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This article reports about controlling laser-accelerated proton beams with respect to beam
divergence and energy. The particles are captured by a pulsed high field solenoid with a magnetic
field strength of 8.6 T directly behind a flat target foil that is irradiated by a high intensity laser
pulse. Proton beams with energies around 2.3 MeV and particle numbers of 1012 could be collimated
and transported over a distance of more than 300 mm. In contrast to the protons the comoving
electrons are strongly deflected by the solenoid field. They propagate at a submillimeter gyroradius
around the solenoid’s axis which could be experimentally verified. The originated high flux electron
beam produces a high space charge resulting in a stronger focusing of the proton beam than
expected by tracking results. Leadoff particle-in-cell simulations show qualitatively that this effect
is caused by space charge attraction due to the comoving electrons. The collimation and transport of
laser-accelerated protons is the first step to provide these unique beams for further applications such
as postacceleration by conventional accelerator structures. © 2010 American Institute of Physics.
�doi:10.1063/1.3299391�

I. INTRODUCTION

Since the first observation of laser-accelerated ions in
2000 �Ref. 1�, these beams have attracted a lot of interest due
to their unique beam parameters and have triggered an ex-
tensive discussion about their possible applications. The
ideas range from new diagnostic techniques for short pulse
phenomena,2 the modification of material parameters,3 ion
beam radiography,4 and applications in energy research �e.g.,
the “fast ignitor” in the inertial fusion context�5 up to medi-
cal treatment issues.6

Experimentally, highest beam fluxes7 and ultralow
emittances8 were observed, which exceed the quality of ion
beams accelerated by conventional accelerator structures in
orders of magnitude. Still the main drawbacks of laser-
accelerated ions and in particular, protons are the exponential
energy spectrum and the large envelope divergence of the
beam.9 Different techniques have been developed to modify
the energy distribution to produce a more monoenergetic
beam. Therefore special targets were created with thin proton
or carbon layers on the rear side,10,11 as well as deuterated
droplets.12 Besides, there have been attempts to reduce the
initial divergence of the beams by ballistic focusing with the
help of curved targets in a hemispherical shape,3 resulting in
a beam focus in a distance of the diameter of the sphere from
the laser focus. In a different experiment a laser-triggered
microlens was used to select a small energy interval and to
focus down the protons with these specific energies to a mil-
limeter spot 70 cm from the target.13 This setup suffers from
its complexity since two synchronized high intensity laser

beams are required. A much simpler attempt in the field of
controlling laser-accelerated protons was carried out in 2008
by Schollmeier et al.14 They used permanent magnet quadru-
poles for the guidance of the protons at particle energies of
14 MeV. A focus of only �286�176� �m could be reached
with a flux increase in comparison with an unfocused beam
of a factor of 75. The quadrupoles had a large magnetic field
gradient of 500 T/m to control protons at an energy of 14
MeV. This high field gradient defines a quadrupole design
with a small open aperture of only 5 mm, which results in the
loss of 99.9% of the protons during the transmission through
the quadrupole doublet. To avoid such strong particle losses
caused by the focusing devices we have established an alter-
native to control the transport of laser-accelerated protons
that uses a pulsed high field solenoid to collimate the beam
directly behind the target foil. This solenoid runs at a mag-
netic field strength of 8.6 T and has an open aperture of 44
mm in diameter to catch nearly the full beam at a proton
energy of 2.5 MeV. The coil of the solenoid consists of a
brass helix originally designed as a Faraday rotator. The de-
sign was modified to fit the requirements of the new appli-
cation as a focusing device, especially to enable the opera-
tion under high mechanical stress. The magnetic pressure, p,
induced in a pulsed solenoid is given by p=B2 /2�0. This
means for the used device the magnetic pressure inside the
coil reached nearly 30 MPa at a magnetic field strength of
8.6 T, which was the working level during the experiment.
Nevertheless, the solenoid was successfully tested up to a
magnetic field strength of 15 T that equals 90 MPa magnetic
pressure.
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The particle trajectory of a charged particle propagating
through the magnetic field of a solenoid is given by

�m0�dv�r

dt
� = − qv�� � B� z + �m0

v��
2

r
, �1�

�m0�dv��

dt
� = − qv�z � B� r + �m0v�r

v��

r
. �2�

Here v�z, v�r, and v�� are the axial, radial, and rotation velocity
of the particle, � is the relativistic factor, m0 and q are the
mass and the charge of the particle, r is the distance of the
position of the particle to the solenoid’s axis, and B� z and B� r

are the magnetic field components in axial and radial direc-
tion, respectively. Assuming a constant axial velocity v�z, no
radial magnetic field B� r inside the solenoid and a small radial
velocity v�r in comparison with the axial component, the term
of the Coriolis force, �m0v�r�v��� /r can be neglected and
therefore the right-hand side of Eq. �2� becomes zero. Hence,
the rotation velocity v� inside the solenoid is constant. A
charged particle beam gets focused if the Lorentz force,
qv���B� z, exceeds the centrifugal force, �m0�v��

2 � /r, see Eq.
�1�. A collimation, i.e., a parallelization of the particle trajec-
tories of a divergent beam is reached if the gained radial
velocity to the axis has the same amount as the initial radial
component v�r.

To predict the proton propagation through the solenoid
focusing device and to define the final solenoid design, simu-
lations with Computer Simulation Technology �CST� Particle
Studio15 were done. This code is based on the finite volume
method used to solve the Maxwell equations. It allows to set
up a full three-dimensional model of the experimental de-
vice, calculates the electromagnetic fields and also includes a
particle tracker as well as a particle-in-cell �PIC� solver that
considers space charge effects.

The structure of this article is as follows: Section II de-
scribes the setup of the experiment, gives information about
the used detectors and about the solenoid. In Sec. III, experi-
mental results of the proton transport by the solenoid are
presented. Several simulations were done to calculate the
proton propagation through the solenoid, which are shown in
Sec. IV, together with a comparison with the experimental
results.

II. EXPERIMENTAL SETUP

The experiment was carried out at the Petawatt High
Energy Laser for Ion eXperiments �PHELIX� facility at GSI-
Helmholtzzentrum für Schwerionenforschung GmbH in
Darmstadt, Germany. This laser system holds two different
front ends, one nanosecond as well as a femtosecond front
end that was used for the described experiment. The laser
energy before compression was up to 150 J. At a compressor
efficiency of 90% and a parabola reflectivity of around 80%
the intensity in the focus with a full width at half maximum
of ��12 /2�18 /2� �m2 reached 4.5�1019 W /cm2 at a
pulse length of 700 fs. This campaign was the first run of the
laser system working at high energy and during the first shots
laser-accelerated protons with energies exceeding 30 MeV
could be observed.

Different diagnostics were used to detect the proton
beam. The main diagnostic were calibrated radiochromic
films �RCFs�,16 which are sensitive to ionizing radiation and
turn blue after exposition. By using the films in a stack con-
figuration, they deliver energy and space resolved data about
the proton beam. This is done by a deconvolution of the
deposited dose in each RCF layer.17 Additionally, a Thomson
spectrometer18 was used as well as a magnetic spectrometer
that was designed to deliver data about protons, electrons
and even positrons at the same time.

The experimental setup is shown in Fig. 1. The laser
beam entered the target chamber from the left side and was
focused down to the target chamber center where the target
was placed at an incidence angle of 0°. The solenoid was
mounted in laser propagation direction at a distance of 17
mm to the target. An RCF-stack to detect the proton beam
was placed 130 mm behind the solenoid on axis that equals a
target-detector distance of 241 mm. The Thomson parabola
spectrometer stood outside the target chamber at the inci-
dence angle of the laser. Inside the chamber the magnetic
spectrometer was mounted at an angle of 11° to the target
rear normal. The targets were thin flat gold foils, with thick-
nesses between 10 and 50 �m.

As mentioned above the solenoid was tested up to a
magnetic field strength of 15 T but was run in the experiment
at 8.6 T. The reason for this was that with increasing mag-
netic field, which is equal to a stronger current applied to the
solenoid, an increasing signal on the grounding cable of the
solenoid was measured. Figure 2 shows the measured signals
of the current going through the solenoid during a test shot in
vacuum without the laser �Fig. 2�a�� and at a real shot with
the laser during the experiment �Fig. 2�b��. The red line is the
ground signal. For the experiment shot a current of up to 160
A was measured. In addition, the falling slope of the capaci-
tor currents got steeper in comparison with Fig. 2�a�. This
happened due to the expanding plasma penetrating into the
solenoid and creating a short circuit inside the coil resulting
in a lower Ohmic resistance and therefore in a lower damp-

short pulse

target

solenoid

RCF-stack

e--spectrometer

Thomson-

parabola

800 mm

FIG. 1. �Color online� Experimental setup at the target area of PHELIX. The
laser enters the target chamber from the left side. The solenoid is placed
right behind the target in the middle of the chamber. The produced proton
beam is detected by an RCF stack, a magnetic spectrometer and outside the
target chamber by a Thomson parabola.
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ing of the system. The time at which the ground current
appeared perfectly fit with the time when the laser has hit the
target. The shift in time between the positions of the maxi-
mum current shown in the two graphs is not caused by the
short circuit. A different timing was used at the full shot to
get a perfect synchronization between maximum magnetic
field and laser hitting the target. Although the ground signal
is only a small fraction of the total current that is lost due to
the short circuit it could be observed that this ground signal
got stronger with increasing current and for safety reasons
the maximum applied current had to be limited to 19 kA.
This equals a magnetic field strength of 8.6 T, which allows
to collimate a proton beam of 2.5 MeV particle energy.

III. PROTON AND ELECTRON TRANSPORT

To verify the strong influence of the solenoid on the
proton beam propagation, reference shots without the mag-
netic field were done where the RCF stack was placed at the
same position of 241 mm behind the target as in a full system
shot including the solenoid. Figure 3 shows three RCF
stacks, layers 1–6, after irradiation by the proton beam. The
denoted energies belong to protons that are stopped in the
specific RCF layers. On the left, Fig. 3�a�, the shown RCF
stack was placed at a distance of 40 mm behind the target to
observe the whole beam. It is known that the laser beam

profile is transferred to the accelerated electrons, as well as
to the proton beam.19 Figure 3�b� shows the reference shot at
a distance of 241 mm. Due to the strong divergence of the
beam �25° half opening angle for protons with energies be-
low 10 MeV� only a few particles are detected by the RCF.
At energies higher than 6.0 MeV only a weak proton back-
ground is visible due to the fact that the number of protons
for these energies is below the RCF detection threshold of
108. Layers 1–3 show a kind of a ring structure in the beam.
The reason for this could be recirculating electrons that are
accelerated several times by the laser, see, e.g., Ref. 20. The
slit in the films is needed since a small part of the beam has
to propagate further to be detected by the Thomson parabola
and the magnetic spectrometer.

In comparison with Figs. 3�a� and 3�b�, Fig. 3�c� shows
the RCF stack of an experiment where the solenoid was en-
ergized to collimate the beam. The RCF stack was placed at
the same distance of 241 mm behind the target, which equals
a distance of 130 mm from the exit of the solenoid to the
detector stack. The magnetic flux density was 8.6 T. As ex-
pected from the particle tracking simulations the first RCF at
2.3 MeV proton energy shows a strong signal. The beam
diameter is 39 mm in vertical direction and 42 mm in hori-
zontal direction �red circle�. A diameter of 40 mm was the
result of the CST calculations, but it has to be considered that
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FIG. 2. �Color online� Measured current that was applied to the solenoid. The dashed line shows the ground signal. At a full system shot including the laser,
a signal of 160 A was measured starting at the time the laser had hit the target �b�. This is caused by the expanding plasma entering the solenoid and hitting
the inner wall which leads to arcing. Without the laser hitting the target no signal was measured on the ground �a�.

2.3 MeV 3.9 MeV 5.0 MeV

6.0 MeV 6.9 MeV 7.6 MeV

b)
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c)

FIG. 3. �Color online� The proton beam measured by RCF at a distance of 40 mm to the target �a� and at a distance of 241 mm �b�. The slit in the RCF was
necessary so that a part of the beam could propagate further and get detected by the spectrometers. �c� The proton beam measured behind the solenoid at a
distance of 241 mm to the target. Due to the collimation a strong proton signal was detected at 2.3 MeV particle energy. The beam size �circle at 2.3 MeV�
is 42 mm in the horizontal and 39 mm in the vertical direction. Even for higher energies a clear proton signal could be observed due to the additional focusing
effect by the co-moving electrons.
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the RCF detects an energy band and not one specific energy,
so that higher energies with a larger divergence color the film
as well. This dose needs to be subtracted while analyzing the
RCF. The beam shape is slightly elliptical as in Fig. 3�a� but
not that clear defined. Several modulations can be seen,
which will be discussed later.

To characterize the solenoid device its collimation effi-
ciency needs to be compared to different experiments. In
addition to the experiment by Schollmeier et al.14 a second
experiment using a permanent quadrupole focusing device is
described in Ref. 21. In this experiment the collimation of
protons with energies of �3.7�0.3� MeV was investigated.
The particle losses inside the quadrupole doublet were 25%.
Additionally, due to the open aperture of the quadrupoles of
50 mm in diameter and their distance to the target of 150
mm, only protons with a half opening angle of 10° could
enter the quadrupole doublet. The envelope divergence of the
beam was 20° half opening angle, so that only a small frac-
tion of the beam was captured by the collimation device at
all.

A comparison of RCF layer 1 �2.3 MeV proton energy�
of Figs. 3�a� and 3�c� by using the radiochromic film imaging
spectroscopy �RIS� technique16 to calculate the total particle
numbers shows that in both cases the proton numbers reach
1012. The error estimate for the proton numbers given by RIS
is around 20%. The tracking simulations predict that 10% of
the initial beam will be stopped inside the solenoid by hitting
the inner walls. This means even in a worst-case-scenario,
the particle numbers are still above a few times 1011. This is
the first time that such an intense laser-accelerated proton
beam could be transported over a distance of more than 300
mm.

Besides the detection of a strong signal in the first RCF
layer, a second remarkable observation is that not only in the
first layer of the RCF stack, shown in Fig. 3�c� but also in
layers 2–4 a clear proton signal can be seen. In principle all
protons with higher energies will be collimated or focused
less than these at exactly 2.5 MeV, so that a larger beam size
and only a few particles, as seen in Fig. 3�b�, are expected to
be measured by layers 2–4. To explain this effect it has to be
considered that during the laser-plasma interaction not only
protons get accelerated but also electrons with even higher
particle numbers than the proton numbers. The energies of
the electrons range from tens of MeV down to a few eV.22

Hence, the transport of the proton beam through the solenoid
gets much more complicated since all comoving electrons,
i.e., electrons traveling at the same velocities as the protons,
pass through the solenoid field at the same time as the proton
beam. The light electrons are forced down to the solenoid’s
axis by the magnetic field building up a non-negligible space
charge that attracts the protons. For example, the gyroradius
of an electron with an energy of 5 keV at the center of the
solenoid at 8.6 T can be calculated to re=��2meE /qeB
�28 �m. Even protons up to 6 MeV could be detected by
the RCF stack, see Fig. 3�c� fourth layer, which shows that
even higher energetic protons get affected by this electric
field. Not only at a distance of 241 mm to the target but even
at a distance of 324 mm clear proton signals in the first four

layers could be observed, with similar shape to the ones
shown in Fig. 3�c�.

The deflection of the protons due to the space charge
field arising from the comoving electrons influences the
emittance of the proton beam, since electric fields do not
preserve the beam emittance. Detailed studies about emit-
tance growth are beyond the scope of this work and will be
done in future experiments. In addition, these results have to
be compared with the influence of the solenoid’s field on the
beam emittance caused by chromatic aberrations.23

The existence of the electron beam circulating around
the solenoid’s axis with its gyroradius could be experimen-
tally verified. Figure 4 shows an RCF stack after irradiation
that was placed as close to the solenoid as possible at a
distance of only 161 mm to the target. Besides the well-
known proton signal in the first four layers a second beam
was measured throughout the whole RCF stack up to the last
layer. The signal stays constant in intensity, therefore it was
not generated by protons because of their high stopping
power. Instead an electron beam with a particle energy of
only 2 MeV �not only the comoving electrons but also higher
energetic electrons circulate around the solenoid’s axis� can
easily penetrate through an RCF stack consisting of 24 lay-
ers. In the last nine layers a stronger signal and background
intensity of the electron beam can be seen. These layers are a
different RCF type with a much higher sensitivity than the
ones used in the front of the stack. The electron beam could
not be observed in shots where the RCF stack was placed
241 mm or even further away from the target since the elec-
tron beam rapidly breaks up behind the solenoid due to the
dispersion of the magnetic field lines and due to the Cou-
lomb repulsion of the electrons among each other.

Additionally, strong beam modulations could be seen in
the RCF layers when using the solenoid in comparison with
a standard laser-proton acceleration without any collimation
device. This could originate due to the interaction between
electrons and protons inside the solenoid. A second phenom-
ena had strong influence on the beam shape as well. Strong
eddy currents were induced in the gold foil by the solenoid

1.1 MeV 3.2 MeV 4.5 MeV

5.5 MeV 6.4 MeV 7.2 MeV

8.0 MeV 8.7 MeV 9.4 MeV

10.0 MeV 10.6 MeV 11.1 MeV

11.7 MeV 12.2 MeV 12.7 MeV

15.2 MeV 16.4 MeV 17.4 MeV

18.4 MeV 19.4 MeV 21.9 MeV

22.8 MeV 23.6 MeV 24.5 MeV

FIG. 4. �Color online� RCF stack after irradiation. Additionally to the proton
signal in the first four layers, a well-defined electron signal was measured
through the whole RCF stack. In the last nine layers a stronger signal and
background intensity of the electron beam can be seen. These layers are a
different RCF type with a much higher sensitivity than the ones used in the
front of the stack.
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field �950 mT at the target position�, which led to a bending
of the target. Figure 5 shows two pictures of laser-plasma
interactions taken with a digital camera that was mounted
outside of the target chamber at an angle of 90° to the target
normal. In both pictures the plasma expansion at the front as
well as at the rear surface of the target are clearly visible.
The strong curvature of the gold foil in Fig. 5�a� is conspicu-
ous. The target was bent up to 18° �1°. This strong move-
ment of the foil influences the proton acceleration and the
collimation in several ways. First of all the target is moved
out of the focal plane of the laser by more than the target
thickness �20–50 �m�, which leads to a drop in the laser
intensity and therefore in a change of the proton spectrum.
The second point is related to the collimation process. A
proton beam that enters the solenoid with an incidence angle
of 18° to the solenoids axis cannot be collimated as efficient
as at 0°. Lots of particles will hit the inner wall and get lost.
CST Particle Studio tracking calculations were done to simu-
late the effect of a 18° bent target. At an energy of 2.3 MeV
50% of the protons are stopped inside the detector and the
intensity maximum of the beam image at the RCF position is
moved out of the center by 15 mm. The bending can easily
be suppressed by using non conductive targets but insulator
material suppresses the electron transport through the target
which weakens the laser-ion acceleration.24 This subject
needs further investigations.

IV. SIMULATIONS

The experimentally observed results were checked by
leadoff CST Particle Studio PIC simulations, which demon-
strate the effect of electrostatic attraction inside the solenoid
between electrons and protons. The simulations only deliver
qualitative results about this very complex system. An accu-
rate determination of the particle propagation from the target
position with a particle source size of only a few hundred
microns to the position of the RCF detector 130 mm behind
the solenoid is not realizable since the calculation mesh of
CST Particle Studio cannot be adapted to such a system at all
and the particle numbers that are linked to the mesh configu-
ration are far too low. The mesh size is too coarse at the
target and too fine inside the solenoid after the beam has
diverged. Nevertheless, the PIC simulations can approxi-
mately show the interaction between electrons and protons in
the solenoid and the results fit the experimental observations.

All calculations were done at the same parameter set-
tings. The particle density, i.e., the number of electrons and
protons, was adjusted to the mesh and was 8255 particles per
excitation time step and per species. The excitation signal
that defines the time how long new particles were created
was 0.8 ps. This resulted in a total particle number of 49 530
in the beam. The emission models of the particle beams were
given by Gaussian distributions with a total bunch charge of
10−7 C, which equals 6�1011 real particles for each species.
The spatial resolution of the used mesh was 100 �m in all
directions. The time step width was 407 fs.

The particle tracking simulations without considering
any space charges already show that the electrons are forced
down to the solenoid’s axis by the strong magnetic field di-
rectly at the target position �the magnetic field strength at the
target in a distance of 17 mm to the solenoid is around 0.95
T� that leads to a negative space charge accumulation around
the axis. The electrostatic attraction of the strongly colli-
mated electron beam on the protons changes the beam profile
quite significantly.

The time evolution of the propagating protons from 1350
to 12 950 ps after the laser has hit the target is shown in
Fig. 6. The electrons are not plotted in this figure. The proton
energies are between 1 MeV �blue dots� and 5 MeV �red
dots�. The proton beam has entered the solenoid on the left
side of the picture and propagates to the right until it is
stopped in the detector stack. A strong aggregation of the
beam around the solenoid’s axis was found. At later time
steps the aggregation of the beam smears out linked to the
decrease in the field strength with increasing distance to the
solenoid. This happens due to the break up of the strongly
collimated electron beam. The electrons still follow the mag-
netic field lines that are not parallel anymore but are oriented
outwards, away from the solenoid’s axis.

b)a)

FIG. 5. �Color online� Images of the laser-plasma interaction. Picture �a�
shows a shot where the target got bent by the strong magnetic field of the
solenoid inducing eddy currents in the target. On the right side �b�, a shot
without the solenoid firing is shown.

1350 ps 3050 ps

12950 ps9450 ps

6350 ps 7600 ps

FIG. 6. �Color online� Propagation of the proton beam through the solenoid
�left side� to the RCF detector �right side� at different time steps. The strong
aggregation of the proton beam due to the electron’s space charge is clearly
visible. The positions of the particles indicate their energy from the lowest
value �1 MeV, in the rear of the pulse� to the highest one �5 MeV, in the front
of the pulse�.
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To illustrate the change of the beam divergence in time
Fig. 7 shows the energy of the protons versus the transverse
space coordinate x. It is plotted for three different time steps
7600 ps �red dots�, 9450 ps �green dots�, and 12 950 ps �blue
dots�. The three solid lines highlight the beam envelopes.
The proton beam is divergent for particles with energies
greater than 2.5 MeV, which can be seen by the larger open-
ing angle for the later time steps. A collimated beam is
reached at the energy of around 2.5 MeV where all three
envelopes cross. No change in divergence can be observed
during time evolution at this energy. At smaller energies the
divergence is getting smaller with time. The exception are
particles with energies lower than 1.7 MeV. A strong bend in
the envelope of the latest time step �blue line� exists. At this
point particles with lower energies than 1.7 MeV already got
through the focus and diverge again. The strong aggregation
of the proton beam on axis is quite obvious as well and it is
getting weaker for later time steps.

A comparison between experimental and simulation re-
sults are given in Fig. 8. It shows line out plots of the beam
profile of the first RCF layer of Fig. 3�c� in x-direction and
y-direction �transverse to the beam propagation direction� to-
gether with the simulated line out by CST Particle Studio.
The y-direction of the simulation was skipped since it looks
nearly the same as the x-direction. A very good agreement in
the beam profiles was observed. For each data point on the
transverse direction all data points on the perpendicular
transverse direction were summed up to create the line out.
The proton density for all data was scaled to one since CST
Particle Studio does not support the calculation of 1012 par-
ticles at all. However, the total beam charge was set to the
same level as in the experiment, so that the influence of the
magnetic field on the beam is the same in the simulation as
in the experiment. The blue curve has a weak peak around
the center of the beam that resulted due to the proton density
modulations.

Detailed calculations of the propagation process of laser-
accelerated protons and their comoving electrons through a
high field solenoid device have started in our group using the
Warp code.25 First results that support the above described
observations can be found in Ref. 26.

V. CONCLUSION

In this article we have shown that the collimation of a
laser-accelerated proton beam by a pulsed high field solenoid
is possible and leads to good results in terms of collimation
efficiencies. 1012 particles could be caught and transported
by the solenoid. The steadiness of the proton beam after
collimation could be proven up to a distance of 324 mm from
the target position. Inside the solenoid strong space charge
effects occurred due to the comoving electrons that are
forced to circulate around the solenoid’s axis at their gyrora-
dius by the strong magnetic field, leading to a proton beam
aggregation around the axis. This resulted in a stronger fo-
cusing of the beam so that even higher energies than the
expected 2.3 MeV could be observed by the RCF. The op-
eration of the solenoid was limited by safety issues so that
the magnetic field strength was limited to 8.6 T, which equals
a current of 19 kA. This problem will be solved for future
experiments as well as the effect that the target got bent by
the induced eddy currents. Nevertheless at the investigated
proton energy of 2.5 MeV the experimental and computa-
tional results match very well.
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