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Abstract

An increasing number of proton therapy facilities are being planned and built at hospital based centers. Most facilities are
employing traditional dose delivery methods. A second generation of dose application techniques, based on pencil beam
scanning, is slowly being introduced into the commercially available proton therapy systems. New developments in accel-
erator physics are needed to accommodate and fully exploit these new techniques. At the same time new developments
such as the development of small cyclotrons, Dielectric Wall Accelerator (DWA) and laser driven systems, aim for smaller,
single room treatment units. In general the benefits of proton therapy could be exploited optimally when achieving a higher
level in accuracy, beam energy, beam intensity, safety and system reliability. In this review an overview of the current devel-
opments will be given followed by a discussion of upcoming new technologies and needs, like increase of energy, on-line
MRI and proton beam splitting for independent uses of treatment rooms.

Proton therapy is becoming increasingly more
accepted as a successful treatment in radiation oncol-
ogy, which goes together with an increase of choices
and types of commercial systems. There is also a shift
in the type of (potential) customers that would like
to employ proton therapy. After the period in which
pioneering centers and groups related to nuclear
physics accelerator laboratories have been exploiting
the possibilities and techniques for proton therapy,
today one clearly observes that proton therapy seems
to have become mature enough to be applied in
centers solely devoted to patient treatments, rather
than to technological development.

It is evident that the operational specifications for
a proton therapy facility in such centers will be very
similar to those of a conventional photon treatment
unit. The high investment costs of a proton therapy
facility causes new centers to be very demanding
with respect to financial aspects (limit of investment
costs, reduced operational costs, short delivery times,
high capacity/throughput), which leaves little or no
room for risky adventures with new technology, not
even mentioning the related additional certification
procedures. In addition to that, one should not forget
that the commercial products have required huge
investments by companies who have taken severe risks
concerning the necessary technological developments.

Therefore the currently available and certified products
are, crudely said, rather conservative systems, based
on technology developed in the pioneering period of
1970-2000. Currently only a few laboratories and
some major centers are developing new techniques.
Also it should be mentioned, that most of the com-
panies have underestimated the effort and time
needed for development, realization, certification
and reliable implementation of proton therapy. Espe-
cially the step from “proven technology” to a reliable,
safe and certified treatment facility has appeared
to be very demanding. Consequently, the burden
involved with changing an existing product seems to
be so large, that this has led to a reluctance to modify
existing equipment accordingly.

Parallel to the currently emerging multi-room
facilities employing established technology, there is a
clear increase of interest in single room facilities. This
is motivated by the much lower financial threshold
to start proton therapy at all and potentially encour-
ages the application of proton therapy in more
numerous smaller centers, instead of being restricted
to a few large multi-room facilities.

Does this maturity of proton therapy mean that
major technological developments in proton therapy,
once implemented, have almost reached their final
goal, i.e. are we approaching the technological limits?
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The three major branches of development that
are currently being pursued are: 1) improvement of
treatment logistics and patient throughput; 2) further
development of current beam delivery technology
with equipment upgrades in small (affordable) steps
and 3) the quest for a “cheap”, stand alone, single
treatment room facility. In this review, after a brief
overview of the current and emerging dose delivery
methods and accelerators, we will discuss several of
the developments in the last two branches. In addi-
tion to that, we will also point out possible next
steps in technology, aimed at a further increase of the
benefit and potentials of proton therapy.

Possibilities of different beam delivery
techniques

Since the beam emerging from the accelerator is
small in diameter and has a narrow Bragg peak, beam
spreading systems have been developed. The two
major methods to spread the beam in the transverse
plane are schematically shown in Figure 1 and are
usually referred to as (passive) scattering and (active)
pencil beam scanning. Both methods are extensively
described in, for example references [1-4].

The scattering technique enlarges the beam in
the transversal direction by guiding it through one
(single scattering) or two (double scattering) pieces
of material that deflect the particle trajectories due
to multiple Coulomb scattering. The spreading of the
Bragg peak over a certain depth is performed by
means of a rotating wheel, which is placed in the
beam with its rotation axis parallel to the beam direc-
tion. The water equivalent thickness of the wheel is
similar as the maximum water equivalent extension
in depth of the target volume. At the radius where
the beam crosses the wheel, the thickness varies
along the circumference of the wheel. A rotation of
the wheel will thus modulate the range of the protons
over the tumor thickness. The distal edge of the
spread out Bragg peak is shaped to the distal edge of
the target volume by means of a bolus or range com-
pensator. A collimator, mounted just before the
patient, defines the transversal shape of the dose dis-
tribution. The modulation wheel, collimator and
eventual bolus are specific to each angle of beam
incidence. Further, it should be noted that the energy
modulation and range shifting acts on the total beam

Scatter system

Collimator Fast magnet

Figure 1. The two methods to spread the beam in the transverse
plane: scattering (left) and pencil beam scanning (right).
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cross section, which is designed to coincide with the
tumor cross section, projected in the beam direction.
Along particle tracks that cross the tumor where it is
thinner than the maximum thickness, healthy tissue
just in front of the tumor receives the same dose as
the tumor [5].

The scattering technique is the most widely
employed method. It is relatively robust against organ
motion and the beam delivery system can be quite
simple in principle.

Pencil beam scanning offers the best flexibility
for shaping the dose distribution [5]. Apart from a
reduced integral dose with respect to scattered beams,
robust field patching as well as intensity modulation
are possible [6—8]. Other advantages of pencil beam
scanning are the efficient use of the beam (all protons
arriving at the gantry entrance are stopped in the
target; no losses on collimators) and beam time (no
time is lost for changing components like bolus or
collimator).

When “painting the dose” with a pencil beam, the
lateral displacement of a pencil beam is performed
by fast scanning magnets, sometimes together with a
orthogonal table motion (e.g. for PSI’s Gantry 1 [3]).
The depth dimension is covered by changing the
beam energy. This can be done by inserting range
shifter plates into the beam, just before the patient
(such as for Gantry 1 at PSI), or by setting the energy
of the beam before it enters the gantry, for example
by choosing the appropriate energy at every spill
from a synchrotron [4] or with a degrader at the exit
of a cyclotron [9]. With the last two methods, the
beam line magnets and respective power supplies
must be designed to follow these fast changes. In all
double scanning systems (i.e. where magnetic scan-
ning is used in both lateral dimensions) the time
needed to change energy is the dominating factor
that determines the total time needed for volume (re)
scanning.

Pencil beam scanning (see Figure 2) can be per-
formed by discrete spot scanning (developed and
implemented in Gantry 1 at PSI [3], and at GSI,
Darmstadt (D) [4]) or in a continuous mode. In dis-
crete mode, the pencil beam is aimed sequentially at
a list of locations in the target volume, where the
prescribed dose is applied. In contrast, for continu-
ous scanning the beam is swept along a trajectory in
the transversal plane and in parallel the beam inten-
sity is varied according to a time-dependent pattern
prescribed for this trajectory. This last method is in
development at PSI [10,11] but not used in clinical
practice yet.

Spot scanning is being applied now at PSI, HIT
in Heidelberg (with carbon ions), RPTC in Munich,
MD Anderson Cancer Center in Houston and at the
Francis Burr Proton Therapy Center in Boston. In
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Figure 2. In the “step and shoot” method of pencil beam scanning
the beam is aimed at sequential volume elements. When continuous
scanning is used, the beam is swept along a contour or a line, while
varying the beam intensity.

addition, it is being clinically implemented at several
facilities currently under construction. The current
limitation of this method is its sensitivity to organ
motion. Due to the time dependence of the dose
application, an interplay with organ motions can
occur, giving rise to hot and cold spots in the dose
distribution [12]. There are, however, several ways
one could deal with this problem [13-17]:

a) Gating: The beam is applied only when the
target is at a well defined place, e.g. during a
specific phase of the respiration cycle [18,19].
This is dependent on a good correlation between
the trigger signal and the real position of the
target volume.

b) Fast rescanning: The whole target volume is
painted multiple times a minute [10-12] such
that motion effects will be averaged out, but at
a cost of a larger treated volume. This technique
requires increased scanning speeds in order to
be effective.

¢) Tumor tracking or adaptive scanning: The posi-
tion and eventual energy of the pencil beam is
corrected for a displacement of the target volume
on-line [20]. Again, it is critical for this that the
relation between the trigger and actual target
location is well known, but also that the varying
influences of the traversed tissue on the pencil
beam characteristics can be modeled.

For each of these approaches there are various
possibilities and implementation methods and also
combinations of the above methods are possible in
principle. Beam gating is already in use in Houston,

at HIMAC in Chiba (Japan) and at the Proton
Medical Research Center in Tsukuba (Japan). Fast
scanning is being developed at PSI and techniques
necessary for tumor tracking are being investigated
at HIT. Common to all methods is the need for high
scanning speeds.

Consequences of new dose application
techniques for the accelerator and
beam lines

The two commonly used accelerator types are the
synchrotron and the cyclotron [21]. The synchrotron
is a ring in which particles are injected from a pre-
accelerator, and then stored and accelerated to a
desired energy. Once this energy has been reached,
the particles are slowly extracted and sent to a treat-
ment room. This period of actual beam in the treat-
ment room can typically last several seconds. When
not all particles in the ring are used, the remaining
particles are decelerated after the extraction has been
stopped and dumped. This cycle (spill) is repeated
for each required energy.

A cyclotron is one big magnet in which the
particles are accelerated to a fixed energy, dependent
on the design of the cyclotron. The particles are
extracted from the cyclotron and sent to a degrader,
in which they are slowed down to the desired energy.
The degrader consists of a variable amount of mate-
rial, usually graphite, and is followed by a collimation
system and magnetic analyzer, to select the appropri-
ate energy and energy spread of the beam that is
transported to the treatment room. The beam from
the cyclotron can be regarded as a continuous stream
of particles. The beam intensity must be (and can be)
sufficient to compensate the loss of protons in the
collimation system behind the degrader. Since beam
losses are high [22] in this degrading and collimation
process, activation of these components must be
dealt with by proper material choices and local
shielding.

As experience has demonstrated during several
decades and at several centers, both accelerator
types are appropriate for passive scattering. For
pencil beam scanning, however, application of the
synchrotron is currently limited to discrete spot
scanning (step and shoot; in some cases without
switching the beam off when moving to the next
spot). The cyclotron, therefore, seems to be more
suitable for advanced scanning techniques due to
its continuous and stable beam and its almost
unlimited flexibility in beam intensity [21,23]. Fur-
thermore, it has been demonstrated at PSI that
changing the beam energy with the degrader can be
done in less than 100 ms. This is now routinely
exploited for the further development of fast



volume scanning. Encouraging possibilities to
enable fast pencil beam scanning with volumetric
repainting have also been demonstrated [24].

Continuous scanning techniques can be grouped
into event driven and time driven methods. In event
driven systems the beam intensity is more or less
fixed or just taken as it comes from the accelerator.
The speed of the pencil beam motion depends on
the necessary voxel dose and is eventually corrected
for the actual beam intensity. Although one can allow
certain beam intensity fluctuations, too large or too
fast fluctuations are however difficult to compensate
by the speed of the scanning magnets alone.

The time driven method is therefore generally
faster. Here the scanning magnets change their fields
at a fixed speed and the beam intensity is set as a
function of the position of the pencil beam. Rapid
(within ms) and accurate (few percent) intensity
changes are an essential requirement for fast scanning.
As such, unexpected fluctuations or interruptions in
the beam intensity or a pulsed beam are not desired.

With a cyclotron, different possibilities for con-
tinuous scanning are being investigated. One can
vary the arc current of the internal ion source in the
cyclotron center, or deflect the beam away from a
collimator aperture near the center of the cyclotron.
With the latter method, which is pursued at PSI and
shown in Figure 3, beam intensity can be adjusted at
a few percent accuracy within 50 s.

For such beam delivery systems, the new dose
application techniques impose rigorous changes with
respect to the currently used systems. Beam monitor-
ing (intensity and 2/3 D pencil beam position infor-
mation), fast beam control, fast power supplies and
laminated beam line magnets (to allow rapid energy
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changes), appropriate beam optics (same optics
at each energy, so easily scalable magnet settings), a
rigorous limitation of the amount of material in the
last part of the beam path to obtain a narrow beam
(<10 mm FWHM in air at all energies) and an
advanced safety system need to be implemented.
Since there is little time for a feedback on beam optics
errors (beam size or beam position), the beam optics
must be designed to be very robust and more or
less independent of the beam energy. This facilitates
also on-line checks to guarantee a safe dose delivery.

New accelerator developments

Apart from the developments mentioned above, sev-
eral commercial companies are proposing proton
therapy facilities consisting of a single accelerator
and beam delivery system. This would then resemble
the situation in conventional photon therapy, with
independent units at each treatment room. The
investment costs of a single room facility are obvi-
ously much less than those of a multi-room facility.
However, although this would certainly allow an
easier (and cheaper) start with proton therapy, if
multiple treatment rooms are required, single room
solutions are expected to be more expensive.

The required and achieved technological innova-
tions, however, are very interesting and challenging.

Small cyclotrons

Already in 1989 Henry Blosser [25] proposed a sin-
gle room system, consisting of a small 250 MeV
cyclotron, mounted on a rotating gantry. The use of
superconducting (SC) magnets would allow an

Bt beam nensiy (nA)
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Figure 3. With a fast acting electrostatic deflector plate in the center of the cyclotron the beam can be deflected and partially intercepted
by a vertical limiting collimator. The voltage on the plates is used to regulate the beam intensity extracted from the cyclotron [23].
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increase of the magnetic field of the cyclotron, so that
a smaller machine radius can be achieved. However,
since SC magnets are very likely to quench when the
coil is deformed, the coil design (stiffness and cooling)
is quite challenging. The 30 MeV SC cyclotron at the
neutron therapy facility in Detroit [26] demonstrates
that it is possible to operate such a cyclotron and its
cryogenic equipment in a rotating system.

The first SC-cyclotron of 250 MeV has been based
on a NSCL design and has been built by ACCEL (now
Varian Medical), in collaboration with PSI [23,27].
Although this cyclotron has not been designed for
mounting on a rotating gantry, the possibility of a scale
reduction has been demonstrated. With a magnetic field
strength of 3.8 T, the outer diameter has been reduced
from 5 m in a cyclotron with normal conducting coils
to a diameter of 3.5 m. The weight (100 tons) of a SC
cyclotron is less than half of one with conventional coils.
A resonant extraction scheme is used to obtain an
extraction efficiency of 70-80%, which is quite an
achievement given the very small turn separation at the
extraction energy. A further reduction in size is possible
by increasing the magnetic field to 5T or even 9 T
[28,29]. Such proposed cyclotrons have superconduct-
ing coils and are very small (<2 m in diameter and
about 20 tons), so that mounting on a rotating gantry
is possible in principle. At such strong fields, however,
several problems need to be solved. First of all, the
small dimensions and the small radius of the inner turn
that the protons make when leaving the ion source,
necessitate small RF-structures and small apertures.
Also the orbit separation at extraction is very small, so
that high beam losses at extraction are likely, causing
activation of the machine. The strong magnetic field
highly saturates the iron, so that vertical focusing of the
beam in the cyclotron is no longer possible with the
techniques normally used in high energy cyclotrons.
Therefore very compact cyclotron systems are based on
the ‘old’ synchrocyclotron concept, but using more
modern RF technology and more sophisticated magnet
designs. A synchrocyclotron, however, operates as a
pulsed machine with a repetition frequency of typically

1 kHz which limits the applicability of the different
pencil beam scanning methods outlined above.

Still River Systems (Figure 4) has built a SC
synchrocyclotron mounted on a gantry for a single
treatment room facility. The 250 MeV beam is used
directly for treatment. Beam energy is adapted with
range shifters and modulator wheels and the beam is
spread by means of a passive scattering system. There
is no beam analysis and there are no magnets in the
beam path, which yield compromises on the distal
fall off of the dose distribution. Also measures must
be taken to reduce dose due to activation and the
neutron background delivered to the patient caused
by proton interactions with the degrader, modulator
and collimator(s). Alternatively, IBA has proposed a
single treatment room design, shown in Figure 4,
consisting of a static small synchrocyclotron, which
is coupled to a degrader and a dedicated gantry. A
beam analysis system is integrated in the beam optics
of the two dimensional (2D) scanning gantry.

Despite the very sophisticated technologies used
in the new compact cyclotrons, several compromises
are unavoidable. However, it is interesting to evaluate
such compromises, and investigate whether this is
really a disadvantage in routine operation of a single
room facility. For example, due to the lower amount
of extracted protons per day in a single treatment
room machine, a low extraction efficiency will cause
less activation of the machine than it would do in a
multi-room facility. On the other hand, the neutron
background associated with these beam losses must
carefully studied and considered.

New synchrotrons

Ideas for rapid cycling synchrotrons are based on fast
extraction schemes: after reaching the energy the full
beam is extracted and sent to the treatment room [31].
With a high repetition rate (spills with variable energy
at 30 Hz) and strong focusing, a high dose rate
scheme with typically 10° protons per bunch has
been reached. The machine is not small, however:

&

Figure 4. Compact cyclotron systems from Still River Systems (left) and IBA (right), allowing a proton therapy machine in a single

treatment room [28,29].



10 m X 5 m plus an injector. This scheme is appli-
cable for spot scanning in principle. However, since
all protons leave the machine at once, no feedback is
possible on the applied dose. This means that the
number of protons in the ring, as well as the eventual
transmission losses, must be well controlled.

In the Italian TERA project, the design of a
compact synchrotron has been studied [30]. The
maximum energy of 200 MeV protons is achieved in
a ring of 2.2 m diameter, equipped with 4 T dipoles.
The ring is injected with 12 MeV negative hydrogen
ions, which enter the ring after stripping. The tech-
nology of pulsing these magnets with 3.5 ms, 180 KA
pulses is also proposed for a compact gantry design.
As far as we are aware however, no prototype has
been built.

The company PROTOM is proposing a small
synchrotron, 6 m in diameter, using a 1 MeV injec-
tor. Unlike traditional synchrotrons, the machine
does not use sextupole magnets and has a simpler
beam injector. The synchrotron can vary the beam
energy up to 330 MeV and is small enough to fit into
one room. A prototype of the synchrotron is being
developed at MIT’s Bates Linear Accelerator Center,
but to date hardly any detail has been revealed on
the performance [32].

At KEK, Japan, [33] a design of a 3.6 m diameter
synchrotron has been developed, employing strong (3
T) dipoles. As the magnet saturates heavily at the high
excitation level, the maximum current of the dipole
is as large as 200 KA for a single turn coil. Supplying
this current in a short time (rep. rate <10 Hz) implies
that the current from the power supply should be
provided by the discharge of a capacitor. Injection
is proposed by means of N, gas or a carbon foil,
stripping 2-3 MeV H- ions.

For a synchrotron, typically one has to wait one
or two seconds until the next spill reached a different
beam energy. But, faster changes of the energy [34]
are now being studied at HIMAC. By carefully
changing the magnet current and simultaneous
deceleration during the slow extraction process, the
energy of the extracted beam can be varied within a
spill. This would make such synchrotrons more suit-
able for rapid scanning techniques than traditional
designs.

FFEAG accelerators

The Fixed Field Alternating Gradient (FFAG) accel-
erator is essentially a synchrocyclotron which uses a
stronger focusing concept, realized by splitting up
the magnet in separate sector magnets having an
alternating magnetic field [35,38,39]. The sector
magnets are designed to include very strong, alter-
nating gradients, which makes the magnet design
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process very complicated. The RF-frequency varies
at a typical repetition rate of up to a kHz, similar to
a synchrocyclotron. The cavity and RF-generator are
more complicated, however, due to the much stron-
ger electric fields required. The major advantage of
FFAG?s is the very large acceptance of beam energy
and emittance, which is useful in particle physics
applications that need reacceleration of reaction
products.

FFAG’s have been investigated as potential
sources for proton or carbon ion therapy for many
years [see e.g. 36,37,39,41]. For proton therapy, the
possible advantages of an FFAG may be its capacity
to achieve higher beam intensities than synchrocy-
clotrons, and the possibility to switch off the RF
when the required energy has been achieved which
allows extraction at arbitrary energies [37,41]. On
the other hand, FFAG’s are not small (radius 7-8 m),
can have a weight of 100-200 tons and need a
~10 MeV injection system in addition. This can be a
cyclotron [41] or another FFAG [36]. The most
promising type of FFAG is complex to design, to
build and to operate and also needs complex RF
amplifiers. Apart from the rapid energy change (to
date not proven in any working machine) it is not yet
clear what other advantages the FFAG would offer
compared to a cyclotron. However, FFAG-type beam
optics, based on very strong alternating gradients,
could be of interest for beam transport systems in a
gantry [40]. The large momentum acceptance of the
optics may prevent the need of changing magnetic
fields when changing beam energy. This could speed
up the energy modulation considerably.

New accelerator concepts

Dielectric Wall Accelerators. In linear accelerators, the
required length is determined by the maximum achiev-
able strength of the electric RF field. Currently, typical
values of 10-20 MV/m can be achieved. Due to vari-
ous associated structures that need to be included in
an accelerating structure, additional length is needed
and the effectively obtainable average acceleration
field is thus reduced to only a few MV/m. One method
to increase the maximum possible electric field is
based on application of new types of insulators in
accelerating structures. With normal insulators the
maximum electric field strength is limited by spark
formation. Along the surface of the insulator a spark
typically develops due to electrons that repeatedly
bombard the surface thus creating an electron ava-
lanche. To obtain a very strong accelerating field one
can prevent the development of a spark by shorten-
ing the time that the field is present. For conventional
insulators a shortening of the high voltage pulse from
1000 ns to 1 ns yields an increase of the surface break
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down field from 5 to 20 MV/m. Also, new castable
dielectrics and a new insulator configuration have
pushed this limit up to 100 MV/m [42]. This high
gradient insulator (HGI) is made of a stack of floating
conductors sandwiched between sheets of insulators.
A Diuelectric Wall Accelerator (DWA) can be constructed
by stacking rings of HGI material and insertion of
conducting sheets at frequent intervals along the
stack. Each of these sheets is connected to a high
voltage switching circuit (Blumleins). When these
laser driven switches are closed, an electric field is
produced on the inner side of the HGI ring. By suc-
cessive closing of the switches along the stack, the
region of strong electric field is shifted along the stack
and protons traveling in phase with this wave will be
accelerated through these rings.

During 3 ns pulses, one has achieved this high
accelerating field in small HGI samples [43]. This
would allow an accelerator design of about 2 m
length (+ion source, injection system, scanning mag-
nets, monitoring system) for 200 MeV protons, as
shown in Figure 5. The advantage of such a short
linac would be the possibility to build a single room
treatment unit by mounting this DWA on a
tomotherapy-type of device.

The DWA is pulsed with a repetition frequency
of several tens of Hz. Energy variation per pulse can
be achieved by using only the appropriate amount of
switches.

The key components for a DWA are operating
at the limit of current technology: high gradient
vacuum insulators, high bulk breakdown strength
dielectrics for pulse forming circuits and switches
that operate at high voltage. Therefore, in this chal-
lenging project there are still many obstacles to over-
come [44] and the achieved repetition rate of several
tens of Hz is still too slow for scanning. As in all linac
based systems, the beam energy depends on the elec-
tric field through which the protons are moving.
Thus, if this field is not as requested, due for instance
to sparks or faulty switches, this will result in an
incorrect energy. Given the short pulse times, this
cannot be corrected. A very important aspect for
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proton therapy with respect to the ion source is the
safe and accurate control of the large amount of pro-
tons per pulse and beam suppression. These topics
are still part of the developments of the proton source
[45]. In summary, although experience with proto-
type components has shown that the DWA concept
is feasible, experience has shown that substantial
additional time is needed until a clinical system has
been achieved.

Laser driven accelerators. Laser and light transmission
components can be installed in normal rooms, with-
out the need of heavy concrete shielding. Compared
to beam line magnets, the laser and optic compo-
nents are typically small, light and easy to maintain.
This makes the use of lasers to generate energetic pro-
ton beams for proton therapy very interesting. Also,
scanning the light beam would in principle provide
opportunities for pencil beam scanning [46].
Several methods are currently being studied to
accelerate protons by means of strong laser pulses
[47]. At the moment most experience has been
obtained with the TNSA (Target Normal Sheet
Acceleration) method [48]. As shown in Figure 6, a
high intensity laser irradiates the front side of a solid
target, saturated with hydrogen. A plasma is created
due to the energy absorption in the foil and electrons
in this plasma emerge from the rear surface. This
induces strong electrostatic fields, which accelerate
the protons out of the rear surface of the target.
The highest proton energies observed in this method
so far are about 20 MeV [49]. This has been achieved
with a laser power intensity of 6 X 10'° W/cm? and a
pulse length of 320 fs. Extrapolation of model calcu-
lations to deliver a 200 MeV beam, indicates that the
needed laser power would be 1022 W/cm?, at which
no experimental results have yet been obtained. The
energy spectra of the protons emerging from the foil,
however, show a broad continuum [50], which is not
suitable for proton therapy. Energy selection systems
using dipole magnets and apertures are needed to select
protons with the desired energy. In order to prevent this
inefficient process, it is proposed [51] to insert a

Traveling wave of

scanning
system

Figure 5. Principle of operation of the Dielectric Wall Accelerator [42]. A traveling high gradient field is created by switching high voltages

on electrodes that are sandwiched between High Gradient Insulators.
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Figure 6. A laser driven accelerator is based on a high power laser
pulse, impinging on a target doped with hydrogen atoms. The laser
light accelerates the electrons out of the foil, so that an electric
field is created that pulls out protons from the foil.

suitably formed scattering material at the location in
the analyzing system where the particles are separated
in space depending on their energy. Monte Carlo
simulations show that configurations can be found
that transmit energy spectra that naturally produce
spread out Bragg peaks within one laser shot. The
method is very sensitive to the initial parameters of
the proton beam, however.

An alternative method uses radiation pressure
acceleration (RPA) [52]. Here the light pressure of a
laser pulse incident on a foil accelerates the whole
foil as a plasma slab. Simulations predict that the
RPA method can provide higher proton energies and
less energy spread than TNSA. However, the RPA
method faces even more technological challenges.

Even though the field is developing very fast [53],
it is expected that it will still take many years to
develop a laser driven medical facility for proton
therapy [54,55].

Next steps in the developments
of advanced proton therapy

In order to allow a full exploitation of the possibilities
of proton therapy, several currently accepted bound-
aries must be crossed. In this section, we will outline
the next steps in the technological developments of
proton therapy that we consider of most importance:
high accuracy, high energy, high intensity, high safety
and high reliability.

Although proton therapy is regarded as a treat-
ment with maximum precision, there are nevertheless
some limiting factors as to the precision that can be
reached in clinical practice. These can be categorized
into: uncertainties in the exact position of the tumor
and neighboring critical structures on a day-to-day
basis, uncertainties in the exact range of the protons
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in the patient and limitations in the lateral penumbra
of the applied pencil beam. As will be discussed
below, these issues can be dealt with by increasing
the accuracy of soft tissue imaging and the possibil-
ity to increase the proton energy to approximately
350 MeV. A high intensity is a prerequisite to increase
the speed of the dose application, which is advantageous
for the dose delivery precision in moving targets.

The increase of dose delivery speed immediately
raises the issue of safety. The control, monitoring and
interruption possibilities need to be based on new
concepts and novel instrumentation. Last but not
least, the devices must work reliably. A low reliability
of the equipment will lead to many interruptions and
errors in the dose application process.

High accuracy: On-line soft tissue imaging

Improvement of geometrical accuracy can be achieved
with improvement of imaging techniques themselves
as well as the use of imaging techniques during the
application of the dose. At PSI’s Gantry-2 a provision
is made for x-ray imaging in a direction parallel to
the proton beam [11]. This will yield images similar
to the classical “beam’s eye view” during proton irra-
diation, and with on-line fluoroscopy one can verify
the location of bony tissue during the treatment.
For soft tissues, however, the best imaging modal-
ity is MRI. Integration of MRI with photon therapy
is being investigated by several groups [56]. This
underlines the need for a similar high quality soft
tissue imaging for proton therapy, as suggested by
Raaymaakers etal. [57]. Since the protons are deflected
by the magnetic field of the MRI, its integration has
implications for the dose distribution. However, cur-
rently achievable “open MRI” magnets provide both
an open access to the patient and a sufficient image
quality at 0.2-0.5 T. As shown in Figure 7, in such a
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Figure 7. The deflection of a proton beam in a magnetic field,
typical for a MRI.
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field protons of 200 MeV are only deflected by 8 mm
at the end of their 25 cm range. This shift is easy to
implement in a treatment planning program.

Also on a micrometer scale the dose distribution
is hardly changed. The energies of the electrons
recoiling after a proton interaction is low (<keV), so
that their range is limited. This means that the deflec-
tion of the electrons has an almost negligible effect
on the dose distribution. It should be investigated,
however, whether a slightly larger LET and thus RBE
could occur due to the more concentrated dose depo-
sition caused by the curvature (radius <0.1 mm) of
the electron paths.

At the technological side the most challenging
investigations are on the mutual interactions between
the magnetic fields of the MRI and of the beam
transport magnets and how these can be compen-
sated, as well as the effect of magnetic fields on beam
monitoring systems.

High energy

A facility with the possibility to increase the proton
energy to ~350 MeV offers possibilities for proton
radiography at all locations, as well as novel thera-
peutic opportunities. Proton radiography can be
used for range verification of the protons in tissue.

Uncertainty in CT-Hounsfield calibrations as
well as possible artifacts in the CT image reconstruc-
tion lead to an uncertainty in the calculation of pro-
ton range. This uncertainty limits the flexibility in the
choice of incident beam angles. Due to the risk of
inadvertently over-shooting into critical structures,
treatment planners normally avoid using beam angles
at which the Bragg peak is supposed to stop just
before a critical structure.

In proton radiography the proton stopping power
is directly calculated from the measured energy loss
of protons (see Figure 8) traversing the patient [58—
60]. When extending this method with tomography
techniques, a three dimensional (3D) stopping power
map can be reconstructed [61] with a dose to the

Proton range radiograph

eye

trachea

Figure 8. A proton radiograph of a phantom of the head [58].

patient of only a few mSv. Since for all incident
angles the proton range must be larger than the path
length through the patient, the usual maximum pro-
ton energy of 230-250 MeV must be increased with
another 100 MeV.

Also for therapy applications high energy can be
advantageous. It is a common misconception that,
compared to photons, protons generally provide
sharper penumbras laterally to the delivered field direc-
tion. For many clinical circumstances this is not cor-
rect. Although collimated proton beams are somewhat
sharper than photons to about 10 cm depth, beyond
this depth collimated photon beams will generally
provide a sharper penumbra. Although much effort
is spent on reducing the phase space of the pencil
beam, and sharpening the edges of a scattered beam
by collimators, Multiple Coulomb scattering will
lead to the larger penumbra at depths beyond 10 cm.
This issue can be extremely important when treating
around highly sensitive critical organs like the brain
stem and/or spinal cord and where one does not trust
the exact position of the distal fall-off for reasons
discussed before.

High energy protons, however, can be of advantage
in this respect. Proton therapy with 1000 MeV is being
performed at Petersburg Nuclear Physics Institute in
Russia. Their motivation to take advantage of the
sharp penumbra [62] is supported by the observation
of a negligible increase of the lateral penumbra in tis-
sue. Calculations of the lateral spread of a 350 MeV
proton beam, show a transverse penumbra which is
almost comparable with the one of carbon ions. In
Figure 9 the calculated lateral beam sizes (sigma) of
different beams is shown as a function of depth in
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Figure 9. The lateral beam size (sigma) of proton beams of
different energies as a function of depth in water. When entering
the water the beam size has a Gaussian shape with a standard
deviation (sigma) of 1 mm. The “virtual” standard deviations of
photon beams from a “Gamma knife” and of a “Cyber knife” are
indicated as black dots. These are derived from published
penumbra data of photon beams [64,65]. The typical width of
these beams is about 4 mm and indicated with the dashed vertical
arrow.



water. The initial beam size is assumed to have a
Gaussian shape, with a sigma of 1 mm. Such a beam
size can easily be achieved by a low emittance beam,
obtained after proper collimation [63].

The ability to irradiate with proton energies of
350 MeV would thus be of great advantage when
treating small tumors that are surrounded by
multiple, relatively small critical organs (i.e. in the
cranium and along the spinal column).

For comparison, lateral penumbras equivalent to
about 0.6 mm sigma at 5 cm depths have been
reported as being possible with photon beams in the
Gamma knife [64], but only after a modification that
as far as we know has never been implemented clin-
ically. However, it should anyway be noted that the
smallest ‘pencil beam’ size that can be applied with
the Gamma knife is 4 mm and this lateral spread
adds to this, as indicated with the dashed line in
Figure 9. Similar figures for the Cyber knife result
in lateral penumbras equivalent to sigmas of about
1.5 mm [65]. From Figure 9, it is clear that the addi-
tional scatter due to multiple Coulomb scatter for
350 MeV beams at 5 cm depth will only be about
0.2 mm, so considerably smaller than that of the
(optimized) Gamma knife and Cyber knife. In addi-
tion to that, a small phase space of the proton beam
will bring the potential advantage of having initial
pencil beams as small as 1 mm (sigma in air).

Of course, protons of 350 MeV will not stop in
the patient, but will ‘shoot-through’. Although the
dose advantage of a stopped beam will be lost, it
should be noted that the integral dose advantage of
protons reduces as tumor volume reduces. When
normal Bragg peak irradiations are performed, for
example to treat small intracranial or paraspinal
tumors, there may be no great advantage from pro-
tons through integral dose alone. However, if the lat-
eral penumbra around these small tumors is improved
by using higher energies, there could be great advan-
tage in more precise conformation of the dose.

Currently, at PSI plans are being developed to
add a linear accelerator to the existing beam trans-
port system, in which the energy of the protons could
be boosted from 250 up to 350 MeV. As with the
LIBO proposal [66], the final energy can be regu-
lated by switching the amount of active cavities. Of
course, the eventual use of 350 MeV protons will
have implications on gantry design. However, the
ongoing developments of superconducting magnets
may be helpful in this respect.

High intensity

A disadvantage of the use of a degrader is the large
fraction of lost beam [22]. The most straight forward
method is to compensate this by increasing the beam
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intensity from the cyclotron. At PSI the extracted
beam intensity is 150 nA for Gantry-1, 200-500 nA
for Gantry-2 and raised to 800 nA for the eye treat-
ments at 70 MeV. But there are also other advantages
of a high intensity. For the dose application, a high
intensity offers opportunities for multiple volumetric
painting. Also a high speed in combination with
accurate target position monitoring will enable a more
precise dose application in case of moving targets. At
PSI this development is clearly visible in the increase
of scanning speed. At Gantry-1 (20 years old) this is
on average about 50 Hz, at Gantry-2 it will be about
200 Hz for discrete spot scanning and equivalent to
about 1 kHz for line scanning. A reduction of treatment
time with at least a factor 5 is therefore expected.

A very big advantage with respect to the efficient
utilization of a multiple room facility would be the
situation where the treatment rooms are independent
from each other, i.e. that one does not have to wait
with the irradiation until the treatment in another
room has finished. This can be avoided when a high
intensity beam is continuously available, as possible
with a cyclotron. The beam for a certain area is split
off from the rest of the beam, degraded and analyzed
separately and used for treatment. Intensity control
can be done with a fast sweeper magnet in the split
off beam, followed by a collimator. Recent develop-
ments in gantry design [29] indicate the possibility
of integrating a beam analyzing system on the gantry.
Beam splitting requires a facility with a slightly dif-
ferent layout compared to the current standard lay-
out and also the investment costs will be a little bit
higher, due to the multiple degraders and additional
shielding requirements. However, in a facility of four
rooms as shown in Figure 10, this could enable an
increase of the throughput by a factor 2 and the opti-
mal number of rooms per facility could also be higher
than the currently accepted optimum of three to
four. The cyclotron must however be capable of
delivering a proton beam of 1-1.5 UA continuously
during the treatment day. At such high continuous
beam currents, high extraction efficiency is of utmost
importance.

High safety

The increase of dose rate, fast switching between
treatment rooms and fast energy switching has
increased the need for more inherent safe systems.
Beam transport optics can be designed such that the
beam optics is not dependent on beam energy, and
that small errors do not immediately lead to danger-
ous situations. The concept currently used at PSI, for
example, has decoupled beam optics at the entrance
of each area (or gantry). At this location a collimator
is located, as well as some beam diagnostics. A
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Figure 10. A possible layout of a proton therapy system using a continuous high intensity beam, which is split at septum magnets following
defocusing quadrupole magnets. Kicker magnets controlling beam on/off and intensity per gantry room are indicated with “k”. Each
treatment room has its own degrader and beam analysis system (“Energy Selection System”, ESS, possibly to be included in the gantry
optics). This method allows complete independence of the treatment rooms with respect to each other. In this respect the experience until
2005 at PSI has shown that a safe patient treatment operation is possible with a beam that has been split off from 2 mA proton beam of

590 MeV [3].

misalignment of the beam yields a lower dose rate
only, but no displacement of the beam spot at the
gantry isocenter. Also wrong beam energies or other
errors are recognized by transmission measurements.
The high dose rates and dynamic dose applica-
tion methods require fast, accurate and position
sensitive monitoring systems in the nozzle. These
requirements are often in conflict with specified sim-
plicity and the small amount of material allowed in
the beam path. In general much more need of redun-
dancy is required to guarantee a safe dose delivery.

High reliabiliry

High reliability is, of course, a specification that one
would always like to be fulfilled. Working with many
interruptions is not desirable for many reasons. The
proposed high dose rates, however, impose an addi-
tional reason to have a system with high reliability.
In case of failures, the safety systems can interrupt
the beam and bring the machine in a safe state. The
speed of the delivery process may yield an increase
in the uncertainty in the actually given last dose and
in the location of this last dose. In order to minimize
the consequences of such possible errors, the prob-
ability that they occur should be low, i.e. the
reliability of the machine should be high.

A high level of safety can often lead to an increase
in the frequency of beam trips, due to interlock sig-
nals from safety systems. Setting too strict limits, will
lead to over-reactions of the safety system. Apart
from unwanted excessive downtime of the machine
having a potential impact on patient throughput, an
undesirable or even dangerous situation can occur

when such frequently occurring interlock signals are
bypassed. Although bypassing of interlock signals is
never appreciated or intended, history has shown in
general that frequent quick resets or neglecting of
recurring unserious errors can lead to delivery errors.
Therefore an inherent safe and reliable system design
is the only way to allow an increase in complexity of
the proton therapy treatments.

Conclusions

On a short term, the currently available proton ther-
apy systems can still be improved considerably by
extending their possibilities to fast pencil beam scan-
ning. Parallel to these natural improvements, new
accelerator concepts are being developed, aiming
to reduce system size, such that a proton therapy
machine could fit into a single treatment room. Two
such initiatives based on small cyclotrons are claimed
to be close to implementation. Other developments
are not so well documented yet (e.g. small synchro-
tron), or are in a stage where there is still a long way
to go from the proof of principle to a clinical system
(e.g. DWA) or are still in a fundamental research
phase (e.g. laser driven systems).

All new developments are often presented as big
steps forward, solving “all” problems of proton ther-
apy, stressing the advantages (size, costs) and prom-
ise unrealistic optimism in the time it will take for
clinical implementation.

These optimistic views may be necessary to obtain
funding of these interesting and necessary develop-
ments, but as a potential user, one should be very
critical about such new developments and cheap



solutions. One should ask whether the new systems
provide at least the same qualiry as we have now and,
if yes, whar advantages the new systems would bring
and when they can realistically be implemented
in routine clinical use. Until now the step from
“proven technology” to reliable and safe operation
with a certified system has proven to be largely
underestimated.

We have listed “five highs” that could give a boost
in the possibilities and quality of proton therapy on
a longer term. These and the above mentioned devel-
opments indicate that proton therapy technology
is an evolving discipline and that many interesting
developments are in the pipeline.
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