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For an optimal exploitation of the benefits of proton therapy the most accurate dose delivery system
should be used. The TERA Foundation has extensive experience in the field of high gradient high
frequency linacs. This paper describes a particular design of a 3 GHz linac boosting the typical cyclotron
beams for proton therapy of 230–250 MeV up to 350 MeV. Such an upgrade of a typical proton therapy
facility enables performing proton radiography, as well as extending therapeutic capabilities with high
energy proton therapy (HEPT). The recent studies and measurements in high-gradient linac technology
demonstrated that average fields in the accelerating structures of up to 25–30 MV=m can be achieved,
which results in a total linac length of less than 7 m. To test several characteristics of such a linac as a
booster of a cyclotron beam, a design has been made of a linac unit accelerating from 250 MeV to
275 MeV, which could be built and inserted for tests in an existing beam line at the PSI proton therapy
facility. The feasibility considerations, along with the design of the linac booster and the issues related to a
possible integration in an existing cyclotron beam line are detailed in this study.
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I. INTRODUCTION

The number of cancer patients treated with proton
therapy is increasing exponentially. The demand for proton
therapy treatment facilities is also growing very fast.
Although many facilities are based on traditional dose
delivery methods (passive scattering), a rapidly growing
number are based on the more state-of-the-art pencil beam
scanning (PBS) approach [1,2].
Nevertheless, PBS proton therapy technology is not yet

fully mature, offering therefore a big potential for new
developments addressing current limitations, including the
management of organ motion, the need for improved lateral
penumbras and last but not least, the actual value of in-vivo
proton stopping power. To overcome these limitations,
novel approaches are under study in the medical physics

community. These include magnetic resonance imaging
(MRI) guided proton therapy, proton imaging, proton
tomography, and high energy proton therapy (HEPT) [3].
In particular, these last two applications require proton

beams at higher energies than the conventionally 230–
250 MeV available in today’s treatment facilities. Proton
beams with an energy of 350 MeV—equivalent to a range
of more than 60 cm in water equivalent tissue (WET)—
would fully traverse the body of the patient, allowing new
treatment methods. The availability of such high energies in
existing and new treatment facilities will open a spectrum
of new possibilities for proton therapy (Fig. 1). In an
existing facility, this higher proton energy can be achieved
by boosting the current energy of the clinical proton beams.
We are proposing to use such an upgrade for the following
three applications: proton radiography, the treatment of
very small tumors and the treatment of tumors that are
closely surrounded by critical organs [4]. Indeed, the higher
energy protons would traverse the patient body at all
possible treatment sites. These traversing protons can be
used for proton radiography. Furthermore, the higher
energy proton beams will have a smaller lateral penumbra
compared to current proton beams and comparable to the
one obtained with carbon ions. This small beam profile can
be used to sharpen the proton dose distribution at critical
boundaries of the tumor volume, such as the ones near a
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critical healthy structure close to the tumor or it can be used
for the treatment of very small tumors. In particular, the
high-energy beams are to be used at the lateral target edges
only. Due to the lowermultiple scattering at high energy, this
will sharpen the lateral penumbra in the direction transverse
to the high-E pencil beam. This penumbra with a steeper
dose gradient is usually considered a major advantage [5].
The dose distal to the target due to these few high-E pencil
beams, will only occur in a very small volume.
The study in the IMPULSE project, initiated by the Paul

Scherer Institute in 2011 [6], aims at addressing the above-
mentioned challenges to develop new technologies which
can improve the benefits of proton therapy.
This paper describes the possibility of using a linac for

the IMPULSE project, starting with its general layout,
which resembles the cyclinac design [7]. This is followed
by a description of a specific design including the opti-
mization steps of the rf design and the results of the beam
dynamics studies. In particular it is discussed how the new
rf design can create the relatively strong electric fields
needed to obtain the desired final energy within a relatively
short length of the linac. At the end, a test program is
proposed taking into consideration the integration within
existing facilities.

II. DESCRIPTION OF THE PROJECT

Among the many plausible technological approaches to
achieve higher energies and, considering the medical accel-
erator solutions developed since 15 years by the TERA
Foundation [7], the use of a linac booster for HEPT seems to
be a relatively easy-to-achieve major improvement.
The design of the IMPULSE linac builds on the

experience gained from the design and construction of
the LIBO (LInac BOoster) prototype in 1998 (Fig. 2), in
collaboration with CERN and INFN [8,9]. This develop-
ment led to the creation of the CERN spin-off company
ADAM SA and the recent construction of LIGHT (Linac

for Image Guided Hadron Therapy) as an industrial medical
product [10]. Based on the LIBO and LIGHT structures, an
IMPULSE linac has been designed to accelerate protons
from 250 MeV to 350 MeV in less than 7 m.

A. The general linac layout and design method

The IMPULSE linac is a Cell Coupled Linac (CCL). In
this type of linacs, on-axis accelerating cells are magneti-
cally coupled to off-axis coupling cells with a phase
advance of 90 deg between each successive cell. This
makes the structure stable from the rf point of view. On the
other hand, the beam acceleration process is performed in
the π mode allowing for maximum beam energy gain for a
given input rf power [11].
The accelerator is divided into individual units powered

by independent modulator/klystron systems. The power
source are commercially available klystrons delivering
10 MW peak power at the rf frequency of 2998.5 MHz
[12]. Each linac unit is divided in basic acceleration blocks
called “tanks” (Fig. 2).

FIG. 1. Left: In a schematic presentation of proton radiography it is shown how the remaining energy of protons with initial energy E1
is measured by means of a range telescope. In this way, the total stopping power along the proton track in the patient is measured. This
information is used for a very accurate calculation of the range of lower energy protons (E2) used in therapy. Right: A tumour irradiation
with Bragg peaks will also give a dose next to the tumour due to multiple scattering. By using high energy, when irradiating the lateral
edge of the tumor, the lateral penumbra is decreased substantially. Behind the tumor only a small volume is receiving extra dose due to
the longer range of high energy protons.

FIG. 2. Top: Picture of the LIBO module cut-away. Bottom:
Schematic image of a CCL tank showing on-axis accelerating
cells and off-axis coupling cells.
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Each tank contains several identical accelerating cells,
which are driven via coupling cavities. The length of the
accelerating cells in a given tank is constant, while for each
tank the cavity length is increased to match in average the
proton beam velocity (250 MeV: 0.61c and 350 MeV:
0.68c, where c is the speed of light). The rf power is
injected in the structure through a bridge coupler, which
connects two or more consecutive tanks. A so-called unit
consists of consecutive tanks, which are coupled to one rf
klystron (Fig. 3).
On the sides of each tank, cooling plates are added to

ensure the stability of the temperature during high power
operation. All the above-mentioned components (accelerat-
ing cells, bridge coupler cells,waveguide, and cooling plates)
are made of OFE Copper and are brazed together under
vacuum in successive brazing steps.Between the consecutive
tanks permanent magnetic quadrupoles (PMQs) focus the
beam along the whole structure in a FODO-like lattice.
The linac layout design depends on a number of

parameters, i.e., the number of tanks, number of cells
per tank, free space between tanks, PMQ gradients and rf
synchronous phase. The choice of the number of units, of
tanks and of accelerating cells is first-of-all driven by the
minimization of the number of needed power sources to
achieve the desired energy gain. The number of cells per
tank together with the number of tanks per unit is limited by
the available power from the klystron and by the maximum
electric field reached in the cells. In addition, rf mode
overlapping and beam dynamics constraints must be
considered. If the number of coupled cavities is too high
there is the risk to excite modes with a phase advance
different from π=2, which introduces phase errors for the
proton beam. In addition, increasing the number of cells,
increases the tank length, which has a negative impact on

the transversal beam dynamics, because focusing PMQs
must act on a longer distance and counteract the defocusing
effect of the electric fields in the accelerating gaps.
Therefore, at this proton energy and rf frequency, the
number of cells per tank should not exceed 18–20.
The synchronous phase ϕs with respect to the maximum

of the rf field is another crucial parameter since it
determines the energy gain of the structures and also the
beam acceptance in the longitudinal plane (about 3ϕs for
small ϕs) [13]. More details on the linac design are reported
in [7]. Since some energy spread is expected at the exit of
the linac, the linac has to be followed by a set of bending
magnets and an energy selecting slit.

B. The rf design and beam dynamics studies

Initial simulations were carried out with the code
SUPERFISH [14], in order to optimize the accelerating cell
geometry. The CCL geometry parameters were varied to
define the set that maximizes the cavity efficiency
(expressed in terms of the effective shunt impedance,
ZT2) without exceeding a surface electric field of
120 MV=m, for safety operation below critical breakdown
levels. Indeed, experimental results obtained in high
gradient experiments conducted by TERA at CERN in
collaboration with the CLIC group, show that even higher
surface fields (up to 170 MV=m) can be tolerated by well-
conditioned cavities [15].
After the optimization of the accelerating cell geometry,

the linac layout design was performed by successive
iteration of the two codes DESIGN and LINAC [16]. The
first one (DESIGN) calculates the length and power needed
for each tank and additional information on the structure
Twiss parameters. For the calculation of the required rf
power, 30% power losses from the klystron to the tanks
have been considered. This figure includes the usual losses
in the waveguide network and in the bridge couplers.
The second code (LINAC) performs the tracking of

multiparticle distributions through the linac structure and
allows to evaluate transmission efficiency and beam accep-
tance. Indeed, a trade-off between transmission and linac
length (or linac output energy) has to be found. For
instance, the transmission of a beam of 350 MeV�
5 MeV has been studied for different apertures (bore
radius) of the accelerating cells, as presented in Fig. 4.
For these studies, the assumed geometrical emittances
(99%) of the beam at the output of the cyclotrons in the
horizontal and vertical planes are respectively 6 and
10π mmmrad [17]; a synchronous phase of −25 deg
has been chosen (see next section). Orbit errors and
misalignments of the structure were not considered in this
preliminary study.
Figure 4 shows that the beam losses increase for bore

radii smaller than 4.0 mm, whilst they are almost constant
for values above 4.0 mm. This can be explained by the
beam scraping for beam pipes smaller than 4.0 mm. To

FIG. 3. Example of CCL linac booster.
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achieve maximal transmission, whilst maintaining an
acceptable value of ZT2 the bore radius has been chosen
to be 4.0 mm. The value of transmission in Fig. 4 refers to
the fraction of the initial beam that is accelerated to the
desired final energy of 350� 5 MeV. The losses are the
actual particles that are lost inside the linac. The remaining
fraction consists of all the particles that are transmitted, but
with lower energy. The linac will be followed by a system
with sufficient dispersion by bending magnets. A slit
system will then clean the beam and select the protons
with the 350 MeV energy of the linac.
All design choices are detailed in [18]. The final linac

proposal is summarized in Table I.

The acceptance of the linac has been calculated in the
transverse and longitudinal planes by analyzing the 6D
coordinates at the entrance of the linac of the particles that
reached the end with the right energy (within �5 MeV,
corresponding to a �0.7% momentum spread, easily
accepted by the downstream transfer line). The results
of the simulations at 250 MeV (shown in Fig. 5) give
the following geometrical acceptances: (i) horizontal:
11.2π mm mrad (ii) vertical: 10.7π mmmrad (iii) longi-
tudinal: 150π deg MeV.
It should be noted that this geometrical acceptance has

been calculated for beam particles arriving at the entrance
of the linac booster at phase. Particles arriving out of phase
will experience other field strengths so these will be
accelerated to a different energy. The different focusing
will also cause a change in the accelerated emittance.

FIG. 4. Beam losses and beam transmission with respect to the
bore radius [18]. The values of the effective shunt impedance for
the first cell are also reported.

TABLE I. Parameters table of IMPULSE linac booster.

Parameter Value

Type of linac CCL
rf frequency [MHz] 2998.5
Beam input-output energy [MeV] 250–350
Total length [m] 6.9
Number of units 4
Cells per tank/tanks per unit 13=3
Accelerating cell length (first-last) [mm] 30.8–34.1
Bore hole diameter [mm] 8.0
Normalized transversal acceptance [πmmmrad] 7.5
Total number of PMQs 13
Length of each PMQ [mm] 30
PMQs gradients [T/m] 210–220
rf synchronous phase [deg] −25
Peak power per module (with 30% losses) [MW] 7
Effective Shunt Impedance ZT2 [MΩ=m] 94–99
Axial (average) electric field per cell [MV/m] 25
Klystron peak power [MW] 10
Klystron rf efficiency 0.42
Effective duration of rf pulses [μs] 5
Klystron maximum repetition rate [Hz] 200
rf duty cycle 1 × 10−3

Plug power at 200 Hz [kW] 120

FIG. 5. Horizontal (top), vertical (middle), and longitudinal
(bottom) acceptance of the linac [18]. The coordinates of the
beam at the entrance of the first linac tank are plotted in the three
phase spaces. In blue are the particles used as input beam, in
yellow the particles that arrive to the end with the correct energy
within �5 MeV.
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The particles that are off energy are still accepted by the
permanent magnet lattice (i.e., are not lost inside the linac),
but are then cleaned in a dispersive section of the transfer
line after the linac.

C. The cyclotron-linac coupling—longitudinal aspects

The beamcoming from the cyclotron is a continuous beam
with a micro-structure bunched at a frequency of 72.23MHz
(¼ two times the cyclotron rf frequency), corresponding to a
bunch separation of approximately 14 ns. The length of a
particle bunch coming from the cyclotron is in the order of
0.8 ns. This is still long compared to the rf buckets periodicity
of the linac of 0.3 ns. Therefore, during 0.8 ns and at the
microscopic level, the input beam can be considered to be
continuous from the linac dynamics perspective and this
results in the cited small transmission through the linac. This
is schematically represented in Fig. 6, where the linac rf
periodicity is compared to the cyclotron bunches. The time
structure in the cyclotron beam has been measured bymeans
of a fast scintillation detector hit by the halo of the beam
at PSI.
Since the linac rf system is pulsed at 200 Hz with a

pulse length of only 5 μs (Table I), the linac rf power is
effectively off 99.9% of the time. During this off-time, the
incoming beam is not accelerated. This, in combination
with the fact that the energy of the incoming beam is
250 MeV, would lead to big activation of the cavities and
radiation protection problems. The cyclotron frequency of
72 MHz relates to bunch spacing, while 5 ms (the 200 Hz)
is the spacing of the linac rf pulses, each having a length of
5 μs. Thus the rf pulses cover 0.1% in time. During this
pulse approximately 20% of the protons will be accepted in
the rf of the linac. So the overall beam availability will be

approximately 2 × 10−4. In order to counteract the prob-
lems related to the different frequencies involved (sche-
matically summarized in Fig. 7), the use of a beam
chopping system in the cyclotron has been studied. The
cyclotron beam is chopped in order to match the linac pulse
repetition rate and furthermore it is possible to increase the
beam intensity during these 5 μs pulses. So the few high-E
pencil beams per treatment direction will hardly increase
the treatment time and losses will be limited.
The chopping system consists of a pair of plates in the

center of the cyclotron, that can deflect the beam in the
vertical direction by means of an electric field. This vertical
deflector is located in the central part of the cyclotron,
because the beam energy is still in the order of a few
hundred keV. A voltage difference on these plates will
deflect this beam in a direction perpendicular to the
acceleration plane, i.e., in the vertical direction. The beam
is then partly intercepted by a vertical collimator covering
the next few turns. In such a configuration, the amount of
beam that is not intercepted by the collimator is dependent
on the voltage applied to the plates. A voltage of 1.5 kV
is sufficient to stop the beam completely. When pulsing
the beam intensity with a repetition rate of 200 Hz it is
necessary that the rise/fall times of the deflecting voltage
pulses are as short as possible, to minimize the amount of
particles that will be lost in the booster.
In order to deliver this voltage with this frequency and

short rise/fall times at the plates, one needs a power supply

FIG. 6. Schematic representation of the linac longitudinal
acceptance of a particle bunch coming from the cyclotron. About
20% of protons arrive at the right phase for acceleration in the
linac as indicated by the section of sinusoids highlighted in red
around the linac synchronous phase of −25 deg.

FIG. 7. Schematic time structure of linac and cyclotron. By
chopping the cyclotron beam with the same repetition rate of the
linac rf pulses (200 Hz) the losses are reduced. Within the
cyclotron beam pulses (green line) a transmission of about 20% is
expected.
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with dedicated specifications of the output stage and one
should use short low capacity cables. The capacity of the
plates themselves can be neglected in this respect.
At PSI, a test has been done to investigate what rise times

and frequencies can be achieved using the power supply
normally employed to regulate the beam intensity in proton
therapy. By detecting the beam intensity with a plastic
scintillation detector, the beam intensity could be measured
with a subnanosecond time resolution. Using the existing
power supply, but mounted immediately next to the cyclo-
tron, so that the total cable length was in the order of 5 m,
beam pulses with a length down to 5 μs could be observed,
having a rise/fall time of 0.25 μs (see Fig. 8). This is
sufficiently short for the purpose. It is worth remarking that,
with the normal cable length of almost 40 m, a rise/fall time
of 1.3 μs was obtained [19].

III. THE FIRST UNIT PROTOTYPE

One of the advantages of the present linac solution is its
modularity. A prototype of the first unit of the linac can
indeed be built and could be tested in one of the existing
PSI PROSCAN beam lines without considerable infra-
structure modifications.
The IMPULSE prototype could consist of one unit of the

booster, consisting of three tanks with a total length of
1.6 m. The prototype unit should be placed in a straight
section of the common beam line. To measure the energy
spectrum behind the test unit, a bending magnet followed
by a dispersive focus position should be mounted at some
location behind the test unit. To measure the emittance
behind the test unit, a quadrupole system followed by a
profile monitor should be installed between the linac and
the bending magnet. The method of measuring the width of
the beam profile as a function of a quadrupole setting can
be used to determine the beam emittance. The optimal
location of the test unit within an existing proton therapy
facility should be chosen such that there is a minimal
interference with the ongoing treatment operation. To avoid
such interference, we have proposed to make the design
such that the prototype is placed on a movable table on a
rail system, so that it can be moved in and out of the line
within reasonable time.
Beam measurements performed at a possible test unit

location at the PSI proton therapy facility gave a value for

the transverse normalized emittance (4 rms) of 5.6�
0.6π mmmrad on the horizontal plane and of 3.4�
1.0π mmmrad on the vertical plane, values that are smaller
than the acceptance of the linac (see Sec. 3.3 of [18]). The
expected output energy of the first unit is of 275 MeV
and can be analyzed with the beam monitors along the
experimental line and by a small possible increase of the
current of the following bending magnet.
The implementation of a test unit has been investigated

for the situation in the proton therapy facility at PSI in
2011. However, such a test setup could also be installed in
another facility, if its layout matches the needs listed in
this section. Recently an approach similar to one studied for
PSI has been proposed and is now been pursued by the
University of Manchester and University of Lancaster with
the PROBE project [20].

IV. CONCLUSION

The upgrade of existing proton therapy facilities to
higher beam energies (350 MeV) would allow us to address
some open issues in proton therapy, enabling also the
implementation of new specific treatment modalities with
increased benefits for the patients. A high frequency linac is
a modular and simple way of obtaining an energy boost of
100 MeV with respect to the typical 230–250 MeV beams
from a therapy cyclotron. For the PSI IMPULSE project, a
3 GHz linac solution has been presented in this paper. The
possibility to build a first unit prototype which could be
mounted in an existing beam line of a therapy cyclotron,
has also been discussed.
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