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Abstract

In order to optimize the design of a beam-delivery system in heavy charged-
particle therapy, we have developed an analytical method to calculate the sizes of
the penumbra and field widths of a collimated beam. Such an analytical method is
effective for optimization, and is sometimes easier to calculate than using the Monte
Carlo method. We also measured the penumbra and the field width in order to
compare them with the calculated result. In the theoretical calculation, an exact
distribution function was used, which took into account multiple-scattering and field
broadening due to beam wobbling. The multiple scattering in the beam-delivery sys-
tem was calculated using the Fermi-Eyges distribution function. In order to include
the influence of field broadening due to beam wobbling, the Fermi-Eyges distribu-
tion function was integrated along the trajectory of the wobbled beam. The average
and variance of the beam angle of the exact distribution function at the collimator
were derived in order to calculate the penumbra and field width for the collimated
beam. A simple formula for the penumbra size and field width was also deduced
by assuming a uniform field, except for a peripheral region at the irradiation site.
The calculated results by both an exact method and a simplified one were compared
with the experimental results using therapeutic carbon beams with an energy per
nucleon of 290, 350 and 400 MeV. These results agreed well for almost all cases of
the HIMAC beam.



1. Introduction

Heavy charged particles passing through matter have physical characteristics that have
a definite range, they penetrate nearly straight and they deliver most of their energy near
to the stopping region in irradiated matter, which is the so-called Bragg peak. When these
physical characteristics are used, much better results are expected compared to that in
conventional radiation therapy. Based on pioneering work concerning the charged-particle
radiotherapy at Lawrence Berkeley National Laboratory (LBNL,)! Massachusetts General
Hospital (MGH)? and other facilities following them. The Heavy Ion Medical Accelerator
in Chiba (HIMAC) was established for heavy charged-particle radiotherapy.® Furthermore,
several radiotherapy facilities using protons or heavy ions are also planned to be constructed
(MGH?, GSI®, PSI® and Hyogo").

In charged-particle radiation therapy it is hopefully expected that the irradiation dose
to normal tissue can be controlled to be as low as possible while a sufficiently large dose is
given to the target volume because of the Bragg peak. The physical characteristics of this
dose localization can be especially effective when the target volume is in close vicinity of
critical organs. A precise estimation of not only the distal penumbra, but also the lateral
one, is necessary to calculate the dose distribution for such a situation of irradiation. In
order to minimize the penumbra size, it is required to find the optimum configuration of the
beam-delivery system.

In the case of electron irradiation, theoretical analyses for estimating the penumbra from
the results of the dose distribution of a pencil beam in a human body were developed in 1970s
and 1980s by several groups.® ™! These analyses were performed by using the Fermi-Eyges
approximation for multiple scattering.'? 4 The size of the penumbra due to multiple scat-
tering in the beam-delivery system was calculated by Brahme.!® This estimation, however,
neglected the effects of the beam-modulation devices, a bell-shape scatterer, for making
a flat radiation field using that scatterer. In the case of a heavy-ion radiation field, the

penumbra size due to the beam-delivery system is dominant compared to the component



due to multiple scattering in the phantom. Therefore, it is very important to develop unified
semi-empirical equations to estimate the size of the penumbra for various configuration of
the beam-delivery system.

We have developed a general formalism to estimate the penumbra size that takes into
account the beam-modulation devices for making uniform irradiation fields. Such an ana-
lytical estimation of the penumbra size is useful for optimization of the configuration of the
beam-delivery system. In this paper we present a calculation method of the beam dynamics
in the beam-delivery system of HIMAC using wobbler magnets as one of beam-modulation
systems. This calculation method has been confirmed by the experimental results of the
penumbra size using therapeutic carbon beams with energies per nucleon of 290, 350 and

400 MeV.

2. Formalism
A. Penumbra for the General Case

The beam dynamics in the beam-delivery system can be described by a general distribution
function, F'(z,y, ¢4, ¢y), in 4-dimensional phase space, where z and y are the lateral position
of particles in the plane perpendicular to the beam axis, z, and ¢, and ¢, are the projected
angle of the particle direction. The fluence distribution for the collimated beam at the
irradiation site, F¢(z,y), can be obtained by integrating the general distribution function,

F(z,y, s, ¢y), over the region of the collimator view angle, Q(z,y), from the position (z,y),

Fo,y) = [ [ dbodé, Flz,u,60,0,) 1)

Neglecting the collimation of the y-axis, the size of the penumbra, Pgg_g, is defined as the
width between a position of the ’80% dose level, Xgg, and that of the 20% dose level, Xg.2.
Also, the field width, W, is calculated from the position of the 50% dose level X5,
Pgy20 = | X2 — Xos]
Wso = 2Xo5 ,



where the radiation field was assumed to be made by the collimator which was placed
symmetric to the y-axis.
The general distribution function can be written as the product of the fluence distribu-

tion, F(z,y), and the normalized angular distribution at that position, G(z,y; ¢z, 9y),

F(x,y,rﬁm, ¢y) = F($7y)G(x;y;¢m7¢y) ) (3>

where the integral of the geometric angular distribution is further approximated to be a

Gaussian, as follows:

e8] _ 4 )2
[mG($1y7¢w>¢y) d¢y ~ \/2—7]‘%—0_45 €Xp (— -(-QL——(%E)—-) . (4)

Here, ¢, = ¢.(z,y) and o4, = 04,(2,y) are the average and standard deviation of the an-
gular distribution of the beam direction. In this approximation, the collimated distribution,

F.(z,y), can be calculated as follows:

O e AT G

Voray, tan3 (@ We/D/Le 204, B
~ F(av,y) {Q (((L‘ — Wc{)i)/Lc_ ¢a:) _ Q ((33 + WC/0.2¢)/LC— ¢m)} 7 (5)

where L. is the distance from the collimator surface to the irradiation site, as shown in
Fig. 1, W, is the aperture of the collimator and the function Q(t) is an integrated function
of Gaussian given by the equation Q(t) = 1/v/2r [P exp (—-t’2/2> dt’. The upper and lower
limits of the integral, tan™*((z+W./2)/L.) and tan~*((z — W./2)/L.), were approximated to
(t+W,/2)/L.and (z — W./2)/L. in Eq. (5), respectively, by the small-angle approximation
(04, < 1). In the region where the field uniformity is achieved, F(z,y) is nearly constant.
At the position where the value of the function F.(z,y)/F(z,y) is k in Eq. (5), X}, can be

obtained by

Xi= B0 Lt 5% + Leog,(Xe) Q7 (K) ()

where Q~1(k) is the inverse function of Q(t). The sizes of the penumbra and the field width

can be obtained by using a recurrent calculation of Eq. (6). In the case that the change of



the parameters, (¢ and 0,), is small, the size of the penumbra and field width using Eq. (2)

can be further approximated by

Pgo_zo ~ 1.680’¢LC
Wso~ We+ 2Lcd |

(7)

where @71(0.2) = 0.84 and @~*(0.5) = 0 are used. For estimating of Pgy—g9 and Wiso, we

must estimate the quantities of the parameters (¢ and 04) of the beam delivery system.

B. Multiple scattering of a Pencil Beam

At first, we analyzed the multiple scattering of a pencil beam to derive the average and
variance angels, ¢ and 04, in the beam-delivery system. The beam dynamics of a pencil beam
under the multiple-scattering process has been described with the Fermi-Eyges theory.%2715

Fermi derived a diffusion equation to describe the lateral distribution due to the multiple

scattering for the distribution function Fy(z,¢) = Fs(z, ¢;z) of a pencil beam,

OF, OF, 1d(¢%.0°F,
8z+¢0w—§ dz  0¢% "’ (8)

where the index, s, shows the quantity originating from only multiple scattering. Eyges'3

gave a solution for this equation as following;

Fu(a,9) = s—rexp {~ 35 (1696 = 2éahse + (#)a”) } | )
where the means, (¢2),, (z¢)s, (22)s and D were also solved as follows:
z 2 s
(¢2>s = /0 _<j—z'>_dz )
z d 2 s,
()= [ - )W Degr,

. 2
(z%)s = /0 (z - z')Q—————d(jz,)sdz' :
D = ($%)(z%)s - <¢$>s2 .

The means indicated by () can be understood as the mean values obtained by integrating

both the position (z) and the the angle (¢), like (A) = [ [°° A F(z,¢)dzdd. Such



quantities are usually calculated using the scattering power, T', which were well studied for
electrons and positrons.!” For the convenience of the calculation, (¢2), was calculated as the
effective 1/e value by using Moliére theory!®!® in the formula of Ref. 20. Also the values

(pz)s and (%), were calculated by

(02)sgrmamy = (8)agmy + [(2 = NS+ [ (87’

Z2'=z 1
k2 22 9
(@) srmsny = ey + (2= DO+ [ 2z = )% e
in the region from z; to zs.
In order to derive the angular distribution at the local position (z,y) Eq. (9) can be

transformed as

1 (22)s ( (9z)s )2 1 z?
Fz,9) = ——————=exps—— | ¢ — —2 e BXP | — = | - (12)
(@) /21D /(z2), { 2D (z%)s o7 (22), 2(z%)s
The mean angle and its variance at position = are given as follows:*

- _ S5 ¢F(z,8)d¢ _ (dz)s _ =

RN T S A .
04532 = 0'¢s2($) = (¢ - 58(2?» s = <$2)s '

The mean () for all variables (z, y, ¢, and ¢,) is different from the mean ~ for only the

angular variable (¢, and ¢,):

as#oa <¢>3=07

(¢ - 5)23 < <¢2>3 .
The penumbra size and the field width can be obtained by Egs. (5) and (6) using a

(14)

distribution function for the uniform field. The distribution function of the scattered beam,
Eq. (12), is not uniform but have the Gaussian distribution. Regarding an estimation of the
effects introduced by the uniform field, we developed an analysis of the modification of the

distribution function due to beam wobbling.

C. Broad Beam with a Wobbler Method

The general distribution function for the field made by the beam-wobbling method can

be estimated by the integral of the Fermi Eyges distribution function, Fy(z,y, ¢4, ¢), along



the beam wobbling trajectory:

F(x7 y) ¢.’I:) (by)

1 27 v .
= _ﬂ/o d0 Fs(z — Ry cost,¢g — Eﬂcos 0) Fo(y — Rysinb, ¢, — Ez——sm 9) , (15)

Ly Ly,

where R,, is the radius of the wobbler trajectory at the irradiation site and L,, is the distance
from center of the wobblers to the irradiation site. In this approximation the difference in
the position of two wobbler magnets is neglected. A schematic figure of the projection of
the general distribution function is shown in Fig. 2.

The fluence distribution at (z,y) can be obtained using Egs. (9) and (15):

Fla,y) = F)= [ [ F(@,0,0s,0,) dds g,

where the radius r is given by r = /2Z+ y2 and I,(z) is an n-th order modified Bessel
function. The average and standard distribution, ¢, and oy, in Eq. (6) can be calculated

as follows:
f | 6F (2,4, 02,0,) d. b,
/ | Fla,y,628y) dbuds,

_ o _prz(l  1Y\L(rRy/(s%),)

- Ls e (Ls L )Io (rRuw/(z%)s) (17)
and

2 /[j: (¢z - E)2F(m)ya¢wa¢y) d¢m d¢y
- [ [ F@,v,.626,) dé. i,

__D 22 (1 1\?[I{(rRuw/(z%s) ©L*(rRu/(z%)s)
<.’172>8 * RwTQ (Ls Lw) {IO (TR'w/<-'E2>s) ( Rw/<$2>3)}
2y (1 12 I (TR /(%))
e (n ) {1 Io<er/<w2>s>} ’ (18

respectively.

The standard deviation, 04, = 04 at y = 0, which is used for comparison with experi-

mental penumbra, are given by a simple formula,



oo - (52 (R - fetrn ) 0
The penumbra size and the field width can be calculated by the recurrent equation of (6)
and also Egs. (17), (19) and (2).

In the region where the radiation field is uniform, namely F(r) ~ F(0) in Eq. (16), the

moments of Eqs. (17) and (19) are further approximated by the following simple equations:

- z
(ﬁm'\‘z;

D (20)

These results are different from that of a pencil beam, Eq. (13), according to the change in
the distribution function from the pencil-beam distribution, Fs(z, ¢,) Fs(y, ¢,), to the broad
beam distribution, F(z,y, ¢, ¢,), by using the beam wobbling. In this approximation, the

penumbra size and field width are given by

L
ng_zo ~ 1.68 v LCU¢ y
Lw - Lc (21)

Ly
Wio ~ = W..

Those equations are different from Eq. (7) because the field divergence has been taken into
consideration.

In a calculation for a carbon beam, we assumed that multiple scattering in the ridge filter
was roughly equal to the multiple scattering in a slab absorber with the average thickness
of the ridge filter. The effective thickness of the ridge filter of the spread-out Bragg peak
(SOBP) of 6 cm water equivalent length was 1 cm for aluminum. The calculation that took
precisely into account multiple scattering, where the ridge filter was treated as a superpo-
sition of the slab absorber in the appropriate weight was not different from the result of
the simplified calculation. The differences of the penumbra and field width between the two

calculations were less than 5%.



3. Results and Discussion
A. Measurements of Pgg_9¢ and Wixg

The penumbra and field width were measured using the beam-delivery system at HIMAC.
A therapeutic carbon beam with energies per nucleon of 290, 350 and 400 MeV were used
for the measurements. The lateral dose distribution of the collimated radiation field was
measured by the optical density of the exposed X-ray film of KODAK X-TL. The X-ray films
were used in the condition that the density was less than 1. In this region the density is
proportional to the fluence of the carbon beam. The density of the X-ray film was compared
with the dose measured with a silicon diode. The resultant dose distribution by two methods
agreed with each other very well.

A schematic layout of the beam delivery system is shown in Fig. 1. The parameters
used for the calculations of the penumbra and field width were the following. The distances
from the center of two wobbler magnets to the irradiation site were at 10.7 and 9.0 m for
the horizontal and vertical course, respectively. The scatterer, ridge filter and range shifter
were placed 9.0, 4.2 and 3.8 m upstream of the irradiation site for the horizontal course and
7.3, 3.4 and 3.0 m for the vertical course, respectively. The vacuum pipe is indicated by
the dotted line in the figure. The scatterer thickness and excitation current of the wobbler
magnets were set up so that a uniform irradiation field of 10 cm in diameter could be realized.
For this purpose, 0.7-mm thick tantalum, 1.5-mm thick tantalum and a set of O.Q—mm thick
tantalum and 1.6-mm thick lead were used as the scatterer for the irradiation of 290, 350
and 400 MeV per nucleon carbon beam, respectively. The radius of the trajectory of the

incident beam was 8 cm at the irradiation site.

B. Field Width

Figs. 3 (a), (b) and (c) show the dependence of the field width, W, on the distance from

a collimator to the irradiation site, L., in the cases of 290, 350 and 400 MeV per nucleon
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carbon beam, respectively. The fluence distribution was measured for collimator sizes of
50 x 50, 80 x 80, 80 x 84.5 and 100 x 100 mm? in each figure. The symbols show the data
of the experimental field width. The solid lines in the figure show the exact calculation
according to Eqgs. (6) and (17). The dotted lines show an approximate calculation assuming
the field uniformity using Eq. (21).

In Figs. 4 (a) and (b), the measured field widths were plotted as a function of the range-
shifter thickness for the cases of 350 and 400 MeV per nucleon carbon beam, respectively.
In these experiments, the widths of the collimator aperture were 80 and 84.5 mm, and the
distances from the irradiation site to the collimator, L., were 690 and 1090 mm in each
figure. The solid and dotted lines shows the results of a calculation of the formula and
assuming field uniformity, respectively, as in Fig. 3. The results show that W depends on
the distance from the collimator (L.) but, a slightly on the range shifter thickness as shown
in Eq. (21).

These phenomena can be understood as shown in Fig. 2 (b). The solid ellipse in the
figure shows the contour of the Fermi Eyges distribution at the irradiation site. The solid
line shows the average angle for the Fermi Eyges distribution at the lateral position, 2. For
the irradiation field spread out by the wobbler magnets, the distribution was integrated
through the dotted line, that is the z,¢,-plain projection of the z,y, ¢;, ¢,-plain of the
trajectory of the wobbled beam at the irradiation site. Therefore, the average angle for the
integrated distribution is nearly equal to the angle of the trajectory of the wobbled beam.
Insertion of the range shifter expands the solid ellipse in Fig. 2 (b). However, the change in
the average angle is small.

The result due to the uniform-field approximation of Eqs. (20) and (21) shows a slight
difference from the results of Eqgs. (6) and (19) in the region that the range shifter is thicker.
This is due to a distortion of the uniform field caused by multiple scattering in the range
shifter. In practical irradiation, however, the thickness of the scatterer is decreased according
to the increase in the thickness of the range shifter in order to satisfy the field uniformity.

From Fig. 3 and 4, it can be found that our simple approximation of Egs. (20) and (21) for
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the field size agrees well with the experiment.

C. Penumbra

Figs. 5 and (6) show the dependence of the penumbra size on the distance from the
collimator to the irradiation site and on the thickness of the range shifter, respectively.
The solid and dotted lines in these figures are the calculated penumbra according to the
exact solution by Egs. (6), (17) and (19) and to the flat field approximation by Eq. (21),
respectively. In the region that the range shifter was thick, the measured and calculated
results were different by about 10 %; however, the simplified estimation based on the flat-field
approximation agrees with the experimental value.

In actual heavy-ion therapy, it is required to design the beam line so that the penumbra
size is as small as possible. In order to reduce the penumbra size, the collimator should be
placed close to the irradiation site, and, also, the value of 04 in Eq. (20) should be as small as
possible. The first term in Eq. (20), D/(x?), is the contribution from the multiple-scattering
process. The factor (z?2), is given, where the factor D is the square of the beam emittance
due to the beam—dehvery system. This term is nearly inversely proportional to the length of
the beam course. The materials that mainly affect the multiple-scattering process are the
scatterer, the ridge filter and the range shifter. In emittance square, D, the cross term of two
materials which give the scattering angle, (¢%); and (¢?),, is proportional to the distance

between positions of such materials, L; and Lo,
D = (§%)1(¢*)a(La - L1)* . : (22)

However, the distance from the scatterer to the ridge filter can not be so shortened, because
the radial size of the beam at the ridge filter larger than by the width of the bar ridges is
necessary. Under the condition of a constant radial width (z2), and a constant distance from
the scatterer to the ridge filter, the calculated size of the penumbra has a shallow minimum

for the length of the beam course.
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The second term of Eq. (20) is the increase in the standard deviation due to the difference

in the directions of the beam wobbling and the beam divergence, as shown in Fig. 2 (b).

D. Comparison with Other Models

Historically, the standard deviation of the angle of an incident particle in the broad beam

has been treated in the following two ways:'52!

1. Pencil Beam Model (Fermi-Eyges Theory): In this model the characteristics of the
broad beam in phase space were approximated to those of a pencil beam transported
in the beam-delivery system. The main term for the penumbra size may be obtained
by this model, though it neglects the expansion of the beam in phase space due to

making a uniform field at the irradiation site.

2. Parallel Broad Beam Model: The broad beam was obtained by superimposing the
pencil beams that are distributed uniformly at the irradiation site. In such a case, the
distribution function was given as

o

2
Fparallel($7 ¢) = / Fs(x - 33/7 (]5) dz’ = —2_;(5;; €Xp (‘ 52?52)—3) . (23)

—00

The distribution function was Gaussian, and its variance was given by m = (¢?)s,
which was equal to the variance for the multiple scattering of the pencil beam. In
the ICRU report, such a model has been usually treated as a basic model for a broad
beam.?? In real situations of a beam-delivery system, the broad beam at the irradiation
- site could not be regarded as being an assembly of the scattered pencil beams, which
were injected uniformly at the entrance position of the beam-delivery system. The
solid ellipse in Fig. 2 (b) is integration along the x-axis in this parallel broad-beam
model. It could be easily understood that this approximation gives a larger penumbra

size than does our exact calculation.
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4. Conclusion

We have developed a general formalism to estimate the penumbra size and field width
of the collimated beam by the beam-delivery system of charged-particle radiotherapy. In
this formalism, we took into account multiple scattering in the beam-delivery system as
well as the effect of beam wobbling. A simplified formula was also deduced by assuming
a uniform field, except for the peripheral region at the irradiation site. The results under
such an assumption were the following: (i) The broad beam by the wobbler methods was
found to diverge from the position of the wobbler magnets. (ii) The variance of the beam-
angle distribution was given by two components, the multiple-scattering process in the beam
delivery system and the difference between the beam divergence due to multiple scattering
and that due to beam wobbling. The calculated results of the penumbra and field width
agreed very well with those measured using carbon beams with energies per nucleon of 290,

350 and 400 MeV in the HIMAC facility.
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FIGURES
Fig. 1.  Schematic figure for the beam-delivery system at HIMAC. The average distance from

the wobbler magnets to the irradiation site (L,,) are 10.7 and 9.0 m for the horizontal and vertical

course, respectively.

Fig. 2.  Schematic figure of the projection of the distribution function to the (a) (z — y) plane
and (b) (z — ¢) plane. (a) The distribution function of the Fermi Eyges distribution (solid circle)
Wé,s integrated along the trajectory of beam wobbling (dashed circle) to make a flat field. (b) The
solid ellipse shows the contour of the Fermi Eyges distribution. The solid line shows the average
a.ﬂgle of the distribution function at position, =, whose slope is (¢z)/(z?). The dashed line is the
projection of the beam trajectory by the wobbler magnet. The slope of this line is given by the
reciprocal of the distance from the wobbler magnet to the irradiation site (1/L,,). The integrated

distribution the trajectory is schematically shown by the dashed ellipse.

Fig. 3. Dependence of the field width (Wsg) on the distance from a collimator to an irradiation
site. The experiments were performed using the 290, 350 and 400 MeV per nucleon therapeutic
carbon beam. The symbols show the experimental data. The solid and dashed lines show the
results of a calculation based on Eq. (6) and (17) and Eq. (21), respectively. (a) The beam energy
was 290 MeV per nucleon. The apertures of the collimators were 50 x 50, 80 x 80 and 100 x 100
mm?, and the thickness of collimators were 5 cm. (b) The beam energy was 350 MeV per nucleon.
The aperture of the collimator was 80 x 84.5 mm?, and the thickness of the collimator was 14 cm.
(c) The beam energy was 400 MeV per nucleon. A same collimator of the 350 MeV per nucleon in

experiments was used.
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Fig. 4. Dependence of the field width (Wsg) on the range-shifter thickness. The solid and dotted
lines show the calculated field width (Ws), considering the distance from the irradiation site to the
wobbler position, according to the raw variance and that of a flat-field approximation. The symbols
show the measured field width corresponding to each calculation for the therapeutic carbon beam.
(a) The beam energy was 350 MeV per nucleon. The aperture of the collimator was 80 x 84.5 mm?
and the thickness of the collimator was 14 cm. (b) The beam energy was 400 MeV per nucleon.

The same collimator as that used for the 350 MeV per nucleon experiments was used.

Fig. 5. The dependence of the penumbra size on the distance from the collimator to the irradia-
tién site, L.. The symbols show the measured penumbras for carbon beam at energies per nucleon
of (a) 290, (b) 350 and (c) 400 MeV. The width of spread-out Bragg peak was 6 cm. The scatterer
was 0.7 mm Tantalum. The horizontal axis is the distance from the collimator to the irradiation
site, L,. The solid and dashed line shows the calculation according to Egs. (6) and (19), and Eq.

(21), respectively.

Fig. 6. Dependence of the penumbra size on L., where the range shifter is included. The circles
show the measured penumbra in the carbon beam at an energy per nucleon of (a) 290 MeV, (b) 350
MeV and (c) 400 MeV. A ridge filter for 6 cm of a spread-out Bragg peak was used. The scatterer
was 1.5 mm thick Tantalum. The horizontal axis was the water-equivalent thickness of the range

shifter. The solid line shows the calculated value for each condition, as shown in the figure.
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Comparison of Wobbler Method and Dual-Ring Double Scatterer Method
Hiromi TOMURA and Tatsuaki KANAI

Division of Accelerator Physics and Engineering, National Institute of Biological
9-1, Anagawa 4-chome, Inage-ku, Chiba-shi 263 JAPAN

Research Code: 200
Key words: penumbra, Fermi-Eyges theory, double scatterer, wobbler method

Abstract: The irradiation system of a heavy charged-particle radiotherapy including a
proton beam should make uniform irradiation fields for target area. In order to reduce
radiation dose to normal tissues, it is required to cut sharply the uniform field by a
collimator. A penumbra size of the field should be as small as possible. In order to optimize
the irradiation system from this point of the view, beam dynamics passing through beam
modifying devices of the irradiation system should be analyzed. Analytical function, which
describes statistical characteristics of the beam transversing through the irradiation
system, is obtained and applied to calculate the penumbra size of the collimated beam. The
analytical functions are for the beam wobbling system and also for the double scatterer
system which are considered to be standard irradiation methods for making uniform large
irradiation fields. Analytical equations for the wobbler and dual-ring double scatterer
methods are given and coded. From these calculations, we found that penumbra size of the
irradiation system using dual-ring double scatterer was at zero depth in a water phantom
twice larger than that using the wobbler method. And difference of penumbra was kept in

the deeper region of the phantom.
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Figure Caption
Fig.1. Geometry of a Wobbler Method
Fig.2. Geometry of a Dual-ring Double Scatterer Method

Fig.3 Penumbra comparison of a wobbler method and a dual-ring double scatterer method
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Dose Calculation Program BTIS
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Research Code: 200
Keyword: Penumbra, Field-Width,

Abstract

Dose calculation program BTIS(Beam Transport Irradiation System) was made. It can calculate
proton or heavy charged-particle dose distribution in homogenous material, including influence of beam
delivery system.

1. Fam
HEHRER T, —RRIRFEF 218572010, BRA LRI AEARR L CT&7, 72erIX 779k =

BRGNS Th b, TNOLOIBGIEBVIAREEL L Tl kL T\ {/=Dllid, - AEEL &1
BN BT A V— 2A0EBEEF RIS CW L S EDWETH D, 1) A—F TS NI BT 5
HEIEFO— R, FREEFORE &, FROKRE S ERIET2UENGD D, AL 77T —HIBNT, -
LADHFEHOREL FOR T AT ERE L RS T/, 36IT, AL, CoFTEer “EiEff——E) >~
7 BRGSO IR TE

FEROCTIE, 775 ZEHGEURED 2 DRGSR 5 - AEB A TS 5 7155 A BTIS
2B L72DT, ZOMELFREEFEL <%, ZORMEI— FICL D, R DS o & btz
VAT LN, FERE KBRS NAZ L EFT 5o Lo o CIOTTS T A, VWi AHECD BECER
TEDLHDTHD, !

1

7175 A, Floppy 2HCCHfitE NS, LITOAATE/21E, e-mail ICHLIATZL,

BORESARAIETT RN - THPEEE seEse JUd, ehER

tomura@nirsgojp YIE, kanai@nirsgojp

7T LOERL, HHTHEH, ATV Ae—4ELTUTo TWEWO T, BENER e-mail Tko
TLFZEY,



2. 0TS LORE

TU7T NEEOERIL, Fig 1 TRENE, ATT7 74 URIZE =LK~ NOBSE, AEHT-&ZDIA%
VE-RED, FRREITD, SORHRE D LIZE—AK— MRITOIRVE—{BE, SEHEN B
B0 ZDk & range modulator DATIVSENTND L FDERT v TORIEI G ENE, TOXHITLT, B
R COGABEATTI b,

AKIZ, phantom %%, FEE STV 5 & range modulator £ A7 v 7T phantom HFCOFELY O, &
ECORREHORE I THONT, Hf1&Nh 5,

3. TUTTADET

BEEEOT— ¥ ANstER e~ EDa<y Rid, —DDOAS 7 7 A MIRD & 5 ek Cak L, 7a s
7 LB argument file #3855 2 LT, Wi btis #AEBIRATI7 7 A VEIRET 5 T L CEITE NS,
Bl

btis filename
filename (£, ASI7 74 VOET. A7 7 A MAO I Rid, 7o SEEO < A D 5o 22T/ 14
ATV FO¥DY Z7RT,
Hoon i SV

CourseData  1EEACE

& I3 F ([FORTRAN O namelist 10 )
/ (L F12E- T &)
MU T 7T ZFFTNEL T 7 AIVE LT stpwibl (A3 | dose file (phantom FHEIZLE) | ratio
file(Range Modulator D& HYE 5,




Y aoR— b o E
AT file
v |
I - AW TOHEDFH Range
(B—z v F-) modulator
v
[ metmconmmEm
é’ww-se .0, course
v |
Phantom FOFELOFE Range
o haniort modulator
¥
£k & LT phantom A TOHHREE
'6_ ot _ écaurse’ 0_101 - \/ stcourse + 0,2‘9 phantom —-.'
Fig.1 #1885

3—1. dosefile & ratiofile

dose file (213, BT X IVF—DEERRGROT— 5 2 EE, —TEICTF— 73, ATHURE AAADGEE
(mm Hf7), #E, LET A% AoTW5b, B, LET 3, ffio T DT, dummy data ThAE iV,
T0275 5 T, phantom HCORESREFET 2DIMHIND, KT v -2 D&, HiRo
ratiofile #{f> T, ZOHGT AN —ENFEDMEERED L UELILS,

il
837

2.00000e-01  100110e+00  1.16190e+01

4.00000e-01  1.00040e+00  1.16220e+01

1.00000et00  9.98560e-01  1.16320e+01

ratio file |, ik Bragg Peak #{E5 7280 range modulator D& AT v TRBOHAEIN TS, FAT Y
TOE L, #1580 RangeModulator 1< > FO UntWELm) T5-2 bhb, 7— i, —TRICF—¥
B, ZATHURECEAT v TOREN A TS,



B,
24

0.7746606
0.1385109
0.1904102
0.1286702
0. 1184587

3—2. Stpw.thl I22WT

BTIS Tld. ASHTF-LBEDOT— 1L, 7§ <—A7 74 Vstpwibl DbFihEns, Ziud, ¥—
LS HPE A COTANT R, BEEARET 57027 7 MV Th b,

stpw.tbl DATTERIE, AT LEOT— 5 Hhs, —ATHICAS. RICAFHFOLH FFEs B
B8 20100 DT T AL, KITHEDT—% & LT, @8 300D TIEER. HMivtRl BE. Y
FHETINFE—D, ADo KIBREDT—5 L LTH U000 T, SEBUTRORETFES, BB, 17
F72) O, BERRETAIVE—DS, BETTROBIATAS, AR AIVEF—IE, SHOITIZ0 Lt
DEDSA->TWIUE, FIAEEENS, ZORETF—59% 1L L THTRICEMNTH LRI 72
TEPN TN,

B,

9 2

poion 1. 1.007825

deuteront.  2.0141

water 2. 10 750
10 10079 2. 00
80 159999 1. 0O

Cabon 1. 17 780

6. 1200 1. 780

NEEF, EOHEIL, &7 5 DIEETIT) o LIZAo T, D7 7 A VDHFDT—5 5% 1—H 5%
S LS, SRR O Tmaketbl £\ IV FEEFTT L EHDTF— 5DV A M ERD & 9 4T Tstpwlst 1<
35, COBFTAEIT BEEEETUIIV,

i Projectile mmber

1 1 proton 2 deuteron 3 tritium 4 Helim3 5 Heliumd

# 6 Litium6 7 Litium7 8 Berilium 9 Beri7 10 Boronl0

# 11 Boronll 12 Carbonl2 13 Carbonl3 14 Nitrogl4 15 Nitroglb
# 16 Oxygenl6 17 Oxygenl7 18 Oxygenl8 19 Florin 20 Neon20

# 21 Neon21 22 Neon22 23 Natrium 24 Magne24 25 Magne25

# 26 Magne26 27 Alumi 28 Si28 29 Si29 30 Si30



31 Argon36 32 Argon38 33 Argond0 34 Feb6 35 K84
¥ 36Xel32 37 U238 38 Carbonll
#

# material number

# 0 Vacuum

# 1Water  2Carbon 3 Alumi 4 Silicon 5 Iron(Fe)
# 6 Copper 7 Ge 8leadPb) 9 Tungsten 10 Gold
# 11Lucite 12Plystyr 13 Plastic 14 Nitrogen 15 CO2
# 16Aron 17CH4 18 Propane 19 Oxygen 20 Mylar
# 21 TEGM) 22Air 23TEGp) 24Muscle  25Si02

# 26CdTe  27THgl2  28BGO 29 BaF2 30 Brass
#  31Boron 32BN 33002 34 PuO2 35Pu

# BU 37 Pe{C2H4) 38 Kapton 39 Ta 40 Nal
Bl LT, AJi77A4 M3 AV MRS TS, T—FRX—=A7 7 A VREELIEENL. maketbl
Iy FEFETLTY A NOEREZ L TBWD Ly,

4. ANSy7740n
FRCOAT Y Fid, KCFEE/NCFOBENEREET S, a7 FI5 FRICAT SN BR: <
CoursData I<> K, insert I K, ZOMD <> FONRIIE TSNS,

4—1, aAVh
HTHREHLETOML, IAY MERLEND, T2, CourseData I~ FUSD a< > Rid,
FORTRAN @ name list IO T C&E0, &< RUSMNDERNT, aA > MERLE S5,

4—2. Projectlle 7% ¥
&projectile
no=1
energy=190
/
no &, projectile number D) A MSHEATATIL, energy i&, MeVar Titals 5,
4—3. CourseData I<> F .
NEREFAYEET B IRgR— b 2R AWE % L DIRICRER T 5 0~ FTh b, A L7NEEFC
BRI { — BN TINS I7 Y P Th B,
AT
CourseData
8, 64, 024 !'Lead



22,64, 3200 Air
/
EATIE, WEOES OIDAT v T8 WEDE S () ZFIRT Bo BT, Blid, H 87 0.24cm
HNo I THICZER 320em D& TH Do

4—4. Tnsert IV F
Z0aTY Kid, CourseData I¥Y FT, I—ADBIEEFUAL LTS HISENMEERAT 5D
Thbo ZNIATY FHAITENTNEEIZED Y 72 { CourseData T > FORIZFEITE NS,
B
&insert
id=2
materiaFo
thickness=000
positior=76.1
integral=128
/
id (3, FASNDEEDNIERS T, CourseData TASJ SN/ WA Tdh% o CourseData fEHIFINT
— ¥ D=2 T BT, Z2,300cm DHIEASNE L1272 %, material 13, FEAT AEEOBEETHD, stpwlst
DERE AN DO stowtl & TOBHE, PohThB T K7 %q posiion 14, FEAMIAEORIE
(emZRL, i bORBECHD, integral 13, BEORIEEAT) L EOBEHNAD, thickness |3, WEOE
HemZENITE Bo TDinsert I NEMAB TS Z LI, TEETHE, TOLE id i3, HIC CourseData
DESRBIS %o T2, insert LIAEHIC insert T5FHE, TH2UY,

4 —5. RangeModulator 7> F
Z® RangeModulator 1~ > Fld, ERE S 4172 range modulator DEMA D5 I RThHD, DAY
FORIIZ, CourseData, insert THLE o/ WEDNEEDS, BERUCEEIN, MDA A% 12- LAHIES
Ao RIZZD RangeModulator T2 R, BB X772 range modulator DB Z P05 27 RTH b, 7o,
range modulator |AH T AHE S & 502U CourseData % insert 17 > NCHIE T AUEN Db, TDEED
insert 27> FHIO thickness 13, 00 % ATV 2D IV,
Gz
&RangeModulator
id=5
materia=3
integral=128
thickness=-0.758
UnitWEL=0254181



stowRatio=2.118175
RatioFile=ratio¥testrto’
/

id 13, CourseData R insert I~ FAMEN 2L D, R— FHITrange modulator D&, 7272L, ZEY
> T EHEIRNEOYAL. FHEREE ORI, CourseData X insert 1287  DuaRing I< > KT, #&
EY AE_FEAOMEIL, FHEERE O TREIEEL TBLENi DS DuaRing 27 FEHH)
DualRing 7> FOJAS, 155581 T, RangeModulator I3 RO id IZHEET A0, 8 28E k0472
TDAST2id 5 THD, material 1L, BEOEETHE, ZOBINOES 3 Tld. stowlst DFFEEY O stppwitbl
ERCTWAEE, TIVIDA->TWAZ A, CouseData & insert THEO LIz id & material TE &
RangeModulator %> FOid & material (3, —BL CWRITIUIZR G720 integral (3, HIELDRIERTT) L&D
SEPIAIAD, thickness 13, range modulator DR BHECRAT D3E. BYER ANb, Z0/85 X—
& —DXEDEEDH, UntWEL, stpwRatio, RatioFile 77 ¥ A — 8 —h3E3h 72 %, RatioFile 13, range modulator D4
JBRDHDAST2T 7 ANV TH Do UntWEL 13, $iK Brage ¥'— 2 215 & 2D shift-Bragg ¥'—27 DY 7 MY
HESEREMETAND, stowRatio 13, 7K &M stopping power ratio (%) / (j—i

mat

W5 GEdEaX DEATIEL, [enerey loss/PEEE], THY., g/lom B ) DIFNF—HBITIL, 720y, )

) N AoT
water

4—6. Wobbler I F
TG —FEDO AT T A =5 —id, KO L HTTREND,

SEHIBY
&Wobbler
Radius=13.35
Distance=350
/ :
Radius 13, isocenter TY— A B TS AALET, V—A%ELTWAEEE, [EOBISL, K177
A )V btisout DT

av <aa><a0 000> 76878¢e-3 22843 70797

IS, 500D 24500 root O 1.1 HABEDMECIRSIEFL, IR 2, (EOBEV70797 %2 x 1.1)
Distance (213, 775 —Hu & isocenter T TOREEE ©m) 75 Abo

4—7. Feld A< F
beam [FHRIER A FIET 5720000785 A—F —ThH b,
fHFRE
&field
FieldRadius=100
flatness=0.025



/

FieldRadius 1%, ERENLEHLIBGEHOILETH 5, flamess 13, ZRINZPBEHE, ZITEK
K NDFHHRE S U— AOSHRRERIEERDS, biisout |CHTT S5, btisout |ZHT S5 ¥ —ADOFIFRIERICIE,
BEEREINAIEGEEED BREINAEHEL - IBHEREED, Eho 8 A SN,

4—8. Dose ATV F
77 ¥ N ARTORESEIEDTOIC, [FH SN B—T R F— AFROGERERRED D file 2779
av > FCTHb,
R
&Dose
DoseFile=DoseFile¥p230MeV dos
range=0
/
DoseFile |&, mono energy DEERHEEDIHDATIT 7 A o range |20 DEDA - CIUITHES BE)
BRI CRIEENS (mm BAT)

4—9. DualRing I< > F
B UV EREREOREDI2ODO AT a7 B,
&DualRing
idist=1
id2nd=3
Zlow=3
Zhigh=8
radius=2.0
ThickLow=1.11
/
id1st,id2nd i3, CourseData, insert 1< > FCHIE L7-E—HGEUA F EEAOREd Thb, ZI T,
EEEIRT. TE) VT ERESR L TEOWED id Thh, FEEIERE. ZoHED LA Low-
7, High-Z OYyR&FEA P T ES,
Zlow, Zhigh (%, Low-Z, high-Z DYHEOES Thb, (stpwlst DFRED stpw.tbl DAL, Al & Pb 2%A
5) o radius 1&, High-Z OBGEUEDER, ThickLow 13 Low-Z DHGEUEDEATHS (Hifiiem) o High-Z D
YHEDIEAL, low-Z DIERPSIINF—BRATE L% 5 &9 ICEEIGEIE S NS,

4—10. Optimize I< > F
TE) v EREERE C RS RS 12O LR T 028D DD ATTTH Ao
{51



&Optimize
search=false.
OptimumRadius=12.0
radius=0.0
distance=1.0

dFirst=1.0

dSheet=1.0
dLowZ=1.0,

search |, F(bEEINATI DEI) DD T T 7 Tdh b, OptimumBRadius 1, K/ 3F XA —5 —%
BT B & SO OB EER R T, O & SREFEERTET 57200 VHEIL, field 27> FO flatness
289 radius i, Low-Z, High-Z OEGEURDEROYZE L HE LT H0E) 0D 7T 7T, 072613, el
2T, 0 D AT, Sl bafTh7%\, distance (&, F_EEf47>5 isocenter T CTORREY B L3 5%
EY DT T dFirst | 355 HEURDEADRHE LD T T 7, dSheet 1355 2 BEWEDEDEADERMLT 7 7
dLowZ 13, SE_HEHDEADERE DT T T,
radius=swith [,initial-value [Jower-limit, upper-himit]]
distance=swith [,initial-value [lower-limit, upper-limit]]
dFirst=swith [;initial-value [lower-limit, upper-Limit]]
dSheet=swith [,initial-value [lower-limit, upper-limit]]
dLowZ=swith [,initial-value [lower-limit, upper-limit]]
switch (3, 0 2FE(LZAT) . 0 TRVWIEEIL, H#LedThivy, WHHEIA > TSI TOMET,
F72 Ao TRV AL, DualRing I FOETEHE SN,

4—11. Option A< F
77 ¥ DA TOREFEDTOOE AT 1T FChAE,

fEFapl

&Options
AirCorrection=1true.
PhantomPosition=0
isocenter=true.
Range=0
Material=1
DistributionInPhantom=true.
CollimatedDistribution=true.

/
AirCorrection 13, 225, (RIEDBE) ORIEEIT) L) DT 57 Tdh%o PhantomPosition 1,



77 NADKET, isocenter 2°5DEREET HiTAmZEE, THAMZIEICL TV cm BEfOfE, isocenter
. 77V N ADNBRPEET BTN TS5 ST b, true 75 SOBP OHU, PhantomPosition (272 1),
false 7257 7 ~ M ARIEAS, PhantomPosition 12725, Material 1&, 77 > F ADWHEd ThHb, ZOfEN0
DL &L, 77V PAFTOREIL, 1TH7%VY DistributionlnPhantom (£, 77 ¥ FAHFTOHIY A— S
TWRVRESTRE HITS ANEI DT 5 7 THb, true. 72 HIEHTTT %, CollimatedDistribution (&, 7
7 ¥ FART, 31 A— b SN EDBESAEHIITADEI DT T 7T b, Range /37 XA—F 1, i
TR FRATFRE L FEREL 572007 5 7T 1, 0 % HIFFHEL % 0 TRVWMERA- TWiUL, 20
NS Ty paca oY (W

4—1 2. Collimation <> F
Y A—-Y IR, FERRDEI7Y FThb,
Bl |
&Collimation
Distance=40.0
Aperture=80
Thickness= 10.0
Position=0.0
/
Distance (3, ') X —% —® isocenter 7> D em) T, IEDEY ANLb, Aperture &, T A—5F—
DFAV7ARCem) T, E—2AHLE S /RN BT A, Thickness 1, 21 A —% —DJE#, Position
3 A= SNBSS R ETET AIB(em) T, XTI, Bl ERERT,

5. OutputFile
btisout  FIERERDOT Zphantom L CORRSHE COMATODDH K U penumbra DFTERER
HT 51
# Wobbler Method
#
#
# New-Absorber
# 2:22=Air 3: 11=Lucite 4: 22=Air
#  thickness= 175.00 00000 145.00
# sum= 320.00
# intgral= 64 128 64
#
# New-Absorber
#  2:22=Air 3: 3=Alumi 4: 22=Air
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#  thickness= 150.00 00000 25.000
# sum= 175.00

# intgral= 64 128 64
#

# Range-Modulator

3: 3=Alumi 4: 22=Air

integral= 128 64

total spacing= 25.000

data file=ratio¥test.rto

maximum thickness= 2.7600

water equivalent thickness= 5.8462

data step= .12000 25418 WEL

HOoH OH OH OH OH O H OB

# Initial Course Data

# Lead®Pb) 8 2400 CourseData, insert L7

# Air 22 1500 By I—X 74
# Alumi 3 .0000
# Air 22 2500
# Lucite 11 0000

# Air 22 1450

@gﬁggg

nRgf= 24
average thickness= 47820

(¢ (o) (**)

# av<aa><ax><xx> .T6878E-03 22943 70.797
¢ P A BT 2 TR U — A T AT B L1 & EDES

HOH H O O

# avAirCorrection  55848E-07 (¢2> DS

#

#

# Uniformity[%]= 2.50

# Field-size= 7.1755

# Center-Intensity= 63998E-03

# Rough-Yield= 104
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# Radius-for-Irradiation= 10.000
# Intensity= 104

#

# Penumbra Calculation - Wobbler Method
#

#

# Collimator

# distance= 400

# aperture= 80

# thickness= 100

#

# Wobbler Magnet

# distance= 3500

# trajectory-radius= 134

#

# Depth Dose

# Data-number= 3302

# Range= 32692

#

#

# Calculation

#  Position= 0

# Residualrange(water= 22027
# ICAlag= T

#  projectile= 1

# material= 1

#  Stopping-power-ratio= 1.00000
#

#

T: Collect Multiple Scattering in Air

Residual Rangein Water:  220.266900

Range for Depth Dose Distribution ~ 326.923700
Width of SOBP 5.846163

Surface Position em]  -19.103610

Position of Phantom Surface [mm]:  0.000000E+00
Phantom= 1: Water



T: Output Distribution in Phantom
T: Output Collimated Distribution

radius intensity avr.angle variance
[em] [rad]  [rad"2]
J1801E-02 .0000 5229E-04
- 1801E-02 .8307E-03 .5226E-04
JA802E-02 .1662E-02 .5220E-04
JA803E-02  .2494E-02 .5208E-04
J805E-02  .3326E-02 .5193E-04
1.50 J808E-02 4160E-02 .5173E-04
1.80 JA811E-02  4996E-02 .5149E-04

HOoH B

E8888

#
#lem] [mm] fem] [mm]  [mm]

dl¢) w(© pos. w50 p80-20

400 800 .0 9037 733 9008 832 624

TY X—F DY HE #  Range Modulator % BIZ TR L 735D 509% 008

TYRA—ZIE Range Modulator %) CHUH L7600
BB 50%DIE Range Modulator % FHIZ CUH L7ED
77> FAHTOREDSY
col disout  phantom fEL, IV A—%—F ) TDisocenter TOMARDI M, (B, HWELVHTLTIE

ATHI SN A,

H51 -
Distance 40.000000 AT L7 distance (2 1) A — % —{(/i&lem))
Aperture 8000000 ATJ L7z aperture (27 X —% —{ffFlem])
Thickness  10.000000 A7 L7z thickness (7 X —% —JEA/em])
Position  0.000000E+00 FIE LD T A > 5 =55 D

-13.800000 0.000000E+00  x W
-13.770000  0.000000E+00
phantom.out a1V A= —E_ TP phantom FTOHH, 7 7 A VOBHENZEES, HEFEIZE—24
BT BAMEVITET, I A S Tb,
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center.out

dist2col.out

penumbra.out

Hi735)

# ESHEDRA T 7 BEHEDA T T
#Step 20000 10000

#Factor 66396 FEE—APpE 1 E2D LD ICLIE ED normalize factor

# 772 NAKEE Q& LEEDT 7> N AFTOES em]

000 000 200 400 .600 .800 1000 1200 1400 1600 1.800
TAVIEL =5 0E L1 EDT 72 FAFTOES lem]

000 -19.10 -1890-18.70 -1850-18.30 -18.10 -17.90 -17.70 -17.50 -17.30

49900 000 .000 .000 000 000 000 000 .000 .000 000 O
49800 000 .000 .000 000 .000 .000 .000 .000 .000 .000 .049.700
000 .000 000 .000 000 000 0

1) X8 —ELTOY— Al EOTRRRES A RS

H 751
-19.103610  1.506104E-03
-18903610  1.498410E-03
-18.703610  1.490834E-03
TAIE S —DODEEE HE

1) A—%—7% 1) TO phantom T,
7 #—<v M, phantomout &R
phantom I COES A TE] -7z penumbra 2 H775 5,

Hi 7R

Collimated Penumbra
Zpos w50 p82 wh0z p82z
-19.104 9.017 150 9.017 150
-18.604 9016 .160 9.016 160

Tr> b4 BED50% FEDE B TD  (RAEEAEL TD
FTOWE 1250 fem] REDSS 0%IC  Fem]
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TA 28 —3350 Lol
enedist.out BAT v T COHEDRTEER
# 1 Range Modulator DEEQR 7 75158 /& EOHEORHE
#name id thick <aa> <ar> <rr> energy
Lead(Pb) 8 240 .1319E-02 .4221 135.13 18354
Air 22 150000 .1334E-02 4260 136.11 182.77
Alumi 3 000 .1334E-02 4260 136.11 18277
Air 22 25000 .1337E-02 4264 136.17 18264
Lucite 11 000 .1337E-02 4264 136.17 18264
Air 22 145000 .1352E-02 4275 13628 18190
# 2 FIXTy T
#pame id thick <aa> <ar> <Ir> energy
lead®Pb) 8 240 .1319E-02 .4221 135.13 18354
Air 22 150000 .1334E-02 4260 136.11 182.77
Alumi 3 120 .1380E-02 4337 13741 18155
Air 22 24880 .1382E-02 4341 13748 18142
Lucite 11 000 .1382E-02 4341 13748 18142
Air 22 145000 .1398E-02 4352 13759 180.67

Moliere 2518 (67)  (6-F) (")

Col_Dist.out a0 X =~ SN TS

H51
Distance ~ 40.000000 7V X— (/& fem]
Aperture 8000000 T A= fem]
Thickness  10.000000 2 X—2%/Z Jem]
Position 0.000000E+00 74V t>8—36D8 lem]

-13.740000  0.000000E+00
-13.710000  0.000000E+00
-13680000  0.000000E+00
-13650000  0.000000E+00
XD HE

6. PlE
6— 1. Dual-Ring Double Scatterer DAJIBZ, dualdsbts £\29 77 A VAT, disk ICAS TV B, ASTE

N5 geometry 1Z, LD L) 1o TCn5,
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B — B

Pb 0.24cm

5 T HUELE

Al-1.11cm
oIV T4NVE —
RatioFile

;
v

woGLT

wogsE

Vo748 —

SOBP H.l»

_________ b

phantom

# btis
# InputParameters for Program
# Beam Transport in Irradiation System

# Projectile mumber

# lpoton 2deuteron Stritium 4Helum3 5 Helumd

# 6Litium6 7Litium?7 8Beriium 9Beri? 10Baonl0
#11Boronll 12 Carbonl2 13 Carbonl3 14 Nitrog14 15 Nitrog15
#16 Oxygen16 17 Oxygen17 18 Oxygen18 19Florin - 20 Neon20
#21 Neon21 22Neon22 23 Natrium 24Magne24 25Magne25
#26Magne26 27Alumi 28Si28 29Si29 30830

#31 Argon36 32 Argon38 33 Argond0 34Fe36  35Kid4
#36Xel32 37U238 38Carbonll

#

&projectile
no=1
energy=190

#material number

# 0Vacuum

# 1Water 2Carbon 3Ahmi  4Silicon 5Iron(Fe)
# 6Copper 7Ge 8Lead(Ph) 9Tungsten 10 Gold
#111ucite 12Plystyr 13Plastic 14 Nitrogen 15002

#16Argon 17CH4  18Propane 190zxygen 20Mylar

#21TEGm) 22Ar 23TEGEp) 24Musce 258i02
#26CdTe 27Hgl2 28BGO  29BaF2  30DBrass
#31Boron 32BN 33U02 34Pu02 35Pu
#36U  37Pe(C2H4)38Kapton 39Ta  40Nal
#

# CowrseLength

CourseData

8 64 024 | First Scatterer

22,64, 3200 lair



Hitit Sheet of Second Scatterer

&insert
id=2 # Input Parameters for Dual-Ring Double-Scatterer Method
material=5 # id1st....... Position-id of First Scatterer
thickness=0.00 # id2nd........ Position-id of Sheet of Second Scatterer
position=76.1 # ZlowZhigh ... Material Number of Second Scatterer
integral=128 # radius....... Radius of High-Z Second Scatterer

/ # TchickLowZ ... Thickness of Low-Z Material

it Ridge Filter &DualRing

&dnsert idlst=1

id=2 id2nd=3
material=3 Zlow=3
thickness=0.0 Zhigh=8
position=150.0 radius=20
integra=128 Thickl ow=1.11

/ /

&RangeModulator #Input-Parameter for a Irradiation
=5 # FieldRadius .. Required Field-Size
material=3 # flatness..... Limit Value for Flatness
integral=128
thickness=0.758 &field
UnitWEI 0254181 FieldRadius=10.0
stpwRatio=2118175 flatness=0025
RatioFile="ratic¥testrto’ /

/

# Parameters for Course-Optimization of Dual-Ring Double-Scatterer
#Fine Degrader Method
&insert # search..... Optimization Flag

=2 # radius...... Radius of High-Z Second Scatterer
material=11 # distance .... Distance from Isocenter to Second Scatterer
thickness=0 # dFirst ... Thickness of First Scatterer
position=1750 # dSheet...... Thickness of Sheet of Second Scatterer
integral=128 # dLowZ ...... Thickness of Low-Z Scatterer
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#OH O O#H O O® O H O H H

format
radius=swith [initiakvalue [ower it upper mi]
distance=swith jnitial-valuefJower it upper ]
dSheetmswithfjnitial-value [ower fimi, upper ]

* * #H OH H®H H

gﬁu##:&#u%%u%
]

Center of SOBP or Surface.
RANGE e Residual Range in Water
(Range=0) Calculate
in Phantom

f

isocenter=itrue.

Material=1

Collimation § frrpenrumben calkulatiors)
Distance(*)... Distanges from Collimator to Isocenter fem]
Apertire(®) ... Collimator Apertures fern]

Position(*) ... Calculation Position (default=0) fem]
negative ... upstream

&Collimati
Distance=400
Apertire=80
Thickness=10.0
Position=0.0

/



6—2. T75—EDBRET 7 4 )V wobblerbts iX, LLTD X 9 72 geometry 12720 T35,

VTG BRI Ul e ]

BB g

=3
Pb 0.24cm §
=]

(=
N ~3
Vo IPT74NWE— vav ----- §

RatioFile

LVyTY T e e

SOBP HL»
phantom \L

#8 btis
# InputParameters for Program
# Beam Transport in Irradiation System

# Projectile number

# lproton 2deuteron Striium 4Helium3 5 Heliumd

# 6Litium6 7Litium7 8Beriium 9Beri7 10Baonl0
#11Boronll 12 Carbon12 13 Carbon13 14 Nitrog14 15 Nitrog15
#16 Oxygen16 17 Oxygen17 18 Oxygen18 19 Florin - 20 Neon20
#21Neon21 22Neon22 23Natrium 24Magne24 25Magne25
#26Magne26 27Alumi  28Si28 29829 305130

#31 Argon36 32 Argon38 33 Argond0 34Feb6  35Kig4
#36Xel32 37U238 38Carbonll

#

&projectile

3-19
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woege




no=1

energy=190

# material number

# 0Vzcooum

# 1Water 2Carbon 3Alumi 4Silion 5IronFe)

# 6Copper 7Ge 81ead®Pb) 9Tungsten 10Gold
#11Tucite  12Plystyr 13Plastic 14 Nitrogen 15C02

#16Argon  17CH4  18Propane 190xygen 20Mylar

#21 TEG@) 2Ar  23TEG(E) 2Musde 25802

#26CdTe  27Hgl2 28BGO  29BaF2
#31Boron 32BN 33U02  34Pu02
#3U  37Pe(C2H4) 38Kapton 39Ta

#

#i# Course Length

CowrseData

8 64 02U | First Scatterer
22,64, 3200 tair

thickness=0.0
position=150.0
ntegrak=128

&RangeModulator

integral=128
thickness=0.758

30Brass
35Pu
40Nal



UnitWEL=0254181
stpwRatio=2.118175

#Range Shifter
&insert

material=11
thickness=0
position=1750
integral=128

#Input-Parameter for a Wobbler Method

# Radius...... Radius of beam trajectory at isocenter fem]

# Distance ... Distance from wobbler magnet from isocenter fem]
# HIMAC horizontal course 1073

# HIMACverticaloourse 899

&Wobbler
Radius=13.35

# Input-Parameter for a Irradiation
# FieldRadius .. Required Field-Size
# flatness ..... Limit Value for Flatness

FieldRadius=10.0
flatness=0.025

# File for Depth-Dose Distribution



H* O o®

* OO0 OH O#H #H #H % ®% O H O OH O OH O H O H H

range........ Range for Caleulated Depth Dose Distribution

DoseFile=DoseFile¥p230MeV.dos

DoseFile=DoseFile¥p160MeV.dos

Range=0) Calculate
Material........... Material ID-Number of Phantom
DistributionInPhantom . Output Flag for Dose
Distribution in Phantom
ColtimatedDistribution Output Flag for Collimate

§

PhantomPosition=0

Material=1

Callimation (parameters for penumbra calculation)



Distance(*) ... Distances from Collimator to Isocenter fem]
Aperture(*) .. Collimator Apertures jam]
Thickness ..... Thickness of Collimator [em]

® O O# # H®

Position(*) ... Calculation Position (default=0) fem]
# negative ... upstream

&Collimation
Distance=400
Aperture=80
Thickness=10.0

Position=0.0
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