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8 Only few ten radiotherapy facilities worldwide provide ion beams, in spite of

20 their physical advantage of better achievable tumour conformity of the dose

11 compared to conventional photon beams. Since, mainly the large size and high
ig costs hinder their wider spread, great efforts are ongoing to develop more

14 compact ion therapy facilities.

ig One promising approach for smaller facilities is the acceleration of ions on

17 micrometre scale by high intensity lasers. Laser accelerators deliver pulsed

ig beams with a low pulse repetition rate, but a high number of ions per pulse, broad
20 energy spectra and high divergences. A clinical use of a laser based ion beam

21 . . - .

2 facility requires not only a laser accelerator providing beams of therapeutic

23 quality, but also new approaches for beam transport, dosimetric control, tumour
24

25 conformal dose delivery procedure together with the knowledge of the

26 radiobiological effectiveness of laser-driven beams.

27

28 Over the last decade research was mainly focused on protons and progress was
ég achieved in all important challenges. Although currently the maximum proton

31 energy is not yet high enough for patient irradiation, suggestions and solutions
gé have been reported for compact beam transport and dose delivery procedures,

34 respectively, as well as for precise dosimetric control. Radiobiological in vitro

gg and in vivo studies show no indications of an altered biological effectiveness of
37 laser-driven beams.

gg Laser based facilities will hardly improve the availability of ion beams for patient
40 treatment in the next decade. Nevertheless, there are possibilities for a need of
j; laser based therapy facilities in future.
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51 Introduction:

52

gi Radiation therapy is an important pillar in the treatment of cancer, the second leading
55 . . . . o

56 cause of death in the developed countries. Most patients treated with radiation therapy
57

58 are irradiated with photon beams, produced as bremsstrahlung in clinical electron linear
59
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accelerators (LINACs). Mounting these accelerators on a gantry allows the irradiation
of the patient from different directions for improved dose conformity. These devices are
compact (total diameter and length of about 3 m) and readily available worldwide. For
instance, about 550 LINACs are operating in Germany, which is close to the
recommendation of 6 units per million inhabitants [1].

Ion beams, i.e. protons and heavier ions, have physical advantages over photons
for patient treatment. lons have an energy dependent path length and deposit most of
their energy at the end of their path, in the Bragg peak. Therefore, the undesired dose
application to normal tissue can be reduced and the dose contour can be adjusted for
better tumour conformality. Consequently, patients with an organ at risk close to the
tumour and younger patients expecting a longer life span will profit most from ion
irradiation. Current estimates suggest that about 14% of the radiation therapy patients
can profit from ion irradiation [2], but for instance in Germany only 1% of the patients
can be treated at 6 operating ion facilities. This under provision arises mainly from the
large size and high cost of an ion facility necessitating a dedicated special building,
whereas a LINAC fits into a medium sized radiation room.

The increased size arises from different facts: First, for the irradiation of deep
seated tumours ions must have higher energy compared to the electrons used to produce
conventional photons (230 MeV for protons vs. 20 MeV for electrons). To achieve
those high ion energies circular accelerators in the form of cyclotrons, where the beam
radius increases with beam energy during the acceleration, as well as synchrotrons,
where the beam radius is constant but the magnetic field is increased during
acceleration, are used for protons. For heavier ions, of which mostly carbon ions are
applied clinically, only synchrotrons are used. Conventional proton cyclotrons have a

diameter of about 4 m and a weight of 200 t. This can be reduced for the accelerator
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itself to about 2 m and 50 t by using superconducting magnets requiring a cooling
system down to a temperature of 4 K. Because of the huge size and mass, most of the
conventional ion accelerators are not mounted on the gantry, like it is done for the
LINACs with a length of the electron acceleration part of about 0.5 m. Therefore, an ion
beam transport system is required to connect the immobile accelerator with the beam
delivery unit mounted on the gantry.

Second, because of their much larger mass, compared to electrons, ions cannot
be scattered and bent sufficiently in small devices. Consequently, even for proton beams
the gantry has already a size of typically about 10 m (length and diameter). An
isocentric gantry in clinical use for heavier ions (up to carbon) requires a diameter of
about 13 m and a length of 25 m, which can be reduced by superconducting magnets to
a diameter of 11 m and length of 13 m [3].

Third, protons as well as heavier ions with therapy relevant energies induce a lot
of nuclear reactions, especially neutron production, requiring more effort on radiation
protection than necessary for a LINAC based therapy. Accordingly, the walls of the

rooms for ion accelerator, beamline and treatment are usually a few meters thick.

To overcome the limited spread of ion facilities and to treat more patients with ion
beams, more compact facilities are desired. A promising approach is the use of laser
plasma acceleration, which was predicted for electrons in 1979 [4] and for ions in 1985
[5]. The first experimental proof of ion acceleration was published 15 years later [6].
With the particle acceleration by laser light in principle the acceleration of ions up to the
necessary maximum energy for radiation therapy application is possible on micrometre
scale. However, to accelerate particles by light requires an ultra-high light-intensity,
which in turn demands a high-power laser. The development of an ion therapy facility

based on high intensity laser accelerators was and is the research focus of several
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groups worldwide. This contribution summarizes the status established in the last

decade.

The new technology and subsequent challenges

The particle acceleration process by high intensity lasers

The best understood and experimentally verified model to explain the ion acceleration
process is the so-called Target-Normal-Sheath-Acceleration (TNSA). It bases on the
following steps: First, an intense laser pulse is focused on the front side of a thin solid
laser target. The electrically neutral atoms of the laser target are ionized by the electric
field of the incoming light pulse and a plasma is generated. The electrons in this front-
side plasma are accelerated dominantly in forward direction by the electromagnetic
field of the laser pulse, because at sufficient high intensities the electron quiver motion
in the oscillating laser field becomes fully relativistic and the Lorentz force bends the
electron motion into the foil. The ions acceleration is negligible at first because their
mass is more than three orders of magnitude higher than the electron mass. As the laser
pulse cannot penetrate the foil, the electrons pass through the foil, leaving the target,
which leads to a strong local charge imbalance. A local sheath field is formed at the foil
surface, providing a quasi-static acceleration field for surface ions, several orders of
magnitude higher than the electrical fields used in conventional accelerators. Ions from
the back side of the laser target are finally accelerated by this electrical field. At the
end, a neutral cloud consisting of different ions, either from (organic) contaminations
or targeted coatings of the rear laser target surface or from the target itself, as well as

electrons, is propagating perpendicular to the laser target.

Because the accelerated ions are originating from different positions on the rear

laser target surface, they experience different electric field strengths over different time
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durations. Finally, if the laser target is a plain foil the accelerated ions show an
approximately exponentially decreasing energy spectrum up to an ion specific
maximum cut-off energy. Another consequence of the acceleration process is a large
laminar divergence of the ion beam (opening angles of few degrees).

The ion beam parameters can be influenced by the structure of the laser target.
Examples are the usage of various types of micro structured laser targets, such as a
titanium foil with small dots of a proton rich plastic (PMMA) at the backside, which can
result in a proton beam with an energy width reduced to 30% (FWHM) [7], or the
enhancement of the maximum ion energy by tailored target shapes like cones [§],
optimizing the laser absorption process or small areas where accelerating fields are
locally confined [9]. Furthermore, a beam consisting of only protons and electrons,
instead of various different ions, can be obtained by substituting the foil with small
frozen hydrogen droplets [10] or jets [11], resulting in a broad proton energy spectrum
with superimposed narrow bands. It has to be noted, that almost all of the protons of a
small frozen hydrogen droplet are accelerated allowing the control of the total number
of ions accelerated by controlling the size of the droplet.

There are more sophisticated concepts to improve the acceleration process,
which partly result in different beam parameters. They range from enhanced TNSA to
Radiation Pressure Acceleration (RPA), where the electrons or even parts of the target
en bloc are accelerated by the light pressure or scattering processes. These models
predict a smaller ion beam divergence, but are much more demanding with respect to
the necessary laser pulse and laser target parameters, which is the reason why a

definitive experimental verification is still under investigation.
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High intensity lasers

For ion acceleration a light intensity of more than 10" W/cm? is necessary,
which destroys every solid object. Therefore, the generation of a high intensity laser
beam is performed by the chirped pulse amplification (CPA) method to avoid any
damage of the optical elements of the laser: before amplification a laser pulse is
stretched in time and enlarged in space, and following the amplification it is compressed
in time again, and finally focused in space.

Main parts of a laser system are the amplifiers. An amplifier is usually a crystal
pumped with pump light shortly before the laser pulse arrives, which is then amplified
by the laser principle (light amplification by stimulated emission of radiation) when
passing the crystal. To efficiently use of the pump energy and increase the
amplification, the laser pulse usually passes the crystal several times in a short time
interval. A high intensity laser consists of a number of multipass-amplifiers, which
leads to the problem of the prepulse level. Prepulses can destroy the laser target before
the main laser pulse arrives and therefore hinder the acceleration process. These
prepulses are produced mainly by two processes spontaneous light emission of the
pumped crystal (i.e. independent of an incoming laser pulse) or scattering of incoming
laser light into the direction of the next amplifier, where it is amplified to a laser target
damaging level.

The CPA principle together with the necessary laser output intensity as well as
laser beam diagnostic and control define the size of the laser systems. Although labelled
as “table-top”, because all elements are mounted on a table, the footprint of existing
high-power laser systems usually occupies a size of several ten square meters.
Furthermore, the repetition rate of existing high intensity laser systems designed for

particle acceleration is limited to 10 Hz or less, because of thermal stability. Energy
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efficient diode laser pumping of high peak power laser systems may in the near future

allow for higher average power and repetition rate [12].

The steps to establish a new beam quality in clinic

Laser accelerated ion beams have different characteristics compared to the
monoenergetic pencil-like beams delivered by conventional accelerators (Table 1).
Before using a laser accelerator for the clinical radiation therapy five tasks have to be
accomplished to fulfil clinical requirements and to minimize any unavoidable risk for
the patient.

First of all, a laser accelerator has to be developed which delivers a defined
number of ions within the therapeutic energy range with sufficiently stable and
reproducible ion beam parameters.

Second, a beam transport and delivery system is required for cleaning the beam
from undesired particles and for ensuring beam energy, beam intensity, beam direction
and field size to deliver a prescribed dose to the patient.

Third, clinical application in radiation therapy demands precise dosimetric
control. In clinical practice, several dosimeters are established. Most often used are
ionization chambers for online monitoring, but also for absolute dose measurements.
Semiconductors are used for relative dose measurements and several retrospective
dosimeters, including films, thermal and optical stimulated luminescence dosimeters are
used for special examinations of the system. Established dosimeters have to be
investigated for compatibility with laser-driven beams, i.e. beams of short and very
intense radiation pulses. If necessary new dosimeters have to be developed, which

probably need more effort as adapting existing ones.

7
URL:http://mc.manuscriptcentral.com/SONC



©CoO~NOUITA,WNPE

Acta Oncologica Page 8 of 28

Fourth, dose delivery in clinical irradiation uses one of two procedures, pencil
beam scanning or a scattering technique. Here, pencil beam scanning is technically
more challenging but allows higher tumour conformity of the delivered dose which is
why scanning sees an increased clinical application [13]. For pencil beam scanning the
tumour volume is subdivided into several ten thousand voxels which are irradiated
successively one voxel at a time with narrow monoenergetic beams of varying energy
and intensity over a treatment time of few minutes. The new time structure of laser
accelerated ion beams with the low pulse repetition frequency requires a new strategy
for dose delivery, because the dose has to be delivered within at least the same (or
possibly shorter) treatment time by a much lower number of pulses compared to
conventional ion beams.

Fifth, the laser based acceleration leads to pulses with an outstandingly high
pulse dose rate close to the source which may result in an altered radiobiological
response. This has to be investigated first by in vitro studies with different tumour and
normal tissue cell lines, and followed by in vivo studies with animal irradiations. A
different radiobiological effectiveness needs also more effort to implement in the

treatment planning system.

Limitations, Requirements and therapy unit designs

Ion beam parameters after the acceleration process

Over the last decade the research towards a laser based ion therapy was mainly
focussed on protons, since developing suitable laser targets and accelerating ions to
energies necessary for therapy is easier for protons than for heavier ions.

The highest proton energies obtained so far by laser plasma acceleration with

ultra-short pulses are around 45 MeV with 1 PW class laser systems at 30 fs pulse
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duration [14][15]. Based on analytical energy scaling laws confirmed with experimental
data and simulation results (Fig. 1), it is expected, that a laser power of about 1 PW at
medium pulse durations of about 100 fs or at shorter pulse durations of about 30 fs in
combination with sophisticatedly structured laser targets is required for getting proton
energies of about 230 MeV. Structured targets even resulted in quasi monoenergetic
beams with energy widths in the order of 10 %. However, quasi monoenergetic beams
have been generated for low energies (below 10 MeV) only. Additionally, the
adjustment of proton beam parameters by laser beam and/or target parameters is very
challenging and not yet established.

The achievable stability and reproducibility of laser accelerated proton beam can
be derived from cell irradiations, in which many, successive beam pulses were delivered
with the highest feasible repetition rate. Radiobiological in vitro experiments have been
established by several groups in the world at fixed beam lines, using a magnetic energy
selection system. An example of the currently achievable stability and reproducibility of
the dose delivery by laser-driven protons is shown in fig. 2. With the rather simple
transport beamlines cutting out a constant interval from the exponential proton energy
spectrum a pulse-to-pulse fluctuation in proton number of £30% (20) was achieved.
Because of the always constant energy dependent transmission efficiency of the
beamline in these experiments the dose fluctuations at the irradiation site may be a

result of a change of the proton number or of the proton energy spectrum.

Transport Beamline and Gantry Design for Patient Irradiation

The transport beamline has to ensure the beam parameters (intensity, energy spectrum
and field size) given by the treatment plan and beam delivery system used for patient

irradiation. The smallest change from already established approaches and components
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regarding beam transport and dose delivery strategy requires a processing of the laser
accelerated beams to match conventional beam properties, i.e. filter out monoenergetic
pencil-like beams from the divergent beam with broad energy spectrum after laser
plasma acceleration. Accordingly, the first suggestion for a transport beam line with
energy selection is a very compact beamline and produces a pencil-like monoenergetic
beam by using four superconducting magnetic dipoles with a moveable aperture in
between [17]. But, only a very small part, less than 0.1%, of the laser accelerated
protons is used and transported to the irradiation site. Due to the very low efficiency and
the very high level of secondary radiation resulting from dumping the large portion of
unused protons, it is not suitable for a clinical facility.

More sophisticated approaches attempt to use two features of laser accelerated
beams to develop a compact gantry with efficient beam delivery.

First, for patient irradiation a broad energy range, defined by position and
expansion of the tumour in depth in the patient, is necessary. In conventional beam
delivery systems the energy of the monoenergetic beams is changed, either by changing
the accelerator setting (synchrotrons) or passing absorbing material (cyclotrons). Laser
accelerators directly provide ion beams with a broad energy spectrum, which can be
used for patient irradiation in the given broad energy range. This, however, requires a
system for selecting broad energy beams with variable mean energy and width, and an
achromatic beamline to transport these beams with energies widths up to about 20% to
the irradiation site.

Second, the repetition rate of laser accelerated beam pulses is very low, which
allows the use of pulsed magnets establishing the magnetic field only for parts of a
millisecond. Pulsed magnets enable higher magnetic fields up to 50 T, which results in

smaller beam bending radii compared to conventional magnets with a maximum

10
URL:http://mc.manuscriptcentral.com/SONC



Page 11 of 28

©CoO~NOUITA,WNPE

Acta Oncologica

magnetic field strength of about 2 T.

There are suggestions for a transport beamline which exploit both advantages.
Fig. 3 shows a gantry design for laser-driven protons, where laser target, an energy
selection system and beam shaper are mounted on a gantry roughly halving the size of
conventional gantry systems in both directions (length and diameter). Similar to another
example with scanning option [18], it consists of three types of magnets: a solenoid for
capturing the laser-accelerated divergent protons, dipoles for bending and energy
selection as well as quadrupoles for beam shaping. First prototypes of each of the
different pulsed magnets have already been designed, assembled and tested. In addition,
a first simple beamline consisting of three pulsed magnets was recently setup and tested

at a low energy proton beam.

Dosimetric Control

Different retrospective dosimeters in clinical use have been tested [19] and some
were already applied within the framework of radiobiological experiments at laser
accelerated beams [20]. Thermal and optical stimulated luminescence dosimeters as
well as radiochromic films were found to be suitable for dose measurements at pulsed
beams with pulse dose rate up to the order of 10° Gy/s [19].

The most important dosimeter in conventional radiation therapy is the ionization
chamber, which provides an online readout in contrast to the retrospective dosimeters.
Therefore, it is desirable to use an ionization chamber for laser based ion beams.
Several corrections have to be taken into account for deviations from calibration
conditions and to precisely measure absolute dose. Only one of them, the saturation
correction, is influenced by pulse dose and pulse duration. While for conventional

beams the effect of incomplete saturation is rather small and its correction is well
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established, laser-driven beams result in a much larger effect, requiring proper
saturation correction methods. Different theories were developed for this purpose. One
method is the solution of a partial differential equation system by the recursive Euler
method. Experimental data obtained with common plane-parallel therapy chambers for
pulse doses up to 1 Gy are described very well [21]. A similar software expands the
differential equations to 3 dimensions allowing also to consider initial recombination
[22]. Another method is based on series expansion results in (more or less) handsome
formulas to get an easy estimation about the saturation correction [23]. But all methods
should be further verified by experiments with laser accelerated particles.

For online measurements semiconductor and scintillation detectors are in
clinical use as well and have been tested for their compatibility at laser-driven beams.
For example, a commercial photodiode array was tested at pulsed proton beams (energy
up to 20 MeV, pulse duration of few ns) and has proven is operational reliability up to
up to 107 protons/ns/cm’ [24].

In conclusion, the measurements and theoretical developments indicate that the
dosimetric control at a laser based therapy facility can be provided by established
clinical dosimetric systems, but this has to be further verified with experiments at more

progressed laser accelerators.

Dose Delivery Procedure

With laser-driven beams, the way pencil beam scanning is done at conventional
accelerators would result in longer treatment times due to their very low pulse repetition
rate (maximum 10 Hz). A promising approach to reduce the treatment time is to adapt
the scanning procedure in such a way that clusters of several voxels are irradiated at

once. These clusters can be setup by adjacent voxels in beam direction (axially) or
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laterally or by a combination of both [25]. While laterally clustering requires larger
beam spot size, axial clustering needs a broader energy width of the beam.

Delivery of a clinical dose has been studied for axial clustering. Supposing a
typical TNSA energy spectrum from a laser accelerator and transport through the
suggested gantry (Fig. 3) the number of beam pulses for patient irradiation is
dependent on the number of protons accelerated by the laser [27]. For an initial proton
number of about 3*10° treatment plans with a sufficiently small number of pulses can
be generated
for small or medium sized tumours. Pulse-to-pulse fluctuations in the initial proton
number may cancel in some cases [27] but exact stability requirements need further
investigation. Additionally, the laterally clustering has to be considered.

Nevertheless some requirements for a clinical application of the accelerated proton
beam can be deduced: i) proton numbers in the order of 10° per pulse in the
initial spectrum, ii) pulse repetition rate of at least 10 Hz, iii) reproducibility of few
percent, and iv) need of controlled intensity modulation over at least one order of

magnitude by the transport system or the source.

Radiobiological effectiveness of laser-driven particle beams

Several experiments were performed aiming to illuminate the radiobiological
consequences of the high dose rate of laser accelerated ions. One of the first
experiments was performed by the group of Yogo [28] using a 2 MeV proton beam
filtered to an energy width of 0.66 MeV by a four permanent magnets chicane to
measure the clonogenic survival of human cancer cells. The low proton energy
corresponds to a penetration depth in water of about 100 um, too shallow to allow for
the application of online or retrospective offline dosimeter in parallel to cell irradiation.

Instead, the dose applied to the cells was controlled by the number of pulses with the
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URL:http://mc.manuscriptcentral.com/SONC



©CoO~NOUITA,WNPE

Acta Oncologica Page 14 of 28

pulse dose determined by irradiations before and after the cell irradiation.

The first in vitro study of the radiobiological effectiveness of laser-driven
protons with an online monitoring of the dose delivery was performed by the Dresden
based Oncooptics collaboration by Zeil et al. 2013 [29] following the concept
introduced in Kraft et al. 2010 [16]. Compared to the studies by Yogo [28], this
experiment resulted in a reduced overall dose uncertainty of <10 % for cell irradiation.
A proton energy of about 9 MeV, i.e. with a penetration depth of about 1 mm, was
applied to study the clonogenic cell survival and the induction of DNA double-strand
breaks in human cancer cells after treatment with laser-driven relative to conventional
proton beams. The energy selection took place by one magnetic dipole leading to an
inhomogeneous dose distribution within the field which was compensated by rotation of
the cell sample during irradiation.

Meanwhile some more groups performed experiments with laser accelerated
protons using several human tumour [30][31][32] but also a human normal tissue cell
line [33] and investigating different biological endpoints. Moreover, systematic in vitro
experiments have also been performed with laser-driven electrons [34][35].
Additionally, a first in vivo experiment with laser driven electrons was performed again
by the Oncooptics collaboration in Jena [36] comparing the radiation induced tumour
growth delay of laser-driven electrons with conventional LINAC electrons.

Further experiments were conducted at research accelerators which can mimic
the time structure of laser accelerated beams. These include in vitro experiments with
electrons at a superconducting LINAC [37]. But also pulsed proton beams at a tandem
accelerator focussed to a small spot size of 0.1 mm producing high dose rate beams

have been used for cell irradiations [38] and animal studies [39].
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To summarize all these studies, the investigation of the clonogenic survival as
the so-called “gold-standard” in radiotherapy research indicates so far no significant
difference between laser-driven and conventionally accelerated proton beams. This
accordance should be verified by further in vivo studies with laser accelerated ions.
Nowadays, the nominal proton energies of up to 40 MeV delivered by laser accelerators
[15] are high enough for special small animal tumours [40], but so far no study has been

published.

Discussion and Conclusion: The future of laser based ion beam therapy

Over the last ten years, progress was achieved in all of the tasks necessary to translate
the laser acceleration process into a clinical facility for radiation therapy. The
technology of laser accelerators was developed at such a rate that cell samples and small
animals are being irradiated at fixed beam lines in the framework of radiation biology
experiments. Further considerable progress is necessary to enable the conformal
irradiation of large tumours in patients preferentially by rotating gantry systems. This
demands a substantial improvement in beam generation, especially increasing energy
but also enhancing stability and reliability of the laser-driven ion beam. Estimation, how
long it will take to achieve clinical relevant energies of 230 MeV can be given by
comparison to the establishment of other accelerators.

From the Livingstone chart (Fig. 4), where the maximum energy of different
accelerator principles is plotted versus the year of commission of the respective
accelerator, it is stated that the energy of a new accelerator technology increases on
average by a factor of about 33 within 10 years almost independent from the
acceleration principle. Limiting the consideration to ultra short pulse laser systems

based on titanium doped sapphire operating at about 10 Hz, and considering the
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maximum proton energy of 2 MeV in 2006 [7] as well as the above mentioned 45 MeV
at 2013 [14], the laser plasma acceleration seems to have only a slightly lower value.
Consequently, increasing the proton energy by an additional factor of 6 to the values
necessary for therapy application can be expected within the next years. After achieving
a sufficiently high energy a few more years will be necessary to stabilize the laser-
driven beam for routine operation, which can be estimated on the basis of experience
gained from existing laser systems.

Furthermore, conventional proton therapy facilities have also experienced a
huge effort to compact the facilities within the last decade. The most important progress
was achieved by the introduction of superconducting proton cyclotrons, which shrink
the diameter of the cyclotron from about 4 m to less than 2 m connected also with a
change in beam properties. For instance, the maximum current is decreased and the
beam is delivered within macro pulses with duration of some ps and repetition rate
about kHz. Nevertheless, one room solutions are now commercially available for
protons by directly mounting the superconducting cyclotron on a gantry [43]. In contrast
to protons, progress towards more compact conventional facilities for heavier ions,
which require synchrotrons, is almost non-existent.

In conclusion, despite the considerable progress in the field over the last years a
clinical operation of a laser based proton therapy facility can with high probability not
be expected within one decade from now. A dedicated eye tumour facility which
requires only protons up to about 70 MeV and a fixed beamline could be setup faster
than a facility for deep-seated tumours and may be helpful for developing and
establishing laser based technology. However, because of the low number of patients,
an exclusive development of a laser-driven eye treatment facility itself would not

significantly contribute to an improved treatment of cancer patients in total. Another
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helpful possibility may be the establishment of a laser system for measurements of
radiobiological effectiveness in vivo and in vitro without clinical certification (similar to
[44]).

The progress of compact conventional proton accelerators over recent years
leads presently to a rapidly increasing number of operating systems which may result in
a saturation of the number of proton facility installations in developed countries in some
years. Nevertheless, there are three possibilities for a still ongoing need of laser based
therapy facilities. First, running and future clinical trials comparing the clinical benefit
of ion versus photon beam therapy reveal an unexpected higher advantage of ion
therapy, i.e. much more than 14% of the patients can profit from ion irradiation, which
will increase the number of facilities required for saturation. Second, the reduction in
costs by laser based therapy facilities compared to conventional ion therapy is so strong,
that new installations in particular in the developing countries will use it. Third, heavier
ions result in clinical benefit over protons for a larger number of patients, motivating the
installation of cost-effective compact laser based ion therapy facilities.

The work was supported by German BMBF, grant nos. 03Z1K445, 03Z1N511 and

03Z10511.
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Figure 1. Expected scaling (lines) of achievable proton energy in dependence of laser
power and laser pulse duration. Laser systems with short laser pulse duration are
designed for a repetition rate of about ten shots per second (red points) and long pulse
laser systems for only about 1 pulse per hour (black points). Blue points connected by a
line to another point are taken from the same laser system with a structured target
instead of a foil. Additionally, the influence of thickness for foils used as laser target is

shown by the red solid (2 um) and dashed (5 pm) line. Adapted from [15].

Figure 2. Typical fluctuation of the pulse dose of successive pulses during cell
irradiation with laser accelerated protons, the solid line represents the mean value, the

dashed lines the width of 2c; adapted from [16].

Figure 3. Sophisticated gantry design based on pulsed magnets, the proton energy is

coded by color; adapted from [26].

Figure 4. Livingstone chart showing the achieved energy for different accelerators in

dependence of the year. With courtesy to R. Ischebeck [41], who adapted it from [42].
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Table 1. Comparison of typical beam parameters of laser accelerator and cyclotron as an
example of conventional clinical ion accelerators. With cyclotrons an additional beam

time structure is superimposed to the given micro pulse structure.

Proton
Laser accelerator
cyclotron
Energy width 100 % (i.e. 0-Emax) 0.1%
Pulse Duration 1 ps 2 ns
Repetition Rate max 10 Hz 100 MHz
Peak dose rate 10" Gy/s 10° Gy/s
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47 Figure 1. Expected scaling (lines) of achievable proton energy in dependence of laser power and laser pulse
duration. Laser systems with short laser pulse duration are designed for a repetition rate of about ten shots
per second (red points) and long pulse laser systems for only about 1 pulse per hour (black points). Blue
points connected by a line to another point are taken from the same laser system with a structured target
50 instead of a foil. Additionally, the influence of thickness for foils used as laser target is shown by the red

51 solid (2 um) and dashed (5 pym) line. Adapted from [15].
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Figure 2. Typical fluctuation of the pulse dose of successive pulses during cell irradiation with laser
accelerated protons, the solid line represents the mean value, the dashed lines the width of 20; adapted

from [16].
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