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This Letter demonstrates the transporting and focusing of laser-accelerated 14 MeV protons by
permanent magnet miniature quadrupole lenses providing field gradients of up to 500 T=m. The approach
is highly reproducible and predictable, leading to a focal spot of �286� 173� �m full width at half
maximum 50 cm behind the source. It decouples the relativistic laser-proton acceleration from the beam
transport, paving the way to optimize both separately. The collimation and the subsequent energy selection
obtained are perfectly applicable for upcoming high-energy, high-repetition rate laser systems.
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The realization of intense and energetic laser pulses has
resulted in enormous scientific activity over the past de-
cade due to many potential applications including the
generation of giga-electron-volt, narrow band electron
pulses [1], intense x-ray pulses [2], laser-driven nuclear
phenomena [3], inertial fusion energy [4,5], as well as the
acceleration of protons from hydrocarbon impurities and
heavy ions to mega-electron-volt energies from thin foil
targets [6–9]. These ion beams (particularly protons) are
generated in a very robust and reproducible way with up to
1013 protons by the target normal sheath acceleration
mechanism [10]. The ions are accelerated, forming a qua-
sineutral plasma with an exponential energy spectrum that
exhibits a sharp cutoff at its maximum energy [11]. Unlike
conventionally accelerated ion beams, they contain very
high particle numbers in short, picosecond pulses and have
unprecedented emittance; i.e., the beams expand in a very
laminar fashion [12]. These features make them useful as a
diagnostic tool (e.g., proton radiography of transient pro-
cesses [13]) and they could have applications as compact
particle accelerators [14] for the creation of high-energy
density (HED) matter [15] or for proton fast ignition [5].

There have been attempts to optimize the source for a
more monochromatic beam by using a very thin proton- or
carbon-rich layer on the target rear side [16,17]. But,
especially for the latter applications, a collimated or fo-
cused beam, that maintains the high particle number emit-
ted from a usual foil, is indispensable. Since the beam is
divergent with an energy-dependent half-opening angle of
up to 40� [18], there have been attempts at ballistic focus-
ing by curving the target foil to a submillimeter half-sphere
[15]. However, the focal length is on the order of the
sphere’s radius, limiting its application. Another possibil-

ity for focusing the protons is the ultrafast laser-driven
microlens [19] that uses a second laser pulse to create a
hot plasma expansion towards the axis of symmetry inside
a tiny cylinder. The rapidly varying electric field of the
plasma is used to focus traversing protons. The experimen-
tal scheme suffers from a complicated geometry with two
synchronized high-intensity laser beams that need to be
carefully aligned and temporally adjusted. Kar et al. [20]
recently succeeded in partly collimating the proton beam
by combining a microlens device with a flat target foil into
a single piece, at the expense of a complex target assembly.

In this Letter an alternative and straightforward ap-
proach is presented that uses an ion optical system consist-
ing of novel permanent magnet miniature quadrupoles
(PMQ) with strong field gradients of up to 500 T=m,
originally developed for laser-accelerated electrons [21].
A set of two PMQs demonstrates transport and focusing of
laser-accelerated protons in a very reproducible and pre-
dictable manner. This approach uses permanent magnets
that do not need to be replaced, hence allowing the appli-
cation in upcoming high-energy, high-repetition rate la-
sers. Moreover, it decouples the acceleration process from
the beam transport, allowing for independent optimization
of the proton beam generation and of the focusing
mechanism.

An initial experiment was carried out at the TRIDENT
chirped pulse amplification (CPA) laser system at Los
Alamos National Laboratory, and obtained a line focus,
whereas the demonstration experiments with a point focus
were carried out at the Z-Petawatt at Sandia National
Laboratories (SNL) [22]. The CPA laser at SNL with a
wavelength of 1053 nm delivered 40 J laser energy on
target, focused by an off-axis parabolic mirror to a beam
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spot of 5 �m FWHM. With a pulse duration less than
1 ps, the intensity on the target front side was I > 5�
1019 W=cm2. The prepulse contrast ratio was measured as
10�7. A 25 �m thin Cu foil was used as the target, being
hit by the p-polarized laser at an angle of 45�. The accel-
erated protons were detected with a stack of calibrated
radiochromic films (RCF) [23]. The calibration for proton
energy deposition was done at the tandem linear accel-
erator at the Max-Planck-Institut für Kernphysik in
Heidelberg, Germany. The stacks in the experiment con-
sisted of eight layers of type HD-810 and nine layers of
MD-V2-55. Parasitic radiation and target debris require the
RCF stacks to be wrapped in 16:3 �m aluminum foil for
shielding. The energy-loss response functions of the stacks
were calculated with a ray-tracing algorithm using energy-
loss values from SRIM-2006 [24], taking into account the
different material compositions of the different types of
RCF. Because of the Bragg peak of the ion’s energy loss at
the end of their range, each RCF layer can be attributed to
a small energy interval of 1 MeV for MD-V2-55 and
0.5 MeV for HD-810, respectively. Hence, a stack of
RCF layers is a two-dimensional imaging spectrometer.

The experimental configuration is shown in Fig. 1. One
RCF stack was placed at �40� 1� mm behind the target,
detecting the divergent proton beam. The axial aperture
was 5 mm throughout the PMQ beam transport section.
Beam blocks consisting of 12.7 mm aluminum or 6.35 mm
stainless steel protected the PMQs from debris and un-
wanted irradiation. The magnetic fields were calculated
using a Maxwell-compliant solver for their specific design
[25]. These fields were used to determine the positions of
the PMQs and the spectrometer with a tracking algorithm
[26]. The goal was to focus 14 MeV protons, since this
energy is in the central region of the proton energy spec-
trum usually produced at TRIDENT and Z-Petawatt. The
first PMQ was placed at a distance of 170 mm behind the
target and the second one was placed at 230 mm. The focal
spot was expected 500 mm behind the target, where an-
other RCF stack was placed.

Protons from hydrocarbon contaminations at the foil’s
rear side were accelerated up to well above 22 MeV, which

is the upper detection limit of the RCF stacks used.
Although RCF is sensitive to all ionizing radiation, it is
most sensitive to protons due to their higher stopping
power compared to electrons or x rays. Heavy ions only
penetrate the first layer. The total number of protons and
their energy spectrum were obtained from the first RCF
stack by interpolating over the aperture in the center.
High-energy protons were stopped in RCF layers at the
end of the stack. Some energy, however, is deposited in
the layers before. This fact requires each layer to be de-
convolved by the nonlinear detector’s response functions.
The resulting particle number spectrum dN=dE per unit
energy follows the shape obtained in Ref. [11], dN=dE �
N0=�2EkBT�

1=2 exp���2E=kBT�
1=2	, with parameters

N0 � 4:9� 1012 and kBT � 1:24 MeV.
A typical beam profile of �14� 1� MeV protons is

shown in Fig. 2(a). The white spot in the center is due to
a hole allowing for the propagation of the protons through
the PMQs. The beam profile shows intensity modulations
that originate from microcorrugations of the target rear
surface [27]. The beam has a diameter of �29:5� 2� mm
that corresponds to a (20� � 1:5�) half-opening angle. A
summation of the total signal in Fig. 2(a) leads to 1:3�
1010 protons with �14� 1� MeV. About 7:5� 108 protons
entered the PMQs. This number corresponds to 7.5% of the
beam injected into the PMQs. The integration over the
spectrum yields a conversion efficiency of 1% of the laser
energy into protons with energies above 4 MeV, in agree-
ment with Ref. [11]. The focusing effect of �14� 1� MeV
protons 50 cm behind the target is shown in Fig. 2(b). By
integrating over the peak, a total number of 8:4� 105

protons is obtained. Hence the transmission through the
magnets was 8:4�105=7:5�108�0:1%. This was ex-
pected, since the first PMQ focused the beam in one plane
and defocused the protons in the perpendicular one. The
second PMQ’s aperture then cut most of the beam.

Although the PMQs were not especially designed for
this beam, a small focal spot was obtained. The spot size
was by far not limited by the emittance, which is on the
order of 10�3� mm mrad [12]. Simulation results show
good agreement with the experiment [Fig. 2(c)]. The RCF
was simulated using protons with a Gaussian initial energy
distribution of E � 14 MeV and standard deviation � �
1 MeV. The PMQ’s aperture encircles the solid angle of
the ion beam by orders of magnitude, justifying the as-
sumption of a uniform initial particle distribution within a
much smaller solid angle in order to achieve the best
possible statistics for the simulation. The number of mac-
roparticles was 106. Interactions (i.e., space charge) were
neglected. The horizontal and vertical lineouts of both
experiment and simulation (Fig. 3) can be well described
by a Lorentzian f�x� � �=�x2 
 �2� with FWHM 2� �
286 �m (173 �m) horizontally (vertically), which corre-
sponds to a decrease of the proton beam compared to an
unfocused beam of approximately 103 times. An estimate
based on the simulations for an optimized setup suggests a

FIG. 1 (color online). Scheme of the experimental setup. A
high-intensity laser pulse irradiates a Cu foil. Protons from the
rear side propagate into a RCF stack with a 5 mm axial aperture
for the detection of the initial beam. The transmitted protons
enter two PMQ devices that transport and focus the beam.
Another RCF stack in the focal plane records the intensity
distribution of the protons.
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decrease in the focal spot by an additional factor of 5 in
both planes, leading to a demagnification by a factor of 5�
5� 103 � 2:5� 104.

Such a small focus is still below the space-charge limit,
which can be estimated by the generalized perveance, en-
trance radius, and focal spot size [28]. Assuming a pulse
duration of 0.7 ns from the drift difference of �14�1�MeV
protons, the space-charge limit for an optimized focus with
5 mm aperture PMQs corresponds to �109 protons.

The chromatic properties of PMQs yield an energy-
dependent focal spot size. Figure 4(a) shows the ion energy
spectrum integrated over an area of 200 �m in diameter.
The circles represent the measured data using the PMQ
doublet and the solid red line displays the calculated proton
spectrum for comparison, using the first RCF stack, under
the assumption of an undisturbed propagation of the beam
to the same distance. The energy-dependent flux increase
due to the focusing is shown in Fig. 4(b). For this specific
PMQ configuration, the flux increase for �14� 1� MeV
protons peaked at about a factor of 75. This allows the
system to be used as a spatial filter in order to monochro-
matize the ion energy spectrum. For an optimization and
increased coupling efficiency into the ion optics section,
the magnets can be placed closer to the source in combi-
nation with an increased aperture of the second PMQ. The
latter becomes necessary due to defocusing of the first
PMQ in one plane, as well as the space-charge limitation
mentioned above that decreases with increasing entrance
radius.

Since the ions are emitted in the form of a quasineutral
plasma, the question arises of whether or not the copropa-
gating electrons can be safely removed close to the source
without distorting the beam, i.e., without increasing the
emittance. This was tested experimentally by placing a
dipole magnet with 150 mT field strength at a distance of
3 mm behind the target to deflect the electrons, similar to
the experiment in Ref. [12], but in our case the magnet was
placed much closer to the proton source. A fine mesh
(110 �m wire distance, 35 �m wire thickness) that im-
prints in the beam [29] was placed at the dipole entrance.
The protons were recorded with a RCF stack after a drift of
100 mm. The absence of electrons could lead to space-
charge forces that diminish the beam quality. However, the

image showed a clear imprint of the mesh without any
distortion; hence, the beam quality was unchanged. One-
dimensional particle-in-cell simulations with the plasma
simulation code (PSC) [30] support these findings and
show that the magnetic field was sufficient to remove the
comoving electrons. Both measurement and simulation
demonstrate that even as close as 3 mm from the target a
magnetic field can be used to control and transport the ion
beam.

These results open up a realm of possibilities for appli-
cations; for instance, with an optimized configuration, the
transport and focusing of all ions within a certain energy
interval could be obtained. It could be used for studies of
HED matter by focusing these ions to a small beam spot.
The PMQs would allow for a large distance between the
proton-production foil and the sample, hence for clean
experiments since possible preheating by high-energy pho-
tons and electrons [31] would be significantly reduced. As

FIG. 3 (color online). Intensity profiles through the beam spot
in Fig. 2. The circles show the experimental data, the dark gray
(red) lines represent a lineout through the simulated beam
profile. Both curves agree well with Lorentzian fits [light gray
(green) lines] with a FWHM of 2� � 286 �m horizontally (a)
and even 173 �m vertically (b).

FIG. 2 (color online). (a) Beam profile of �14� 1� MeV protons at 40 mm behind the target. The white disk in the center is due to a
hole allowing for the propagation of the protons through the PMQs. (b) Beam spot 500 mm behind the target. 8:4� 105 protons were
focused to a small spot by the PMQs. The color map in (b) was optimized to show the weak background signal; therefore, the film
appears to have a signal over the whole area. (c) The simulation with a tracking code neglecting emittance shows good agreement with
the experiment. The respective RCF was simulated using �14� 1� MeV protons.
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an example, the HED state of matter that is exposed to 1011

protons with 15 MeV, focused to a small spot of 10 �m
diameter, was calculated with a semiempirical equation-of-
state model [32]. 10 �m thin Al, Ni, and Pb foils were
chosen to sample matter from low to high nuclear charge.
The energy of the protons is sufficient to penetrate the foil,
and the energy deposition is very homogeneous since the
Bragg peak is outside the foil. The total specific energy
deposition is 505:6 kJ=g for Al, 409:3 kJ=g for Ni, and
277 kJ=g for Pb, respectively. The fast energy deposition
by the protons leads to an isochoric heating that transforms
the former solid foil to liquid HED matter with tempera-
tures around 20 eV=kB and around 10 Mbar pressure. This
extreme state of matter could be found inside giant planets
like Jupiter or Saturn.

In conclusion, the first transport and focusing of laser-
accelerated protons with magnetic quadrupole lenses has
been shown, which demonstrates the manipulation of laser-
accelerated protons by magnetic fields can be done easily,
even though the protons are emitted in a quasineutral
plasma from the source. The further development and
optimization of the magnetic beam transport and focusing
system could have significant impact in various areas such
as accelerator physics, inertial fusion energy, astrophysics,
or even radio oncology (e.g., laser-accelerated hadron
therapy for tumor treatment).
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FIG. 4 (color online). (a) 500 mm behind the target the proton
beam without the PMQs exhibits an exponentially decreasing
spectrum (red solid line). The curve was fit to the RCF data in
front of the PMQs adjusted under the assumption of an undis-
turbed propagation. The spectrum achieved with PMQs (circles)
shows a strong signal enhancement which peaks at the designed
energy of 14 MeV. (b) The peak of the energy-dependent proton
flux increase at 14 MeV shows nearly 75 times more protons per
area compared to the case without magnetic lenses.
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