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Abstract

The application of laser accelerated ion beams in Hadron therapy requires ion beam optics with unique features. It has been
shown that due to the spectral and spatial distribution of laser accelerated protons a lens based focusing system has
advantages over aperture collimated beam formation. We present a compact ion optical system with therapy
applications, based on Gabor space charge lenses for collecting, focusing and energy filtering the laser produced
proton beam. For a full therapy solution, a scenario based on three space charge lenses is presented. In this very
compact beam line an aperture is foreseen for energy selection.
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1. INTRODUCTION

In Hadron therapy, to treat deep seated tumors, proton beams
with a maximum energy around 250 MeV or beams of
carbon with up to 450 MeV/u are required. Currently, this
can be achieved by conventional accelerators like cyclotrons
or synchrotrons but at significant cost for accelerator and gan-
tries for beam delivery. A summary of the requirements for
Hadron cancer therapy can be found at Amaldi and Kraft
(2005). The widespread introduction of Hadron therapy for
cancer treatment is inhibited by the large capital and main-
tenance cost of the accelerator and treatment facility that de-
termine the cost per treatment. On the other hand side, recent
experiments indicate that laser driven proton accelerators
could be an alternative to conventional accelerators for cer-
tain applications, like isotope production or cancer therapy
with Hadrons (Fuchs et al., 2009; Kraft et al., 2010) as
they have the added advantages of reduced size and cost
over synchrotrons. Ion acceleration by irradiating ultra-thin
foils with high intensity laser pulses has been receiving
much attention lately. Using this technique, beams of protons
with energies up to about 60 MeV have been observed (He-
gelich et al., 2006; Ter-Avetisya et al., 2008). Although not
confirmed yet, it is predicted that the energy can be increased
by a factor of 5–10 and even higher (Esirkepov et al., 2004;

Qiao et al., 2009). However, this needs yet to be confirmed.
This makes laser accelerated ions a potential candidate for
cancer treatment. In the longer term, laser accelerated ha-
drons could offer compact treatment devices with signifi-
cantly reduced treatment costs. At the moment the particle
distributions produced by such accelerators are a long way
from fulfilling medical requirements, but steady progress in
the field might change the situation in the future. As some
of the properties of laser generated ion beams are very funda-
mental in nature, a technically feasible and reliable solution
suitable for a hospital might require far more than a decade
to develop. For instance, the large energy spread of the ion
beams observed is a consequence of the different velocities,
the accelerating electromagnetic wave, and the accelerated
particles travel. For heavier ions in particular, this will
immediately lead to a phase slip of a large fraction of the
ions with respect to the electromagnetic wave. This will
lead to a loss of correlation, which in consequence produces
the observed energy spread. Interestingly, one big advantage
of laser based acceleration is the extremely short wavelength
of the electromagnetic wave, which is of order 104 times
shorter when compared with conventional particle accelera-
tors. While this short wavelength (together with the high
electric fields) dramatically reduces the required length for
acceleration, it would also make it necessary to influence
the acceleration process on the micrometer level. However,
laser accelerated ion beams have unique features that require
a special beam handling for capture and focusing. Therefore
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in the future, in addition to optimizing the acceleration pro-
cess to produce higher beam energies suitable for medical
applications, work has to be dedicated to solving the major
problems of beam capture and delivery to the patient (Hof-
mann et al., 2011; 2009; Burris-Mog et al., 2011; Nurnberg
et al., 2009; Linz & Alonso, 2007; Ma et al., 2006; Woods
et al., 2013). Large energy spread and angular divergence
of the beam, combined with a small transverse emittance, a
short pulse duration and a large number of protons per
bunch, all make the capture, focusing, and transport of
laser driven protons a challenging problem. Worldwide,
different groups study the production of such high energy
beams together with their capture and beam transport. In
Hofmann et al. (2011), the advantage of particle collection
using a high field super conducting solenoid magnet was
shown and compared with the case of using a simple aperture
solution for beam formation. The employment of a pulse
power solenoid to capture and transport the laser accelerated
protons was discussed in Burris-Mog et al. (2011). While
conventional optical systems like solenoids or quadrupoles
will be operating at the technical limits, which would be con-
tradictory to the cost and space argument mentioned before,
space charge lenses of the Gabor type (Gabor, 1947) might
be a cost effective alternative. In the current study, a basic
theory of space charge Gabor lenses together with a descrip-
tion of the simulation tools is presented. Results of particle
tracking for beams of protons are presented together with a
conclusion.

2. GABOR LENS THEORY

The advantages of space charge lenses for the proposed
application are obvious if we review the basic aspects of
space charge lenses as published by Gabor (1947). To pro-
duce a focusing force on positive ions an electron cloud is
confined longitudinally by the potential of a central cylindri-
cal anode surrounded by two grounded electrodes. Radial
confinement is achieved by a solenoid which produces a
homogenous magnetic field B = B0ẑ. To achieve the same
focal length, Gabor lenses use reduced magnetic and electro-
static field strength compared to conventional lenses and can
in theory produce linear transformation in phase space
(Noble, 1988; Reiser, 1989; Meusel et al., 2001). To evaluate
the focal strength, we require the solution of the equation of
motion for the particles captured in the lens (electrons) under
the effects of the electric and the magnetic field in the lens,
given by the force balance equation

nrm
∂n
∂t

+ (n ×∇)n

( )
= nre(E+ n × B)−∇p, (1)

and Gauss’s law

∇ × E = nre

ε0
. (2)

Solving the set of equations for certain boundary conditions
proves, that the maximum density of the space charge par-
ticles (electrons) with mass me is defined by the radial enclo-
sure condition and is given by the Brillouin flow

nr = ε0
2me

B2. (3)

For the longitudinal enclosure, a cylindrical anode is used.
The anode of radius rA is charged to the potential VA. As
long as the radial electric field is below a maximum value,
the magnetic field prevents most of the electrons from reach-
ing the anode. The corresponding maximum density can be
expressed as a function of the anode voltage VA and radius
rA as

nl = 4ε0VA

er2A
. (4)

If Eqs. (3) and (4) are simultaneously fulfilled nl= nr the
voltage required on the anode can be expressed by the mag-
netic field and anode radius (Reiser, 1989).

VA = er2A
8me

B2. (5)

The equation of motion for a single proton with charge q and
mass mp that enters the lens with a longitudinal velocity n
can be written as

r′′ + qnre

2mpε0n2
r = 0, (6)

using the maximum electron density nr that can be achieved
in radial direction. This can now be rewritten to

r′′ + e

8m
B2

UB
r = 0, (7)

where UB = mpn
2

2q

( )
is the total accelerating potential of the

ions. This is similar to the equation of motion in the focusing
plane of a conventional quadrupole.
Thus, one can define a focusing constant k = VA

UBr2A
and

write the focal length of the lens as

1
f
=

��
k

√
sin

���
kl

√
, (8)

where l is the effective lens length. In the thin lens approxi-
mation, the focal length of a Gabor lens can be expressed as

1
f
= e

8me

B2

UB
l (9)

Eq. (9) shows that the focal length in a Gabor lens is pro-
portional to the energy of the particles entering the lens.
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This is in contrast with the conventional solenoid or quadru-
pole lenses in which the focal length is proportional to the
square root of the particle energy (Meusel et al., 2001; Po-
zimski & Meusel, 2005). Comparing the focal strength be-
tween Solenoids and Gabor lenses for an ion beam of
charge state Z in the simplest case one can express the scaling
of the magnetic fields as follows.

BGPL = Bsol ∗
�������
me

mion
Z

√
. (10)

To quantify the achievable reductions in magnetic field by
the use of Gabor lenses, Table 1 summarizes the required
field strength to achieve a focal length of 1 m for different
lens systems. The effective length for each case is 30 cm.
In case of the magnetic Quadrupole (QP), the basis of our
calculations was a FODO lattice of length 30 cm with a
yoke length of 10 cm and 5 cm spacing between yokes.
Already under these simplified assumptions, the solenoid

solution is a technical challenge, with devices exceeding
10 T being proposed (Hofmann et al., 2011) and an experi-
mental setup in preparation. The solenoid setup investigated
not only suffers from the technical challenges but also offers
no energy selection as it would be required for beams with a
large energy spread. On the other hand, Gabor space charge
lenses would offer sufficiently intense beams suitable for
treatment. QP solutions have been proposed (Hofmann
et al., 2009) in conjunction with a dispersive lattice using di-
poles for energy selection. Not only do those lattices require a
dipole field of 8.6T and quadrupole gradients of 400 T/m,
but the small acceptance of the lattice also strongly reduces
the transported beam current. Therefore such solutions
seem to be contradictory to the original aim of saving cost
by simplifying the accelerator layout.
In the case of the requirements for external magnetic

fields, the theory of the space charge lenses of Gabor type
seems very favorable for a use in this kind of application.
At a closer look, we notice that if we assume in Eq. (5) a
magnetic field of 0.2 T, electrons as charge carrier and an
anode radius of 44 mm, the resulting voltage on the anode
is in the range of 9.3 MV, which without optimization is
surely unsuitable for the proposed application in a hospital
or similar.

Another question is why this type of lens system is rela-
tively unknown in the accelerator world and has rarely
been used in experimental setups, while the underlying fun-
damental publication is more than 65 years old. A simplified
answer could be that while the theory presented is global, in
the sense that it describes the general averaged densities of
the space charge cloud under strongly simplified boundary
conditions, the actual practical use of such a device is
strongly relying on a local balance of space charge forces
and a coupling between longitudinal and transversal plane.
Without the tools available at the time of the experiments
(Mobley, 1978; Booth & Levevre, 1978; Palkovic, 1991;
Palkovic et al., 1990; Soloshenko et al., 2004; Dobrovolskiy
et al., 2010) the successful operation of the lenses was down
to chance. High gas pressure and local loss channels are some
of the reasons and the high emittance growth reported in the
experiments can now be seen to be caused by unbalanced
magnetic and electric forces as numerical simulations show
today.

3. NUMERICAL RESULTS OF GABOR LENS
SIMULATIONS

At the end of the 20th century a numerical simulation tool
which discretized the theory and introduced thermal coupling
was developed (Pozimski, 1997). The simulations software
solves the set of equations presented in an iterative way on
a two-dimensional mesh, assuming a thermal distribution
of the enclosed particles for coupling of the transversal and
longitudinal plane. The basic iterative step performing the
coupling in the simulations is given in Eq. (11) with further
details to be found in Pozimski andMeusel (2005). A relation
between the aforementioned local space charge densities cal-
culated from the radial enclosure condition and the one for
the longitudinal enclosure can be established. Using the
Boltzmann distribution a thermalization of the space charge
cloud along the magnetic field line is assumed.

ρ1(φ(rn, zm1) = ρr(φmax(rn, zm2))e
−

φmax(rn,zm2)− φ(rn,zm1)
kT

( )
.

(11)

Solutions are arrived at if we assume a given transversal
pattern of longitudinal particle losses leading to a radial
variation of temperature. The predictions gained from the
numerical simulations showed good agreement with experi-
mental results (Pozimski & Meusel, 2005; Pozimski, 1997;
Meusel et al., 2005). Since the publications of Pozimski
and Meusel (2005) the software has undergone a major
revision, including the development of new software inter-
faces to the General Particle tracer software (GPT by
Pulsar) for particle tracking and new options for output and
post processing of data.

A typical Gabor lens geometry, consisting of a solenoid
and central anode surrounded by grounded electrodes, is

Table 1. Comparison of the magnetic field strength (given in Tesla)
required for different lens systems in case of protons and carbon
ions at different energies

Ion &Energy
Lens

25 MeV
Protons

250 MeV
Protons

10 MeV/u
C6+

450 MeV/u
C6+

Solenoid 2.6378 8.3414 0.9632 6.4613
MQP FODO 11.8339 37.4221 4.3211 28.9870
Gabor lens 0.0616 0.1947 0.0159 0.1066
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shown in Figure 1. The solenoid produces a magnetic field,
with the main component Bz parallel to the beam axis. The
electron cloud is confined transversely by the magnetic
field and longitudinally by the potential well produced by
the electrodes. The incoming positive ions are then focused
by the space charge of the electron cloud.
As mentioned in the theory part, to avoid unreasonably

large voltages on the anode, the proposed lattice will be di-
vided into several specialized lenses, each one optimized
with respect to the electrode voltage. For a given anode vol-
tage, the acceptance of the lattice in the first order only de-
pends on the radius of the output aperture, the distance
from the particle source, and the length of the first lens.
The second lens has a larger diameter to preserve the accep-
tance and produce a convergent beam, while the third lens
has the smallest radius and provides strong focusing for a

beam of small diameter and moderate divergence. The
main parameters characterizing the different lenses proposed
in this paper are summarized in Table 2.
The results presented are of simulations, run with a grid

size of 1 mm in simulation mode 4 that assumes a
quasi-thermal distribution of the electrons in a longitudinal
direction and requires approximately 500 iterations to
achieve equilibrium. A typical result of the numerical simu-
lations performed for lens1 is shown in Figure 2. The density
distribution in first order is homogeneous in radius with a
variation between the beam axis and the cathode radius
below ±1.5% in the middle of the lens (z= 200 mm). The
resulting electric focusing field is highly linear. The pre-
dicted average density of the cloud of about 5.1 × 10−2 C/
m3 is about 70% of the theoretical limit given by Eq. (3);
in case of the maximum density of 6.07 × 10−2 C/m3, this
value increases to 83% of the theoretical limit. Comparing
plots C and D, the radial potential depression produced by
the space charge cloud is clearly visible. In the given
example, the potential in the center of the lens drops from vir-
tually 630 kV to 155 kV, which is in the range of 75% of
what is given by the relations of Eq. (4). This balance of
radial and longitudinal enclosure has been proven in Pozims-
ki and Meusel (2005) to be a favorable operation mode.
While mode 4 of the simulations does not evaluate the temp-
erature of the electron ensemble but only enforces ρ1< ρ0 for
Φ1<Φ0, a “local” temperature that can be estimated from the
data, it indicates a majority of the values to be in the range of
30 keV (±5 kVRMS on axis). This is consistent with previous

Fig. 1. (Color online) Schematic drawing of the Gabor lens geometry with L
the total length of the lens and RA the radius of the Anode. The potential pro-
duced by the two grounded electrodes (black) and the anode (red) confine the
electron cloud (blue) longitudinally, while the magnetic field of the solenoid
(green) confines the cloud transversely.

Table 2. Basic parameters for different space charge lenses described in this paper

Parameter
Anode radius RA

(mm)
Cathode radius RC

(mm)
Total length L

(mm)
Electron Density ρmax

(C/m3)
Anode voltage VA

(kV)
Magnetic field BZ

(T)

Lens 1 18 12 400 −6.1 × 10−02 630 0.31
Lens 2 29 23 600 −1.9 × 10−02 630 0.17
Lens 3 14 8 400 −10.5 × 10−02 630 0.41

Fig. 2. (Color online) Results for Gabor lens geometry 1 with the magnetic field distribution (A), the charge density inside the lens (B),
the potential distribution when the lens is empty (C) and the potential at equilibrium (D). White areas correspond to the first value given in
the plot, black to the second.
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full thermal simulations where the residual potential required
for longitudinal enclosure is about five times the temperature
of the ensemble.

4. BEAM OPTICS

A lattice consisting of three Gabor lenses with the aim to col-
lect and focus the laser accelerated proton beam to fulfill the
cancer therapy requirements, is presented. It was discussed
thoroughly in Hegelich et al. (2006) that the spectral distri-
bution of laser acceleration sets restrictions on the use of
the large amount of laser generated protons. It was also
shown that a magnetic field collection system, like solenoid
and quadrupole lenses, have advantages over a pure aperture
collimation scheme which is suggested in Hofmann et al.
(2011). On the other hand, a solenoid focusing system is be-
lieved advantageous over quadrupoles due to larger accep-
tance angles and higher transport yields (Hofmann et al.,
2011). However, the very large magnetic fields in the
range of 10–15 T, noted in Hofmann et al. (2011) for the ef-
ficient collection of the beam particles encourages the use of
other schemes for technical reasons.
The beam transport presented can be broken down into

three purposes. The first lens is capturing the beam reducing
the divergence angle to collect a large fraction of the acceler-
ated particles. The second lens focuses the beam at moderate
angles into a small aperture for energy separation, and the
third lens prepares the beam in such a way that it is suitable
for treatment (e.g., parallel with small beam radius of about
3 mm). A schematic picture of the lattice is illustrated in
Figure 3.
While in principle two lenses would be sufficient, splitting

the first lens into two allows for separate optimization. All
three lenses would operate at identical voltages, but have a
different anode radius (about the radius of the plasma
column) and require different magnetic fields. For the
beam transport simulations using the GPT particle tracking
software (Pulsar), the proton beam parameters presented in
Hofmann et al. (2011) have been assumed. For the initial
simulations, a monoenergetic beam of protons with energy
of 200 MeV is considered. The beam is assumed to have
Gaussian real space and angular distribution truncated at

2σ. The initial pulse duration is set to 140 ps. An energy
spread introduced by variation of the Lorentz factor γ by
Δγ

γ
= ±0.05 rms is assumed for all further investigations.

For a laser spot radius of a0= 10 μm, and a uniformly
filled angular cone of spatial angle Ωmax= 50 mrad, the
unnormalized transverse emittance at the source is e=
a0Ωmax= 0.5 mm. The numerical tool to simulate the elec-
tron density in the lenses described in Section 3 allows ex-
porting two-dimensional field maps which can be imported
into GPT. Field maps for the three lenses are placed at the
longitudinal positions z= 0.05 meters, z= 0.50 meters,
and z= 2.86 meters.

4.1. Particle Transport Simulations

The first results of the particle transport simulations pre-
sented, show the case of zero energy spread calculated for
100000 macro particles. The initial energy of the particles
at the source was 200 MeV. This energy is at the upper end
of the energy range (about 70–250 MeV) used for treatment
and used in various publications (Hofmann et al., 2011;
2009; Burris-Mog et al., 2011; Nurnberg et al., 2009; Ma
et al., 2006) allowing for benchmarking the various lattices
proposed. The initial particle distribution considered for the
simulation is shown in Figure 4 for the longitudinal direction
and Figure 5 for the transversal plane.

In Figure 4, the graph on the right-hand side illustrates that
the acceptance of the lattice is defined by the initial angle
(about 38 mrad) of the particle trajectory with respect to
the beam axis. As expected the acceptance has rotational
symmetry, visible on the left and right top plots in Figure 5.
The phase space distributions shown in Figure 5 lower graphs
for the output plane of the lattice show a well-defined beam
suitable for the proposed application. The beam at exit has a
radius below 2.5 mm (rms ~1.5 mm) and a maximum
divergence of less than 5 mrad (rms< 3 mrad). The transver-
sal phase space in the x, x′ plane show some spherical
aberrations, which might be reduced following further
optimizations.

In Figure 6, a trajectory plot is shown together with a plot
of the development of transmission and emittances. We

Fig. 3. (Color online) Schematic layout of the suggested GPL lattice. Please refer to text for further details.
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Fig. 4. (Color online) Initial distributions of the proton beam of 200 MeV energy in the longitudinal direction assuming zero energy
spread at the source. Particles marked red are not within the acceptance of the proposed lattice. The left hand plot shows the transversal
profile in x as a function of time, the central plot the velocity in z as a function of the relativistic factor gamma and the plot on the right-hand
side the angular distribution as a function of longitudinal velocity.

Fig. 5. (Color online) Initial distributions of the protons from the source in transversal real space (x, y), the x, x′ phase space and the
transversal angular space (x′, y′) (top panel), and final distributions of protons after the third Gabor space charge lens (bottom panel).
Particles marked red are not within the acceptance of the proposed lattice.

Fig. 6. (Color online) Trajectory plot (left) of particle transport using 100,000 macro particles assuming zero energy spread. In the right
hand graph the corresponding transmission (black) and emittances (red= transversal, blue= longitudinal) are plotted as a function of z.
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notice that for the assumed distribution roughly 20% of the
particles started from the ion source have been lost before
leaving the first lens. These particles are out of the accep-
tance of the lattice as mentioned before. The other position
of beam loss (additional 5%) is as expected at the aperture
(z= 2.75 m). These losses can be explained by spherical
aberrations of the Gabor lens system. In the longitudinal
phase space, the beam starts with zero emittance as (zero
energy spread was assumed) but due to the acceleration
and deceleration in the high longitudinal electric field com-
ponent at the entrance and exit of the lens an (reversible) in-
crease of the longitudinal emittance can be noticed. The final
longitudinal emittance is again close to zero. In the transver-
sal direction the situation is slightly different. At the entrance
of the lenses the rms emittance reduces and is increased by
the same amount at the exit due to the electric potential. In
addition to this reversible effect, spherical aberrations (emit-
tance increase shown in Fig. 6 right-hand graph inside lens 2)
cause a non-reversible emittance growth. Due to zero energy

spread no chromatic aberrations are visible. As is the collima-
tion in lens 1 and at the aperture limit the emittance growth,
the final output emittance of 0.5 πmrad is still well suited for
medical applications (typical values above 1 π mrad).

4.2. Non Zero Energy Spread

The situation is slightly different if we account for the par-

ticles energy spread. Again, we assume
Δγ

γ
= ±0.05 rms.

The initial longitudinal and transverse phase space distri-
bution of the beam particles are shown in Figures 7 and 8
(top plots). Their corresponding distributions after the third
lens are shown in Figure 8 (bottom plots).

While the precise analysis of the beam transmission and
acceptance of the lattice is not as simple as in the monoener-
getic case, the acceptance angle of ~about 38 mrad is still vis-
ible in plots 7 and 8 (red particles are lost). The phase space
distributions shown in Figure 8 lower graphs for the output

Fig. 7. (Color online) Initial distributions of the proton beam of 200 MeV energy in the longitudinal direction assuming 5% energy spread
from the source. Particles marked red are not within the acceptance of the proposed lattice.

Fig. 8. (Color online) Transversal phase space at the entrance and exit of the lattice for a beam energy of 200 MeV and 5% initial energy
spread.
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plane of the lattice show a well-defined beam suitable for the
proposed application. The beam at exit has a slightly in-
creased beam radius, which is still below 3 mm (rms radius
~1.5 mm) and a maximum divergence of less than 5 mrad
(rms< 3 mrad). The transversal phase space occupied in
the x, x′ plane is also slightly increased compared to the
case without energy spread. The spherical aberrations ob-
served in the monoenergetic (see Fig. 5) case are less
visual due to the smearing caused by the energy spread.
In Figure 9, a trajectory plot is shown together with a plot

of the development of transmission and emittances. As in the
previous case roughly 20% of the particles started from the
ion source have been lost before leaving the first lens.
These particles are out of the acceptance of the lattice as men-
tioned before. Due to the energy spread the particle loss at the
aperture (z= 2.75 m) is significantly larger than in the pre-
vious case (about 47%). These additional losses of 42%
are caused by the different focal length for varying energy.
As the beam starts with a relatively large emittance of 2 ×
10−5eV × s in the longitudinal phase space, the influence
of the longitudinal electric field component at the entrance
and exit of the lens are hardly noticeable. This value in-
creases slightly until the beam reaches the aperture. As

only particles of reference energy (200 MeV) are in focus
at the position of the aperture, wrong energy particles are re-
moved from the beam, and the longitudinal emittance is re-
duced. The final longitudinal emittance is half the initial
value (about 1.1 × 10−5 eV × s). In the transversal dimen-
sion, the situation is similar to the situation with zero
energy spread. At the entrance of the lenses the rms emittance
reduces and is increased by the same amount at the exit due
to the electric potential.
Additionally to this reversible effect, spherical aberrations

cause a non-reversible emittance growth together with chro-
matic aberrations due to the energy spread. The overall emit-
tance growth before collimation is significantly (four times)
larger than in the previously case. On the other hand, the col-
limation at the aperture limits the emittance growth at the end
of the beam line. The output emittance of 0.6 π mm-mrad is
only 20% larger than without energy spread and is still well
suited for medical applications.
In Figure 10, the energy distribution of the particles to-

gether with the transmission as function of energy is
shown. The histogram of the energy distribution for the
three positions observed shows a maximum at the nominal
energy of 200 MeV. At the ion source (black histogram)

Fig. 9. (Color online) Trajectory plot (left) of particle transport using 100,000 macro particles assuming 5% energy spread. On the right-
hand side the corresponding transmission and emittances are plotted. Please note that the scale for the emittances compared with Figure 6
has been increased by a factor of 10.

Fig. 10. (Color online) Left plot: The development of the energy spread assuming 100, 000 particles at start (black), in front of (green) and
after (red) collimation. Right plot shows the beam transmission as a function of particle energy for this case.
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the energy spread (full width at half maximum) is 24.4 MeV.
In front of the aperture at 2.75 m (green curve), the mean
energy is still 200 MeV but the energy spread is slightly re-
duced (about 4%) to 23.4 MeV due to the collimation in the
first lens. After the aperture at 2.75 m (red histogram) the
mean energy does not change, but the energy spread is dras-
tically (about 60%) reduced to 9.4 MeV. The particle loss at
reference energy (200 MeV) is relatively small (<10%)
while it is significant for all other energies. The transmission
through the aperture at position 2.75 as a function of the
energy is plotted in Figure 10 on the right-hand side. The
plot proves the good energy selection properties of the pro-
posed setup in conjunction with an excellent transmission
of the particles with the selected energy as discussed in Po-
zimski and Aslaninejad (2012). In principle, the position of
the aperture can be used to select and filter the particles
with low, medium or high energies as would be required
for cancer treatment. As this would also require changing
the position and strength of lens 3, a different approach to
select the energy for treatment is described as follows.

4.3. Energy Selection of Particle Beam

To allow for an energy variation of the output beam from
70–250 MeV as required for Hadron therapy, the procedure
to move the aperture and lens 3 longitudinally, as described
previously, does not seem practical. Instead of changing the
position of the aperture, the settings of all three lenses can be
varied to allow for output beams, which share all transversal

properties for different energies. This is a major advantage
compared to the lattices recently described in Hofmann
et al. (2012; 2013). The parameters required for all three
lenses to achieve certain mean output energies are summar-
ized in Table 3. Due to the specific design of the lenses,
the voltages are the same for all lenses, which allows for
one high voltage power supply. As the system is fundamen-
tally electrostatic in behavior, the required change in voltage
is linear with the change in energy (about factor 3.6) of the
particles. As predicted by results from Eq. (3), the magnetic
field scales with the square root of the particle energy. Since
the magnetic fields required by the lenses are relatively low,
the simulations have been based on a model using air coils
without iron to reduce the inductivity of the magnet. This
would allow for a fast scan of the energy over the full
range within seconds.

For the cases presented in Table 3 the beam transport has
been calculated. In Figure 11, the beam transmission through
the aperture is plotted for the six different lens settings. The
plot demonstrates the energy selection properties of the pro-
posed setup in conjunction with an excellent transmission
(about 80% total, >95% through aperture at 2.75 m) of par-
ticles with the selected energy. While the transmission at
mean energy is practically constant, the width of the distri-
bution scales (nearly) proportionally with energy, allowing
for an energy spread of about 2.5% (note that the values
given in Table 3 are gained from a more rigorous data analy-
sis than shown in Fig. 11). This is typical for electrostatic sys-
tems. On the other hand, the energy spread observed for the

Table 3. Variation of lens parameters for an energy variation between 70–250 MeV

Energy (MeV)
B Field (T)

Anode Voltage (kV)
(all lenses)

Charge Density (102C/m3)
ΔEkin (MeV) ΔEkin/Ekin (±%)

Lens 1 Lens 2 Lens 3 Lens 1 Lens 2 Lens 3

70 0.182 0.102 0.240 220.5 2.04 0.66 3.43 3.33 2.38
100 0.217 0.122 0.286 315 3.04 0.95 5.27 4.87 2.44
130 0.248 0.139 0.327 409.5 3.95 1.23 6.84 6.50 2.50
160 0.275 0.154 0.362 504 4.86 1.51 8.42 8.17 2.55
200 0.307 0.172 0.405 630 6.07 1.89 10.53 10.66 2.67
250 0.343 0.192 0.452 787.5 7.37 4.29 12.13 13.39 2.68

Fig. 11. (Color online) Histogram of spectral transmission (black for the whole lattice from z= 0 to z= 4 m; pink from z= 2.4 m to z=
4 m (aperture collimation only)) with the lens settings shown in Table 3. The energy bin width is 0.5 MeV; the numbers represent the full
width at half maximum values in MeV based on bins.
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70 MeV case is small enough to fulfill the treatment require-
ments while in the other cases a further treatment of the ion
beam might be necessary.
The momentum spread for the presented lattice can be

derived from the corresponding energy spread given in
Table 3 and lies in the range between ±1.23% and
±1.49% (for 70 MeV to 250 MeV). In conventional accel-
erators for cancer therapy (synchrotrons and cyclotrons),
the typical momentum spread for the extracted beam is in
the range of 0.1–0.2%. Of course, cyclotrons need to use a
degrader to vary the energy for the treatment, which is detri-
mental for the momentum spread. At low energies, contri-
butions from the combined effects of energy spread and
longitudinal straggling are still small enough that the
system presented may be considered feasible for use in treat-
ment. At high energies however, the energy spread is quite
noticeable, and an advanced lattice is envisaged to overcome
this problem.

5. SUMMARY AND OUTLOOK

The results of the presented theoretical and numerical inves-
tigations of beam transport of laser accelerated beam ions for
medical applications in cancer therapy using Gabor space
charge lenses show very encouraging results. A lattice con-
sisting of three lenses can capture and focus a particle
beam that is compatible with the therapy requirements, at
least in the transversal phase space. The energy spread of
the beam has also been reduced by a factor of up to 3,
which is a significant improvement compared with other pro-
posed lattices. These results are very encouraging, represent-
ing a significant improvement for the issue of the energy
distribution for laser generated ion beams, while still preser-
ving particle numbers.
A further improvement, by a factor of about 3–5 in terms

of energy spread, is required before medical applications can
be seriously considered. Work has already begun to extend
the presented lattice by the use of bunching cavities follow-
ing the three Gabor lens. The cavity will be followed by a
dipole magnet and one further Gabor lens. Together with a
proposed improvement of the geometry of the collimation
aperture, a further significant reduction of the energy
spread is predicted. This might not be sufficient for treatment
at all energies, however. In the future, further theoretical,
numerical, and experimental investigations are planned to
answer some of the questions raised in this publication, im-
prove the lattice and gain experimental data to verify the
simulation results. Nevertheless, the enormous reduction in
lattice complexity together with the excellent performance,
superior to any conventional lattice proposed so far, makes
the proposed setup a very strong candidate for further con-
sideration. The very compact size of the lattice allows for
mounting the whole beam acceleration and delivery system
directly on the gantry. This could significantly reduce the
complexity of the treatment system with reduced treatment
cost as a consequent. Although our main focus has been on

proton beams, it should be mentioned that Gabor lenses are
even more advantageous in using heavier ions like carbon,
in comparison to lattices with conventional lenses. In fact
for a 450 MeV/u carbon 6+ beam, the additional advantage
expected from equation 10 is a factor of

��
2

√
. In the case of a

solenoid capture, this implies an even stronger magnetic field
in the range of 15 T compared with protons. On the other
hand, the required magnetic field for the Gabor scenario
still remains less than 1 T. New laser-driven ion acceleration
mechanisms, which allow ion acceleration to GeV energies,
are being identified (Yin et al., 2006). This would further in-
crease the challenges to capture and focus the ion beam and
plasma lenses could play a fundamental role to realize this.
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