 0.5 mm 

and a reproducibility of ≤ 0.25 mm for scanning. The PTW-31002 cylindrical chamber 

has an inner diameter of 5.5 mm and a length of 6.5 mm (0.125 cm3 active volume). 

The measurement point for the ion chamber is taken to be the center of the chamber 

cavity. Measured depth-ionization curves were sifted by 0.6rcav (where 0.6rcav is the 

radius of the chamber cavity) upstream of the center of the chamber, consist with the 

AAPM TG-51 protocol10) or IAEA code of practice.11) A reference chamber, which is 

mounted on the accelerator head, is used to correct beam output variations during 

scanning. 

 

2.3. Stopping-power ratio calculations 

Spencer-Attix water-to-air stopping-power ratios were calculated using EGSnrc code 

SPRRZnrc12) for 4 and 10 MV photon beams. Calculated stopping-power ratios are 

presented in Fig. 2 as a function of depth for 10 × 10 cm2 and 40 × 40 cm2 fields. The 

phase space files created with the BEAMnrc code were used as input to the SPRRZnrc 

code. The variation of the stopping-power ratios with depth is 0.4% at 4 MV and 0.7% 

at 10 MV from surface to 40 cm depth in water. The variation is field size dependent as 

well as contaminant charge particles. Measured depth ionizations were converted to 

depth-dose by accounting for the water-to-air stopping power ratios.  

 

3. Results and discussion 

3.1. Depth-dose curves 

Comparisons of depth-dose curves are shown in Figs. 3(a)-(d) for a 10 × 10 cm2 and 40 

× 40 cm2 fields at 4 and 10 MV, respectively. The Monte Carlo calculation also breaks 

the depth-dose curve into various components. The dose contribution from incident 

photons is referred to as photons. Photons, which have not interacted with any part of 

the accelerator except at the target, are referred to as primary photons. The 

contribution from incident contaminant electrons is referred to as electrons. The 
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contribution from incident contaminant positrons is referred to as positrons.  

All measured depth-dose curves were derived from the measured depth-ionization 

curves by accounting for Spencer-Attix water-to-air stopping power ratios calculated 

in Sec. 2.3. Each measured depth-dose curve was normalized at the depth of maximum 

dose at beam central axis. The Monte Carlo calculated depth-dose curve was scaled so 

that it had the same value at a 10 cm depth as that of the corresponding measured data. 

All profiles data were normalized and scaled in the same manner. 

The Monte Carlo calculated depth-dose curves are in good agreement with 

measured data except for 10 MV at the 40 × 40 cm2 field in the build-up region. It can 

be seen that the charged particle contamination contributes significantly to the surface 

dose and the build-up region. At 4 MV the contaminant electrons contribute 5.8% and 

26.0% of the maximum dose at the surface for 10 × 10 cm2 and 40 × 40 cm2 fields as 

shown in Figs. 3(a) and 3(b), respectively. The surface dose is calculated as the 

average dose between 0 and 0.25 cm depth in the water phantom. Beyond dmax (=1 cm) 

their contributions are negligible. While at 10 MV, the surface dose from the 

contaminant electrons contributions contribute 6.7% and 21.4% of the maximum dose 

for 10 × 10 cm2 and 40 × 40 cm2 fields as shown in Figs. 3(c) and 3(d), respectively. 

Their contributions are <1% beyond dmax (=2.5 cm). The contribution from the 

contaminant positrons is only 1.4% of the maximum dose at the surface for the 40 × 40 

cm2 field as shown in Fig. 3(d). The dose contributions from the contaminant electrons 

and positrons to the surface dose calculated in this work were compared to Ding’s 

data2 for 6 and 18 MV in Table 1. The calculated dose is the average dose between 0 

and 0.25 cm depth in water. It can be seen that the increase of the surface dose with the 

increase of the field size is mainly due to the increase of the contaminant electrons.  

The positron contamination contributes insignificantly for photon energies below 10 

MV. 

The dose discrepancies between Monte Carlo calculations and measurements in 

the build-up region as shown in Fig. 3(d) agree with Ding’s results6) for 18 MV at a 40 

× 40 cm2 field. Ding et al13),14) have investigated possible causes to resolve the dose 

discrepancies in the build-up region. However, the true cause of the discrepancy is still 

unknown. 
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3.2. Dose profiles 

Figures 4(a) and 4(b) present Monte Carlo calculated surface dose and contribution 

from different particles to surface dose across the fields for 10 × 10 cm2 and 40 × 40 

cm2 fields at 4 and 10 MV, respectively. It is seen that the contaminant charged 

particles play a significant role in making the surface dose flat across the field, 

particularly at 10 MV. 

Figures 5(a) and 5(b) show the comparisons between measured and the Monte 

Carlo calculated dose profiles and contributions from primary photons for the 40 × 40 

cm2 field at 4 and 10 MV, respectively. The profiles are at depths of dmax, 5, 10, 20 and 

30 cm. The calculated dose profiles match the measurements at all depths. It is seen 

that the dose profiles from all particles and from primary photons have a very similar 

shape beyond the depth where contaminant charged particles can reach. 

 

4. Conclusions 

The Monte Carlo calculated and measured dose distributions in the water phantom are 

in good agreement in all cases except for 10 MV at the 40 × 40 cm2 field in the dose 

build-up region. The unsolved discrepancy may indicate the limitation in the EGS 

modeling as well as the limitation of measurements at the build-up region in the 

high-energy photon beams. In any case the real cause of the discrepancy needs further 

investigation.  

At 4 MV, the incident charged particles contribute 6% to 26% of maximum dose at 

the surface when the field size increases from 10 × 10 to 40 × 40 cm2. Similarly, their 

contributions at 10 MV are up to 7% and 23% of the maximum dose at the surface for 

10 × 10 cm2 and 40 × 40 cm2 fields, respectively. 
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Table 1. Monte Carlo calculated dose contributions from contaminant electrons and 
positrons to surface dose. The calculated dose is the average dose between 0 and 0.25 
cm depth in water. The data for 6 and 18 MV photon beams are obtained from Ding 
(Reference 6). 
 

      

Unit: % for maximum dose

Photon energy
(MV) 10 × 10 40 × 40 10 × 10 40 × 40

4         5.8 26.0
6         7 21

10         6.7 21.4 0.5 1.4
18         9 24 2 5

Data for 6 and 18 MV are from Ding (Reference 6).

Electron Positron
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Figure 1. Illustration of the treatment head and the component modules used in the 
BEAMnrc simulation for a Varian Clinac machine operated in photon mode. The phase 
space scoring plane is taken at the surface of a water phantom. 
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Figure 2. Calculated Spencer-Attix water-to-air stopping ratios as a function of depth 
for realistic photon beam from a Varian Clinac 2100C accelerator calculated using 
EGSnrc/SPRRZnrc. The SSD is 100 cm for the incident beams. 
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Figure 3(a). Comparison of measured and Monte Carlo calculated central axis 
depth-dose curves along with dose distributions from incident photons, primary 
photons and electrons for a 10 × 10 cm2 field at a 4 MV photon beam from a Varian 
Clinac 2100C accelerator (SSD=100 cm). 
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Figure 3(b). Comparison of measured and Monte Carlo calculated central axis 
depth-dose curves along with dose distributions from incident photons, primary 
photons and electrons for a 40 × 40 cm2 field at 4 MV (SSD=100 cm). 
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Figure 3(c). Comparison of measured and Monte Carlo calculated central axis 
depth-dose curves along with dose distributions from incident photons, primary 
photons, electrons and positrons for a 40 × 40 cm2 field at 10 MV (SSD=100 cm). 
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Figure 3(d). Comparison of measured and Monte Carlo calculated central axis 
depth-dose curves along with dose distributions from incident photons, primary 
photons, electrons and positrons for a 40 × 40 cm2 field at 10 MV (SSD=100 cm). 
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Figure 4(a). Monte Carlo calculated surface dose and contribution from different 
particles to surface dose across the fields for 10 × 10 cm2 and 40 × 40 cm2 fields at 4 
MV. The calculated dose is the average dose between 0 and 0.25 cm depth in water. 
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Figure 4(b). Monte Carlo calculated surface dose and contribution from different 
particles to surface dose across the fields for 10 × 10 cm2 and 40 × 40 cm2 fields at 10 
MV. The calculated dose is the average dose between 0 and 0.25 cm depth in water. 
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Figure 5(a). Comparison of measured and Monte Carlo calculated dose profiles and 
contributions from primary photons for a 40 × 40 cm2 field at 4 MV, SSD=100 cm. The 
profiles are at depths of 1, 5, 10, 20 and 30 cm. 
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Figure 5(b). Comparison of measured and Monte Carlo calculated dose profiles and 
contributions from primary photons for a 40 × 40 cm2 field at 10 MV, SSD=100 cm. 
The profiles are at depths of 2.5, 5, 10, 20 and 30 cm. 
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Abstract 
Monte Carlo techniques have been widely used in different areas of medical physics. For example, in radiation 
therapy, Monte Carlo calculation provides a method to simulate dosimetry. Although computationally intensive and 
time consuming, Monte Carlo simulation is still an ideal tool for this purpose. In this work, we used Monte Carlo 
simulations to study the in-air output factors of a clinical photon beam produced by a treatment machine. The 
variation of in-air output factor with field shape and size is an important problem in radiation therapy and has been 
studied extensively in the past. 1~4 For intensity modulated radiation therapy (IMRT), this problem is even more 
pronounced as each field is composed of many irregularly shaped small fields. We will describe the simulation of the 
treatment machine, present the results and compare them with measured data, and discuss the limitations of the 
current method. 

 

I. Introduction: 
 

In external beam radiation therapy, the in-air output factor discussed today which also called head scatter 
factor is one of the parameter of field size. Three major contributors of scatter radiation to the in-air output of a 
medical linear accelerator are flattening filter, wedge, and collimators. In addition, the variation of in-air output 
factor is caused by the backscatter of radiation into the monitor ionization chamber. Conventionally, the in-air 
output factor is expressed as  

1010××= DDS yxc     (1) 
Where Dx×y is the dose in air on the central axis at reference plane, and x×y is the collimator setting. 5 

The in-air output factor is often calculated from a finite set of measured data, usually based on a series of square 
fields. However, these methods do not work well for other field configurations. For example, they cannot 
accurately account for the well-known problem of collimator exchange effect, which can cause errors as great as 
1~3%. One way to improve the accuracy is to gather extensive measured in-air output data of different field 
configurations. This obviously requires a lot of efforts. Besides, it still does not work well in general for 
irregularly shaped fields. The objective of this study was to utilize a Monte Carlo technique to simulate linear 
accelerators and to evaluate the scatter radiation from the construction materials of linear accelerator. This 
method can accurately calculate in-air output factors of varied field configurations with correction for the 
monitor backscatter. 
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II. Materials and Methods 
A. Experimental methods 
 

In this study, in-air output factors can be divided into two parts, one is the effect of backscatter radiation 
which results from the monitor chamber in the head of linear accelerator, and the other arise from the 
construction materials of the linear accelerator. All measurements were made with a PTW 23323 chamber 
(collection volume 0.1 cc). In order to restrict small measuring volume and reach the state of electron 
equilibrium, a 1 mm brass build-up cap was placed around the ion chamber. All measured data were collected 
from a Varian 21EX with a 6 MV photon beam. 

Clinically, when we want to create a constructed irradiated field, two pairs of movable collimators are 
used. However, there is one monitor ion chamber in the head of the accelerator to control the output monitor 
unit. But this monitor ion chamber has a shortcoming, that the chamber cannot distinguish whether the radiation 
coming from source or collimators. As long as monitor chamber’s reading value reaches to the establishing 
value, the accelerator will stop radiation output immediately. Thus we know that, when the backscatter is 
detected by the monitor ion chamber, the actual output dosage of the machine will be lower than what we expect. 
Due to this reason, it will reduce the scatter factors which we actually measure. In order to separate this effect of 
monitor backscatter, one series of measurements was made in a telescopic setting as shown in Figure 1.6~7 The 
chamber was placed at 150 cm surrounded by a lead shield. A 7.5-cm thick lead plate was placed below the 
machine head to absorb the scattered radiation from the head. A small center hole was drilled in the middle of 
the plate to allow the primary radiation to go through. These measurements were made for a series of 
rectangular fields with one set of the jaws fixed at 40 cm while the other set of jaws varied from 5 cm to 40 cm. 

The in-air output factors were measured at the isocenter for the same series of square and rectangular 
fields. These measurements include the effect of backscatter from the collimating jaws into the monitor chamber. 
The second part of experiments is to measure head scatter value. Ion chamber was placed at the erect way and 
source-to-detector distance is 100 cm (Figure 2). Three series of the following results were then collected 
separately: (a) square fields from 5×5 to 40×40 cm2; (b) symmetric rectangular fields with 40 cm X-jaw setting 
and Y-jaw settings from 5 to 40 cm; (c) symmetric rectangular fields with Y-jaw fixed at 40 cm and X-jaw 
varied from 5 to 40 cm. 

 
B. Monte Carlo simulation 
 

Monte Carlo techniques have become popular in different areas of medical physics due to the stochastic 
nature of radiation emission, transport and detection processes. The Monte Carlo program EGS4 and the user 
code OMEGA/BEAM were used to simulate the 6 MV photon beam from a Varian 21EX.8 The component 
modules we have built for the linear accelerator consist of the following: x-ray target (SLABS), primary 
collimator (CONS3R), Be vacuum window (FLATFILT), flattening filter (FLATFILT), monitor chamber 
(SLABS), mirror (MIRROR), movable collimator (XYJAWS), clearance (SLABS), and the phantom 
(CHAMBER). Scoring region was set as a cylindrical water phantom with radius 3 cm and height 1.5 cm. A 
generic version of the machine head structure is illustrated in Figure 3. The source part of the accelerator was 
assumed to be a Gaussian distribution, and its FWHM is 0.15 cm, electron beam energy is 6.2 MeV. Each 
simulation used monoenergetic electrons incident on the target. Due to limit of calculation time, we have 
adopted some Variance reduction techniques, such as selective bremsstrahlung splitting, geometry splitting and 
raising energy cutoff settings. The cutoff energies for electron and photon transport were 2 MeV and 2 MeV, 
respectively. The bremsstrahlung photons generated by electrons below the cutoff energy were ignored. Each 
particle is followed until its energy falls below the cutoff energy or it escapes from the system. Energy deposited 
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in the phantom (chamber) was collected for a series of square and rectangular field sizes as defined by the 
movable jaws. 

 

III. Results and discussion: 
 

As the irradiated field size increases, the in-air output factor also raises. This variation of output factor 
with the field geometry is attributed to two factors. The primary reason is due to the radiation scattered from the 
components in the accelerator head. The secondary reason is due to the backscattered radiation into the monitor 
ionization chamber. Our current implementation of the Monte Carlo method simulated the head scatter very 
accurately. However, it did not simulate the backscattering into the monitor chamber. Thus, for fair comparison, 
our Monte Carlo results were compared to the measured data with the monitor backscatter effect removed. 
Under these conditions, the calculated data agreed with the measured values to less than 1% for symmetric 
square field sizes from 5 cm to 40 cm showed in Figure 4. The average difference is 0.54%. For rectangular 
fields with a set of the jaws fixed at 40 cm and the other set of jaws varying from 5 cm to 40 cm, the average 
difference between measured and calculated output factors was within 1%. Figure 5 shows the results that lower 
jaws fixed at 40 cm and changing upper jaws sizes. We can observe that the minimum and maximum 
differences between the calculated and measured data are all less than 1%, and about 0.36% for average 
difference. As shown in Figure 6, the average difference of upper jaws fixed at 40 cm is about 0.33%. 

 

IV. Conclusion: 
 

While calculating using the Monte Carlo technique, we tried to maintain every group’s variance less 
than 1%. The results of these three groups showed a good agreement between calculation and measurement. 
From the results, we can not only double check the results, but also can evaluate the accuracy of measured 
results with revised monitor backscatter effect. The measured data in this study can be used for future work 
where monitor backscatter effect has to be considered.  

Nowadays, Monte Carlo methods are used to simulate only the head scatter factors of rectangular and 
square field. In future work the simulation can be extended to simulate the head scatter factors of irregular fields. 
In addition, we can also use Monte Carlo simulation to analyze the source and contribution of the head scatter, 
and thus evaluate the influence of monitor backscatter. 
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Fig. 1. Setup for monitor chamber backscatter measurement. 

 

Fig.2. The setup method of in-air output factors measurement. 
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Fig. 3. Schematic drawing of the component modules of a linear accelerator used in the 
Monte Carlo simulation. 

 

Fig.4. The comparison between the calculated and measured in-air output factors for 6 MV. 
For a set of fields: symmetric square fields with field sizes form 5 cm to 40 cm. 
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Fig.5. In-air output factors for 6 MV photon beam as a function of the lower jaws moving from 
5 cm to 40 cm with the upper jaw pairs completely opened. 

 

Fig.6. In-air output factors for 6 MV photon beam as a function of the upper jaws moving from 
5 cm to 40 cm with the lower jaw pairs completely opened. 
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Abstract 

The Leksell Gamma Knife is a standard radiosurgical tool for treating brain lesions by directing beams of 

gamma radiation to a specific region. The diameter of the gamma beams is confined by collimator systems and 

the available collimator sizes are 4, 8, 14 and 18 mm. The reduction in dose rate for each collimator helmet is 

called the output factor. Experimental determination of output factors is difficult due to the extremely narrow 

beams by which the dose is determined. In the present work, the Monte Carlo technique and GafChromic films 

were employed to verify the dose distribution and the output factor of Gamma Knife (type B) radiosurgery. The 

output factors measured with GafChromic film and the results of our Monte Carlo trials were within uncertainty 

range and showed consistency with the value provided by the manufacturer of Leksell Gamma knife, Elekta. 

Moreover, good agreement in dose profiles along x, y, and z axes for all collimator helmets were summed up 

over all 201 sources.  

1. Introduction 

 
The Leksell Gamma Knife is a radiosurgical instrument used to treat deep-seated intracranial tissues. The 

benign or malignant tumors, which are inaccessible or unsuitable for conventional invasive surgery. The Gamma 

Knife delivers a single dose of ionizing radiation exiting from 201 60Co sources. Each individual beam is 

mechanically focused on the target and the precision at the target. It makes the Gamma Knife ideal for treating 

critically located structures. Different beam diameters, 4, 8, 14 and 18 mm, can be varied by the exchange of 

collimator helmets [1]. This allows lesions of different size and shape to be treated. A steep dose gradient creates 

a region with sharply circumscribed boundaries, providing precise eradication of the target while sparing 

surrounding tissues by strictly respecting the boundaries of the target.  

The reduction in dose rate for each collimator helmet is called the output factor. It is a way of relating the 

absorbed dose at a point in a given field at a certain depth to the absorbed dose of the reference field at the same 

point. The output factors for small field sizes show strong field size dependence, with a rapidly decreasing 

output factors as diameter of the field decreases. Experimental determination of output factors is difficult due to 
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the extremely narrow beams by which the dose is determined [2-4]. In this work, the Monte Carlo technique and 

GafChromic films were employed to verify the dose distribution and the output factor of Gamma Knife 

radiosurgery. 

2. Material and Methods 

 

2.1 Gafchromic film dosimetry 
The type of the film employed in this experiment was GafChromic MD-55 were produced by Nuclear 

Associates, which has a measurement range of 3-100 Gy. The film is colorless and transparent before being 

exposed to ionizing radiation. The sensitive layer changes from colorless to blue by dye polymerization without 

processing, until exposure to radiation. The darkness of the blue color depends on the absorbed dose and can be 

measured with a laser reader. The reader for GafChromic film was manufactured by Kodak, and was comprised 

of a He-Ne laser light-sensor density scanner LS-50. The image resolution of the LS-50 laser reader was 12 bit, 

and the spatial resolution was set to 0.2 mm.The LS-50 laser light-density scanner system was calibrated before 

each GafChromic film reading [5-6]. All output factors from the Gamma-Knife fields are measured with a 

spherical polystyrene head phantom made of two hemi-spheres, having a diameter of 16 cm. Two 1cm thick 

film holder plates are manufactured from the same polystyrene (Figure 1). The plates snugly fit into the cutout 

made in the center of the spherical phantom. All 201 gamma beams passed through the opening of the 

collimators to the target point. The diameters of the radiation beams at the focus were confined by the size of 

collimators which were 4, 8, 14 and 18 mm. Figure 2 shows the Spherical phantom was mounted at the unit 

center point position with in the 18 mm collimator helmet [7]. 

 

2.2 Monte Carlo simulation 
The Monte Carlo modeling of particle transport problems in medical radiation physics offers significant 

advantages over other techniques. Experiments can be performed without having to set up the physical situation. 

Actual results are obtained with no perturbation introduced [8-9]. The Monte Carlo program EGS4 and the user 

code OMEGA/BEAM is a general purpose Monte Carlo code to simulate the radiation beams from radiotherapy 

units including high-energy electron and photon beams, 60Co beams and orthovoltage units. It concludes two 

parts: the BEAM code and the DOSXYYZ. BEAM code produces the phase-space output of the beam include 

the position, energy, direction, charge and history tag for each particle at any specified plane in the model. The 

model is built up from a series of individual component modules (CMs).The DOSXYZ is an EGS4 based Monte 

Carlo simulation code for calculating dose distributions in a rectilinear voxel phantom. Density and material in 

every voxel may vary. A variety of beams may be incident on the phantom, including full phase-space files from 

BEAM [10]. 

A spherical water phantom of 160 mm in diameter was used to simulate the patient's head. Each source 

was modeled by a cylinder of 1 mm in diameter and 20 mm in length. The 60Co sources were arranged in a 
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sector of a hemispherical surface with a radius of about 400 mm. All 201 gamma beams passed through the 

opening of the collimators to the target point. The diameters of the radiation beams at the focus were confined 

by the size of collimators which were 4, 8, 14 and 18 mm. A single isocenter was delivered at the centre (unit 

centre point: x =100 mm, y =100 mm, z =100 mm) of the simulated water phantom using different size of 

collimator helmets (Figure 2). Scoring bins with dimensions 1 × 1 ×1 mm were defined along the x-, y- and 

z-axes for each collimator helmets. Histories of 108 simulations were performed and all history runs were 

divided into 10 batches for calculation of statistics and were large enough to give a standard error of less than 

5% at the dose maximum region of the isodose curves. The primary photon spectrum of 60Co was contained two 

peaks, viz. 1.173, 1.333 MeV. The global photon cutoff energy (PCUT) was set as 0.01MeV and the global 

electron cutoff energy (ECUT) was set as 0.7MeV. 

Figure 3 shows the design chart of a single beam channel in Gamma knife unit and the model that built up 

from a series of individual component modules based on the design chart [11]. 

The CT phantom option of DOSXYZ allows calculation of dose distributions in phantoms that are derived 

from CT data sets. The process by which CT phantoms are created by ctcreate are outlined here and described in 

detail in the following sections [10]: 

1. Read in the format of the CT data. 

2. Read in the CT header parameters (binary or ASCII).  

3. Read in the binary CT data.  

4. Choose a subset of the CT data set (if desired).  

5. Resample the CT data to correspond to volume elements that dose will be scored in.  

6. Convert the CT data to materials and densities for each voxel.  

7. Transfer the data to a disk file to be input to DOSXYZ. 

Figure 4 is the default ramp for converting CT values to material and density in ctcreate. If the CT number 

is below the first material's upper bound then the lower CT number used for the interpolation is zero. Voxels that 

are read with CT numbers of less than zero will cause the program to print a message. Those voxels with CT 

numbers above the last material's upper CT number bound will have the density set to the maximum density for 

this last material and execution will continue [10].  

Figure 5 shows the result that input the experimental spherical phantom CT data and use ctcreate program 

to create. 

3. Results and conclusions 

 
Table 1 summarized the GafChromic film measurement data and the results of our Monte Carlo simulation. 

The superposition of all 201 beams then produces approximately spherical shaped dose distributions, with the 

50% isodose curve dimensions in x and y directions of 6,11,19 and 24 mm, respectively, at the isocenter. Table 2 

shows the output factor measured with GafChromic film and the results of our Monte Carlo simulation. And 

both were within uncertainty range and showed consistency with the value provided by the manufacturer of 
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Leksell Gamma knife, Elekta [12]. Moreover, good agreement in dose profiles along x, y, and z axes for all 

collimator helmets were summed up over all 201 sources. On the other side, the change in dose distributions can 

also be predicted by simulation at the interface area. The application of EGS4 Monte Carlo technique is 

important, because the accurate measurement results may not be obtained easily. It should be included as a part 

of quality assurance program for the Gamma Knife radiosurgery. 
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Figure 1.  A spherical homogenous polystyrene phantom with a diameter of 16 cm 

 

Figure 2.  Spherical phantom was mounted at the unit center point position (x=y=z=100 mm) with in the 

18mm collimator helmet. 
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Figure 3.  The design chart of Gamma knife unit a single beam channel and the model that built up from a 

series of individual component modules.  
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Figure 4.  The default ramp for converting CT values to material and density in ctcreate program [10]. 

 

Figure 5.  This image shows the result that input the spherical phantom CT data and use ctcreate program to 

simulate. 

206



 

Table 1.  The results of superposition of all 201 beams then produces approximately spherical shaped dose 

distributions, with the 50% isodose curve dimensions in X and Y directions. A comparison of 

GafChromic film measurement data, the results of our Monte Carlo simulation and Ref. 2. 

 

size Gafchromic film Monte Carlo Ref[2] 

4mm 6.1±1mm 5.95mm 6mm 

8mm 12.1±1mm 11.08mm 11mm 

14mm 18.4±1mm 17.91mm 18mm 

18mm 25.1±1mm 23.73mm 24mm 

 

 

 

 

 

 
Table 2.  The output factors (OPT) measured with GafChromic film and the results of our Monte Carlo 

simulation. Both were within uncertainty range and showed consistency with the value provided by 

the manufacturer of Leksell Gamma knife, Elekta [12].  

 

size OPF(MD-55)±1SD OPF(Monte Carlo) Elekta 

4mm 0.843 ± 0.0270 0.860 ± 0.0129 0.870 

8mm 0.954 ± 0.0161 0.954 ± 0.0143 0.956 

14mm 0.982 ± 0.0145 0.985 ± 0.0147 0.984 

18mm 1.000 ± 0.0065 1.000 ± 0.015 1.000 
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1. Introduction 

 In a calculation using the EGS code1), it is important and convenient to check geometry for 

calculation and particle trajectory visually for validating the of calculation conditions. Also, a 

graphical interface is useful for understanding the interactions. For these purposes, EGS particle 

trajectory and geometry(ex, PRESTA-CG 2)) 3D-display program CGVIEW Ver 1.1 is made.3)

 CGVIEW Ver 1.2 is added to a new function. The function can be used to check the geometry. Also, 

CGVIEW running on Linux is made. 

 

2. Environment 

Hardware : PC/AT-Compatible machine 

OS  : Windows98 or later or Linux(with X-Window System) 

 

3. Outline of functions 

3.1 Functions for the geometry display 

1) The following 4 kinds of geometry data are displayed: 

- Spheres of co-center. 

- Cylinders of co-center line. 

- 3-dimensional slabs. 

- CG (combinatory geometry) 

 2) Method of display (default is plane) 

- Plane display 

- Wire-frame display 

 3) Level of display 

The following 3 levels can be specified for displaying the geometry: 

- Body …Display of each body can be turned ON/OFF with a specified color. 

- Zone …Display of each zone can be turned ON/OFF with a specified color. 

- Material …Display of each material can be turned ON/OFF with a specified color. 

 4) Hide a part of the geometry 
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By specifying a virtual box, it is possible to hide a part of the geometry that overlaps with the 

virtual box. Specify the minimum and maximum of x-, y- and z-directions of a virtual box. If 

some of them are left blank, the minimum and maximum values are automatically set from the 

data being displayed.  

 5) Area of the display 

The area of the display is automatically set using input data. 

 6) Axis for the display 

The axis for the display can be selected from the following 4 sets. A right-hand system of 

coordinates is adopted: 

- Z-Y … Z-axis plus in right direction, Y-axis plus for upper direction (default).  

- Y-Z … Y-axis plus in right direction, Z-axis plus in upper direction. 

- X-Z … X-axis plus in right direction, Z-axis plus in upper direction. 

- X-Y … X-axis plus in right-direction, Y-axis plus in upper direction. 

 7) Specification of the background color 

It is possible to select the background color (default color is black).  

 8) Specification of the character color 

It is possible to select the character color (default color is white). Characters are used in the axis, 

title, memo etc.  

 9) Correction option in specifying zones  

Zone may not be properly displayed due to a numerical problem of the computer. This tends to 

happen when subtraction of the body is performed. To correct this, the size of the subtracting 

body is made bigger. The amount of correction is calculated from the following items and 

equation: 

- Correction factor … A correction is specified as ratio to the original length (default = 1E-6).  

- Correction value … Specify a correction value directly (default=0.005cm). 

Corrected length = original length + original length * correction factor + correction value  

 

3.2 Function regarding particle trajectory display 

1) The following 3 kinds of particles are displayed: 

- Photon (gamma,x) 

- Electron (e-) 

- Positron (e+) 

 2) The following items can be specified: 

- History region 

By inputting the upper and lower boundaries of the history, the area of history to be displayed 

is specified. If not specified, the minimum and maximum history numbers are automatically 
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used. Also, by specifying the number of the last history, that number of the last part of the 

history is displayed. 

- Line color 

Specify for each kind of particle. 

Photon - Yellow (Default) 

Electron - Red 

Positron - Blue 

- Line type 

Select line type from the following 4 types for each particle: The default value is the solid 

line for all particles.  

[Solid, Chain, Dot-chain, Double dot chain] 

- Line width … Possible to select the line width for each particle. The default is 1.  

- Turn ON/OFF … Displaying each kind of particle can be turned ON/OFF.  

 - Energy region 

By specifying the energy region for each kind of particle, it is possible to turn off displaying 

particles whose energies are outside of the specified energy region. If not specified, 0 and 

1E+15 are specified as the lower and upper boundary, respectively. 

3) Particle weight 

It is possible to modify the line width using WEIGHT information of each particle. The width 

of each particle is set as the line width for each kind of particle * WEIGHT. If the WEGHT 

value is not written in the input data, 1 is specified for all points. 

4) LATCH 

It is possible to control the turning ON/OFF display by using a flag for each history. Also, 

turning ON/OFF latch function can be specified. 

 

3.3 Function using mouse 

The following 3 functions are related to mouse operation: 

1) Zoom in/out 

Move mouse while pushing the right button of the mouse. Zoom in and out by moving the 

mouse downward and upward, respectively. 

2) Parallel movement 

Move the mouse while pushing both the right button and the left button, or the central button of 

the mouse. 

3) Rotation 

Move the mouse while pushing the left button of the mouse. 
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3.4 Peripheral functions 

1) Functions on the displaying axis 

- Turning ON/OFF of axis 

- Unit of scale … Unit of scale for the axis (default is cm). 

- Interval of scale … Interval of the scale line (default value = 1). 

- Scale length … Length of the scale line for the axis (default value = 0.25). 

- Arrow size … Arrow size at the top of the axis (default value = 1) 

- Character size … Character size for a scale label (default value = 1) 

- Character space … Character space for a scale label (default value = 5) 

2) Functions on displaying a title box 

It is possible to add a title box in a displayed figure. The user inputs the contents of the title box. 

The position of title box can be changed using the mouse. (Multi-line input is allowed for the 

title box.) 

3) Functions on displaying the memo box 

It is possible to add a memo box in a displayed figure. The user inputs the contents of the memo 

box. The position of a memo box can be changed using the mouse. (Multi-line input is allowed 

for the memo box.) 

4) Functions on displaying a legend 

It is possible to add a legend of particles in a displayed figure. The contents of the legend are: 

- Region of history being displayed 

- Line type and color for each particle 

5) Functions on the printing figure 

It is possible to print a figure displayed on the screen. 

6) Functions on saving a figure 

It is possible to save a figure displayed on the screen in a bit map file. 

7) Open a DOS window 

It is possible to open a DOS window from the main window of cgview.  

8) Read a file in again 

It is possible to read in the current data file. Specification of file name is not necessary. After an 

EGS calculation is finished, the data file can be read in again to see the calculated result. Using 

this function a semi-interactive use of EGS and cgview is possible.  

9) Initialization of a specification 

It is possible to clear the specifications for the display and use default values. 

 

3.5 Function to create geometry data 

 CGVIEW can be used to help create geometry data for an EGS calculation. Only CG data are 
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supported for this function. Input geometry data of the EGS code to CGVIEW, and check them in 

a 3-dimensional figure on the screen. Also, it is possible to save created data. This data can be 

used as a CG input file in an EGS calculation. 

 

3.6 Function to check geometry data 

 CGVIEW can be used to help check geometry data for an EGS calculation. Input start position and 

direction region for particle. CGVIEW checks a geometry data at middle point of boundaries. 

 
region1 region3 region4region2 region5 

 

 

 

Checked errors are 

- overlap region 

 

 

 

 

- no define region 

 

 

 

- outside region’s material number is not 0 

Material number is not 0  
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4. Relationship between EGS and CGVIEW 

EGS 

EGS source code

DOS or X-Terminal 

compile

change EGS user code for CGVIEW. 

Use PLOTXYZ subroutine. 

Pict file 

CGVIEW

output

Check geometry data

Geometry data 

create geometry

data for an EGS

calculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Example of display 
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Abstract 
Intensity-modulated radiotherapy (IMRT) is one of the advanced radiotherapy techniques which can deliver high doses to tumor 
and spare surrounding normal tissues, however, the commercial treatment planning systems cannot predict the accurate dose in 
the intensity modulated fields.  The main purpose of this study is to develop a Monte Carlo (MC) dose calculation system for 
routine dosimetric quality assurance (QA) of dynamic IMRT.  The Varian Clinac 2300C/D linear accelerator equipped with the 
80-leaf Mark II MLC was modeled using the EGS4 MC code for a 6 MV photon beam.  The MLC was modeled fully 
incorporating its specific design.  The MC models of treatment head and MLC was validated by the measurements.  A 
user-friendly graphical user interface (GUI) application was developed to construct a CT-based patient model and enable the 
dose calculation under the identical conditions with the commercial system.  In the treatment head model, the MC calculated 
results agreed with the measurements to within 2% for depth doses, whereas there were large differences for dose profiles.  
The MLC dosimetric effects were well reproduced by MC, however, there were large discrepancies up to 8% between MC and 
film measurement.  In this study, an MC dosimetric QA system for dynamic IMRT was developed, although its accuracy must 
be improved.  This system can be a powerful QA tool to provide the benchmark data for routine verification of the results from 
the IMRT commercial system. 
 

1.  Introduction 
 

      Intensity-modulated radiotherapy (IMRT) [1] has been widely used in the treatment of cancers in the sites such as 
prostate [2,3], head and neck [4,5], and breast [6].  IMRT is based on the mathematically optimized non-uniform 
complex intensity distributions, which can be generated by a computer-controlled multileaf collimator (MLC).  It is 
difficult to determine the accurate dose in the intensity modulated fields mainly because of two reasons.  First, a precise 
dose calculation algorithm is required in the variable intensity situation of IMRT.  An IMRT beam is comprised of a 
number of discrete beam elements called beamlets, which correspond to a portion of the travel of a MLC leaf.  IMRT 
Collaborative Working Group [7] has reported that the 1 x 1 cm2 field, typical size of the area of a beamlet, showed 
severe perturbation in the central axis 4 MV x-ray depth doses.  The necessity of the dose calculation algorithm, which 
can accurately predict the electronic disequilibrium effects, has been pointed out.  Secondly, the designs of MLCs have 
specific dosimetric characteristics affecting the resultant dose distribution, i.e. inter-leaf leakage, intra-leaf transmission 
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[8,9], tongue-and-groove underdosage effect [10], and rounded leaf tip transmission [11].  Precise consideration of these 
designs is required to predict the dose distribution incorporating these effects. 
      The Monte Carlo (MC) simulation is the only option for achieving accurate IMRT dose computations with 
completely considering the above issues.  Some commercial treatment planning systems use superposition [12] or MC 
algorithms, however, commonly used approaches are still convolution [13,14] or pencil beam methods [15].  The pencil 
beam algorithm is not able to predict the electronic disequilibrium effect.  Although the convolution and/or 
superposition methods can account for that effect, the MC approach is more accurate to compute the multiple scattered 
photon dose near the surface of a patient and scattered electrons in higher atomic number materials [16]. 

The main purpose of this study is to develop an MC dose calculation system for routine dosimetric quality 
assurance (QA) of dynamic IMRT.  The linear accelerator treatment head equipped with the MLC was modeled using 
the EGS4 [17] MC code, and it was then validated by the measurements.  A user-friendly graphical user interface (GUI) 
application was also developed to easily construct a CT-based patient model and enable the dose calculation under the 
identical conditions with the commercial system. 
 

2.  Materials and Methods 
 
2.1 MC modeling of the linear accelerator treatment head with the MLC 
      We have developed the MC models of the treatment head of the Varian Clinac 2300C/D (Varian Medical Systems, 
Palo Alto, CA) linear accelerator equipped with the Varian 80-leaf Marl II MLC for a 6 MV photon beam.  Figure 1 
shows schematic drawings of the Mark II MLC.  The EGS4 MC code with the PRESTA algorithm [18] was used in this 
study.  To model the treatment head with the MLC, they were divided into the field-independent part (i.e. from target to 
mirror) and the field-dependent part (i.e. jaws and MLC).  The electron beam incident on the target was modeled as 
follows: the distributions of the energy and the radial intensity were assumed as Gaussian shape and the electron beam 
was incident to the target perpendicularly with no divergence.  The Gaussian parameters of the electron beam, i.e., the 
mean energy, the FWHM of the intensity distribution, and that of the energy distribution, were assumed to be 5.7 MeV, 
0.20 cm, and 3%, respectively.  Specific design of the Varian Mark II MLC was accurately modeled in great detail fully 
considering the inter-leaf minute air gap, the tongue-and-grove design, the rounded leaf tip and the leaf alignment parallel 
to the beam divergence.  When simulating dynamic motion of the MLC leaves, the leaf sequence file generated by an 
IMRT treatment planning system (Varian Eclipse) was used.  The cut-off energies for transport calculation of electron 
(ECUT) and photon (PCUT) in all calculations of this study were set to 700 keV and 10 keV, respectively. 
 
2.2 Validation of the MC models of the treatment head and the MLC 
      To validate the treatment head model, the central axis depth dose curves and the lateral dose profiles were 
calculated for a 6 MV photon beam with field size of 10 x 10 cm2 in the water phantom placed at 100 cm 
source-to-surface distance (SSD).  The dose profiles were calculated at the calibration depth of 5 cm.  Corresponding 
measurements were performed using the Farmer type ion chamber (610-JARP, Applied Engineering Inc., Tokyo, Japan). 
      The static tests for validation of the MLC model were implemented for investigation of the following effects: 
inter-leaf leakage, intra-leaf transmission, and tongue-and-groove effect.  These effects are strongly affected by 
geometry of the MLC model.  Dose profiles were simulated and measured with films using the particular MLC leaf test 
pattern for each effect.  Figure 2 shows the MLC leaf settings in the beam’s eye view for investigation of above MLC 
dosimetric effects.  The dynamic test to investigate the case incorporating the dynamic leaf motion was also 
implemented using a clinical leaf sequence file for a prostate cancer patient.  Kodak X-Omat V films (Eastman Kodak 
Co., Rochester, NY) were used in each measurement.  The solid water phantom (Gammex RMI, Middleton, WI) was 
employed for calibration and subsequent experiments.  Optical density data of the films were obtained at 96 dpi using 
the DD-System (R-TECH Inc., Tokyo, Japan). 
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2.3 Development of a GUI application 
      A GUI application was developed in C++ Builder (Borland Software Corp., Scotts Valley, CA) and runs under 
the Windows XP (Microsoft, Inc., Redmond, WA) operating system, to enable users to easily develop the CT-based 
patient models, implement in-patient dose computations, and compare the results from MC and Eclipse.  The data sets 
of CT, Structure, Plan, and Dose established in treatment planning process were exported in Digital Imaging and 
Communications in Medicine (DICOM) format and then read into the GUI.  The MC dose calculations could be 
implemented under the identical conditions with Eclipse.  In the CT-based patient model, the CT numbers were 
converted to materials and mass densities based on the recommendations in the ICRU Report 44 [19].  Materials were 
divided into six types, i.e., soft tissue, adipose, breast, marrow, bone, and air. 
 

3.  Results 
 
3.1 Linear accelerator treatment head model 

Figure 3(a) shows a comparison of the MC calculated and measured central axis depth dose curves normalized to 
the dose at dmax for 6 MV photon beam with field size of 10 x 10 cm2 in the water phantom.  The discrepancies were 
overall within 2% at all points beyond dmax.  Figure 3(b) represents a comparison of the calculated and measured lateral 
dose profiles normalized to the central axis dose at the depth of 5 cm.  There were large differences between the MC 
and the measurement, especially in the penumbral regions. 
 
3.2 MLC model 
3-2-1. MLC leaf transmission 
      Figure 4 shows the MC calculated and measured dose profiles of inter-leaf leakage and intra-leaf transmission at 
x= -2.5 cm for the field setting of Figure 2(a).  The doses were expressed as percentages of 10 x 10 cm2 open field 
central axis dose at the depth of 5 cm.  The peaks and the valleys of the profile due to the leakage and transmission were 
clearly reproduced by MC.  However, there were slight dose differences about 0.5% at the peaks, about 0.1% at the 
valleys, and about 0.5% in the penumbral regions.  Average transmission showed a good agreement with the values of 
1.47% of the MC and 1.51% of the measurement.  The peak positions of the MC profile were almost equally spaced by 
1 cm and agreed well to the measurement. 
3-2-2. Tongue-and-groove effect 
      Figure 5 shows the dose profiles of the MC and the measurement for the complementary field depicted in Figure 
2(b).  All data were normalized to the 10 x 10 cm2 open field central axis dose at the depth of 5 cm.  The underdosages 
were explicitly predicted by MC and the discrepancies relative to the measurement were about 8%.  The positions of the 
underdosage valleys were completely reproduced and showed good agreements with the measurement.  In the 
penumbral region, the measurement showed lower doses than the MC and the differences were about 2%. 
3-2-3. Dynamic intensity-modulated field 

Figure 6 represents a result of film dosimetry of the intensity-modulated dynamic test pattern.  Figure 7 shows 
the comparisons of calculated and measured lateral dose distributions in that field.  Although the relatively large 
discrepancies up to 7% were found between them, the intensity modulation was successfully predicted by MC.  In all y 
positions, the MC results indicated a slight underestimation of the field size. 
 
3.3 GUI application 

Figure 8 shows an overview of the GUI application.  On this form, the users can easily develop the patient 
models from the CT data sets exported from Eclipse.  And they can then implement in-patient MC dose calculations 
under the identical conditions with the treatment plan, and compare the results from MC and Eclipse qualitatively by 
dose distribution curves, and quantitatively by dose-volume histograms (DVHs). 
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4. Discussion 
 
In this study, an EGS4 MC dose calculation system was developed for dynamic IMRT with the Varian linear 

accelerator equipped with the 80-leaf MLC.  The MC models of the treatment head and the MLC were validated by the 
measurement data sets.  In the treatment head model, there were large discrepancies between MC and measurement in 
the results of in-phantom depth doses and dose profiles.  The parameters of the incident electron beam were set to 5.7 
MeV (the mean energy), 0.20 cm (the FWHM of the intensity distribution), and 3% (the FWHM of the energy 
distribution) in this study.  An iterative tuning process is required to determine a consistent set of parameters, and it is 
currently in progress for both of 6 and 15 MV photon beams with several field sizes.  The MLC dosimetric effects (i.e. 
total leaf transmission and tongue-and-groove effect) were well reproduced, and the dynamic simulation could predict the 
intensity modulation.  However, there were dose discrepancies between the results of MC and measurement.  It will be 
investigated in detail after tuning the incident electron beam parameters. 

The necessity to accurately consider the MLC design in the IMRT dose calculation was stated by some 
investigators.  Palmans et al. [20] have compared the two component modules (CMs) of the BEAM/EGS4, i.e. MLC 
(focused flat leaf tip surface) and MLCQ (curved shape of rounded leaf tip), and indicated that the default MLC model of 
the BEAM (CM MLC) can lead to differences of up to 15% in the penumbral regions.  Van de Walle et al. [21] 
compared two simulations with the CM MLCQ (exclusive of inter-leaf air gap) and MLCE (inclusive of inter-leaf air 
gap).  Their results showed that the total MLC transmission and the tongue-and-groove effect could be reproduced with 
MLCE, however, MLCQ was not able to predict those effects at all.  The MLC design was fully modeled in our study, 
and leaf transmission and tongue-and-groove effect were successfully reproduced.  The rounded leaf tip model will also 
be validated in future. 

The MC dose calculation system built in this study will be further developed into the dosimetric QA system.  
This system can allow the routine verification of the calculated results from the commercial treatment planning system.  
The MC data can be used as a benchmark in order to quantitatively detect the area where the commercial system fail to 
calculate the accurate dose due to electron disequilibrium, tissue heterogeneities, multiple scatters and/or MLC dosimetric 
effects.  Although this system can be a powerful QA tool, the MC calculation requires long CPU time in order to 
decrease the statistical uncertainties and it is required to be reduced.  The approach to accelerate the MC calculation by 
parallelization is now in progress. 
 

5.  Conclusions  

 
An EGS4 MC dose calculation system for dynamic IMRT was developed.  MLC dosimetric effects were then 

successfully reproduced well for both of the static and the dynamic test patterns.  Discrepancies between the MC and 
the measurement will be investigated after tuning the parameters of the incident electron beam.  This system will be 
developed into the QA system for the routine verification of the commercial treatment planning system for dynamic 
IMRT. 
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Figure 1.  Schematic drawings of Varian 80-leaf Mark II MLC. 
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Figure 2.  MLC leaf settings in the beam’s eye view: (a) for inter-leaf leakage and intra-leaf transmission (b) for 
tongue-and-groove underdosage effect. 
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Figure 3.  Comparisons of the results of MC and measurement: (a) depth doses and (b) lateral dose profiles in the water 
phantom for a 6 MV photon beam with the field size of 10 x 10 cm2. 
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Figure 4.  Dose profiles in y-direction at x = -2.5 cm of the fields with the MLC leaf setting depicted in Figure 2(a). 
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Figure 5.  Dose profiles in y-direction at x = -2.5 cm of the fields with the MLC leaf setting depicted in Figure 2(b). 
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Figure 6.  Film dosimetry of the intensity-modulated dynamic test pattern.  Arrows represent the directions to obtain 
the lateral dose profiles and each alphabet corresponds to that in Figure 7. 
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Figure 7.  Dose profiles in x-direction of the intensity-modulated dynamic test pattern. 
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Figure 8.  An overview of the GUI application. 
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Abstract 
It is not easy to evaluate the accuracy of a human body model in a dose simulation. For this reason, a mathematical 
phantom (voxel phantom) of a human body phantom is used as a model that can be compared with the measurement. 
The difference between the simulation and the measurement was examined. 
A female human body phantom (made in the Phantom Laboratory company: Alderson RAND Phantom RAN-100 Type) 
was used. The Monte Carlo calculation code was used the Electron Gamma Shower Version 4 (EGS4). The depth doses 
in a RANDO phantom were measured using a radiophoto-luminescence glass dosimeter and thermo-luminescence 
dosimeter. Exposure conditions were performed using 4 MeV X-rays and Antero-posterio geometry. 
The difference between the calculation values and the measurements was about 10%. It is considered that is the values 
are different between the structure material and the domain setup of the RAND and voxel phantoms. 
 

1.  Introduction 
 
In recent years, the simulation technology using the mathematics phantom has also developed with development 

of a computer. The Monte Carlo simulation using the mathematics phantom (voxel phantom) of a human body model 
can choose form and composition freely, and can know the details of the dose in a human body. But it is not easy to 
evaluate the accuracy of a human body model in a dose simulation. Thus, a mathematical phantom of a human body 
phantom is used as a model, to allow comparison with the measurements. The mathematical phantom was constructed 
from the CT data of the female human body phantom which can measure the internal dose. The Monte Carlo simulation 
is performed using this mathematics phantom, and the absorbed dose in the phantom is computed. The internal dose 
distribution obtained by the simulation was compared with the measurement using the rand phantom, and the differences 
between the simulation and the measurement were examined. 

 

2.  Materials and Method 
 
2.1 Materials 

A female human body phantom (made in the Phantom Laboratory company: Alderson RAND Phantom 
RAN-100 Type) was used. The height of 163cm, the weight of 54kg, 35 slice numbers, and the number of the holes 
which insert an element (hole grid) are 868 pieces. The voxel phantom consisted of an air (cavity part), natural human 
bone, and soft tissue , lungs, and acrylics. Figure 1 shows the female human body phantom. The Monte Carlo calculation 
code was used the Electron Gamma Shower Version 4 (EGS4). The substance data of tissue substitutes used by EGS4 
referred to ICRU Report 441).The depth doses in a RANDO phantom were measured using a radiophoto-luminescence 
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glass dosimeter2). Exposure conditions were performed using 4 MeV X-rays by Linear Accelerator3) and Antero-posterio 
geometry. 

 
2.2 4MV X-rays energy spectrum by the simulation 

4MV X-rays energy spectrum was calculated using the approximation formula of Schiff4). The obtained photon 
energy spectrum5) was taken as the spectrum after being filtered with the flattening filter (stainless steel) with an average 
thickness of 7.7 mm. Figure 2 shows the sectional view of a linear accelerator showing the generating process of X-rays. 
Figure 3 shows 4MV X-rays energy spectrum by the simulation. 

 
2.3 The conditions of EGS4 simulation and measurement 

In measurement, the radiophoto-luminescence glass dosimeters were inserted into the human body phantom. 4 
MV X-rays were irradiated with the Linear Accelerator, and the depth doses were measured. Table 1 shows the 
conditions of EGS4 simulation and measurement. The obtained doses were standardized by the calculation value and 
measurement value at the standard point of the first cervical vertebrae. It was based on the first cervical vertebrae because 
the measurement value was stable. 
 

3.  Results 
 
3.1 The statistical accuracy of the simulation and measurement 

The statistical accuracy of the simulation had a coefficient of variation (CV) of <2% (number of histories, 1 
billion×20 times). The statistical accuracy of the measurement using a radiophoto-luminescence glass dosimeter had a 
coefficient of variation becomes a maximum of 15% and less than a minimum of 1%, and is an average of 5.03%. 
 
3.2 Comparison with the calculation value by EGS4 and measurement value 

Some results are reported. In measurement, it measured at least 3 times or more, and computed as an average. 
Figure 4 shows the result of the head and processes xiphoideus level. The calculation values over the actual measurement 
of the head differed by about 3%. Especially large differences were accepted near the irradiation field center of the chest, 
and the maximum was about 12%. 
 

4. Discussion 
 
The disagreement between the calculation and actual measurement value in the chest was thought to be due to 

problems in the X-ray energy spectrum used in the simulation. Figure 5 shows Percentage Depth Dose (PDD) of the 
4MV X-ray spectrum by the calculation value and measurement value. PDD of the X-ray spectrum (the approximation 
formula of Schiff) had a difference of about 13% as compared to PDD of measurement. This was because the flattening 
filter of the special cone form used in the process of X-ray generation was calculated for an average thickness of 7.7 mm. 
  

5.  Conclusions  

 
To evaluate the construction accuracy of the mathematical phantom for the Monte Carlo simulations by the 

human body phantom, it is necessary to increase the accuracy, such as the reproducibility and the coefficient of variation 
(CV). Therefore, after confirming these conditions in a simple form, it is necessary to apply to a human body phantom.  
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Table 1.  The conditions of EGS4 simulation and measurement   

  EGS4 simulation Measurement by the 
Radiophotoluminescent glass dosimeter

  Field size 120 × 60 cm2 112 × 112 cm2

Source-phantom 
 distance 300 cm 300 cm 

  Incident particle Photon         

Continuation spectrum 
Photon            

bremsstrahlung 

Irradiation conditions 109          

Number of histories 
1.0 Gy  

Air absorbed dose in 300cm 

Handling of acquisition 
data 

Computed as an absorbed dose 
(Gy) of one photon. 

The obtained measurement value (Gy) is 
rectified by the proofreading constant. 
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 Fig 1.  Female human body phantom（RANDO Phantom）  
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Fig 2.  The sectional view of a linear accelerator 
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 Fig 3.  4MV X-ray spectrum by the simulation 
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Fig 4.  Comparison with the calculation value by EGS4 and measurement value.  
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Abstract 

The parallel-plate free-air ionization chambers are used for X-rays air-kerma rate standards at National Metrology Institute of 

Japan (NMIJ), National Institute of Advanced Industrial Science and Technology (AIST). The electron loss and scattering 

correction factors are needed for the evaluation of air-kerma rate from measured current. The electron loss correction factor (Ke) 

is a correction of the charge loss by giving energy to the electrode part without a high-speed electron stopping in the air area 

where the charges are collected. The scattering correction factor (Ksc) is for a correction of extra charges produced by scattered 

photon generated after an incidence photon is interactive. The electron-loss and photon-scattering correction factor for 3 

different size parallel-plate free-air chambers are estimated by the EGS4 code. One is used as primary standards for absolute 

measurements of air kerma in beams of medium-energy X-rays and two are of low-energy X-rays. These correction factors are 

calculated for mono-energetic photons. It is obtained that electron-loss and photon-scattering correction factors depend on the 

chamber size, and especially, the photon-scattering correction value changes greatly depending on the size. The Ke and Ksc 

value for medium- and low-energy X-ray fields at AIST are estimated by averaging the energy deposition contributions over the 

X-ray spectrum. The overall uncertainty of the electron loss or scattering correction factor is evaluated to be 0.14%. 

 

1. Introduction 
 

     The parallel-plate free-air ionization chambers are used for X-rays air-kerma rate standards at National Metrology 

Institute of Japan (NMIJ), National Institute of Advanced Industrial Science and Technology (AIST). The air-kerma rate 

for free-air chambers measurement is estimated from measured current by using following equation, 

 

( ) K
ge

W
P

T
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−
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15.273

15.273

0ρ
  (1) 
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where, i is measured current (C/s), v is correcting volume (cm3), ρ0 is air density (kg/cm3) at reference condition(273.15 

K, 1013.25 hPa), T and P are air temperature (K) and pressure(hPa) in the free-air chamber, W/e is W value (J/C), g is 

bremsslung correction value and K is multiplied value of several correction factors. K include following correction 

factors, a) air attenuation between reference point to the center of correcting volume, b) recombination loss, c) electron 

loss, d) scattering, e) electric field distortion, f) humidity of the air, and etc. The correction value of a), b), e) can be 

estimated by measurements for each free-air chambers, and the value of f) is suggested by ICRU [1] report. The electron 

loss correction factor (Ke), c), is a correction of the charge loss by giving energy to the electrode part without a high-speed 

electron stopping in the air area where the charges are collected. The scattering correction factor (Ksc), d), is for a 

correction of extra charges produced by scattered photon generated after an incidence photon is interactive. The 

correction factors of c) and d) depends on a geometry of a free-air chamber and are very difficult to estimate by 

experiments, so Monte Carlo calculations are applied for the estimation of these values[2, 3]. In this study, these 

correction factors for one medium x-ray chamber and two low energy x-ray chambers are evaluated by Monte Carlo 

simulations, and the effective value of these correction factor for standard X-ray fields developed by AIST are estimated. 

 

2. Calculation of Ke and Ksc for mono-energy photons 
 

 The Ke and Ksc are calculated by using EGS4-KEK [4] improve code for mono-energetic photon with energies from 

10keV to 300keV for medium energy x-ray free-air chamber and 4keV to 50keV for low energy ones. ECUT and PCUT 

are set to 1keV. For estimation of the effect of X-ray fluorescence from Ar in air, the two calculations are done with and 

without fluorescence from Ar for large low energy x-ray chamber. Figure 1 shows the simulation arrangement, and Table 

1 is the values of geometry parameters for each chambers.  

The Ke and Ksc are evaluated by following equations, 
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Where Eap is the energy deposited from electrons generated by primary photons in region A, Eas is the energy deposited 

from electrons generated by scattered photons in region A and Ebp is the energy deposited by primary photons in region 

B.  

 

3. Results 
 

3.1 Results for mono-energy photons 
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Figure 2 shows the Ke values and Figure 3 shows the Ksc values for each free-air chambers. There is a peak around 

150keV for Ke of medium energy x-ray free-air chamber that is caused by the photo-electron interaction. As the kinetic 

energy of electrons by the photo-electron interaction increase with incident photon energy, electron loss events increase. 

But the cross section of the photo-electron decrease with photon energy, correction factor becomes smaller above 150keV. 

The increase of Ke with photon energy above 230keV is assumed that the effect of Compton scattering electron, because 

the kinetic energy of electrons by Compton scattering increase with incident photon energy. The Ke for large free-air 

chamber of low energy x-ray becomes 1.0 except 50keV, but for small chamber, correction factor becomes more than 1.0 

above 40keV and it becomes more than 1.01 for 50keV. The photo-electron interaction becomes dominant in this energy 

region. 

The Ksc value for medium and low energy x-ray chambers becomes similar tendency that the correction value becomes 

small as the photon energy lowers. As figure 3 shows, these influence is due to X-ray fluorescence from Ar in air. The Ksc 

depends on the chamber size and corrected value becomes larger for large chamber. 

 

3.2 Results for medium-energy and low-energy x-ray qualities 
The Ke and Ksc value for medium- and low-energy X-ray fields at AIST are estimated by averaging the energy deposition 

contributions over the X-ray spectrum: 

 

( ) ( )( ) ( ) ( )( ) ( )∫∫= dEEEEdEEEEEKK ii φρμφρμ     (4) 

where φ(E) is the photon energy spectrum, μ(E)/ρ is the mass energy absorption coefficient of air, and Ki(E) is the 

correction factor of Ke or Ksc for mono-energy photon. From this equation it can be concluded that the correction factors 

for a X-ray quality can be calculated by weighting the corresponding correction factors for mono-energetic photons with 

the air kerma spectrum. The spectra of the medium- and low-energy X-rays are also estimated by Monte Carlo 

calculations.  

The results of the combination of the correction factors for mono-energetic photons and the calculated spectra are shown 

in Table 2, 3, 4, 5 and 6. The characteristics of the X-ray fields is expressed by Q.I. (Quality Index) value estimated by the 

following equation, 

 

V

eff

E
E

IQ =..    (5) 

 

where Eeff is the effective energy of X-ray field estimated by half value layer (HVL), and EV is the tube voltage.  

 There is no table of electron loss correction factor for large free-air chamber for low-energy X-rays because all value of 

that become 1.0000.  

 

3.3 Uncertainties in the calculated correction factors 
The statistical uncertainties in the results of the Monte Carlo calculations were smaller than 0.02%, and the uncertainties 

introduced by weighting the mono-energetic correction factors with the calculated X-ray spectra were estimated to be less 
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than 0.1%. Other contributions may contain the uncertainties of the theoretical modeling and cross section data of photon 

and electron interactions. It is very difficult to estimate quantitative analysis of those uncertainties. From the agreement of 

the EGS4 calculations with experimental data in the previous paper [], the relative uncertainty of Monte Carlo 

calculations may be estimated to be less than 0.1%. Thus, the overall uncertainty of the electron loss or scattering 

correction factor is evaluated to be 0.14%. 

 

4. Conclusion 
 

The electron loss and scattering correction factor for x-ray free-air chamber are evaluated by EGS4 Monte Carlo 

simulation. From the results, it is confirmed that Ke and Ksc value depend on the chamber size, and especially, the Ksc 

value changes greatly depending on the size.  

As the correction value largeness means an increase in the uncertainty for the absolute measurements of air-kerma rate, it 

is need for accurate measurements to select proper size chamber with estimation of Ke value against measured photon 

energy. 
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Figure 1 The Free-air chamber geometry for calculations of Ke and Ksc. The horizontal line region is A and the slant line 
region is B. 
 
 
Table 1. Dimension of free-air chambers 

Chamber Attenuation 
length M (cm) 

Collector 
length 
L (cm) 

Attenuation 
length N (cm) 

Electrode 
separation  
D (cm) 

Electrode 
width  
W (cm) 

Air gap 
G (cm)

Medium 37.2 10.0 20 24.0 23.0 5 
Low-large 6.5 2.0 6.5 9.2 8.0 2.0 
Low-small 5.5 2.0 5.5 8.2 6.0 2.0 
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Figure 2 Calculated electron loss correction factor for medium (left) and low energy (right) X-ray free-air chambers 
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Figure 3. Caluclated photon scattering correction factor for medium (left) and low energy (right) X-ray free-air chambers 
 
Table.2 The scattering correction factor for medium-energy X-ray free-air chamber 

Q.I. Tube voltage 
(kV) 0.4 0.5 0.6 0.7 0.8 
40 0.9928 0.9931 0.9933 0.9935 0.9937 

50 0.9931 0.9934 0.9936 0.9938 0.9939 

60 0.9933 0.9936 0.9938 0.9940 0.9943 

75 0.9936 0.9939 0.9942 0.9945 0.9949 

100 0.9942 0.9945 0.9949 0.9953 0.9957 

125 0.9945 0.9950 0.9955 0.9960 0.9963 

150 0.9949 0.9955 0.9960 0.9964 0.9967 

175 0.9953 0.9959 0.9964 0.9967 0.9971 

200 0.9957 0.9962 0.9967 0.9970 0.9972 

225 0.9960 0.9965 0.9969 0.9972 0.9974 

250 0.9962 0.9967 0.9971 0.9973 0.9975 

 
Table 3. The electron loss correction factor for medium-energy X-ray free-air chamber 

Q.I. Tube voltage 
(kV) 0.4 0.5 0.6 0.7 0.8 
40 1.0000 1.0000 1.0000 1.0000 1.0000 

50 1.0000 1.0000 1.0000 1.0000 1.0000 

60 1.0000 1.0000 1.0000 1.0000 1.0000 

75 1.0000 1.0000 1.0000 1.0000 1.0000 

100 1.0000 1.0000 1.0000 1.0000 1.0000 

125 1.0001 1.0001 1.0003 1.0005 1.0011 

150 1.0005 1.0008 1.0015 1.0025 1.0042 

175 1.0011 1.0019 1.0030 1.0047 1.0070 

200 1.0018 1.0030 1.0044 1.0061 1.0073 

225 1.0025 1.0037 1.0052 1.0065 1.0067 

250 1.0030 1.0043 1.0057 1.0064 1.0059 
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Table 4. The scattering correction factor for low-energy X-ray free-air chamber( large) 
Q.I. Tube voltage 

(kV) 0.4 0.5 0.6 0.7 0.8 0.9 
50 0.9963 0.9965 0.9968 0.9969 - - 
40 0.9960 0.9962 0.9965 0.9967 0.9968 - 
30 0.9957 0.9959 0.9961 0.9963 0.9965 0.9966 

20 - 0.9953 0.9956 0.9958 0.9959 0.9961 

15 - - 0.9950 0.9953 0.9955 0.9957 

10 - - - - 0.9947 0.9949 

 
Table 5. The scattering correction factor for low-energy X-ray free-air chamber( small) 

Q.I. Tube voltage 
(kV) 0.4 0.5 0.6 0.7 0.8 0.9 

50 0.9971 0.9973 0.9975 0.9977 - - 
40 0.9969 0.9971 0.9973 0.9974 0.9976 - 
30 0.9966 0.9968 0.9970 0.9972 0.9973 0.9975 

20 - 0.9963 0.9965 0.9967 0.9968 0.9970 

15 - - 0.9960 0.9963 0.9965 0.9966 

10 - - - - 0.9957 0.9959 

 
Table 6. The electron loss correction factor for low-energy X-ray free-air chamber( small) 

Q.I. Tube voltage 
(kV) 0.4 0.5 0.6 0.7 0.8 0.9 

50 1.0001 1.0001 1.0002 1.0005 - - 
40 1.0000 1.0000 1.0000 1.0000 1.0000 - 
30 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

20 - 1.0000 1.0000 1.0000 1.0000 1.0000 

15 - - 1.0000 1.0000 1.0000 1.0000 

10 - - - - 1.0000 1.0000 
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Abstract 
 

We tested an ability to deduce Qβ-values of a total-absorption-type HPGe 
detector.  To analyze the spectra, the response functions are necessary.  It is difficult 
to measure response functions for electrons experimentally.  Then, the EGS4-code is 
available to simulate the response functions.  It was found that the simulated 
response functions needed modification to reproduce the experimental spectra well.  
The endpoint energies are deduced using the folding method.  Correction factors to 
deduce Qβ-values are estimated to be 164±10 and 164±20 keV in an energy range of 
1-5 MeV and 5-9 MeV, respectively. 

 
1. Introduction 
 

The Qβ-values are fundamental physical quantities, and they are related to the mass 
predictions and the nuclear structures.  One of the precise methods for Qβ measurements is the β-γ 
coincidence method [1-3].  Small HPGe detectors that have thin beryllium entrance windows 
(0.05-0.38 mm in thickness) can deduce Qβ-values within accuracy of about 2 keV, in a case of having 
good response functions for monoenergetic electrons and good statistics [1].  This method strongly 
depends on information of the decay schemes.  For low-yield nuclides, it is difficult to construct the 
decay schemes. 

A concept of a total absorption detector is to absorb all radiation from the radioactive nuclei.  
Then, endpoint energies of the β-decay to the ground state and β-decays to the excited states, which 
have subsequent γ-rays, show the Qβ-values.  It has a possibility to deduce Qβ-values without the 
knowledge of the decay schemes.  A total absorption detector which consists of large twin BGO 
detector (2×120 mm in diameter×100 mm in thickness) has developed by M. Shibata et al.  The 
detector can measure Qβ-values with accuracy about 100 keV [4-6]. 

To achieve more precise Qβ measurements, we are developing a total-absorption-type HPGe 
detector.  The response functions for γ-rays and electrons are needed to analyze the spectra.  In this 
paper, we describe the properties of our detector and analyzing procedure using the EGS4-code. 

 
2. The total-absorption-type HPGe detector 

Figure 1 shows our detector.  It consists of an HPGe detector (85 mm in diameter×89 mm 
in length) and a surrounding BGO scintillation detector (170 mm in diameter×25 mm in thickness×
150 mm in length).  The central HPGe detector has a through-hole (15 mm in diameter) in the center.  
The thickness of an entrance aluminum window of the hole is 0.4 mm.  Radioactive sources can be 
put into the hole and large solid angle is achieved (Ω≈98%).  The BGO detector is used to detect 
scattered photons, which are not absorbed by the HPGe detector.  From geometrical restrictions of 
the HPGe detector, the BGO detector can not cover with the HPGe detector completely. 
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Figure 2 shows the simulated spectrum of the total-absorption-type HPGe detector, in the 
case of a radioisotope which has a simple decay scheme like inset in Fig. 2.  Three problems are 
found;  (1) The endpoint energy becomes smaller than Qβ-values, because of energy losses, (2) The 
β-ray spectra are distorted, caused by electron scatterings in aluminum window, (3) The Compton 
scattered photons distorted the spectrum. 

Singles spectra and coincidence spectra were measured with the detector.  The effect of the 
Compton scattering were removed by subtracting the coincidence spectra from the singles ones.  The 
folding method was adopted to deduce the endpoint energies.  The response functions for 
monoenergetic electrons were calculated by EGS4-code.  The energy losses of electrons were 
calculated from endpoint energies and evaluated Qβ-values.  The details of analysis were described in 
the following sections. 
 
3. Measurement and Analysis 

 
3.1  Measurement 

Radioactive sources that have well-evaluated Qβ-values and strong β-feedings to the ground 
states were measured.  At the Kyoto University Reactor (KUR), nine radioisotopes (142Pr, 90Y, 139Ba, 
27Mg, 42K, 56Mn, 52V, 72Ga, 38Cl) were prepared by (n,γ) reactions using the pneumatic tube facility, and 
three radioisotopes (140Cs, 142Cs, 92Rb) were prepared by 235U(n,f) reactions using the on-line isotope 
separator (ISOL) facility. 
 
3.2  Subtraction of distorted spectra for Compton scattered photons 

The singles spectra with the HPGe detector include distorted spectra originated from 
Compton scattered photons.  If a BGO detector can detect the scattered photons completely, the 
effects of Compton scattered photons can be removed by subtracting coincidence spectra from singles 
ones.  In the present geometrical condition as described in chapter 2, the observed coincidence 
spectra need to be corrected for detection efficiency.  The detection efficiency was deduced using the 
EGS4-code.  The simulated singles spectrum and the coincidence one for γ-ray are shown in Fig. 3.  
The Compton continuum is removed by subtracting the coincidence spectrum corrected for 
coincidence efficiency from the singles one.  In the subtracted spectrum, only full energy peak is 
obtained.  A typical result for 42K decay is shown in Fig. 4. 
 
3.3  Response functions for monoenergetic electrons 

The singles spectra corrected for Compton scatterings were also distorted by scatterings for 
electrons.  To fold the spectra, response functions for monoenergetic electrons are needed.  From the 
geometrical restrictions (see chapter 2), it is difficult to measure the response functions experimentally.  
We simulated the response functions using EGS4-code for an energy range of 1-9 MeV. Then, the 
response functions were simplified by dividing into 3 parts using functions (Fig. 5).  As shown in Fig. 
6, a folded spectrum (open circles) calculated by the original response functions is in agreement with 
experimental one in an energy range of 300 keV below the endpoint energy.  We consider that the 
inconsistency in low energy region (in Fig. 6) is caused by discrepancies between the simulated 
response functions and the realistic ones. 

To test the simulated response function for the electron, a response function for internal 
conversion electron (137mBa, 624 keV) was measured using a planar-type HPGe detector (36 mm in 
diameter ×13 mm in thickness).  Figure 7 shows the comparison between experimental response 
functions and simulated ones.  In the simulated spectra, a peak form is in agreement with the 
experimental one, but relative intensity of the scattering part is smaller than the experimental one. 

It is considered that the similar discrepancies exist in the simulated response functions for 
the total-absorption-type HPGe detector.  By changing the ratios of three components as shown in Fig. 
8, we obtained the folded spectra which agreed with experimental ones in an energy range of more 
than 1000 keV below endpoint energies (closed circles in Fig. 6).  
 
3.4  Endpoint deduction using the folding method 
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From total absorption spectra, endpoint energies were deduced using the folding method.  A 
folded spectrum (Sfolded) for assumed endpoint energy (W) can be calculated as 

∑ ×= )W,E(F)E(R)W(Sfolded ,    (1) 
where R(E) is a response function for electron of an incident energy E, and F is a theoretical β-ray 
spectrum.  The folded spectrum was compared with experimental one in a fitting range.  The 
endpoint energy was deduced from the folded spectrum which had a minimum χ2-value.  By 
changing the fitting regions between 300 and 1000 keV below a spectrum endpoint, uncertainty was 
evaluated. 
 
4. Results 
 

The endpoint energies of measured nuclides were deduced as mentioned above.  Owing to 
energy losses for an aluminum window of an HPGe detector, the endpoint energies were smaller than 
Qβ-values.  By taking the differences between endpoint energies and evaluated Qβ-values [7], the 
correction factors were evaluated to be 164±10 keV below 5 MeV and 164±20 keV above 5 MeV 
(Fig. 9).  The factors also include the influences of changing the response functions. 
 
5. Summary and future plans 
 

We tested performance of the total-absorption-type HPGe detector to deduce the Qβ-values.  
EGS4-code was used to correct the distortions caused by Compton scattered photons and scatterings 
for electrons.  We measure radioisotopes, which have well-evaluated Qβ-values in an energy range of 
2-8 MeV, and the Correction factors to deduce Qβ-values were estimated.  It is considered that our 
detector can deduce Qβ-values with accuracy about 10 and 20 keV in an energy range of 1-5 MeV and 
5-9 MeV, respectively.  

In the present case we chose β-sources, which have strong β-feedings to the ground states.  
For the nuclei far from the β-stability, it is necessary to check the reliabilities of analysis by measuring 
some nuclei which have various types of decay schemes.  We will measure Qβ-values of neutron-rich 
rare-earth isotopes using the on-line isotope separator. 
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Fig. 2.  Simulated singles spectrum with the HPGe detector, in the case of 
measuring the nucleus, which has decay scheme like inset.  Beta-ray 
spectra are distorted originated from the aluminum window, and the 
endpoint energy become smaller than the Qβ-value.  Compton scattered 
photons are also distorted the singles spectrum. 
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Fig. 3.  Simulated response functions for 662 keV γ-ray.  The 
Compton continuum is removed by subtracting the coincidence 
spectrum multiplied a factor from the singles one.  The factor of 
1/0.7 is correction of detection efficiency for scattered photons. 
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AND PHOTON SCATTER AT INER 
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Taiwan, R.O.C. 

Abstract 

The Monte Carlo method was used to evaluate two self-made cylindrical free-

air ionization chambers correction factors for electron loss and scattered photons, 

corresponding to the medium- and low-energy x-ray ranges. For the medium-energy 

chamber, the calculated results were in close agreement with current values of the 

National Radiation Standard Laboratory. For the low-energy chamber, the results 

showed that the electron loss and scattered photons using measured BIPM spectra 

were extremely close to those obtained using simple x-ray unit geometry calculated 

spectra.   

1. Introduction 

The free-air ionization chambers are widely used by standards laboratories as 

primary standards for absolute measurement of air kerma in beams of low- and 

medium-energy x-rays. Generally, there are two types of free-air ionization chamber 

used in standard ionization laboratories: the plane-parallel type and the cylindrical 

type [1-3]. In Taiwan, based on the original design by F. H. Attix [4], two improved 

cylindrical type free-air ionization chambers, one medium-energy and one low-energy, 

were constructed at the National Radiation Standard Laboratory (NRSL) of the 

Institute of Nuclear Energy Research (INER, Taiwan).  

These two free-air ionization chambers have different physical dimensions; 

therefore the correction factors for electron loss (Ke) and scattered photons (Ksc) have 

to be evaluated separately. In this study, the cylindrical free-air chambers geometry 

model were simplified, and the Monte Carlo code LSCAT (low-energy photon-

scattering expansion for the EGS4 code) [5] was used to calculate the values of Ke and 

Ksc for mono-energetic photons with energies ranged from 2 keV to 300 keV. Further, 
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these results were weighted by photon spectra to obtain the values of eK  and scK  for 

each chamber.  

The calculated values of eK  and scK  for the medium-energy chamber at the 

NRSL x-ray unit spectra were compared with NRSL current values [6], and the 

energy spectra weighting values were also compared with the values calculated using 

the x-ray unit effective energies. For the Monte Carlo calculations of the low-energy 

chamber, energy spectra weighting values of eK  and scK  for measured BIPM spectra 

[7] were compared with the energy spectra calculated using NRSL simple x-ray unit 

geometry. 

2. Material and Methods 

2.1. Simplified model for free-air chambers 

The cylindrical free-air chambers geometry model is simplified and as shown 

in Figure 1. The geometry model used in the simulation mostly consists of 3 cylinders: 

a fixed central cylinder (La cm in length) and two movable cylinders at the front and 

back ends (each of Lb cm in length). Except the length of the 3 cylinders described 

above, the configuration of the cylindrical free-air chamber is mainly characterized by 

the following 5 parameters, namely the incident photon beam radius riap cm, the 

attenuation length A cm, the cylinder incident aperture radius rcap cm,  the cylinder 

radius rcy cm, and all cylinders enclosed sides thickness T cm (each of aluminum). 

The materials used in the front and back movable cylinders were aluminum and 

plastic for the medium- and low-energy free-air ion chamber respectively, and the 

central cylinder material was aluminum. The main structural data of the simplified 

chambers are given in Table 1. The shaded regions in Figure 1 indicate the scoring 

regions, in which the energy deposition is counted. 

2.2. LSCAT code and calculation of mono-energetic Ke and Ksc values 

The Monte Carlo calculations were performed by using the LSCAT code with 

the PRESTA electron transport algorithm. The transport parameters were set as 

PCUT=1 keV and ECUT=512 keV, and we created a user code to allow the energy 

deposition due to that primary electrons and their progeny can be separated from the 

total energy deposition. Our analysis follows the method recommended by D. T. 

Burns [8], a “primary” electron is the one generated in the first interaction of an 
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incident photon and the energy deposition arising from such an electron and its 

progeny is referred to as primary energy. For a given incident photon energy E, the 

Ptot(E) was set to be the total primary energy deposited in the scoring regions and 

Pcol(E) be the primary energy deposited in the collecting region. Then Ke(E) is 

calculated as  

Ke(E) = Ptot(E) / Pcol(E). 

Similarly, the Scol(E) was the scattered energy deposited in the collecting region. Then 

Ksc(E) = Pcol(E) / [ Pcol(E) + Scol(E)] 

For the medium-energy chamber, calculations were made in 10 keV steps 

from 10 keV to 300 keV, with 108 histories at each energy. For the low-energy 

chamber, calculations were made from 2 keV to 50 keV in steps of 2 keV, also with 

108 histories each. Statistical uncertainties were estimated for each energy range by 

sub-dividing the histories into twenty batches. The statistical uncertainty of all values 

for mono-energetic Ke and Ksc were not more than 0.01 % (one standard deviation). 

2.3 Energy spectra weighting calculations of eK  and scK  

In our analysis, for a photon fluence spectrum Φ(E), the energy spectra 

weighting calculations of eK  and scK  are evaluated as 
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For the medium-energy free-air ionization chamber, the spectra were 

calculated by using the Monte Carlo code OMEGA/BEAM [9-10] with NRSL simple 

x-ray unit geometry (Figure 2); for the low-energy free-air ionization chamber, the 

spectra were those using the measured photon fluence spectra for the BIPM reference 
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qualities [7], and some of the energy spectra were calculated using the Monte Carlo 

code OMEGA/BEAM with NRSL simple x-ray unit geometry for comparison. 

3. Results and Discussion 

3.1. Results for medium-energy x-ray qualities 

3.1.1. Mono-energetic values of Ke and Ksc

The mono-energetic results for Ke for NRSL’s medium-energy chamber are 

shown in Figure 3, where the uncertainty bars represent one statistical uncertainty. 

Where Ke is equal to unity for photon energies below 110 keV, because no secondary 

electrons hitting the electrode are detected. The peak value at around 160 keV is due 

to photoelectrons, although the photoelectron energy escapes is larger when the 

photon energy is increased.  Noteworthy in the energy range between 170 keV and 

250 keV are that the photoelectric cross-section is rapidly decreasing and the 

competition of these two effects which reduce the electron loss. Above 250 keV, 

Compton effect increases rapidly, therefore a larger fraction of the Compton electrons 

energy escapes the collecting volume.  

The mono-energetic results of Ksc for NRSL’s medium-energy chamber are 

shown in Figure 4. At the higher energies, almost all interactions are Compton 

interactions. This means that the relative contribution of scattered photons is equal to 

the probability that a Compton-scattered photon has a second Compton interaction 

before leaving the air volume of the chamber. The increase at lower energies arises 

from the rapidly increasing cross-section for the production of photoelectrons by 

Compton-scattered photons. This phenomenon was discussed in detail by T. W. M. 

Grimbergen et.al. [11] and D. T. Burns [8]. Maybe it is that the higher value obtained 

at 10 keV is an artifact of the calculations, but this has no significant effect on the 

energy spectra weighting values of scK  because there is little measured fluence at this 

energy. 

3.1.2. Values of eK  and scK  at the reference spectra 

The calculated values of eK  and scK  for the medium-energy chamber at the 

x-ray unit effective energies were compared with the current values applied in NRSL. 

The calculated values of eK  and scK  for the medium-energy chamber at the NRSL x-
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ray unit spectra were compared with NRSL’s current values first, and the energy 

spectra weighting values were also compared with the values calculated using the x-

ray unit effective energies. The results for eK  and scK  of NRSL’s medium-energy 

chamber are shown in Table 2. When using x-ray unit effective energies, the 

maximum difference between the calculated values and NRSL current values of eK  

was 0.11 % (at radiation quality 250 kV) and for scK  was 0.22 % ( at radiation 

quality 100 kV ). When using energy spectra weighting, the maximum difference 

between the calculated values and the NRSL’s current values for eK  was 0.07 % ( at 

radiation quality 180 kV ) and for scK  was 0.22 % ( at radiation quality 100 kV ). 

And the maximum calculation difference between using energy spectra weighting and 

using x-ray unit effective energies for eK  was 0.13 % ( at radiation quality 250 kV ) 

and for scK  0.04 % ( at radiation quality 135 kV ). As shown in Table 2, the 

maximum difference for eK  × scK  was 0.22 % as the determined with energy spectra 

weighting and NRSL current values at radiation quality 100 kV. 

3.2. Results for low-energy x-ray qualities 

3.2.1. Mono-energetic values of Ke and Ksc

The mono-energetic results of Ke for NRSL’s low-energy chamber are shown 

in Figure 5, where the uncertainty bars represent one statistical uncertainty. For 

photon energies below 48 keV, no secondary electrons hitting the electrode are 

detected and the rise due to photoelectrons reaching the chamber walls begins photon 

energy above 50 keV.  

The mono-energetic results of Ksc for NRSL’s low-energy chamber are shown 

in Figure 6, and they show the similar trend as medium-energy x-ray calculations. The 

higher value obtained at 2 keV is also an artifact of the calculations, and it has no 

significant effect on the energy spectra weighting values of scK  because there is little 

measured fluence at this energy. 

3.2.2. Values of eK  and scK  at the reference spectra 

For the Monte Carlo calculations of the low-energy chamber, energy spectra 

weighting values of eK  and scK  for measured BIPM spectra were compared with the 
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energy spectra calculated using NRSL simple x-ray unit geometry. The results of eK  

and scK  for NRSL’s low-energy chamber are shown in Table 3. The results showed 

that eK  and scK  by using measured BIPM spectra were extremely close to those 

obtained using simple x-ray unit geometry calculated spectra and the maximum 

difference of eK  × scK  was 0.02 %. 

4. Conclusions 

The values of eK  and scK  calculated by using the Monte Carlo method with 

energy spectra were established at the NRSL of the INER. For the medium-energy 

chamber, the agreement between the correction factors determined in this study and 

NRSL current values is better than 0.22 %. For the low-energy chamber, the 

correction factors derived by using measured spectra were extremely close to those 

obtained using simple x-ray unit geometry calculated spectra and the difference is less 

than 0.02 %. 
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Figure 1. The simplified geometry of the NRSL cylindrical free-air chamber used in 

the Monte Carlo simulations. The shaded region represents the energy-

scoring region. 
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Figure 2. The simple geometry configuration of NRSL x-ray unit 
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Figure 3. Mono-energetic values of Ke for the NRSL medium-energy free-air 

chamber 
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Figure 4. Mono-energetic values of  Ksc for the NRSL medium-energy free-air 

chamber 
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Figure 5. Mono-energetic values of Ke for the NRSL low-energy free-air chamber 
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Figure 6. Mono-energetic values of Ksc for the NRSL low-energy free-air chamber 
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Table 1. The main structural data of the NRSL free-air chambers 

Chamber Type Medium-Energy Low-Energy 

Fixed central cylinder length La (cm) 30 7 

Two movable cylinders length Lb (cm) 15 3.5 

Incident photon beam radius riap (cm) 0.5 0.2 

Cylinder incident aperture radius rcap (cm) 1.75 0.5 

Attenuation length A (cm) 43.87 15.513 

Cylinder radius rcy (cm) 15 4 

Cylinders enclosed sides thickness T (cm) 0.25 0.3 
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Table 2. The comparisons of eK  and scK  for NRSL medium-energy chamber 

NRSL Current Values (D) 
X-ray unit voltage (kV) 100 135 180 250 
Effective Energy (keV) 35 55 80 125 

eK  1.0000 1.0000 1.0000 1.0025 

scK  0.9921 0.9945 0.9951 0.9953 

D = eK × scK  0.9921 0.9945 0.9951 0.9978 

EGS_LSCAT with effective energy (Ge) 
X-ray unit voltage (kV) 100 135 180 250 
Effective Energy (keV) 35 55 80 125 

eK  1.0000 1.0000 1.0000 1.0014 

scK  0.9943 0.9947 0.9956 0.9966 

Ge = eK × scK  0.9943 0.9943 0.9956 0.9980 

EGS_LSCAT with spectrum weighting (Gs) 
X-ray unit voltage (kV) 100 135 180 250 

eK  1.0000 1.0000 1.0007 1.0027 

scK  0.9943 0.9951 0.9957 0.9968 

Gs = eK × scK  0.9943 0.9951 0.9964 0.9995 

Comparison 
X-ray unit voltage (kV) 100 135 180 250 

Ge/D 1.0022 0.9998 1.0005 1.0002 

Gs/D 1.0022 1.0006 1.0013 1.0017 

Gs/Ge 1.0000 1.0008 1.0008 1.0015 
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Table 3. The comparison of eK  and scK  for NRSL low-energy chamber 

Measured photon fluence spectra for the BIPM reference qualities (D) 
X-ray unit voltage (kV) 30 50a 50b 

eK  1.0000 1.0000 1.0000 

scK  0.9968 0.9974 0.9973 

D = eK × scK  0.9968 0.9974 0.9973 

Energy spectra calculated using the Monte Carlo code 
OMEGA/BEAM with NRSL simple x-ray unit geometry 

X-ray unit voltage (kV) 30 50a 50b 

eK  1.0000 1.0000 1.0000 

scK  0.9968 0.9973 0.9971 

G = eK × scK  0.9968 0.9973 0.9971 

Comparison 
X-ray unit voltage (kV) 30 50a 50b 

G / D 1.0000 0.9999 0.9998 
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Abstract 
We developed the EGS-based Monte Carlo simulation system to generate 3D brain SPECT data. This system, called 3DBSS 
(3D Brain SPECT Simulator), can generate various radioactivity patterns for human brain images measured by SPECT. We 
generated three types of radioactivity patterns for the cerebral blood flow pattern (CBF), striatum (putamen and nucleus) image 
pattern (STR) and the skull bone image pattern (SKL) using the Zubal digital brain phantom. These patterns are simulated as 
images of Tc-99m ECD (or Tc-99m HMPAO), Tc-99m TRODAT-1, and Tc-99m MDP, respectively. Monte Carlo simulations 
were performed using ultra-high resolution (UHR), high resolution (HR) and general all purpose (GAP) collimator. The spatial 
resolutions for UHR, HR and GAP collimator were estimated as 6.6, 8.5 and 12.5 mm FWHM, respectively, using a point 
source. Scatter fraction (= number of scatter photons/number of primary photons) was almost independent of the collimator 
resolution, whereas it depended on the radioactivity pattern. The scatter fractions for the STR were slightly higher (36.8% for 
UHR, 36.8% for HR, and 36.9% for GAP) than those for the CBF (34.5% for UHR, 34.6% for HR, and 34.6% for GAP), 
whereas those for the SKL were considerably lower (23.8% for UHR, 23.6% for HR, and 23.7% for GAP) than the others. The 
3DBSS system is powerful tool to simulate human brain SPECT images with various radioactivity patterns. 
 

1.  Introduction 
 
In recent years, Monte Carlo simulation is used increasingly to solve various problems in the field of medical 

engineering [1-6]. Monte Carlo experiments have been used in a large number of SPECT (single photon emission 
computed tomography) studies such as an optimization of imaging system design [7], a development of correction 
method [8, 9] for improvement of image quantitation (scatter correction, attenuation correction and partial volume 
correction), and an evaluation of iterative reconstruction algorithms [10-12]. SPECT can obtain various types of 
physiological images according to characteristics of administrated tracer; for example cerebral blood flow, 
neuroreceptor/neurotransmitter, cardiac perfusion and bone metabolism. Such radioactivity distributions are very 
different for each tracer; consequently the photon interaction in the target organ depends on the tracer.  

We develop 3D brain SPECT simulator (3DBSS) based on EGS4 (Electron Gamma Shower version 4) [13,14] 
and digital brain phantom. This system can define the radioactivity distribution for various tracers. It can generate SPECT 
projection data including physical processes of photon attenuation, Compton scatter and blurring due to collimator and 
detector response. We applied this system to investigate the influence of Compton scatter with three radioactivity 
patterns. 
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2.  Simulation system 
 
2.1 Digital brain phantom and Monte Carlo simulation code 
 Radioactivity distribution and material distribution are defined by a voxel-based representation using Zubal 
digital brain phantom [15], which has a matrix size of 256 x 256 x 128 (voxel size: 1.1 x 1.1 x 1.4 mm). Each brain 
segment of the Zubal phantom is assigned by an 8-bit value, as shown in Fig.1. The radioactivity distribution and 
material distribution are defined for each brain segment via the graphical user interface (GUI), as described later in 
section 2.3. A component of the brain tissue is assumed to be equivalent to water (mass density, ρ=1.00 g/cm3). On the 
other hand, the skull bone (ρ=1.40 g/cm3) consist of six elements from H, C, N, O, P, and Ca. The photon interaction 
cross sections for the brain tissue and skull bone are calculated by the PEGS program in advance.  

Monte Carlo code is based on EGS4 (KEK version) [14] with the user code for SPECT system by Narita et al. 
[8, 16]. We modified the Narita’s code to add the effect of intrinsic spatial resolution of the detector. Moreover, we 
rewrote this user code such that the detector parameters can be variable.  
 
2.2 Detector and acquisition parameters 

Detector is assumed to be a gamma camera-type detector with a NaI(Tl) scintillator and parallel hole 
collimator. The detector size is defined simply by a product of the acquisition matrix and the pixel size. Possible 
maximum frame (or angle) is 452 for a 128 x 128 matrix and 113 for a 256 x 256 matrix. System sensitivity and spatial 
resolution can be changed by the collimator geometry (the length and the hole diameter). In this system, penetration and 
scatter of γ-ray at the collimator septa are not considered at all. In addition, it is assumed that γ-ray does not incident from 
outside of field of view (FOV). The intrinsic spatial resolution and the energy resolution of the detector are modeled by a 
Gaussian response function with variable FWHM. Energy window can be used up to maximally three channels with 
arbitrary central energy (keV) and width (%). Detected events are stored separately for the primary (scatter-free) photons 
and the scattered photons into computer memory according to the detected position, angle and photon energy. The energy 
spectrum can be acquired with 1keV bins including multiple-order Compton scattered photons.  

 
2.3 Program 

Figure 2 illustrates diagram of the 3DBSS system. The activity distribution and material distribution are defined 
for each brain segment via the graphical user interface (GUI) by Excel + VB Macro. The radioactivity is given by a loop 
count per voxel which is iteration number through the ‘SHOWER’ subroutine. “Voxel phantom generator” interprets the 
distribution definition table to generate voxel phantoms (voxel size: 2.5 x 2.5 x 2.5 mm) for the radioactivity and material 
distributions using the Zubal phantom; subsequently the generated voxel phantoms are converted into text files 
(“distribution text files”). The acquisition parameters are also entered on the GUI (“acquisition parameter file”). When the 
simulation program starts, it reads the “distribution text files”, “acquisition parameter file” and the “material file”; and 
photons (140keV for Tc-99m) are then generated. Finally, the simulation program output the projection data for each 
projection angle and each energy window. Energy spectrum is also obtained. The μ-map is generated with substituting 
the theoretical values of the linear attenuation coefficient for each material at the photon energy (140keV).  
 

3.  Methods 
 
3.1 Monte Carlo experiment  

Monte Carlo simulation was performed using three radioactivity distributions: 1) cerebral blood flow image 
pattern (CBF), 2) striatum (putamen and caudate) image pattern (STR) and 3) skull bone image pattern (SKL). The CBF 
pattern is simulated as image of Tc-99m ECD (or Tc-99m HMPAO). The radioactivity ratio of gray and white matter was 
assumed to be 4:1. The STR pattern is simulated as image of Tc-99m TRODAT-1. The radioactivity ratio of stratum and 
background was 8:1. The SKL pattern is simulated as image of Tc-99m MDP. The images of three activity distributions 
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and attenuation coefficient map (μ-map) are shown in Fig. 3.  
SPECT projection data were simulated using three kinds of collimator: ultra high-resolution type (UHR), 

high-resolution type (HR), and general all purpose type (GAP). The collimator geometries and the acquisition parameters 
used in this simulation are summarized in Table 1. In addition, we measured point spread function (PSF) to estimate 
spatial resolution using each collimator and Tc-99m point source (voxel size: 0.1 x 0.1 x 0.1 mm). The spatial resolution 
was calculated as FWHM of the PSF. The acquisition matrix was a 1024 x 1024 (pixel size: 0.5 x 0.5 mm) and the 
source-to-detector distance was 13 cm. Other parameters were the same with the brain phantom experiment.  
 
3.2 Image reconstruction 

The projection data were reconstructed by the ordered subset-expectation maximization (OSEM) algorithm [17] 
(subset size = 20, iteration=3) as the following equation:  
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where λk
j is the reconstructed image at pixel j with k-th iteration, Cij is the detection probability that gives the fraction of 

photons from pixel j to projection bin i, and Sl is the l-th subset of the measured (simulated) projection data yi. One 
iteration is defined as when all subsets have been visited once. Attenuation correction (AC) was incorporated into the 
OSEM algorithm using the μ-map. Scatter component (sc i) was estimated by triple energy window (TEW) method [18] 
and the sub-window data. Butterworth filter (fc=0.20 cycles/pixel, order=8) was used as a prefilter to reduce for statistical 
noise. The simulations and data analyses were performed on a PC (Pentium-4, 2.8 GHz, 512 MB). 
 

4. Results and discussion 
 

The spatial resolution for the UHR, HR and GAP collimator was estimated as 6.6, 8.5 and 12.5 mm FWHM, 
respectively. Figure 4 shows the projection data of total photons (primary +scatter), scattered photons and sub-window 
photons for the CBF, STR and SKL pattern using the HR collimator. Figure 5 shows the energy spectrum for each 
radioactivity patterns when using the HR collimator. Table 2 summarizes the scatter fraction (= the number of the 
scattered photons/the number of primary photons in the main window) for each activity pattern and each collimator. The 
scatter fraction was almost independent of collimator resolution, whereas it depended on the activity pattern. The values 
of scatter fraction for the STR were slightly higher (36.8% for UHR, 36.8% for HR, and 36.9% for GAP) than those for 
the CBF (34.5% for UHR, 34.6% for HR, and 34.6% for GAP), whereas those for the SKL were considerably lower 
(23.8% for UHR, 23.6% for HR, and 23.7% for GAP) than the others. Figure 6 shows the reconstructed images for the 
CBF, STR and SKL patterns using each collimator. With the UHR collimator, small brain structures could be observed 
for the CBF and STR images. On the other hand, the GAP collimator could not resolve the brain structures completely. 
But SKL images were not influenced by collimator resolution.  
 
5.  Conclusion 

 
We developed the EGS-based 3D brain SPECT simulator (3DBSS) to generate SPECT projection data using 

digital brain phantom. This system involves physical processes of attenuation, Compton scatter and blurring due to the 
collimator and detector response. This simulation system revealed that the scatter fraction does not depend on the 
collimator resolution, whereas it depended on the activity pattern. The 3DBSS system is powerful tool to simulate human 
brain SPECT images with various radioactivity patterns.  
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 Fig1. Digital brain phantom by Zubal et al. [15]  
 

 

 
 
 
 
 

Table 1. Simulation parameters 
 

Acquisition matrix size     128 x 128  
Pixel size 2.50 x 2.50 mm 
Projection view 120 views over 360 degree 
Rotation radius 13 cm 
Collimator geometry 

Ultra high resolution (UHR)
High resolution (HR)

General all purpose (GAP)

 
1.0 mmφ x 40 mm 
1.2 mmφ x 36 mm 
1.4 mmφ x 28 mm 

 
Scintillator material and thickness  NaI(Tl), 9.5mm 
Energy windows 

Main window
Sub window

 
 141 keV ± 10%  (127-155keV) 
 120 keV ± 5%   (119-125keV) 

Energy resolution  8% FWHM 
Intrinsic spatial resolution   2.2 mm FWHM 
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Fig 2  Diagram of the 3D brain SPECT simulator (3DBSS) system  
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CBF STR SKL μ-map

 
Fig 3  Voxel-based radioactivity distributions for cerebral blood flow (CBF), striatum (STR) and skull bone (SKL) 

patterns, which are simulated as images of Tc-99m ECD, Tc-99m TRODAT-1, and Tc-99m MDP, respectively.   
Attenuation coefficient map (μ-map) is also shown.  

 
 

Total photons
(127-155 keV)

Scattered photons
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Sub-window
(119-125 keV)

CBF               STR               SKL    

 
Fig 4  Projection data of total photons (primary +scatter), scattered photons and sub-window photons  

for the CBF, STR and SKL pattern using the HR collimator.   
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Fig 5  Energy spectrum for the CBF, STR and SKL radioactivity patterns using the HR collimator. 
 

 
 
 
 
 
 
 
 
 

Table 2. Scatter fraction (%) for each radioactivity pattern and collimator 
 

 CBF STR SKL 
UHR 34.5 36.8 23.8 
HR 34.6 36.8 23.6 

GAP 34.6 36.9 23.7 
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Fig 6  Reconstructed images for the CBF, STR and SKL patterns measured by three different collimators 
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Abstract 

A single-photon emission computed tomography (SPECT) system detects gamma rays emitted by a radioactive 

source. This SPECT reconstruction has three famous problems which are the attenuation , scatter and 

depth-dependent detector response. We are able to obtain the projection data of myocardial numerical phantom for 

SPECT which have three above‐mentioned problems using EGS4. Especially, EGS4 is able to generate the 

projection data without scattor. The iterative maximum likelihood expectation maximization (ML-EM) image 

reconstruction method and frequency-distance relation (FDR) are using to correct the depth-dependent detector 

response. ML-EM algorithm has become available as an alternative to filtered back projection in SPECT. This 

algorithm is able to include both attenuation correction and depth-dependent correction. On the other hand, FDR 

algorithm is for depth-dependent correction. In this study, we demonstrate three methods of the depth-dependent 

correction of SPECT myocardial numerical phantom. The projection data of this phantom with non-uniform 

attenuation and depth-dependent detector response was generated from EGS4. The simulated radioisotope was Tl-201. 

First method is using ML-EM algorithm for reconsturction, attenuation correction and depth-dependent correciton. 

Second method is using FDR algorithm for depth-dependent correction and using ML-EM algorithm for 

reconstruction and attenuation correction. FDR is non-iterative algorithm that it is able to combine with the other 

reconstruction methods. Third method is using FDR algorithm for depth-dependent correction and using the 

analytical reconstruction of SPECT for attenuation correction. We observed that first method is the best performance. 

Iterative ML-EM reconstruction algorithm is effective in compensating for non-uniform attenuation distribution and 

depth-dependent detector response, simultaneously.  

 

1  Introduction 
 

In SPECT, Radio Isotope (RI) is injected into the inside of the body, and an outside detection system 

detects the gamma ray which came out from there. RI distributions image of a cross section is reconstructed 

from the detected data. In numerical simulation of SPECT, it is reported that EGS4 is powerful tool for creating 
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the detected data [1]. This detected data includes the attenuation, scatter and depth-dependent detector response. 

One of the most important issues in SPECT is quantitative accuracy of RI distributions. In order to raise 

quantitative accuracy, it is necessary to correct the attenuation, scatter and depth-dependent detector response.  

In this study, we present three reconstuction method for the attenuation correction and the 

depth-dependent correction. In the first method, we implemented the maximum likelihood expectation 

maximization algorithm [2,3]. In the second method, we implemented the depth-dependent correction algorithm 

which uses the frequency distance relation [4]. In the last method, we implemented the analytical method [5,6] 

for the uniform attenuation correction. We compared the images reconstructed by three methods using the 

projection data from the myocardial numerical phantom created by EGS4. 

 

2  Theory 
 
2.1  ML-EM algorithm 

ML-EM algorithm is the iterative reconstruction method, as shown in Figure.1. Iterative reconstruction 

algorithm consists of projection, back-projection, and comparison. This algorithm is made to approach original 

image, comparing measurement data to projection data created from the assumed image. 

Projection, back-projection and comparison of ML-EM algorithm is described as 
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where k is the iterative number. Explanation of this formula is shown in Figure 2. ( )k
jλ  is the value of 

reconstructed image at the pixel j for the k-th iteration,  is the value of next reconstructed image at the 

pixel j, y

( 1)k
jλ +

i is the measured projection data at i-th bin, and Cij is the detection probability that give the fraction of 

photons from pixel j to projection bin i.  

 
2.2  Frequency Distance Relation (FDR) 

FDR express the relation between a frequency image and a distance from a source to the detector. The 

frequency image is obtained by Fourier transformed a projection data in the lateral direction and Fourier series 

expanded in the angle direction. A projection image and this frequency image are shown in Figure 3. 

Frequency distance relation is shown in Figure 4. The relation is given by 

 

 
nl
ω

≈ − , 

 

where l is a distance between source and detector, ω and n is the coordinates of the lateral direction and the 

angle direction in a frequency image space respectively. Using this relation, depth-dependent correction is 

carried out in a frequency image. 
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2.3  Analytical method 

When it is assumed that an object's attenuation is uniform, the analytical method is obtained. The flow 

of this method is shown in Figure 5. This method is carried out the attenuation correction in Fourier region 

which is one-dimensional Fourier transform for the lateral direction of the projection data. If it explains in detail, 

the Fourier series of the Fourier region data in the angle direction will be carried out, and it will correct using 

the formulas which is 
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where ( )nG γ  is the data which carried out one-dimensional Fourier transform of the projection data in the 

lateral direction, and carried out the Fourier series deployment in the angle direction. And γ  is the coefficient 

of Fourier transform, n is the order of the Fourier series, and μ  is the uniform attenuation coefficient. If 

Fourier composition is carried out from  which corrected the attenuation and two-dimensional inverse 

Fourier transform is performed, an original image will be reconstructed. 

( )nF ω

 

3  Simulation 
 
3.1  Generation of a projection data 

To evaluate the three methods of the depth-dependent correction of SPECT, we performed the 

simulation study using the myocardial numerical phantom. The distribution of attenuation coefficient and 

source activity of the phantom is shown in Figure 6. In this study, the simulated radioisotope was Tl-201. The 

phantom was a 128 x 128 matrix. A projection data as shown in Figure 6 was generated using EGS4 [7] and 

user extended program for a SPECT system coded by Narita et al [8,9]. The codes were implemented into the 

Windows based computer (Pentium IV, 3GHz, 2GB) by cygwin. The parameters of the data acquisition is 

summarized in Table 1. 

 
3.2  Image reconstruction 

We reconstructed the images from the projection data using the three reconstruction methods. First 

method was ML-EM algorithm with the attenuation correction and the depth-dependent correction. The 

algorithm was performed Until 100th Iterations. Second method was using FDR algorithm for the 

depth-dependent correction and ML-EM algorithm for the attenuation correction. ML-EM algorithm was 

performed Until 100th Iterations. The last method was using FDR algorithm for the depth-dependent correction 

and using analytical method for the attenuation correction. Since we assumed the uniform attenuation 

coefficient of the object for using analytical method, the correction was approximation. But it was non-iterative 

method.  
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4  Results and Discussion 
 

Reconstructed images of first method which uses ML-EM algorithm for the attenuation and the 

depth-dependent correction are shown in Figure 7. Right iteration images are 1, 2, 3, 5, 10, 20, 50 and 100 

iterations respectively. A image is so clear that the number of iterations increases. But a large number of 

iterations image is so noisy. In this case, the suitable iteration number could be about 20 iterations. This 20 

iterations image is expanded and shown in the left-hand side of Figure 7. The region of myocardium is 

reconstructed almost uniformly. 

Reconstructed images of second method which uses FDR algorithm for the depth-dependent correction 

and ML-EM algorithm for the attenuation correction are shown in Figure 8. Right iteration images are 1, 2, 3, 5, 

10, 20, 50 and 100 iterations respectively. In this case, the suitable iteration number could be also about 20 

iterations. This 20 iterations image is expanded and shown in the left-hand side of Figure 8. The value of the 

region at the upper left of myocardium is small a little. 

A reconstructed image of the last method which uses FDR algorithm for the depth-dependent correction 

and analytical method for the attenuation correction are shown in Figure 9. Since this method is not the method 

of a iteration, only one reconstruction image is shown. The region of myocardium is reconstructed almost 

uniformly, but the image is noisy. 

The first method will be the best if three methods are compared. This ML-EM method is very 

convenient since it is able to correct the attenuation and the depth-dependent blurring simultaneously. 

 

5  Conclusion 
 

In order to investigate the attenuation correction and the depth-dependent correction, the simulation of 

Myocardial SPECT is carried out. We observed that ML-EM method is the best performance of the three 

methods for the uniformity of myocardial region. Iterative ML-EM reconstruction algorithm is effective in 

compensating for non-uniform attenuation distribution and depth-dependent detector response, simultaneously. 

EGS4 is powerful tool for investigating the SPECT reconstrcution methods using the numerical phantoms. 
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Figure 1 Iterative reconstruction algorithm. 
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Figure 2 Iteration of ML-EM algorithm. 
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Figure 3 Fourier transform for lateral direction and Fourier series expansion for angle direction of a projection 

data. 
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Figure 4 Frequency distance relation. 
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Figure 5 Reconstruction flow of the Analytical method. 
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Figure 6 Distribution of attenuation coefficient and source activity, and a projection data. 
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Table 1 Conditions of the simulation. 

 

Radioisotope Tl-201 

Collimator geometry 2.5 mm Φ x 41 mm  

Energy window 47% on 74keV 

Rotation radius 25.0 cm 

Projection 128 bins x 128 views over 360 degree 

Pixel size 0.3125 cm 
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(20th iteration) 

1st image 2nd image 3rd image 5th image

10th image 20th image 50th image 100th image

iteration images

Figure 7 ML-EM reconstructed images with collimator correction. 
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Figure 8 FDR collimator correction and ML-EM reconstruction. 

 

 

 

 

 

Figure 9 FDR collimator correction and Analytical reconstruction for uniform attenuation correction. 
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Abstract 
The Radiation dose exposures to healthcare workers and the general public from patients having undergone FDG-PET imaging 
were estimated in various settings toward developing more effective protective measures against radionuclide exposure.  
The radiation dose to medical worker who cares intensively much patients who administrated FDG and public transportation 
workers might exceed dose constrains recommended International Atomic Energy Agency in specific situation. However, 
appropriate protection method such as decay in waiting before leaving control area decreased their radiation doses. 
 

1.  Introduction 
 

The applications of positron emission tomography (PET) in clinical medicine are expanding rapidly, posing 
greater risks for inadvertent radiation exposure. In PET examination, medical workers are exposed radiation during 
conveyance of radiopharmaceuticals, examination of patients, and after examination. Moreover, the patients and their 
excrements expose general public. The number of examination that could treat PET equipment was restricted until now. 
Therefore it was thought that special consideration was not required to the patient after examination1), 2). 

 
However, since the maximum number of examination cases per positron tomogram equipment and the 

number of positron tomogram equipment installed in a medical institution are increasing, it seems we have to more 
prudent about radiation protection concerning PET. Currently, the most widely used radiopharmaceutical in PET imaging 
is F-18 fluorodeoxyglucose (FDG). This study estimated radiation dose exposures to healthcare workers and the general 
public from patients having undergone FDG-PET imaging, to examine the necessity for specific radiation protection 
concerning clinical PET. 
 
2.  Materials and Method 
 

Radiation exposure doses from FDG-PET were calculated using EGS4 (Electron Gamma Shower Version 4) 
to estimate Radiation doses to:  
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1) Healthcare workers caring for nonambulatory FDG-PET patients;  
2) General hospital staff working at institutes employing FDG-PET; 
3) Public transportation workers and the general public in contact with patients following PET imaging; 
4) Healthcare workers from the radionuclide dispersed in air at PET imaging facilities. 
5) Patient skin due to inadvertent intravenous injection of F-18. 

  
2.1 Geometric conditions  

For simplicity, it is assumed that a patient and a medical worker are rectangular parallelepiped and filled with 
water. It contained radioactive substances uniformly inside a patient. The size of a patient and worker was 30 by 30 by 
20cm. The distance from a patient to a worker, the period 
worker stays near a patient, prescribed dose were variables
in this model. Concrete or iron was set around patients an
workers and protective board was set to lead. Figure 
shows the trajectory of 100 positrons emitted in a patien
The patient sits on a wheel chair with lead protective board 
in elevator. The thickness of board was 1cm. The distanc
from patient to a worker was 1m. It was assumed that the 
patient’s arm was also rectangular parallelepiped. Th
thickness of radioactive substances extravasated layer was
200µm, and the deepness of extravasated layer was 1mm
from skin surface. 

a 
 

d 
1 
t. 

e 

e 
 
 

Fig.1The trajectory of radiation for 100 decays in the patient. 
The patient sits on a wheel chair with lead protective board 
(1cm) in elevater. 

 
2.2 Clinical settings 
1) The radioactivity of administration to a patient was 400MBq, number of patient was 20 persons per day, time to care 
was 5 minutes per a patient, examination days was 26 days per 3 months. 
2) The radioactivity of administration to a patient was 400MBq, number of patient was 20 persons per day, length of 
passage was 10m, minimum distance to worker from a patient was 50cm, examination days was 26 days per 3 months. 
3) Transported patient number was 4 persons per a day, service per week was 3 days, and radioactivity at the time of 
administration was 360MBq. 
4) The radioactivity of administration to a patient was 400MBq, number of patient was 20 persons per day, working hour 
in examination room was 2 hours per a day, and the rate of drifted to the air was 0.001. 
5) The radioactivity of administration to a patient was 400MBq; the rate of extravasations to subcutaneous was 10%. The 
effective half-life in subcutaneous and depth of lesion for dose calculation was variables in this model. 
 
2.3 Other conditions 

The personal dose equivalent, Hp (10) is called as 1cm dose equivalent in Japanese laws. There are several 
methods for evaluating the operational quantity. If both energy and angular distributions of photon fluencies are perfectly 
known, then Hp (10) can be calculated by using the conversion coefficients given by ICRP. In our case, however, it is 
difficult to apply this procedure because a time – consuming calculation is required for a sufficient statistical precision. 
The Hp (10) or the effective dose is approximated in this report by the absorbed dose averaged over the region with 
depths of 0.5 – 1.5 cm from the phantom surface.  

 
The user codes for dose calculation were constructed based on the above assumptions, referring to 

"UCPHANTOM_REC1" (programmed by Dr. H. Hirayama (KEK) EGS4 USER CODE-- 26 JUL 2002/8030). Each 
positron with maximum kinetic energy 633 keV was emitted uniformly in a patient or each photon with 511keV energy 
was emitted uniformly from a patient. All radiation transports were pursued and the energy deposition in the slab 
phantom was finally summed up. The cut-off energies for the photons and the electrons were set to be 1keV and 5keV. 
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3. Results and discussions 

 
3.1 Radiation doses to healthcare workers caring for nonambulatory FDG-PET patients 

The radiation dose for healthcare workers continuously outside the controlled area exceeded the dose limit for 
general public, when patients were exposed to 400MBq, and when healthcare workers cared for 20 patients/day spending 
at least 5 minutes per patient. Therefore, the radiation doses for a nurse, for example, obliged to care for many FDG-PET 
patients may exceed safe exposure limits, unless suitably protected.  

 
3.2 Radiation doses to general hospital staff working at institutes employing FDG-PET 

Radiation dose in passageways did not exceed the standard dose limit for controlled areas, unless patients 
remained there for long periods. Therefore, radiation doses for general workers, e.g., a receptionist, would not exceed the 
dose limit for the general public. 

 
3.3 Radiation doses to public transportation workers and the general public in contact with 
patients following PET imaging 

The radiation dose for public transportation workers also exceeded the dose limit for the public, when nine 
patients are seated near a driver each week. For this reason, patient who leaves control areas should be instructed to 
follow restrictive actions of contact with others. 

 
3.4 Radiation doses to healthcare workers from the radionuclide dispersed in air at PET imaging 
facilities 

 The contribution of internal and external exposure from air-dispersed FDG in PET imaging facilities was 
comparatively small. For this reason, if radionuclides are properly stored and managed, measures for monitoring air 
concentrations of FDG in PET facilities are largely unnecessary. 

 
3.5 Radiation doses to patient skin due to inadvertent intravenous injection of F-18 
 The skin-absorbed dose due to extravasated FDG was not exceeded the threshold of critical functional effects 
if the effective half-life of FDG in subcutaneous tissue was short. However, the result indicated that extravasated FDG 
might cause mild skin injury at high specific radioactivity. There is a little possibility which radiopharmaceutical is 
infiltrated to the subcutaneous tissue at intravenous administration. The maximum energy of positron emitted from F-18 
is 633keV. It thus appears that there are some risks for radiation dermatitis when F-18 was injected subcutaneously.  
Therefore it should be cautious not to leak from the blood vessel at the injection. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Radiation doses to healthcare workers caring for 
nonambulatory FDG-PET patients. 
Radioactivity: 400MBq/patient, Patient number: 20 
patients/hospital/day, Time to care: 5 minutes/patient, 

Fig.3 Radiation doses to general hospital staff working at 
institutes employing FDG-PET 
The radioactivity: 400MBq/patient, Patient number: 20 
patients/day, length of passage: 10m, Minimum distance to 
workers: 50cm, examination days: 26days/3months  examination days: 26days/3months 
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Fig.4 Radiation doses to public transportation workers and 
the general public in contact with patients following PET 
imaging.  
Transported patient number: 4 persons/day, Service day 
per week: 3days, Radioactivity at the time of 
administration: 360MBq 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Radiation doses to general hospital staff working at 
institutes employing FDG-PET.  
The radioactivity: 400MBq/patient, Patient number: 20 
patients/day, Working hours: 2 hours, the rate of drifted to the air: 
0.001 
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Fig.6 Radiation doses to dermis of patient when FDG was 
extravasated unintentionally. 
Radioactivity at the time of administration: 400MBq, The rate of 
extravasations to subcutaneous: 10%, The depth of 
extravasations: 1mm from skin surface, thickness of extravasated 
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4. Conclusions 
 
The Monte Carlo code EGS4 was employed to estimate the radiation dose to healthcare workers and the general 

public from patients having undergone FDG-PET imaging were estimated. The radiation dose to medical worker who cares 
intensively much patients who administrated FDG and public transportation workers might exceed dose constrains 
recommended International Atomic Energy Agency in specific situation. However, appropriate protection method such as 
decay in waiting before leaving control area decreased their radiation doses. The skin-absorbed dose due to extravasated 
FDG was not exceeded the threshold of critical functional effects if the effective half-life of FDG in subcutaneous tissue 
was short. However, the result indicated that extravasated FDG might cause mild skin injury at high specific radioactivity. 
Therefore it should be cautious not to leak from the blood vessel at the injection. 
. 
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Abstract 
Veterinary nuclear medicine has been widely applied in the US and Europe, especially for dogs, cats, and horses. The needs 

of the nuclear medicine in veterinary practice are also growing in Japan1). This study was performed in order to make a safety 
guideline for veterinary nuclear medicine in Japan. Two sorts of well often medically used radionuclide, 18F and 99mTc were 
chosen for evaluating the exposed doses of the veterinarian, the animal owner, and the general public. Air absorption doses 
around a physical phantom containing radioactive materials (18F or 99mTc) were measured by glass dosimeters. (Asahi Techno 
Glass Ltd.)It was verified that the measurement values were corresponding to the calculation values using EGS4. Then, canine 
pectoral and abdominal mathematical phantom was designed, external radiation exposure of the veterinarian, the animal owner 
and the public from the phantom containing radioactive materials were calculated by using EGS4. Calculated exposure doses 
were compared with the dose limit or the dose constraint. (20mSv/yr for the veterinarian: ICRP, 5mSv/yr for the animal owner: 
IAEA, and 1mSv /yr for the general public: ICRPP

2)). The future integration exposed doses of the animal owner and the public 
didn’t exceed the dose constraint or the dose limit at the release after 24 hours of the radiopharmaceutical administering. In this 
study, all the calculation conditions were set up on the safety side. Therefore, it is thought that actual exposed doses lower 
considerably. The safety guideline for the veterinary nuclear medicine in Japan will be established by further application of this 
type of research. 
 

1. Introduction 
 
The veterinary nuclear medicine is usually executed in the veterinary teaching hospitals and large veterinary hospitals in 

the United States and Europe. The in vivo veterinary nuclear medicine can not be performed in Japan, since regulatory 
rules are not established now. However, the veterinary nuclear medicine that obtains functional information in addition to 
morphological information on internal organs at the same time has been demanded. Prior to authorizing the use of 
radiopharmaceuticals for veterinary patients in Japan, it would be necessary to evaluate exposure doses of the general 
public and the animal owner, and to make guidelines for the safety use of radiopharmaceuticals in veterinary practice. 
The purpose of this study is to estimate the exposure doses of human from animal to which radiopharmaceutical was 
injected. The evaluation will be the important information for the guidelines of the safety usage of radioactive materials 
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in veterinary nuclear medicine. The computer simulation program was used to calculate exposure doses of human in 
order to avoid the animal experiment only for this purpose. 
 

2.  Materials and Method 
 
2.1 Evaluation of air absorption doses from a physical phantom 
 In the first experiment, we evaluated air absorption doses from a simple physical phantom. Air absorption doses from a 
physical phantom were measured by glass dosimeters (Asahi Techno Glass Ltd.), and then measured values were 
compared with calculated values. Computer simulation calculations were performed by using Monte Carlo method 
(EGS4) and Point Kernel Method. 
 
2.2 Estimation of exposure doses from a mathematical phantom 
 In the second experiment, we calculated the exposed doses from a mathematical phantom using EGS4. A canine 
pectoral and abdominal mathematical phantom containing some particular organs was designed based on veterinary 
anatomical data. And there were two kinds of the sizes of the phantom used to calculate, 1kg and 30kg. (Fig. 3) The 
selected organs were heart, muscle, bladder, kidney, lung, bone, liver, soft-tissue and the fat. Elementary composition of 
body tissue was quoted from ICRU Report 463). The administered radiopharmaceutical was distributed in proportion to 
the weight of the organs of the heart, the liver, the kidney, and the bladder. Table 1 shows the amount of the activities of 
radioactive materials used. Radiopharmaceutical excretion to the outside of the body was not considered in this study. 
Exposure doses at the assigned distance from surface of mathematical phantom were calculated. The exposed dose 
estimation of the veterinarian, the animal owner, and the general public was performed under assumed working condition, 
distance from the sources, and the exposure time. Detailed conditions are shown in Table 2.  
 
3.  Results 
 
3.1 Evaluation of air absorption dose from a physical phantom 
 Values calculated by EGS4 almost agreed with measured values. (Fig.1, 2) Values calculated by Point Kernel Method 
was different from both values calculated by EGS4 and measured values. 
 
3.2 Estimation of exposure doses from a mathematical phantom 
 The absorbed dose on the surface of the phantom was not a homogeneous distribution. The exposed dose at the ventral 
in the cross-section that passed center of the liver was the maximum in the surface of the phantom. Therefore, the 
calculation values at the ventral in the cross-section that passed center of the liver were used for the evaluation. 
Calculated exposed doses were compared with the dose limit or the dose constraint. (20mSv/yr for the veterinarian: ICRP, 
5mSv/yr for the animal owner: IAEA, and 1mSv /yr for the general public: ICRP2)) The highest exposed dose of 
veterinarian was 140μSv/exam. (Fig.4)  In the calculation, if the veterinarian performed 100 times/yr, their total exposed 
dose didn’t exceed the dose limit. The future integration exposed doses of the animal owner and the public didn't exceed 
the dose constraint or the dose limit at the release after 24 hours of the radiopharmaceutical administering. (Fig.5, 6) 
 

4. Discussion and Conclusions  
 

It is thought that the simulation using Monte Carlo method should be applied to the estimation of human's exposed 
doses because values calculated by EGS4 correspond to measured values well. (Fig.1, 2) Because the energy of 18F is 
higher than that of 99mTc, exposure doses from 18F were higher than that of 99mTc. So, we must pay attention to exposure 
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when we handle 18F. Exposure doses of the animal owner and the public didn’t exceed the dose constraint or the dose 
limit in the release after 24 hours of the radiopharmaceutical administering. (Fig.5, 6) In this study, all the calculation 
conditions were set up on the safety side. Therefore, it is thought that actual exposed doses lower considerably. To make 
the safety guidelines for the veterinary nuclear medicine in Japan, the dose evaluation by the Monte Carlo method is 
useful. 
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 Table1  Amount of activity of radioactive materials used. 
 

 

 

 1kg
 

 

 1
 0

 

F-18          B.W. 37MBq
B.W. 30kg 185MBq

Tc-99m           B.W. kg   185MBq
B.W. 3 kg 740MBq  

Radionuclide Weight Used activity

F-18          B.W. 1kg 37MBq
B.W. 30kg 185MBq

Tc-99m           B.W. 1kg   185MBq
B.W. 30kg 740MBq  

RadionuclideRadionuclide Used activityWeightWeight
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Table 2  Conditions used for calculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Evaluated Personnel contact time distance 
from the source

１. Veterinarian initial 10min ⇒10cm
at Nuc Med exam 10 – 50min ⇒100cm

50 – 60min ⇒10cm

２. Animal Owner 6hrs - ∞ ⇒0cm
after release 24hrs-∞ ⇒0cm

３. General public 6hrs - ∞ ⇒100cm
after release 24hrs-∞ ⇒100cm

＊ 

＊ The starting point is the time of a radiopharmaceutical administration. 
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Fig.1  The relationship of calculate values and measurement values for 99mTc and 18F.  
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Fig. 2  The relationship of calculated values and measurement values on 99mTc and 18F.  
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 Fig.4   The estimated dose of external exposure to the veterinarian 
 during a nuclear medicine examination. 

Dose limit for veterinarian is 20mSv /yr.  
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 Fig.5  The estimated future integration exposed doses of the animal owner  
at the release after 6hrs and 24hrs of the radiopharmaceutical administering.  
Dose constraint for animal owner is 5mSv/ exam 
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 Fig.6  The estimated future integration exposure doses of the general public  

at the release after 6hrs and 24hrs of the radiopharmaceutical administering. 
Dose limit for general public is 1000μSv/yr. 
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Abstract 
The EGS4 code was used for evaluating the fractions of energy emitted as specified radiation in a source organ that is absorbed 
in a unit target organ–specific absorbed fraction (SAF)– and the mean absorbed dose to the target organ per unit cumulated 
activity in the source organ (S value) for internal dosimetry. The SAFs and S values were evaluated on a voxel version of the 
MIRD 5 type phantom and Japanese adult voxel phantoms (Otoko and Onago phantoms) developed at the Japan Atomic 
Energy Research Institute (JAERI). The evaluated SAFs and S values were compared with several published data in order to 
demonstrate the use of the EGS4 code for the internal dosimetry and investigate the influence of certain parameters, such as the 
organ masses, on SAFs and S values. It was demonstrated that the EGS4 code is useful in the evaluation of the SAFs and S 
values for the internal dosimetry. It was also found that the SAFs and S values for organ self-absorption depend on the organ 
masses and would be affected by differences in the structure of the human body. 
 

1.  Introduction 
 
The EGS41) Monte Carlo simulation has been the subject of many research papers and review articles on the 

internal dosimetry2, 3). However, to the author’s knowledge, there have been a few efforts to evaluate the fractions of 
energy emitted as specified radiation in a source organ that is absorbed in a unit target organ–specific absorbed fraction 
(SAF)– and the mean absorbed dose to the target organ per unit cumulated activity in the source organ (S value) for 
sophisticated phantoms using the EGS4 code4, 5). At the Japan Atomic Energy Research Institute (JAERI), the UCSAF 
code6, 7, 8) has been developed as an EGS4 user code with voxel phantoms9, 10, 11) that were constructed from computed 
tomographic (CT) or magnetic resonance imaging (MRI) data of real persons. It is therefore necessary to examine 
usefulness of the UCSAF code in evaluating SAFs and S values for voxel phantoms. The purpose of this work is to 
demonstrate that the EGS4 code is useful in the evaluation of the SAFs and S values for voxel phantoms and to 
investigate the influence of certain parameters, such as the organ masses, on SAFs and S values. 

 

2.  Materials and Methods 
 
2.1 Phantoms 

In the present work three whole–body voxel phantoms were used: the MIRD 5 type hermaphrodite adult 
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phantom, the JAERI adult male “Otoko” and the JAERI adult female “Onago” phantoms. The voxel phantoms were 
made by the construction techniques in the previous development of the voxel phantoms at GSF9). The Otoko and Onago 
phantoms are constructed from CT data of real persons10). The CT data are 512 pixel×512 pixel resolution for the Otoko 
and Onago phantoms. The data of the MIRD 5 type voxel phantom are also 512 pixel×512 pixel resolution. The voxel 
size is 1.00×1.00×1.00 mm3 for the MIRD 5 type voxel phantom and 0.98×0.98×10.0 mm3 for the Otoko and 
Onago phantoms. Table 1 compares the tissue masses of the voxel phantoms (MIRD 5 type voxel, Otoko and Onago) 
with the adult MIRD 5 type phantom12) and two other adult voxel phantoms 13, 14). There are discrepancies between the 
tissue masses of the MIRD 5 type voxel phantom and those of the original MIRD 5 type phantom, and between the tissue 
masses of Otoko, Onago and the other phantoms. 

 
2.2 Monte Carlo code 

The UCSAF code was used for this work. The code was extended the UCPIXEL code10) for internal dosimetry.  
In the UCSAF code, the radiation transport of electrons, positrons and photons in phantoms can be simulated, and 
correlations between primary and secondary particles are included. Beta-ray spectra for each radionuclide are taken as the 
relative number of beta-rays per MeV, N(W), from the equation15). 

N(W) = p · W · (W0-W)2 · F(Z,W) · an(Z,W) 
where  W is the total energy of the electron (kinetic energy + mec2) in units of mec2, 

       me is the electron mass and c is the velocity of light, 

W0 is the corresponding value at the maximum electron energy, 

p = (W2-1)1/2 is the electron momentum in units of mec, 

        Z is the atomic number of the daughter nucleus, 

F(Z,W) is the Fermi factor and 

  an(Z,W) is a shape factor for a transition of order of forbiddenness n. 
The beta-ray spectra can be generated for both allowed and first-forbidden transitions in the code. The Parameter 
Reduced Electron–Step Transport Algorithm (PRESTA)16) to improve the electron transport in the low–energy region is 
used. The cross–section data for electrons are taken from ICRU report 3717, 18) and the data for photons are taken from 
PHOTX19, 20). 

 
2.3 Calculation of SAF 

SAFs for organ self-absorption in the MIRD 5 type voxel, Otoko and Onago phantoms were calculated using the 
UCSAF code in order to examine usefulness of the code. In addition, The SAFs were compared with published data13, 14) 
to investigate the influence of organ masses on the SAFs. The kidneys were source/target organs. The kidneys are of 
importance since the kidneys represent frequent sources of radioactivity uptake as the major organs of the excretory 
pathway. The source of the photons was assumed to be monoenergetic in the energy range 10 keV to 4 MeV and 
uniformly distributed in the kidneys. A million or more histories were run in order to reduce statistical uncertainties below 
5 %.  
 
2.4 Calculation of S value 

S values for the urinary bladder walls and the brains were evaluated from the viewpoint of developing a new 
beta-ray emitter dosimetry. The S values to the urinary bladder walls from uniformly distributed beta–ray emitters within 
the bladder contents were evaluated for the MIRD 5 type voxel, Otoko and Onago phantoms. To evaluate the S values, 
the total energies deposited in the urinary bladder walls per source particles were calculated using the UCSAF code. The 
results were converted into S values, through consideration of the masses of the urinary bladder walls and the decay 
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modes of the radionuclides. The energy contribution of beta-ray to the mucus in the bladder wall was taken to be unity. 
The beta-ray emitters were 14C, 24Na, 32P, 60Co, 89Sr, 90Sr, 90Y, 91Y, 137Cs, 147Pm and 204Tl. The decay mode for each 
radionuclide was assumed to consist of a main branching since a few percentages branching for the decay mode would 
be insignificant for the S values evaluations. The S values for 24Na and 60Co were evaluated as pure beta-ray particles. In 
addition, self-dose S values for the brains were evaluated on the voxel phantoms. The brain was source/target organ. The 
beta-ray emitter -positron emitter such as 11C, 15O and 18F- was uniformly distributed in the brain. To evaluate the S 
values, the total energies deposited in the brain per source particles were calculated using the UCSAF code. Positron 
annihilation processes were taken into account in the calculations. The results were converted into S values. The number 
of particle histories was determined to be a million.. 
 

3.  Results and Discussion 
 
3.1 Influence of individual anatomy on SAF 

Figure 1 shows SAFs for the kidney self-absorption in the MIRD 5 type voxel, Otoko and Onago phantoms in the 
photon energy range 10 keV to 4 MeV. The SAFs in the MIRD 5 type phantom, Golem and Voxelman are also shown in 
the figure. A good agreement was found between the SAFs for all phantoms except for Voxelman, whose kidneys have a 
higher mass than those of all the other phantoms, and the SAFs are, consequently, lower. In particular, the SAFs for the 
MIRD 5 type voxel phantom agree with published data for the MIRD 5 type phantom. This calculation leads to the 
usefulness of the UCSAF code. The smaller discrepancies between the SAFs in the other phantoms are attributed mainly 
to differences in organs mass, the different anatomy of the phantom, different cross section data used in codes and the 
different transport calculations of secondary electrons in codes. 
 
3.2 Influence of parameter on S value 

S values for the urinary bladder walls in the MIRD 5 type voxel, Otoko and Onago phantoms are shown in Fig. 2. 
The S values show dependence on the phantoms. This fact indicates that the S values mainly depend on the urinary 
bladder wall masses. The S values, shown in the figure, increase with increasing beta-ray energy. Figure 3 shows the 
brain S values for 11C, 15O and 18F; the contributions from positrons and the two annihilation photons are presented 
separately. The S values increase with an increase in mean energy of beta-ray. For nuclides with the large positron 
energies, positron interactions are large contributor to the brain S values.  
 

4. Conclusions 
 
The SAFs and S values for the voxel phantoms have been evaluated using the EGS4 code in conjunction with the 

UCSAF code. The main results obtained are shown below. 
1. The codes are very useful in the evaluation of the SAFs and S values for the internal dosimetry. 
2. The SAFs for the kidney self‒absorption largely depend on the kidney masses and would also be affected by 

differences in the structure of the human body. 
3. The S values for the brains and bladder walls are largely dependent upon the beta-ray energy and the mass of 

each organ. For nuclides with the large positron energies, the self-dose S values for the brains are largely 
contributed by the positron interactions. 
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Table 1 Comparison of tissue masses for the phantoms 

Phantoms 
Kidneys 

(kg) 

Total brain 

(kg) 

Bladder wall 

(kg) 

MIRD 5 type voxel 0.300 1.400 0.047 

Otoko 0.266 1.472 0.012 

Onago 0.257 1.148 0.024 

MIRD 5 type 0.299 1.420 0.048 

Golem 0.316 1.218 0.068 

Voxelman 0.512 1.230 0.212 
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Figure 1  Specific absorbed fractions in the kidneys for MIRD 5 type voxel phantom, Otoko and Onago phantoms, 
MIRD 5 type phantom, Golem and Voxelman in the photon energy range of 10 keV to 4 MeV. 
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Figure 2  S values for the bladder walls in the MIRD 5 type voxel, Otoko and Onago phantoms. 
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photons are illustrated for each S value. 
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1. Introduction 

To get the dose evaluation in mammography be executed more easily, Monte Carlo simulation 
(EGS4-LSCAT) is utilized to calculate normalized glandular dose for mammographic x-ray spectra of wide 
ranges. Normalized glandular dose is just mean glandular dose, which is the most relevant indicator of risk 
in mammography, normalized to entrance surface dose. Clinically, entrance surface dose can be measured 
easily and mean glandular dose comes out after entrance surface dose being multiplied by normalized 
glandular dose. This study aims to establish a table of normalized glandular dose for different beam qualities 
(different half-value layers). 

 
2. Material and Methods 
    We followed NIST to set 5 beam qualities with Mo anode and Mo filters of different thicknesses (half 
value layer: 0.282 mm Al, 0.302 mm Al, 0.342 mm Al, 0.358 mm Al, 0.389 mm Al) (table 1) and measured 
each spectrum at the National Radiation Standard Laboratory (NRSL) in the Institute of Nuclear Energy 
Research. These spectra were used in computation of normalized glandular dose(fig1~5).  

The mean glandular dose and the entrance surface dose measured by an ion chamber could be 
simulated by the Monte Carlo method. 
Computation of mean glandular dose (MGD): Several cylinders and plates were combined to become a 
breast and compression paddles (fig.6). The radius of inner annulus is 7.5 cm. The radius of middle annulus 
is 0.5 cm and that of the outer one is 13.64 cm.  The thickness of slab3 in fig.6 could be changed from 2 to 
5 cm to simulate 3~6cm thick breast. One piece of compression paddle is upon the breast and the other 
piece is under the breast. Both compression paddles were 0.3 cm thick. The breast had a central region 
which was composed of  50:50 mixture by weight adipose and glandular tissues and an outer shield region 
of adipose tissue 0.5 cm thick. The proportion of glandular and adipose tissue assumed to be 30:70, 70:30, 
or 100:0 in another trials. The elemental composition of gland tissue and adipose tissue came from 
ICRU.44 1). The dose for x-ray spectra were calculated by appropriately weighting the monoenergetic 
results. Irradiation field was a 17.6cm × 17.6 cm square. Settings of altered field sizes were also simulated. 
Computation of entrance surface dose (ESD): Several cylinders and plates were combined to become the 
upper piece of compression paddles and an flat cavity ion chamber (fig.7). The ion chamber had a thin 
window composed of polycarbonate and graphite. Thickness of graphite was only 0.01676 cm. The ion 
chamber was originally placed between the upper piece of compression and top surface of breast. Breast 
was omitted because we ignored the dose contributed from backscatter photons. The dose for x-ray spectra 
were calculated by appropriately weighting the monoenergetic results. Irradiation field was a 4.5 cm × 4.5 
cm square. Settings of altered field sizes were also simulated. 
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3. Results 

The outcome was compared with normalized glandular dose calculated by Dance2) in 5 situations 
(different breast thickness, fig 8~12). Normalized glandular dose increased with the beam half value layer 
(HVL) . Two sets of data had the same trend. But, there existed  difference about 1.6 to 14% between 
them. The difference may be caused by simplified program settings:  shape of entrance x-ray beam 
(fig.13). Spectrum were another reason which could produce difference. How sensitive spectrum affect 
conversion factor are in investigation. Table.2 was conversion factors of various thickness breasts. Fig. 14 
showed relationship between conversion factors and breast thicknesses. Normalized glandular dose 
decreased with breast thickness. Table. 3 and Fig.15 were another trial, they displayed that fatty breast (less 
proportion of glandular tissue) had smaller conversion factor and dense breast (more proportion of 
glandular tissue) had larger conversion factor. Irradiation fields of different sizes made difference in 
calculation of dose. The larger the field was, the bigger the dose (fig .16).  
 
4. Conclusion 
Monte Carlo is a good method to evaluate the mean glandular dose that cannot be measured directly. 
Besides the breast thickness or beam half value layers, other factors also affect the glandular dose like breast 
composition and irradiation field size. By means of sensitivity study  using EGS4 program we will 
understand how these factors affect normalized glandular dose and which factor has powerful effect . Tables 
of conversion factors of assumed breast were produced by this study. If statistic data of breast shape, 
thickness, composition are collected in our nation, the glandular dose caused by each mammography 
inspection will not  be secret.  And further, these information can be used to investigation of reducing 
glandular dose contributed by mammographic inspection. 
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Table 1. Beam quality (beam code) 

NIST Beam Code Tube Voltage Added Filter Half-Value Layer 

( Mo Anode ) (kVp) (mm) (mm Al) 

Mo/Mo23 23 0.030Mo 0.282  

Mo/Mo25 25 0.030Mo 0.302  

Mo/Mo28 28 0.0325Mo 0.342  

Mo/Mo30 30 0.0325Mo 0.358  

Mo/Mo35 35 0.0325Mo 0.389  
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Figure 1. Spectrum of Mo/Mo35 beam code 

 
Figure 2. Fpectrum of Mo/Mo30 beam code 
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Figure 3. Spectrum of Mo/Mo28 beam code 
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Figure 4. Spectrum of Mo/Mo25 beam code 
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Figure 5. Spectrum of Mo/Mo23 beam code 
 

 
Figure 6. Geometry for computation of average glandular dose 
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Figure 7. Geometry for computation of entrance surface dose 
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Figure 8.Cconversion factors for 3 cm thick breast 
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breast thickness is 4cm
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Figure 9.Cconversion factors for 4 cm thick breast 
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Figure 10. Conversion factors for 4.5 cm thick breast 
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breast thickness is 5cm
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Figure 11. Conversion factors for 5 cm thick breast 
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Figure 12. Conversion factors for 6 cm thick breast 
 

 
Figure 13. Different settings of x-ray beam shape 
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Table 2. Conversion factors of various thickness breast 
conversion factor (50%adipose,50%gland) 

breast thickness (cm) 
Mo/Mo35 Mo/Mo30 Mo/Mo28 Mo/Mo25 Mo/Mo23 

3 0.3478 0.3229 0.3105 0.2864 0.2639 
4 0.2762 0.2532 0.2421 0.2212 0.2021 

4.5 0.2438 0.2222 0.2120 0.1930 0.1758 
5 0.2267 0.2057 0.1959 0.1778 0.1616 
6 0.1909 0.1718 0.1630 0.1472 0.1333 

 

Relationship between conversion factors and breast thickness
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Figure 14. Effect of breast thickness on conversion factors. (Ju-Lin) 
 
Table 3. Conversion factors for breast of different compositoin 

Conversion factor (breast thickness=4cm) 
HVL (mm Al) 100% gland 70% gland 50% gland 30% gland 

0.389 0.5016 0.3711 0.2762 0.1718 
0.358 0.4550 0.3388 0.2532 0.1582 
0.342 0.4332 0.3234 0.2421 0.1515 
0.302 0.3931 0.2947 0.2212 0.1389 

0.282 0.3573 0.2687 0.2021 0.1272 
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Relationship between conversion factors and composition of breasts
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Figure 15. Effect of breast composition on conversion factors (Ju-Lin) 
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Figure 16. Effect of irradiation field size on conversion factors. 
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Abstract 

For the patient’s absorbed dose, we evaluate the effective dose in the absorbed dose of each 

internal organ. Thus, the dose distribution in the human body phantom was analyzed using Monte Carlo 

simulation (EGS4), and the usefulness was studied. First, a Mix-DP phantom was used, and four points 

in the depth direction in the field center were measured using TLD. The same geometries were made, 

and the absorbed doses were calculated using EGS4. This was compared with the EGS4 simulation and 

the measurement. Next, the absorbed doses at three fields (in the Mix-DP phantom, the verge region 

and the external region of the exposure field) were calculated using EGS4. The difference between 

measurement by TLD and calculation by EGS4 was within the coefficient of variation. 

 

 

 

 

1. Introduction 
The exposure to the patient is evaluated using the patient’s skin dose. On the other hand, the 

effective dose must be evaluated by the absorbed dose of each internal organ. Therefore, it is necessary 

to know a dose distribution with an internal absorbed dose. The human body phantom loaded with 

thermo luminescence dosimeter (TLD) was well used to obtain the internal organ dose. 

For this paper, we examine the dose distribution by Monte Carlo simulation (EGS4), and compare 

with the simulation and the measurement by TLD. 
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2.  Materials and Method 
  
2.1. Attenuation on the axis of field center in each field size. 

For the Mix-Dp phantom, four points (0 mm, 5 cm, 10 cm, and 15 cm) in the depth direction in the 
field center were measured using TLD. The model for the measurement is shown in Fig.1. The tube 
voltages were 80kV and 110kV added 0.2mmCu. The current was 200mA, and exposure time was 
0.2sec. Focus-phantom distance was 100cm. Each radiation field size (10×10cm2, 20×20cm2,and 30
×30cm2) was changed and measured. 

The same geometries were made, and the field center absorbed doses in Mix-Dp were calculated 
using EGS4. The number of X-ray photons was 108. To confirm the geometries, the CG-View was used. 
By that software, it was compared with the EGS4 simulation and the measurement. 
 
 
2.2. Absorbed doses at three places. 

It was aimed at investigating the absorbed dose of the internal organs from a radiation field. 

In the Mix-DP phantom, the absorbed doses in the depth direction at three places (center region, 

verge region, and external region of the exposure field) were calculated using EGS4.The model for the 

simulation is shown in Fig.2. The tube voltage was 80kV. Field size was 35.36×43.18 cm2, and the 

distance from the x-ray tube focus to the phantom surface was 100cm. 

 

 
3.  Results and Discussion 
 
3.1 Comparison with simulation and measurement at field center in each field size. 
    Fig.3 shows the attenuation of field center in each field size (10×10,20×20,30×30cm2). 

    In 80kV, the value of the calculated using EGS4 for a radiation field size 10×10cm2 is greater 

than the value of measured value by 2.3%. The error was increasing as the depth become deep. For a 

radiation field 20×20cm2, the calculated value is larger than the measured value in depth 5,10cm, but 

it is smaller than the measurement value in 15cm. For a radiation field 30×30cm2, the error become 

the largest at a depth of 10cm, and become small after that. 

    In 110kV, for the each radiation field size the error of measured value and calculated value was 

similar in depth of 5cm and 10cm. 

    Table.1 shows the error of measured value and calculated value at each depth. 

 

 

3.2 Absorbed doses at three places. 
Fig.4 shows the internal absorbed dose of attenuated rate in three fields (center region, verge 
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region, and external region of the exposure field) calculated by EGS4. 

The absorbed dose on the phantom surface was compared with the dose at two places (the verge 

region and external region). The dose in the verge region was attenuated from the exposure field center 

to 1/20, and the external region to 1/100. At 10 cm from the surface, the dose of the verge region was 

1/3 of that in the center region, and the external region was 1/10. 

The attenuation rates of the verge and external regions were flat with depth.  

 

 

4.  Conclusions  

  In the Mix-DP phantom, the difference between the value measured by TLD and that calculated by 

EGS4 showed an error of less than ±5% at a tube voltage of 80 kV, and ±7% at 110 kV. This was 

within the coefficient of variation in TLD. 

  In the internal absorbed dose calculation of the exposure field, the distribution of the verge region 

and the external region was flat.  

The dose distribution calculation using Monte Carlo simulation is useful as to calculate the 

distribution of human body extensions, and the dose absorbed at each internal organ, and can be 

grasped visually.  

 

 

 

Table.1 The error of measured value and calculated value at each depth. 
 

80kV 110kV  

10×10 20×20 30×30 10×10 20×20 30×30 

5cm ＋2.3 ＋0.5 －4.3 ＋0.0 ＋0.9 ＋0.9 

10cm ＋5.2 ＋2.0 ＋5.0 －1.7 ＋0.7 ＋2.0 

15cm ＋7.1 －3.4 ＋2.5 －0.4 ＋5.0 －3.9 
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Measurement point 

Mix-Dp 
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100cm 

30cm 
30cm 

20cm 

Tube voltage: 80,110kV 
Field size: 10×10,20×20,30×30cm2

Fig.1 Geometrical place for measurement and simulation 
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35.36cm 

Center region Verge region External region 

Tube voltage: 80kV 
Center region: 0cm from field of center
Verge region: 20cm from field center 
External region: 24cm from field center

Fig.2 Geometry of simulation 
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Abstract 
The dose distributions of the stray (scattered) radiation at each applications of interventional radiology (head, 

chest and abdomen) were simulated using the EGS4 Monte Carlo Code. The doses were compared with the 

dosimetry to verify the suitability of each value. The results using the EGS4 Code were consequently similar to 

the results using the dosimetry. In each examination region, the positions from the floor, where the intensity of 

stray radiation is strongest, are different. We could determine the conditions of stray radiation by the EGS4 Monte 

Carlo simulation 

 
1.  Introduction 

The applications of interventional radiology (IVR) are increasing in clinical examination, and tend to extend 

examination time. In addition, the risk of occupational exposure necessarily increases with this technique. The 

modalities of cardiac imaging system are also increasing. It is important to optimize radiation protection for 

medical staff in each IVR [1]. Radiation protection for medical staff is optimized by use of a suitable lead apron 

and a protection board etc. This protection needs consideration of the influence by stray radiation. 

This study is performed to determine the distribution conditions of stray radiation using the EGS4 Code. In 

IVR examination of each part, the characteristics of stray radiation (spectra, relative intensity, and effective 

energy) were calculated. The dose calculated by EGS4 changed according to various factors, such as inspection 

tables, the form and the quality of material of the phantom, the beam limiting system and the additional filter. It is 

usually difficult to measure the spectrum of stray radiation but it can be determined correctly using EGS4.  
 

2.  Materials and Method 
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2.1 Simulations 
The dose ( air kerma) distributions of stray radiation at each IVR (head, chest, and abdomen) were simulated 

using the EGS4 Monte Carlo Code (LSCAT). The distribution of X-ray photons was calculated using the equation 

of Birch and Marshall.[2]  Incidence x-ray spectra at a target angle of 12° and filtration 2.5 mm Al for each tube 

voltage were also examined. The history numbers were 106 per keV and the incident photon energy was changed 

from 10 keV to 110 keV in 1 keV steps. The X-ray tube voltage was adjusted between 70 and 110 kV. Moreover, 

the simulation was performed with and without a Pb attached to the surroundings of an X-ray tube. The values 

were compared with those obtained by dosimetry to verify the suitability of each value. An Optically Stimulated 

Luminescence (OSL) dose meter and a survey meter were used for dosimetry.  
 

2.2 Geometry  
The material of a phantom was shown in Table 1, and the geometry of each simulation was shown in Fig.1. 

The height from the tube focus was adjusted between 10 and 100cm, and it was calculated at each position. The 

detector was the air of 10 × 10 × 10 cm3 volume, and the radiation field was the area of 10 × 10 cm2 on phantom 

surface in each simulation and dosimetry.  
 

2.3 Calculation of the x-ray intensity  
The emission energy of the calculated stray radiation was converted into kerma, K by  

( )[ ]dEEK EEen∫ Φ××= ρμ  

The mass energy absorption coefficient, μen／ρ was calculated based on the photon attenuation coefficient 

data. 
 
3.  Results and discussion 
3.1 HEAD MODEL 
Figure 2 shows the intensity distribution of stray radiation in Head Phantom. The results obtained using the EGS4 
Code were similar to those of dosimetry by survey meter. The highest point was 70 cm, and was normalized 
subsequently to 40 cm according to each result. The cover board (Pb) has a marked influence especially in a height 
of 10cm point. This is caused by a complicated construction of beam limiting device. In the simulation, the 
intensity calculated stray radiation was varied with the phantom material. Alderson phantom has a complicated 
structure, and the complicated geometry was required by the EGS4 Code. 
 
3.2 ABDOMEN MODEL 

Figure 3 shows the intensity which was normalized to 1.0 at the highest value of stray radiation. In the 

abdomen, the measurement results in OSL and the results of EGS4 were similar but the result of survey meter is 

different from others. This was because the sensitivity of the survey meter was not suited to the energy of stray 

radiation. The beam limiting device has a marked influence especially in the lower part as well as in the head 

model.  
 

3.3 CHEST MODEL 
The case that an additional filter (Cu) is inserted front of a focus was calculated by EGS4. Figure 4 shows 

the distributions changed by the additional filter. The intensity of stray radiation becomes low with an additional 
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filter on the tube voltage of 80kV, but it is a little high in 110kV. The Cu filter cuts the low energy photons in 

X-ray, but it is necessary to choose the most suitable filter as each tube voltage. 
 

3.4 SPECTRA and EFFECTIVE ENERGY 
In Figure5, the energy of stray radiation varied from the spectrum of EGS4. The spectra for each condition 

are showing the character of the stray radiation well. It is usually difficult to measure the spectrum of stray 

radiation but it can be determined correctly using EGS4. In spectra, the form or substances of the phantom, added 

filters and irradiation conditions have marked influences. 

 Table2 shows effective energy of stray radiation in each study. At a head model, there was a little change of 

the effective energy by height. In the model of a chest and an abdomen, there was the change of effective energy of 

about 5 keV by the difference in height. At the height position of 10cm, the number of photons is not sufficient 

for the statistic; therefore effective energy of stray radiation was a marked difference. Effective energy must be 

low at this point. In dosimetry, it is also important to determine the effective energy of stray radiation as the dose 

meter requires correcting by the effective energy.  
 
4.  Conclusions  

The distribution using the EGS4 Code was similar to those obtained by dosimetry. We could determine the 

conditions of stray radiation by the EGS4 Monte Carlo simulation. It may be possible to determine an exact 

distribution using this method rather than a survey meter.  

The dose calculated by EGS4 changed according to various factors, such as inspection tables, form and 

quality of material of the phantom, beam limiting system, and additional filters. EGS4 required geometry faithful 

to the actual conditions. Especially, it is necessary to measure the proper conditions corresponding to the X-ray 

tube assembly and the tube voltage. 
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 Figure2: Intensity Distribution of Stray Radiation in Head Phantom Model 
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Figure3: Intensity Distribution of Stray Radiation in Abdomen Phantom Model  
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Table1: the material of a phantom 
 

 

 Study Phantom Material of phantom Phantom form 

head Alderson Alderson 
bone column 

chest Acryl Acid 
Acryl 
Lung 
Bone 

elliptical cylinder  

abdomen Water Water elliptical cylinder  

 

 
 

 

 

 

 

 

 

 

Table2: Conditions and effective energy  

 

 Study Pb cover height from tube effective energy 
100 43.2 
70 42.5 
40 42.1 

head + 

10 43.8 
100 41.4 
70 37.9 
40 36.7 

abdomen + 

10 44.2 
100 43.7 
70 38.6 
40 37.3 

chest + 

10 36.5 
  (cm) (keV) 
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Abstract 
A user code of EGS4, UCBEAM, was developed to analyze local exposures and to facilitate the 

data input preparation. This code can calculate both the organ doses and the absorbed dose distribution, 
using GSF formatted voxel phantom. An experiment was performed in SPring-8 using a resin phantom. 
The phantom shape is torso with a head simulating standard Japanese male person and was irradiated 
with a monoenergic narrow photon beam of which the energies were 40 keV and 80 keV. The doses were 
measured by thermoluminescent dosimeters (TLDs). A calculation was also performed by UCBEAM 
using Otoko phantom. The condition was the same as that of the experiment. Both Otoko numerical 
phantom and the physical phantom are based on average male Japanese person model. So those of the body size and the 
position of organs are similar. Most of the doses calculated using “Otoko” phantom and the measured doses using the 
torso phantom agreed within the factor of three. The construction of a numerical phantom based on the CT images of the 
torso phantom used in this experiment is planned. 
 

1. Introduction 
 

Many kinds of physical phantoms have been suggested to measure doses. They are classified according to their 
material compositions and shapes. The simplest one is an assembly of plastic slabs and the most complex one is human 
shape composed of various materials depending on its organs. These phantoms are distinguished depending on the 
purpose. Similarly, there are some kinds of numerical phantoms, for example, slab, sphere, and voxel type. Recently, a 
system to build phantoms based on the CT images of patients and to calculate doses of them is developing for aiding 
radiotherapy1). 

In an application to radiation protection, a phantom which represents the group of interest is required and some 
physical and numerical phantom are suggested but individuality remains at some degrees. It is necessary to estimate 
how much the doses are influenced by the phantom individuality. Such effect is expected to be large especially in the case 
of local exposure. Monte Carlo method is useful to simulate local exposure but it requires tremendous amount of input 
data so that a user code of EGS4, UCBEAM, was developed to analyze local and whole body exposure and to facilitate 
input data preparation. In this work, measurement of doses using a physical phantom and TLDs, calculation of doses 
using Otoko phantom and UCBEAM code and comparison of the results have been done. 
 

2.  Code system 
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2.1 Structure 
The calculation system is composed of a calculation code (EGS4), a numerical phantom (GSF formatted 

phantom), a user code (UCBEAM), and a postprocessor. This system can simulate photon and electron rectangle or 
circular cross section beam or whole body uniform irradiations.  

EGS4 is a Monte Carlo code, originally developed at Stanford Linear Accelerator Center to calculate particle 
transportation in high energy region2) and was modified to calculate keV-photon transportation including linear 
polarization, bound Compton scattering and Doppler broadening of the Compton scattered photon energy.3). The present 
system can simulate electromagnetic cascade shower in human body by EGS4. The GSF formatted phantom is a 
compressed voxel phantom. To reduce the phantom file size, the data of human body is described by the number of 
continuous voxels of which organ is the same. The UCBEAM user code interprets the input file described by a simple 
text and set the source conditions and geometry. The postprocessor outputs the organ doses, effective dose and 
distribution of energy deposition using an organ size or an arbitrary size of volume estimators. 

 
2.2 Comparison with UCPIXEL 

To verify the code system, UCBEAM was compared with the user code, UCPIXEL4). UCPIXEL is also a user 
code of EGS4 which can calculate personal doses using voxel phantom in case of whole body irradiation. Table 1 shows 
the equivalent doses of each organ calculated by UCBEAM and UCPIXEL5). The results show excellent agreement.  
 

3.  Experiment 
3.1 Phantom 

The shape of phantom employed in this experiment is torso with a head (hereafter refer this phantom as to “the 
torso phantom” simply) simulating standard Japanese male person. The torso phantom includes main organs such as 
lungs, heart, liver, kidneys, bladder, bone and so forth. The torso phantom is made of several kinds of resins. The lung 
and bone are made of “Toughbone” and “Toughlung” respectively, which are developed by KYOTO KAGAKU CO., 
LTD. and National Institute of Radiological Science6). The CT values of each resin are tabulated in Table 27）and the mass 
energy absorption coefficients of the main materials are shown in Figure 1. The phantom is sliced and has horizontal six 
cross sections at intervals of some cm, which is shown in Figure 2. Each section has small holes to set TLDs in. The 
positions of the holes are illustrated in Figure 3.  
 
3.2 Source condition 

The experiment was performed at a beamline BL38B1 in SPring-8. The beamline has a bending magnet light 
source of which magnetic field strength is 0.679 T and the photon energy range is 3.8 keV to 150 keV. The synchrotron 
radiation is highly polarized and the degree of polarization at the beamline was estimated to be more than 99.8 % in the 
energy region by SPECTRA8) code. The torso phantom was irradiated with a horizontal monoenergic photon beam of 40 
keV and 80 keV at the lower center of the breastbone: 3 cm below from the third phantom cross section, anterior to 
posterior. The beam cross section was rectangle, 1 cm in width and 0.2 cm in height, in both 40 keV and 80 keV 
irradiation cases. The photon flux was monitored by a free air ionization chamber9). 
 
 
3.3 Measurement 

Considering the effective atomic numbers, GR-200 (LiF:Mg,Cu,P) and MSO (Mg2SiO4) TLDs were employed to 
measure the absorbed dose in the tissue and bone, respectively. The size of TLD holes on the phantom cross section is 5 
mm in width, 1 mm in length and 5mm in depth. Two TLDs were set in a hole and the results were averaged. Because 
TLD case which modifies the response of dosimeter can not be used in such a small space, the measured value should be 
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corrected. In this experiment, the absorbed dose measured by TLD was corrected by the ratio of mass energy absorption 
coefficient of TLD and phantom material weighted by the organ-averaged photon spectrum calculated by UCBEAM. 
The energy dependence of luminescence efficiency of the TLD10） was also considered. The absorbed dose D was 
estimated with this equation 
 

( )∫
( )∫ EE

EE
DD

den

den
1

GR200

organ 
GR200 φηρμ

φρμ

−=
     (1)  

 
in which D: absorbed dose at the position,  DGR200: absorbed dose of GR-200 TLD,  η(E): luminescence efficiency,  
φ(E): photon flux and (μen/ρ) i : mass energy absorption coefficient of the TLD or organ “i”.  
DGR200 and (μen/ρ) GR200 were replaced by DMSO and (μen/ρ) Mg2SiO respectively when calculating absorbed dose in bone. 
 
4. Calculation 
4.1 Otoko phantom 

In this calculation, Otoko phantom was employed. Otoko phantom is a GSF formatted voxel phantom developed 
in Japan Atomic Energy Research Institute5) based on the CT images of average Japanese male person. It simulates a 
human body in detail and is constructed by 182 parts, for example, skull, brain, bone of right hand, bone of left hand and 
so forth. To compare the doses, the same as the torso phantom, six horizontal cross sections were chosen and small 
volume estimators were set, considering the positions of organs. The positions of the estimators are illustrated in Figure 4. 
Both Otoko phantom and the torso phantom are based on the data of average Japanese male person, so that the distance 
between the cross sections differed slightly and the layout of organs are similar (see Figures 1 to 3.). It should be noticed 
that most of the spaces between TLDs in Figure 2 and estimators in Figure 3 are the same. 

To compare with the torso phantom, Resin Body Otoko phantom has been developed. This numerical phantom 
has the same geometric properties such as size of voxel, number of voxels, positions of organs, height, width and so forth 
as Otoko phantom but the materials are different. All of the materials are replaced by several kinds of resin and the 
compositions and densities of organs are the same as that of the torso phantom. Likewise, six horizontal cross sections 
and the positions of the estimators were chosen. 
 
4.2 Source condition 

The source condition was that the beam was incident to the position 3 cm below from the third phantom cross 
section, the direction is anterior to posterior, the photon energy was 40 keV or 80 keV polarized horizontally and the 
beam cross section is 1 cm in width and 0.2 cm in height, simulating the experiments. These data were set in UCBEAM 
by simple text files. 
 

5 Results and discussions 
 

The figures 5 and 6 are the measured and calculated energy depositions at the spots illustrated in Figure 3 and 4 in 
each phantom section. Figure 5 is the results of 40 keV irradiation and Figure 6 is those of 80 keV irradiation. The 
tendencies of the measured and calculated absorbed doses were the same. Most of the results agreed within the factor of 
three except the doses calculated at the phantom section f. The statistical errors at section f in the case of 80 keV 
irradiation were too large or the tallies were zero because the number of particle history was not enough. This means few 
or no particles entered to the tally and the results are not reliable. 

The calculated doses using Otoko Resin phantom tend to be larger or almost the same at the point above the 
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irradiated position (points belong to the phantom section (a, b, c)), and to be smaller at the point below the irradiated 
position (points belong to the phantom section (d, e, f)) than measured one using the torso phantom. This is because 
Otoko phantom has thinner abdominal muscle and adipose layer in front of the lungs so that the doses calculated with 
Otoko Resin become large. The smaller doses were caused by the difference of distance from the irradiated position. The 
section of Resin Otoko were chosen considering not distance from irradiation position but the position of organs, and the 
distances depends on phantom individuality. 
 
6 Conclusions  
 

Most of the calculated and measured absorbed doses have agreed within the factor of three. This means the torso 
phantom, which is not based on the data of a real person, appropriately simulate human body and the influence on doses 
caused by the individuality of these phantoms has proved to be in such extent. The distance between the irradiated point 
and the measured/calculated point is important and such distance characterizes a phantom. 

In the case of local exposure, low energy scattering photon is important, and low energy photon flux attenuates 
in a short range. Variant reduction techniques are required in Monte Carlo calculation when tallying at the point apart 
from the irradiated position. 

The construction of a numerical phantom based on the CT images of the torso phantom used in this experiment is 
planned. In the future works, we will evaluate the validity of UCBEAM in the case of local exposure and the differences 
caused by the individuality will be analyzed further. 
 

Acknowledgment 
This study was financially supported by the Budget for Nuclear Research of the Ministry of Education, Culture, Sports, 
Science and Technology, based on the screening and counseling by the Atomic Energy Commission. 
 

References 
1) K. Saito, E. Kunieda, Y. Narita et al : DEVELOPMENT OF THE ACCURATE DOSE CALCULATION SYSTEM 

IMAGINE FOR REMOTELY AIDING RADIOTHERAPY. Proceedings of the 11th EGS4 Users’ Meeting in 
Japan. KEK Proceedings, pp. 81-87 (2003). 

2) W. R. Nelson, H. Hirayama, D. W. O. Rogers : The EGS4 code System. SLAC-report-265 (1985) 

3) Y. Namito, S. Ban and H. Hirayama : LSCAT: low energy photon-scattering expansion for the EGS4 Code. KEK 
Internal 95-10 (1995) 

4) J. Funabiki, M. Terabe, M. Zankl et al : An EGS4 User Code with Voxel Geometry and a Voxel Phantom 
Generation System. Proceedings of the Second International Workshop on EGS, KEK Proceedings 200–20, pp. 
48–55 (2000). 

5) K. Saito, A. Wittmann, S. Koga et al : Construction of a computed tomographic phantom for a Japanese male adult 
and dose calculation system. Radiat. Environ. Biophys. 40, 69-76,(2001) 

6) http://www.kyotokagaku.co.jp/english/products/phantom/Catalog/Therapy.htm 

7) N. Nariyama, A. Konnai, S. Ohnishi et al : CALCULATION OF DOSIMETER RESPONSE FOR 
IN-HUMAN-PHANTOM MEASUREMENT TO LOW-ENERGY PHOTONS, Proceedings of the 11th EGS4 
Users’ Meeting in Japan. KEK Proceedings, pp. 55-64 (2003). 

8) http://radiant.harima.riken.go.jp/spectra/index_e.html 

9) N. Nariyama, N. Kishi, S. Ohnishi : Development of a portable free-air ionization chamber as an absolute intensity 
monitor for high-energy synchrotron radiation up to 150 keV. Nucl. Inst. & Meth. A524 324-331 (2004)  

10) N. Nariyama, Y. Namito, S. Ban et al : Dose measurement in inhomogeneous bone/tissue and lung/tissue phantoms 
for angiography using synchrotron radiation. Phys. Med. Biol. 46, 717-728 (2001) 

 
324



Table 1 Comparison of the equivalent dose per air kerma calculated by 
UCABEAM and UCPIXEL at AP irradiation. 

40 keV 100 keV
UCPIXEL UCBEAM UCPIXEL UCBEAM

Bone marrow 3.25E-01 3.15E-01 1.02E+00 9.79E-01
Colon 8.06E-01 7.79E-01 1.46E+00 1.37E+00
Lungs 7.81E-01 7.24E-01 1.33E+00 1.29E+00
Stomach 5.45E-01 5.85E-01 1.28E+00 1.18E+00
Bladder 5.11E-01 5.08E-01 1.22E+00 1.31E+00
Liver 8.00E-01 7.92E-01 1.42E+00 1.40E+00
Oesophagus 5.02E-01 5.30E-01 1.22E+00 1.25E+00
Thyroid 1.29E+00 1.21E+00 1.75E+00 1.65E+00
Skin 8.22E-01 8.13E-01 1.14E+00 1.12E+00
Hard bone 2.10E+00 2.13E+00 2.48E+00 2.44E+00
Adrenals 2.97E-01 2.68E-01 7.99E-01 8.69E-01
Brain 2.23E-01 2.28E-01 8.10E-01 8.06E-01
Small intestine 9.50E-01 9.42E-01 1.63E+00 1.56E+00
Kidney 4.26E-01 4.28E-01 1.06E+00 1.04E+00
Muscle 5.93E-01 5.85E-01 1.08E+00 1.06E+00
Pancreas 6.54E-01 6.34E-01 1.37E+00 1.40E+00
Spleen 3.18E-01 3.43E-01 9.35E-01 9.20E-01
Thymus 8.45E-01 8.91E-01 1.67E+00 1.67E+00
Testes 1.42E+00 1.42E+00 1.89E+00 1.78E+00  

 

 

Table 2. CT value of each organ7）. 
CT value Organ 

-7 soft tissue 
10 bladder 
30 pancreas,  kidney 
40 heart,  bronchi,  brain 
50 spleen 
70 liver 
90 skeleton-cartilage 
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Figure 6. Absorption dose at 80 keV beam irradiation.  Left: Sorted by phantom sections. The alphabets 
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Abstract 
Spatial distribution of effective dose caused by loss electrons around a small electron storage ring for a synchrotron radiation 
source is calculated. In order to calculate the effective dose simply, we propose a simple formula which is applicable to 
calculate the effective dose of storage rings of which beam energies are from 200 MeV to 5 GeV. The formula is derived from 
Monte Calro simulation of radiation flux by using EGS4. We apply the formula to estimation of the effective dose distribution 
in a small synchrotron radiation facility planned by Nagoya University. 
   

1.  Introduction 
 
In order to design radiation shieldings for accelerator facilities, we have to estimate the amount of radiations 

behind the shielding materials. There are many works to calculate the radiation doses around accelerators in consideration 
of shielding materials and thicknesses(1-8). However, these works were done for large accelerator facilities which need to 
have thick bulk shieldings around the accelerators. But in small synchrotron radiation facilities, we have to construct 
simple and effective shields for radiation protection because of small areas of these facilities. 

The precise information of radiation spectra in the facilities is necessary to design the effective shieldings.  Most 
stray radiations around an accelerator are caused by beam loss. Some of electrons interact with the residual gases or other 
electrons in the same bunch and then leave their stable orbit and hit on the inner wall of the beam duct with small incident 
angles. As a result, cascade shower of particles are generated in the beam duct and spread over in the facility.  

The Monte Carlo simulation code EGS4(9) was used to calculate radiation doses caused by the beam loss. We 
used a simple geometry for the calculation with the shielding materials lead and concrete for primary electron energy 0.2 
GeV to 5 GeV. The materials of the beam duct were supposed to be iron and aluminum in the EGS4 calculation. The 
results were parameterized in simple formulas to calculate the radiation dose in the accelerator facilities. 

As an example of the dose calculation using the simple formula, we present an estimation of radiation dose for 
the small synchrotron radiation facility which is planned to be constructed in Nagoya University. 

 

2.  Calculation of radiation dose 
 
2.1 Monte Carlo calculation using EGS4 code 

Monte Carlo calculation of radiation dose for the whole space in the experimental area of a synchrotron radiation 
facility using real geometry of the storage ring and shielding materials are very complicated. 
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Our strategy to calculate the radiation dose around a storage ring is the following: first, we calculate radiation flux 
of photons, electrons and positrons generated by loss electrons in a vacuum duct for a simple geometry shown in Figure 1 
using EGS4 Monte Carlo code; second, we convert the radiation flux to the effective dose by using the conversion 
coefficients shown in Figure 2 and then we parameterize the results in a simple formula to calculate the effective dose 
around the beam duct; next, radiation dose at each point in the facility are derived by using the formula. 

Figure 1 shows the geometry used in our EGS4 calculations. The shape of the beam duct was a cylinder and the 
thickness, the inner radius and the length of the duct were 2mm, 3cm, and 10m, respectively. The beam duct will be made 
from iron, which is a substitute for SUS, or aluminum. The beam duct was surrounded by spherical shielding materials. 

Primary electron beam was incident on the inside of the duct of the cylinder with the incident angle of 1° on inner 
circumference “c” uniformly shown in Figure 1. The particles generated in the duct go into the shield. We used lead, iron 
and concrete for the shielding materials in our calculations. The composition of the concrete in our calculation was as 
follows, O2 52 %, Si 32.5 %, Ca 6 %, Na 1.5 %, Fe 2 %, Al 4 %, and the density was 2.5 g/cm3 (10). The cut off energies 
of photons and electrons in materials were 50 keV and 1.5 MeV, respectively. The cut off energy of positrons was the 
same as it of electrons. 

Radiations escaping from shielding materials were counted when they passed through the spherical surface “S” 
shown in Figure 1. We derive effective doses by using the conversion coefficients multiplied by radiation fluxes. The 
conversion coefficients are defined in ICRP Publication 74 (11) for the energy of photons and electrons below than 10 
MeV which is much smaller than the electron beam energy circulating in storage rings. In order to calculate the effective 
dose for the particles of which energies are higher than 10 MeV, we use the conversion coefficients proposed in JAERI 
Report 1345 (12).  

Photon and electron spectra generated from the vacuum duct are plotted in the Figure 3 (a) and Figure 3 (b), 
respectively, for the detection angles of 5°(circles), 30°(squares), 90°(triangles) and 150°(diamonds). The peaks of 
the photons by positron anihiration appear at about 0.5 MeV. We notice that, high energy particles reduce with increasing 
detection angle, so that radiation shieldings in the forward direction of long straight sections are significant. Otherwise, in 
the backward direction, we need shieldings for low energy stray photons.  

The primary electron energy dependence of the radiation dose is shown in Figure 4. The radiation dose increase 
proportionally with primary electron energy between 200 MeV to 5 GeV. 

The dependence of the effective dose on the thickness of the iron vacuum duct is shown in Figure 5. The 
calculations were done in the condition that the primary electron energy and incident angle to the inner wall of the beam 
duct were 1 GeV and 1°, respectively, with a lead shield of 5cm thick. Circles, squares, diamonds and crosses show the 
radiation dose of detection angles at 5°, 30°, 90° and 150°, respectively. The effective doses are almost the same 
value over 2 mm of the thickness except for small angle along with beam direction. 

Figure 6 shows the dependence of the effective dose on the incident angle of a primary electron to the inner wall 
of the beam duct. The calculations were also done in the conditions that the primary electron energy was 1GeV with 5cm 
lead shield. The effective doses are nearly constant with the incident angle larger than 30°. In the case of small detection 
angle, the effective dose is increase with the incident angle. According to the beam tracking simulation, the incident 
angles of almost all the loss electrons are smaller than 1°, so that it is sufficient to use the effective dose at 1°for 
estimation of the radiation dose. 

Figure 7 shows detection angle dependence of the effective dose calculated by EGS4 for primary electron 
energies of 1 GeV with incident angle on the inner wall of the beam duct of 1°. Circles and diamonds are calculated for 
iron duct of 2mm thick. Squares and crosses are for aluminum duct of 10.1 mm thick. Circles and squares are calculated 
without shielding materials, diamonds and crosses are calculated with lead shield of 5 cm thick. The radiation length of 
iron and aluminum are 17.6 mm and 89 mm, respectively. So that 2 mm thick iron and 10.1 mm thick aluminum have the 
same effective thickness in the unit of the radiation length. It is noticeable from the figure that, the effective doses for the 
different materials of the beam duct shows almost the same value if the thicknesses are the same in the unit of the 
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radiation length. The radiation dose is high in the forward direction and decreases exponentially with the detection angle 
over 0.1 rad.  
 
2.2 Simple formula for calculation of effective dose  

We propose the following formula in order to estimate the effective dose obtained by EGS4 calculations for one 
loss electron, 
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where H0=1.2×10-11, Epr(GeV) is the energy of the loss electron, t(cm) is the thickness of the thield, r is the distance 
from the radiation source to the detection point, θis the detection angle and θc =0.08. The parameters of a1 and a2 are 
introduced for the effect of the absorption in the shielding materials. In the Table 1, a1 and a2 are given for some materials.  

In Figure 8, Effective doses calculated by using equation (1) for primary electron energies of 1 GeV (a,d), 200 
MeV (b,e), 5 GeV (c,f), with lead (a-c) and concrete (d-f) shields of several thicknesses. Dotted lines in the Figure 8 show 
the effective dose calculated by EGS4 and these are in good agreement with the results of equation (1). 
 

3.  Dose calculation for a small storage ring 
 

As an example for the usage of the equation (1), we estimate the effective dose for Nagoya university small 
synchrotron radiation facility (NSSR) project.  NSSR is planned to be a small synchrotron radiation facility for an x-ray 
source. The parameters of the accelerators of NSSR are shown in Table 2. 

Figure 9 shows the sketch of NSSR storage ring. The lattice design is triple bend acrobat (TBA) and the number 
of super period is 2. In order to generate hard x-rays up to 20 keV, a super conducting wiggler with 7 T magnetic field 
will be inserted in one straight section. 

As an example for our dose calculation, we supposed that NSSR storage ring is surrounded by lead wall. The 
thickness of the wall is 15cm and the height is 150 cm. We set the wall from 50 cm to 200 cm from the floor level. 

The wall and the ceiling of the experimental hall are made in the concrete which composition is presented in the 
previous section. The area of the hall is 45 m × 45 m and the thickness of the concrete wall and ceiling is 30 cm. 

We supposed for our dose calculation that the initial current in the NSSR storage ring is 300 mA and the all 
current is lost in 8 hours. We also supposed that the beam loss is occurred uniformly along the circumference of the 
storage ring. The beam loss in the injection time is ignored and we consider only the effective dose during the user time.   
The user time is 8 hours in one day and 5 days in a week. We evaluate the radiation dose in the facility as the effective 
dose in a week (Sv/week). 

We divide the circumference of the storage ring into short parts in the length of 10 cm and the radiation dose from 
each part was derived by using the equation (1). The effective dose at each point in the facility is summed up the doses 
generated in all parts of the circumference. The photon beam lines which may scatter the radiations are ignored in our 
calculation. 

Figure 10 shows results of our effective dose calculations in horizontal plane of the beam level. The effective dose 
is high in the forward direction of the straight sections but sufficiently be decreased by the shields. 
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4. Conclusion 
 

We propose a simple formula to estimate the effective dose in a small synchrotron radiation facility. EGS4 is used 
to calculate the radiation flux generated from a beam duct, then the effective dose is derived by using the conversion 
coefficients proposed in ICRP Publication 74 and JAERI report 1345. The simple formula is used to estimate effective 
dose distribution in the facility of NSSR project and the effective doses are in the permissible range. 
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 Pb Fe Concrete 

a1 (cm-1) 0.45 0.2 0.044 

a2 (cm-1) 2.0 1.2 0.4 

 

 
Table 1  Parameters of attenuation coefficients in equation (1)  

 

Lattice TBA×2 

Beam energy 1 (GeV) 

Circumference 36 (m) 

Current 300 (mA) 

Straight section 6.4 (m)×2 

Bending radius 2.38 (m) 

Natural emittance 200 (nm rad) 

Table 2  Parameters of NSSR storage ring. 

Figure 1  The geometry used in EGS4 calculations. 
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Figure 2  Conversion coefficients from radiation flux to effective dose. (a) is for 
photons and (b) is for electrons. We use the data of ICRP 74 for particle energies less 
than 10 MeV, JAERI 1345 for higher than 10 MeV. 
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Figure 3  Photon (a) and electron (b) spectra calculated by EGS4 using the geometry of 
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spectra at the detection angle of 5°, 30°, 90° and 150°, respectively. 
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Figure 8  Effective doses calculated by using equation (1) for loss electron energies of 1 GeV (a,d), 200 
MeV (b,e), 5 GeV (c,f), with lead (a-c) and concrete (d-f) shields of several thicknesses. Dotted lines in the 
Figure 8 show the effective doses calculated by EGS4 and these are in good agreement with equation (1). 
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Figure 9  Sketch of NSSR storage ring.

Figure 10  Effective dose distribution in NSSR facility 
calculated by using equation (1). 
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