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In the algorithm of Leksell GAMMAPLAN �the treatment planning software of Leksell Gamma
Knife�, scattered photons from the collimator system are presumed to have negligible effects on the
Gamma Knife dosimetry. In this study, we used the EGS4 Monte Carlo �MC� technique to study the
scattered photons coming out of the single beam channel of Leksell Gamma Knife. The PRESTA
�Parameter Reduced Electron-Step Transport Algorithm� version of the EGS4 �Electron Gamma
Shower version 4� MC computer code was employed. We simulated the single beam channel of
Leksell Gamma Knife with the full geometry. Primary photons were sampled from within the 60Co
source and radiated isotropically in a solid angle of 4�. The percentages of scattered photons within
all photons reaching the phantom space using different collimators were calculated with an average
value of 15%. However, this significant amount of scattered photons contributes negligible effects
to single beam dose profiles for different collimators. Output spectra were calculated for the four
different collimators. To increase the efficiency of simulation by decreasing the semiaperture angle
of the beam channel or the solid angle of the initial directions of primary photons will underesti-
mate the scattered component of the photon fluence. The generated backscattered photons from
within the 60Co source and the beam channel also contribute to the output spectra. © 2006 Ameri-
can Association of Physicists in Medicine. �DOI: 10.1118/1.2143138�
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I. INTRODUCTION

The Leksell Gamma Knife contains 60Co as radiation source,
with the output spectrum consisting of two photon peaks at
1.17 and 1.33 MeV. Scattered photons will be generated
mainly due to the Compton effect when primary photons
interact with the cobalt pellets, the source capsule, and the
collimator system. In the algorithm of Leksell GAMMAPLAN,
these scattered photons are presumed to have negligible ef-
fects in Gamma Knife dosimetry. In this study, we used the
EGS4 Monte Carlo �MC� technique to study the scattered
photons coming out of a single beam channel of Leksell
Gamma Knife. Primary photons were sampled from within
the 60Co source and radiated isotropically in a solid angle of
4�.

The Monte Carlo technique has been widely employed in
the field of Gamma Knife radiosurgery and accurate results
have been obtained for many difficult physical situations.1–8

Similar calculations concerning scattered photons have been
performed previously.7,8 In these studies, however, the output
spectra were different significantly with orders of magnitude
difference between the unscattered and scattered photon
peaks. The low energy backscattered photons from within the
source and the beam channel were ignored. The initial direc-
tions of the quanta have been sampled in a cone with a cer-
tain degree of semiaperture in order to increase the efficiency

of simulation and therefore no backscattered photons can be
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created. These backscattered photons, however, contribute to
the output spectra and will be underestimated in the scattered
component of output photon spectra. This is an interesting
issue and will be studied in the present paper.

II. MATERIALS AND METHODS

The PRESTA �Parameter Reduced Electron-Step Trans-
port Algorithm� version9,10 of the EGS4 �Electron Gamma
Shower version 4� MC computer code was employed. De-
tailed descriptions of the structure of the EGS4 code can be
found in the reference by Nelson et al.11 In order to study the
scattered photons, we simulated the Gamma Knife single
beam channel with the full geometrical description.7,8,12,13

The sealed source is composed of 20 60Co pellets, each of
them 1 mm in diameter and 1 mm in length. The sources are
doubly encapsulated in 300 series stainless steel �C 0.1%, Si
0.7%, Cr 18.0%, Mn 1.0%, Fe 71.2%, Ni 9.0%� with welded
closures. The nominal dimensions of the source capsule are
0.31 in. �7.9 mm� in diameter and 1.07 in. �27.2 mm� long,
including cobalt pellets, inner and outer containers. Each
beam channel consists of a precollimator of 65-mm-thick
tungsten alloy �Ni 3.5%, Cu 1.5%, W 95.0%� and a 92.5-
mm-thick lead collimator. The interchangeable final collima-
tor is made of 60-mm-thick tungsten alloy. The available
sizes of the interchangeable final collimator are 4, 8, 14, and

18 mm. Primary photons are sampled from within the source
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isotropically in a 4� solid angle. Scattered photons will be
generated through Compton scattering within the source and
the single beam channel. The Rayleigh scattering �coherent
scattering� only broadens the angular width of a beam
slightly.

The patient’s head or spherical water phantom is assumed
to be absent. Exiting photons reaching the phantom space �a
sphere of 160 mm diameter centered at the unit center point�
were scored. The unit center point has a coordinate x=100,
y=100, and z=100 with a distance of 400 mm from any 60Co
source. History runs of 1.5�108, 6.5�107, 4.5�107, and
3�107 were performed for the 4, 8, 14, and 18 mm collima-
tors, respectively. On average, the simulation time for a his-
tory run of 104 took 202 s on a Pentium II 550 PC with
installed POWERSTATION 4.0 FORTRAN compiler and WIN-

DOWS 98. As mentioned earlier, the photon spectrum of 60Co
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has two peaks, viz. 1.173 and 1.333 MeV. It was assumed
that the emitted beta electrons do not come out of the source
capsules, therefore there were no simulations using the beta
spectrum from 60Co decay. The cut-off energies for electrons
and photons were set to be 0.521 and 0.01 MeV, respec-
tively. Lowering the value of these cut-off energies showed
no significant differences in the dose distribution. The latest
collision and radiative stopping powers of ICRU 3714–16

were employed in the PEGS4 �pre-processor of EGS4� data
file.17 Since all simulations required huge numbers of history
runs, a long sequence random number generator from
James18 was used. This random number generator possesses
a sequence length of about 1043, effectively infinite for our
calculations, and has about 109 independent sequences that
can be selected from initial conditions. Rayleigh scattering,
photoelectron angle selection,19 and bremsstrahlung angle

FIG. 1. Monte Carlo results of an output spectrum for
the 4 mm collimator system. The error bars represent
one standard deviation.

FIG. 2. Monte Carlo results of an output spectrum for
the 8 mm collimator system. The error bars represent
one standard deviation.
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selection20 were turned on in all calculations.

III. RESULTS AND DISCUSSION

Figures 1–4 show the MC results of the output spectra for
the 4, 8, 14, and 18 mm single beam channels with the full
geometry. The overall profiles of these spectra are similar
and the difference between the number of scattered and un-
scattered photons has a similar order of magnitude as the
measured spectra of Mack et al.21 Table I shows the percent-
age yields of scattered photons �i.e., the ratio between the
number of scattered photons and the total number of pho-
tons� for different collimators. The percentage yields are
similar for different collimators with an average value of
15%. A few secondary electrons can only be scored for all
collimators in runs with a history number on the order of 107.
Medical Physics, Vol. 33, No. 1, January 2006
The Compton effect �incoherent scattering� is the dominant
photon interaction process within the collimator system. The
probability of a recoil electron going almost in the forward
direction is extremely small.22 Further increase in the num-
ber of histories in order to obtain a better statistics for scor-
ing the secondary electrons is difficult, since it requires a
very long simulation time.

Similar calculations have been performed previously.7,8 In
these works, the low energy backscattered photons from the
source and the beam channel have been ignored. These gen-
erated backscattered photons however contribute to the out-
put spectra. The initial directions of the quanta have been
sampled in a cone with a 3° or 10° of semiaperture in order
to increase the efficiency of simulation. The statistics of both
exiting photons and secondary electrons can then be im-

FIG. 3. Monte Carlo results of an output spectrum for
the 14 mm collimator system. The error bars represent
one standard deviation.

FIG. 4. Monte Carlo results of an output spectrum for
the 18 mm collimator system. The error bars represent
one standard deviation.
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the relative number of photons were less than 9%.
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proved dramatically. To see the difference, we repeated our
simulations using different semiapertures and solid angles
for the initial directions of the quanta. For easy comparison,
the conversion between semiapertures � and solid angles �
is given by

� =
1

r2�
0

�

2 · � · r · sin � · rd�

�see Fig. 5�, i.e., �=90° corresponds to �=2�. Figure 6
shows the comparison among the output spectra for the
18 mm collimator system using different semiapertures �1.4°
and 10°� and solid angles �2� and 4��. The use of small
semiapertures will underestimate the scattered component of
the photon fluence. The use of a solid angle of 2� gives
comparable results to those for a solid angle of 4�. This is
because the use of a 2� solid angle will ignore fewer back-
scattered photons when compared to the cases using the
semiapertures of 1.4° and 10°.

Single beam dose profiles in a water equivalent phantom
�8 cm depth at the unit center point of the phantom� were
generated by the full geometry model and a simplified model
for different collimators, from which we found no observable
differences �see Fig. 7�. Furthermore, we found no signifi-

FIG. 7. Comparison of single beam dose profiles simulated in water for the
14 mm collimator with full and simplified geometry.

FIG. 8. Comparison of depth dose curves simulated in water for a single
TABLE I. Percentage yields of scattered photons for different collimators.

Collimator system
�mm�

Percentage yield
of scattered photons

4 17.1±1.4
8 14.0±0.8
14 15.4±0.9
18 14.5±0.8
FIG. 5. The conversion between semiapertures � and solid angles �. The
solid angles � subtended by the angle � are equal to the surface area sub-
tended by the angle � divided by r2, since one solid angle steradian has an

2

FIG. 6. Comparison of output spectra for the 18 mm collimator system us-
ing different semiapertures and steradian solid angles. The uncertainties of
beam using 14 mm collimator with full and simplified geometry.
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cant differences between the depth dose curves �Fig. 8� simu-
lated in the water equivalent phantom of a single beam using
the 14 mm collimator with full and simplified geometry
models. For the simplified model, each source was modeled
by a cylinder 1 mm in diameter and 20 mm in length without
the source and capsule filtration. The source center was po-
sitioned at a distance of 400 mm from the center of the phan-
tom. The diameters of radiation beams at the focus were
confined mathematically by the internal diameters of the in-
terchangeable final collimators �see Table II�. The directions
of primary photons were sampled only if the photons were
able to pass through the internal diameters. In this model, no
scattered photons can be generated. The obtained 15% of
scattered photons, however, do not affect the overall single-
beam dose profiles. The reason is that the scattered photons
as well as the unscattered primary photons will be scattered
and create secondary electrons and lose energy during inter-
actions with the water phantom. A large amount of multiple
scattered photons in the water phantom created by the un-
scattered photons will “wash out” the effects of 15% scat-
tered photons. The influence upon the dose distribution of
bremsstrahlung generated by the secondary electrons in wa-
ter can be neglected. On average, one primary photon with
energy of 1.333 or 1.173 MeV will create 0.88±0.03 brems-
strahlung photons with a mean energy of 8.22 keV and a
standard deviation of 10.13 keV during the interactions with
the phantom. Furthermore, some of the low-energy scattered
photons are stopped at the superficial part of the phantom.
The use of the simplified model can improve the efficiency
in Gamma Knife MC simulations and is able to save the
computer time by an average factor of 5.7.

IV. CONCLUSIONS

The overall shapes of the output photon spectra are simi-
lar for different collimators sizes. The percentage yield of
scattered photons was calculated with an average value of
15%. However, this significant amount of scattered photons
does not affect the overall single beam dose profiles when
considering the cases with and without the scattered photons.

We suggest that primary photons should be sampled from
those within the 60Co sources and radiate isotropically in a
4� solid angle in order to calculate the accurate output spec-
tra of the Leksell Gamma Knife. On the other hand, the solid
angle can be reasonably reduced only when calculating dose
profiles in phantoms.
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TABLE II. Internal diameters for different final exchangeable collimators.

Collimators
�mm� 4 8 14 18

Incoming diameter 2.14 3.92 6.52 8.26
Exiting diameter 2.66 5.00 8.56 10.88
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