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Abstract: The three-dimensional (3D) spot-scanning method is one of the most commonly used irradiation methods

in charged particle beam radiotherapy. Generally, spot-scanning beam delivery utilizes the same size pencil beam to

irradiate the tumor targets. Here we propose a spot-scanning beam delivery method with laterally- and longitudinally-

mixed size pencil beams for heavy ion radiotherapy. This uses pencil beams with a bigger spot size in the lateral

direction and wider mini spread-out Bragg peak (mini-SOBP) to irradiate the inner part of a target volume, and

pencil beams with a smaller spot size in the lateral direction and narrower mini-SOBP to irradiate the peripheral

part of the target volume. Instead of being controlled by the accelerator, the lateral size of the pencil beam was

adjusted by inserting Ta scatterers in the beam delivery line. The longitudinal size of the pencil beam (i.e. the width

of the mini-SOBP) was adjusted by tilting mini ridge filters along the beam direction. The new spot-scanning beam

delivery using carbon ions was investigated theoretically and compared with traditional spot-scanning beam delivery.

Our results show that the new spot-scanning beam delivery has smaller lateral penumbra, steeper distal dose fall-off

and the dose homogeneity (1-standard deviation/mean) in the target volume is better than 95%.
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1 Introduction

Beam scanning in charged particle therapy irradi-
ates a target volume three dimensionally through lateral
beam deflection by a pair of orthogonal dipole magnets
in combination with longitudinal beam energy variation.
The best known transverse beam scanning techniques
are spot-scanning [1], raster scanning [2], and continuous
raster scanning [3]. Depth beam scanning can be realized
through active energy variation by a synchrotron, pas-
sive range shifter, and newly-developed hybrid method
[4]. In the Heavy Ion Research Facility in Lanzhou
(HIRFL) at the Institute of Modern Physics (IMP), Chi-
nese Academy of Sciences, active scanned beam delivery
has already been realized and tested, using the spot-
scanning technique with beam energy variation by a syn-

chrotron [5, 6]. In the heavy ion spot-scanning tech-
nique, the Bragg peaks are superposed to form a homo-
geneous dose distribution in the longitudinal direction.
Because the original Bragg peak is too sharp, heavy ion
radiotherapy needs a large number of iso-energy layers.
Therefore, mini ridge filters (mini-RFs) are used in spot-
scanning beam delivery to widen the original Bragg peak
to a mini spread-out Bragg peak (mini-SOBP) and re-
duce the number of iso-energy layers. At each iso-energy
layer, the beam is delivered as a series of discrete points
to the target volume. Once the particle count reaches
the required value for each scan point, the beam sup-
ply is switched off and then the pencil beam position is
deflected to the next point by the scanning dipole mag-
nets. Inevitably, unwanted particles are delivered to the
pre-defined scan points due to the beam-off time delay.
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So Inaniwa et al. integrated the extra dose due to the
time delay into the weighting matrix optimization [7],
and the accelerator was controlled rapidly to achieve a
fast beam-off operation [8, 9].

Small size beam spots are usually desired for 3D
spot-scanning beam delivery because the resulting steep
lateral dose profile can avoid radiation damage to the
healthy tissue surrounding a target volume to the maxi-
mum extent. However, spot-scanning beam delivery us-
ing small beam spot sizes means an enormous number
of scanned points, which then requires higher accuracy
of the beam exposure parameters. Kang et al. proposed
that utilizing mixed size beam spots in a single treat-
ment plan can solve the contradiction mentioned above
[10]. Simultaneously, short distal dose fall-off distances
(i.e. high distal dose fall-off gradients) are needed in the
3D spot-scanning beam delivery in order to furthest re-
duce the damage to the healthy tissue and OAR behind
a target volume, which requires narrow mini-SOBPs for
longitudinal dose superposition, thereby prolonging the
treatment time. In layer-stacking conformal heavy-ion
therapy based on a passive beam delivery system, wide
mini-SOBPs were employed in the proximal and central
parts of a SOBP while narrow mini-SOBPs were used
in the distal end of the SOBP to reduce damage to the
healthy tissue and OAR behind the tumor [11]. This
paper proposes an active spot-scanning delivery method
using two lateral and longitudinal sizes of pencil beams
to solve the contradiction of pencil beam spot sizes as
well as the contradiction of longitudinal width of mini-
SOBPs. The pencil beam lateral size can be adjusted
by precise accelerator control; however, this is a time-
consuming process during the commissioning period of
the accelerator and demands more advanced accelerator
technologies. In the present study, the lateral spot size
of a pencil beam was changed by inserting Ta scatterers.
Mini-SOBPs with different full widths at the half max-
imum (FWHMs) can be generated using two different
mini-RFs [11]. For passive proton beam delivery, Nak-
agawa et al. suggested that different widths of SOBP
could be obtained through tilting a ridge filter [12]. In
this paper, the longitudinal width of the mini-SOBP
was changed by tilting a mini-RF. In addition, the new
method was investigated theoretically for spot-scanning
beam delivery with laterally- and longitudinally-mixed
spot size pencil beams of carbon ions.

2 Materials and methods

2.1 Accelerator model and spot-scanning beam

delivery used in this study

A hospital-based carbon ion therapy facility, the
Heavy Ion Medical Machine (HIMM), is now under com-
missioning in Wuwei, China, and will start operation

for tumor treatment in 2017.The compact HIMM facility
consists of a synchrotron as the main accelerator, a cy-
clotron as the injector, and four treatment rooms [13, 14].
The beam intensity supplied by the HIMM facility can
be selected from 2×106 to 4×108 particles per spill (pps).

In the spot-scanning beam delivery supposed in this
study, the pencil beam is blocked when shifting the beam
from one scan point to the next. A beam-off signal is sent
to the beam stopper through the interlock control sys-
tem once the scan point has already been irradiated with
the required particles. However, the beam cutoff will be
delayed by a few hundreds of microseconds (0.5 ms was
supposed in this study) after the beam monitor sends
a beam-off signal. Hence, each scan point is irradiated
with some unwanted particles. Actually, the interlock
control system sends the beam-off signal to the beam
stopper in advance in order to eliminate the redundant
particles caused by the beam-off delay. That is, the in-
terlock control system gives the beam cutoff signal to the
stopper when the monitor count has not yet reached the
preset count for each scan point. The difference between
the preset count and the measured count of the monitor
when the beam control system sends the beam-off signal
is described as the threshold. The calibration factor be-
tween the particle number and monitor count is related
to the beam energy and the beam monitor. This study
just considers the particle number threshold, which is the
difference between the numbers of particles pre-defined
and delivered when the beam-off signal is sent.

2.2 Monte Carlo simulation

In this study, a Monte Carlo (MC) method was used
to simulate the beam transport in the supposed spot-
scanning beam delivery system. The MC code SHIELD-
HIT12A [15–17], which precisely simulates therapeutic
beams of protons and ions in biological tissues relevant
for particle therapy, is capable of transporting hadrons
including nucleons, any ions, pions, antiprotons and an-
tineutrons.

As shown in Fig. 1, the supposed spot-scanning beam
delivery system consists of a pair of orthogonal dipole
magnets, main and subdose monitors, a position moni-
tor and a mini-RF. The iso-center of the treatment room
is 1.05 m away from the vacuum window of the acceler-
ator. This configuration is the same as that at HIRFL
[18].The structure period of the mini-RF was 2 mm. In
the MC simulations, carbon ion beams with different en-
ergies were focused at the iso-center to form Gaussian-
shaped beam spots. The sampled number was 5×106

and the statistical accuracy was 1 mm, 1 mm and 0.1
mm in the x, y, and z directions respectively. Basic data
of the pencil carbonion beams were calculated with the
SHIELD-HIT12A code, including the ranges, depth-dose
distributions and depth-beam spot size (σ) distributions
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of 10 discrete energies from 180 MeV/u to 360 MeV/u
in water. The basic data of the other energy carbon-ion
beams not mentioned above were obtained by interpola-
tion.

Fig. 1. (color online) Sketch diagram of the nozzle
and components.

2.3 Varying pencil beams laterally and longitu-

dinally

In this study, we applied scatterers of different thick-
nesses to the spot-scanning beam delivery system to en-
large the lateral size of beam spot slightly. Generally,
materials like lead (Pb) and tantalum (Ta) are used as
scatterers in passive beam delivery systems in order to
obtain an irradiation field homogeneous and big enough
for heavy ions [19, 20]. Because of its stronger scatter-
ing effect, tantalum was chosen as the scatterer. It was
inserted 104.5 cm away from the iso-center of the treat-
ment room, which is between the vacuum window and
the main dose monitor. To enlarge beam spots with σ
3 mm to beam spots with σ 5 mm, the thicknesses of
the tantalum scatterer for pencil carbonion beams with
different energies were calculated.

Mini-RFs [11, 21], also called ripple filters [22], widen
a Bragg peak to a Gaussian peak, a socalled mini-SOBP,
to reduce the slice number and smooth the dose distri-
bution across the target volume in spot-scanning beam
delivery. The full height of the mini-RF is correlated
with the width of the resulting mini-SOBP. Each width

of the stairs corresponds to beam intensity or beam
weight, while each height of the stairs represents de-
creased beam energy. The path length for which the
beam passes through the mini-RF changes from h(x,y)
to h(x,y)/cosθ when tilting the mini-RF from 0 to θ de-
grees as shown in Fig. 2, where (x, y) means the beam
position in the beam coordinate system. After tilting
the mini-RF, the step heights of the stairs will be en-
larged to form a wider mini-SOBP longitudinally while
the beam weight of each step remain unchanged. In fact,
tilting mini-RF also broadens the lateral size of the beam
spots. Because mini-RFs are usually made of aluminum,
the lateral broadening effect on beam spots is small. In
the MC simulation, tilting the mini-RF was simplified
by replacing the original data of the ridge height from
h to h/cosθ, owing to the SHIELD-HIT12A code being
unable to process the spatial transforms of geometries.
This approximation is proper because the scanning an-
gles are small and its effect on oblique incidence is small.
A mini-RF with FWHM of 8 mm for a carbon ion beam,
designed and used at IMP, was made of aluminum and
used in this study. Tilting the mini-RF 0◦, 30◦, 45◦ and
60◦ was simulated and the enlargement effects longitudi-
nally (mini-SOBP) as well as laterally (beam spot size)
were calculated.

2.4 Proposed spot-scanning beam delivery with

laterally- and longitudinally-mixed size pen-

cil beams

The principle of our proposed spot-scanning beam de-
livery with laterally- and longitudinally-mixed size pen-
cil beams is shown schematically in Fig. 3. Large spot
pencil beams broadened by the scatterer were used to
irradiate the inner part of a target volume, while the
original small pencil beams were employed to irradiate
the peripheral part of the target volume. Meanwhile, the

Fig. 2. Sketch diagram of tilting a mini-RF.
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Fig. 3. (color online) Principle of spot-scanning beam delivery with laterally- and longitudinally-mixed size pencil beams.

distal end of the target volume was irradiated with the
original mini-SOBP while the other part of the tar-
get volume in depth was irradiated with widened mini-
SOBPs by means of tilting the mini-RF with appro-
priate angles. In this study, a virtual spherical target
volume with diameter of 6 cm was assumed, located at
depths from 7 to 13 cm in a water phantom. A pencil
carbon-ion beam with spot size (σ) of 5 mm and mini-
SOBP of 16 mm FWHM was taken as the large size
beam a pencil carbon-ion beam with spot size (σ) of 3
mm and mini-SOBP of 8 mm FWHM as the small size
one. The spot-scanning technique with laterally- and
longitudinally-mixed size pencil beams is different from
the only laterally-mixed size spot-scanning beam delivery
described in the work by Kang et al [10]. For compar-
ison, spot-scanning beam deliveries with the proposed
laterally- and longitudinally-mixed size beam spots, sin-
gle large size beams and single small size beams were
used to irradiate the same target volume. The physical
dose distributions optimized for the three mode beam de-
liveries above in terms of lateral penumbra, dose distal
fall-off distance and homogeneity in the target volume
were compared. The dose optimization procedure is de-
scribed below.

Kraemer et al. showed that taking no more than 1/3
of the spot FWHM (i.e. 2.355/3 of σ) as the scanning
step can achieve a sufficiently homogeneous dose distri-
bution [23]. For the large size pencil beam with 5 mm σ
spot size and 16 mm FWHM mini-SOBP, scan step sizes
in the x, y and z directions were all selected as 4 mm.
For the small size pencil beam with 3 mm sigma spot
size and 8 mm FWHM mini-SOBP, scan step sizes in
the x , y and z directions were all selected as 2 mm. The

least-squares optimization algorithm was used to calcu-
late the physical dose weight matrices for all scan points
[24]. The cost function χ2can be defined as

χ2=

N1
∑

i=1

(Pi−Di)
2, (1)

where Pi is the prescribed dose to a dose grid point i, Di

is its calculated dose, and N1 is the total number of dose
grid points. The weight for an arbitrary pencil beam j
after the k-th iteration can be calculated using

Wj,k=Wj,k−1





[

N1
∑

i=1

d2
i,j

(
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](
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−1


, (2)

Di=

N2
∑

j=1

Wj,k−1di,j , (3)

where di,j is the unweighted dose contribution of the
beam j to the dose grid point i, which is obtained by
MC simulation and N2 is the number of scanned pen-
cil beams. The physical dose prescribed to the target
volume was 1 Gy and only uniform physical dose distri-
bution across the target volume was considered in this
study.

The dose homogeneity [25, 26] was calculated using:

Hd=1−
σd

D
, (4)

σd=

√

√

√

√

1

N1−1

N1
∑

i=1

(Di−D)2, (5)

where D is the mean dose of the all dose grid points.
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3 Results

3.1 Longitudinal beam widening

The pristine Bragg peaks of 180 MeV/u and 360
MeV/u carbon ions in water were widened to Gaussian-
shaped distributions with a FWHM of about 8 mm (i.e.
mini-SOBP) by the mini-RF mentioned in the section
above. Figure 4 shows that the mini-SOBPs of 180
MeV/u and 360 MeV/u carbon ions in water were modu-

lated to be Gaussian-shaped distributions with FWHMs
of about 10.4 mm, 12.8 mm and 18. mm when tilting the
mini-RF 30◦, 45◦ and 60◦, respectively. In other words,
tilting mini-RF 30◦, 45◦ and 60◦ increased the width
of the original mini-SOBP by factors of 16%, 42% and
100%, respectively. Of course, the range of the carbon
ions in water became shorter when tilting the mini-RF
and thus the range-energy relationship for carbon ions
passing through the mini-RF with different angle tilting
was recalculated (Fig. 5).

Fig. 4. Dose distributions in depth of water for carbon ion beams of 180 MeV/u (a) and 360 MeV/u (b) modulated
by the mini-RF and tilting the mini-RF with different angles.

Fig. 5. (color online) Carbon ion range-energy re-
lationships for small size pencil beams with 3 mm
sigma spot size and 8 mm FWHM SOBP, and
large size pencil beam with about 5 mm sigma
spot size and 16 mm FWHM SOBP. The small
size pencil beam means the pencil beam after
passing through the mini-RF tilted at 0◦. The
large size pencil beam means the pencil beam af-
ter passing through the mini-RF tilted at 60◦ and
a scatterer.

3.2 Lateral beam broadening

Tilting the mini-RF, which is 65 cm from the iso-
center, by 30◦, 45◦ and 60◦ could only broaden the lat-

eral size of the beam spots slightly (no more than 20%),
whereas inserting a tantalum scatterer of different thick-
nesses could enlarge the lateral size of the beam spots
significantly (see Table 1). Table 2 presents the thick-
nesses of tantalum scatterer to enlarge the beam spot
size (σ) from 3 mm to about 5 mm at the iso-center for
carbon ions of different energies. To obtain the same
beam spot size at the iso-center, the higher the pencil
beam’s energy, the thicker the tantalum scatterer was.
The thickness of tantalum scatterer was no more than
0.4 mm for carbon ions with energies varying from 180
MeV/u to 360 MeV/u. Using almost the same thickness
of Ta scatterer could enlarge the beam spots of the pen-
cil beams with approximately equal energies to a similar
size at the iso-center.

Table 1. Lateral sizes of the beam spots of 180
MeV/u and 360 MeV/u carbon ions under dif-
ferent conditions.

180 MeV/u 360 MeV/u

tilting mini-RF 0◦ 2.99 mm 3.00 mm

tilting mini-RF 30◦ 3.23 mm 3.07 mm

tilting mini-RF 45◦ 3.41 mm 3.13 mm

tilting mini-RF 60◦ 3.60 mm 3.19 mm

0.15 mm thick Ta 5.41 mm

0.4 mm thick Ta 4.81 mm
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Table 2. Thickness of Ta scatterer for carbon ions with different energies.

energy/(MeV/u) 200 220 240 260 280 300 320 340

Ta thickness /mm 0.15 0.2 0.2 0.25 0.3 0.35 0.35 0.4

original σ at the iso-center /mm 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

σ at the iso-center /mm 5.06 5.18 4.92 5.01 5.07 5.11 4.93 4.96

3.3 Basic data for beam weight optimization

The basic data used in the beam weight optimization
includes the range-energy relationships (Fig. 5), depth
dose distributions (Fig. 6) and depth-sigma distribution
(Fig. 7). The small size pencil beams with 3 mm sigma
spot size and 8 mm FWHM SOBP pass the mini-RF
tilted at 0◦. The large size pencil beams with about 5
mm sigma spot size and 16 mm FWHM SOBP pass the
mini-RF tilted at 60°and a scatterer. The thicknesses of
scatterer were different for different energy carbon ions
(Table 2).

3.4 Dose distributions optimized for beam de-

liveries under different conditions

Figures 8 and 9 show the optimized physical dose dis-
tributions for the three beam delivery modes. The dose

homogeneities in the target volume were about 97.8%,
97.9%, 97.4% for spot-scanning beam delivery using the
single large size pencil beams, single small size pencil
beams, and laterally- and longitudinally-mixed size pen-
cil beams, respectively. As shown in Fig. 8(d), the lateral
dose penumbras at the depth of 10 cm in water for the
mixed size spot-scanning and small size spot-scanning
were both 4 mm, whereas the lateral dose penumbra at
the depth of 10 cm in water for the large size spot-
scanning was more than 5.8 mm. Figure 9(d) shows
that the distal dose fall-off distances for the mixed size
spot-scanning and small size spot-scanning were both 7.6
mm while the distal dose fall-off distance for the big
size spot-scanning was about 10 mm. The mixed size
spot-scanning mode could achieve a smaller lateral dose
penumbra and distal dose fall-off distance than the large
size spot-scanning.

Fig. 6. (color online) Depth dose distributions for carbon ion pencil beams. The small size pencil beams have 3 mm
sigma spot size and 8 mm FWHM mini-SOBP (left), and the large size pencil beams have about 5 mm sigma spot
size and 16 mm FWHM mini-SOBP (right).

Fig. 7. (color online) Depth dependence of the lateral basic data (sigma value) for carbon ion pencil beams. The
small size pencil beams have 3 mm sigma spot size and 8 mm FWHM mini-SOBP (left), and the large size pencil
beams have about 5 mm sigma spot size and 16 mm FWHM mini-SOBP (right).
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Fig. 8. (color online) Physical dose distributions for large size spot-scanning (a), small size spot-scanning (b), mixed
size spot-scanning (c) and lateral dose penumbras at the middle iso-energy slice (10 cm depth in water) of the
target volume (d).

Fig. 9. (color online) Physical dose distributions for large size spot-scanning (a), small size spot-scanning (b), mixed
size spot-scanning (c) and distal dose fall-off distances at the middle z-y plane (x=0 cm) of the target volume (d).
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3.5 Issues related to dosimetry

Figure 10 shows the positions of scan points and cor-
responding particle numbers required for spot-scanning
beam delivery with the single large size pencil beams,
single small size pencil beams, and laterally- and
longitudinally-mixed size pencil beams, respectively.
The statistical results (Fig. 10(d)) indicates that the
great majority of the scan points in the small size spot-
scanning beam delivery were exposed to numbers of car-
bon ions of the order of magnitude of 105 while num-
bers of carbon ions of the order of magnitude of 106were
mostly used in the cases of mixed size and big size spot-
scanning modes. The numbers of scan points for the
mixed size and large size spot-scanning beam deliveries
were far less than those for the small size spot-scanning
beam delivery. Consequently, if there were some errors
in the number of carbon ions delivered due to the time
delay of the interlock control system, this had less in-
fluence on the dose distribution in the target volume for
the mixed size spot-scanning beam deliveries than for the
small size spot-scanning beam delivery.

As shown in Fig. 11(a), in the case where the beam

was not cut off in advance, i.e. the particle number
threshold value was 0, the dose homogeneity in the tar-
get volume decreased sharply as the beam intensity in-
creased. The dose homogeneities in the target volume
for the mixed size and large size spot-scanning beam de-
liveries were better than 95% under the condition of all
beam intensities and varied little as the beam intensity
increased. But the dose homogeneity in the target vol-
ume for the small size spot-scanning beam delivery was
better than 95% only when the beam intensity was be-
low 1×107 pps. It is concluded that the particle number
threshold value evaluated empirically is relevant to the
beam intensity for the small size spot-scanning beam de-
livery. As shown in Fig. 11(b), when the beam intensity
reached 3×107 pps, the dose homogeneities in the target
volume for the mixed size and large size spot-scanning
beam deliveries were better than 95% for all particle
number threshold values, while those for the small size
beam delivery were better than 95% only for a few par-
ticle number threshold values. The dose homogeneity
in the target volume for the small size spot-scanning
beam delivery was better than 95% only when the par-
ticle number threshold value changed from about 13000

Fig. 10. (color online) Scan point position and number of carbon ions delivered to the middle energy slice in the
target volume for the large size spot-scanning (a), small size spot-scanning (b), mixed size spot-scanning (c) and
the statistics of the scan point numbers in the target volume under the three mode spot-scanning beam deliveries
(d).
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Fig. 11. Dose homogeneities for the three mode spot-scanning beam delivery (a) with particle number threshold
value 0 under different beam intensities, with different particle number threshold values (b) under beam intensity
of 3×107 pps, (c) under beam intensity of 5×107 pps, and (d) under beam intensity of 7×107 pps.

to about 20000. Figures 11(c) and 11(d) show that when
the beam intensity reached 5×107 pps and 7×107 pps, the
dose homogeneities in the target volume for the mixed
size and large size spot-scanning beam deliveries were
more than 95% for all particle number threshold val-
ues; the maximum homogeneity values 93.5% and 89.5%
for the small size spot-scanning beam delivery under the
beam intensities of 5×107 pps and 7×107 pps were
worse than 95%. Obviously, the homogeneities in the
target volume irradiated with the mixed size and large
size methods were affected little by the particle number
threshold value, while with the small size spot-scanning
beam delivery it relied heavily on the particle number
threshold value when the beam intensity was smaller
and could not reach 95%, which is required in dosimetry,
when the beam intensity increased.

4 Discussion

The dose penumbra and fall-off distance for the mixed
size spot-scanning beam delivery were definitely smaller
than those for the big size spot-scanning beam delivery.
In view of protecting the healthy tissue and OAR near
the target volume, the mixed size method was superior

to the large size one. The dose homogeneity in the target
volume for the mixed size spot-scanning beam delivery
was affected little by the beam-off delay and was more
robust than the small size spot-scanning beam delivery.
Without controlling the accelerator, switching between
two size pencil beams in the mixed size spot-scanning
beam delivery was through tilting the mini-RF and in-
serting the Ta scatterer. This pencil beam switching
method is convenient and fast. Overall, the mixed size
spot-scanning beam delivery is a more ideal method than
the traditional single size spot-scanning method.

Biological effectiveness was not considered in this
study, but will be investigated in the near future. Once
Ta as the scatterer is involved, secondary particles, es-
pecially neutrons, need to be considered further. The
mixed size spot-scanning beam delivery as well as the
pencil beam size variation method laterally and longitu-
dinally remains to be verified experimentally.

5 Conclusions

The simulation studies have shown that the spot-
scanning method using laterally- and longitudinally-
mixed size pencil beams achieves the desired effects such
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as small dose penumbra, small distal dose fall-off dis-
tance, and robust dose homogeneity for carbon ions. In
addition, this kind of spot-scanning beam delivery is
characterized by easy alteration of the lateral and longi-
tudinal sizes of the pencil beam. Without controlling the
accelerator, the lateral size of the pencil beam was broad-

ened by means of inserting a scatterer, and the mini-
SOBP width of the pencil beam was widened longitudi-
nally by tilting a mini-RF. Thus, the new spot-scanning
beam delivery with laterally- and longitudinally-mixed
size pencil beams is promising for application to heavy
ion radiotherapy.
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