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Abstract

We present a novel technique for focusing and energy selection of high-current, MeV proton0ion beams. This method
employs a hollow micro-cylinder that is irradiated at the outer wall by a high intensity, ultra-short laser pulse. The
relativistic electrons produced are injected through the cylinder’s wall, spread evenly on the inner wall surface of the
cylinder, and initiate a hot plasma expansion. A transient radial electric field ~107–1010 V0m! is associated with the
expansion. The transient electrostatic field induces the focusing and the selection of a narrow band component out of
the broadband poly-energetic energy spectrum of the protons generated from a separate laser irradiated thin foil target
that are directed axially through the cylinder. The energy selection is tunable by changing the timing of the two laser
pulses. Computer simulations carried out for similar parameters as used in the experiments explain the working of the
micro-lens.
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1. INTRODUCTION

During the interaction of ultra-intense laser pulses with thin
solid foil targets ~I. 1019 W0cm2!, a considerable fraction
of the laser energy is deposited into highly energetic ions. In
particular, a collimated beam of protons with energies up to
tens of MeV is ejected from the rear side perpendicular to
the surface of the target ~Clark et al., 2000; Snavely et al.,
2000!. The protons originate from hydro-carbon impurities
located on the surfaces of the target, so that proton beams
are observed even when using targets which nominally do
not contain hydrogen. The protons are accelerated via target
normal sheath acceleration ~TNSA!mechanism ~Wilks et al.,
2001; Mora, 2003; Romagnani et al., 2005! and via a recently
proposed laser break-out afterburner ~BOA! process ~Yin
et al., 2006!. The characteristics of the proton beam are of
small source size, low divergence, short duration, and has a
large density ~Borghesi et al., 2004, 2005!. These laser
produced proton beams have opened up new opportunities
for major applications in scientific, technological, and med-

ical areas. The proposed applications include energy pro-
duction via thermonuclear fusion ~Roth et al., 2001!, cancer
therapy ~Bulanov et al., 2002!, production of radioactive
particles for medical diagnosis ~Spencer et al., 2001!, and
the detection of electric and magnetic fields in plasmas
~Borghesi et al., 2002, 2003; Mackinnon et al., 2004;
Romagnani et al., 2005!. However, reduction and control of
the angular divergence and of the energy spread of these
pulses are essential requirements for some of these applica-
tions. So far, mainly target engineering techniques have
been employed to overcome these short-comings. For exam-
ple, geometrical focusing of laser-driven protons has been
attained by using curved targets ~Patel et al., 2003!. How-
ever, this technique has been limited so far to focal distances
of a few mm, and to the low energy component of the proton
spectrum. In addition, recently a quasi-monochromatic accel-
eration from laser irradiated micro-structured targets has
been reported ~Hegelich et al., 2006; Schwoerer et al.,
2006!. In these approaches, the focusing or energy selection
effect is achieved by directly acting on the source. As a
consequence, these techniques rely on relatively complex
target fabrication and preparation procedures. An alterna-
tive approach that provides a tunable, simultaneous focus-
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ing and an energy selection of MeV proton beams has
recently been proposed and demonstrated ~Toncian et al.,
2006; Willi et al., 2005!. An analytical scaling law for the
laser driven micro-lens has recently been derived by
Gordienko et al. ~2006!. The new approach decouples the
beam tailoring stage from the acceleration stage allowing
for their independent optimization. The technique employs
electric fields generated for a very short time within a
micro-cylinder irradiated by a short, intense laser pulse.
These fields can focus efficiently a proton beam directed
along the axis of the cylinder. An important point is that
only protons reaching the cylinder while the fields are
active ~i.e., only protons with a specific velocity! will be
focused. By spatial filtering out the unfocused part of the
beam, it is therefore possible to select only protons that
have the same velocity producing a narrow band energy
spectrum. This paper describes some characteristics of the
laser-triggered micro-lens.

2. EXPERIMENTAL ARRANGEMENT

The experiment was carried out at the Laboratory for the
Use of Intense Lasers ~LULI!, employing the 100 TW laser
~Wattellier et al., 2004! operating in the chirped pulse
amplification mode ~CPA!. After amplification, the laser
pulse was split into two separate pulses that were then
recompressed in separate grating compressors. This allowed
the use of two pulses ~CPA1 and CPA2! of 350 fs and 350 fs
for 1.2 ps duration. The short pulses are preceded by an
amplified spontaneous emission ~ASE! pedestal starting a
few ns before the high intensity peak. The main-to-prepulse
contrast ratio was better than 107 at 20 ps before the main-
pulse. The delay between the two CPA pulses was controlled
optically with picosecond precision. The CPA1 pulse was
focused with an f03 off axis parabola ~OAP! onto a 10 mm

thick Au foil target resulting in an intensity of 3 � 1019

W0cm2 and accelerating a high-current, diverging beam of
up to 15 MeV protons. The CPA2 pulse was focused by a
similar parabola onto a hollow cylinder to an intensity of
3 � 1018 W0cm2. The proton beam from the first foil was
directed through the cylinder and detected with a stack of
gafchromic radiochromic films ~RCF! ~a dosimetric detec-
tor! positioned at a variable ~from 2 to 70 cm! distance from
the proton source ~see Fig. 1!.

Generally, the cylinder made of dural was 3 mm in length,
700 mm in diameter, and 50 mm in wall thickness. The
distance between the proton production foil and cylinder
and the distance between the cylinder and detector were
varied throughout the experiment. At a source-cylinder dis-
tance of 1 mm, the proton flux increase due to focusing by
the micro-lens was so strong that saturation of the film
occurred. Quantitative data could only be obtained when the
cylinder was moved to 4 mm from the proton foil, in order to
collect a smaller part of the diverging proton beam. In this
case, the distance from the proton-producing foil to the
CPA2 irradiation point on the cylinder was 5 mm ~standard
experimental configuration!. The RCF stack was used to
measure the proton beam divergence. It was shielded with
an 11 mm Al foil allowing protons with energies above
1.5 MeV to be recorded. It also provided a coarse energy
resolution due to the energy deposition properties of the
ions ~most of the energy of a proton is released in the
so-called Bragg peak, located at a distance in the detector
which depends on the incident proton energy!. In some
cases, a central mm-sized hole was cut through the RCF to
allow downstream high spectral resolution measurements
using a magnetic spectrometer with a 0.6 T permanent
magnet. The spectral resolution determined by the slit width
and the dispersion of the spectrometer is 0.2 MeV at 6 MeV
and 0.7 MeV at 15 MeV.

Fig. 1. Schematic of the micro-lens device. A proton beam accelerated from a planar foil by the CPA1 laser pulse propagates through
a hollow cylinder side-irradiated by the CPA2 pulse.
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3. EXPERIMENTAL RESULTS

Figure 2A shows different layers ~the 5th and 6th in the
stack, corresponding to protons of 9 and 7.5 MeV, respec-
tively! of an RCF pack recording the proton beam after its
propagation through a laser-illuminated dural cylinder in
the standard experimental configuration. As expected, no
focusing effect is observed for the 9 MeV protons. Indeed,
the electric field is triggered by the CPA2 laser pulse;20 ps
after these protons exit the cylinder. For the 7.5 MeV pro-
tons, the electric field just develops while these protons are
close to exit the cylinder and a small spot about 600 mm
~FWHM! in diameter is seen on the RCF at the center of the
cylinder’s shadow. In this case, the proton flux within the
spot at the film plane is increased by up to 12 times com-
pared to the unfocused part not captured by the cylinder
~Fig. 2B!. Focal spots as small as 200 mm have been
observed depending on the detector position. In this case,
the proton flux within the spot at the film plane is increased
by up to 15 times compared to the unfocused part not
captured by the cylinder.

In Figure 3, the spot sizes for the different energies are
shown for a 0.9 diameter cylinder, 1 mm in length, and
placed 1 mm from the rear side of the proton producing foil
target. As the film was saturated with the energies between 6
and 8 MeV, the plotted spot size gives an upper limit.

In addition, we have studied the evolution of the beam
size, as a function of the propagation distance from the
cylinder. The behavior of the 7.5 MeV proton components is
illustrated in Figure 4. Note that for this energy, the beam
size is only 8 mm after 70 cm of propagation whereas freely
propagating; the size of the beam would have been 260 mm.

Figure 5 shows the spectrum obtained, again for the same
standard experimental configuration, using the magnetic
spectrometer, with an entrance slit of 250 mm positioned
70 cm away from the proton source. As a reference, we also
show a typical exponential spectrum collected in the same
conditions, but without the micro-lens. The data shows

Fig. 2. ~A! RCF layers showing the proton beam focusing effect due to a
3 mm long, 700 mm diameter dural ~95% Al, 4% Cu and 1% Mg! lasers
irradiated cylinder with 50 mm wall thickness. For the energies reaching
the Bragg peak in the two layers shown, the protons with an energy of
9 MeV pass through the cylinder before the electric field is present showing
no focusing whereas the divergence of the protons with an energy of
7.5 MeV is strongly reduced by the electric field that has developed inside
the cylinder. The shadow of the cylinder and of the 50 mm W holding wire
can clearly be seen. ~B! Flux increase with respect to the unfocused flux for
7.5 MeV protons as deduced from the layer shown in ~A!.

Fig. 3. The energy dependence of proton beam FWHM spot size measured
in the detector plane for another shot where the proton source-cylinder
distance was 1 mm and the cylinder diameter was 0.9 mm.

Fig. 4. Evolution of the FWHM of the proton beam, for protons with
energy of 7.5 MeV. The circles correspond to the case without micro-lens
~free-space divergence!, the diamonds to the particle-tracer simulation in
the fields given by the PIC simulation, and the squares to the experimental
results using the micro-lens.
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clearly the energy selection capability of the micro-lens: due
to selective collimation of the 6.25 MeV protons, these
could be transmitted efficiently through the spectrometer
slit ~acting as an angular filter!, and their density after the
slit in the spectrally dispersed plane is enhanced as com-
pared to the free-space expansion case. For this shot, the
6.25 MeV protons experience the focusing fields for ;5 ps
before exiting the cylinder. Note that an energy spread of
0.2 MeV was obtained. Hence for the energy peak around
6 MeV, a DE0E of; 3% was achieved. The energy spread
was, however, limited by the resolution of the spectrometer.

As shown in Figure 5, the simulations performed for the
same conditions as in the experiment, suggest that the
spectral width of the peak is around 0.1 MeV and hence
narrower than demonstrated by the experimental spectrum
shown. By varying the optical delay between the laser
beams, the location of this peak on the energy axis can be
tuned selectively, therefore allowing tailoring the energy
distribution of the transmitted beam, a necessary step for
many of the applications mentioned earlier. We would like
to emphasize that with this approach focusing and energy
selection are provided simultaneously.

In order to investigate the underlying physics of the
micro-lens, a cylinder with a gap along the axis with a width
of about 100 mm was irradiated. With the gap in the cylin-
der, the focusing characteristics were changed. The focused
proton spot is not symmetric anymore and shows caustics in
the direction to the slit as shown in Figure 6. This data
indicates that electric fields are responsible for the focusing
of the protons. To ensure that focusing is not produced by
electric fields at the ends of the cylinder, the ends were
closed using 3mmAl foils. In this case, no difference as with
open cylinders was seen in the focusing. A clear difference
however was seen when plastic cylinders were used. The
spots were larger and less uniform. In addition, the diameter
of the target support stalk changed the lens characteristics.
The divergence of the proton beam was significantly smaller
for 50 mm wires than for 500 mm wires.

4. SIMULATIONS

For better understanding of the micro-lens one-dimensional
~1D! simulations of field generation at the micro-lens’ walls
and three-dimensional ~3D! test-particle simulations of pro-
ton propagation through the micro-lens were performed.

Fig. 5. Experimental proton spectra without micro-lens ~solid line! and
with the micro-lens ~dashed line! and the simulated proton spectrum
~dotted lines!. The simulated spectrum was obtained by tracing 5000
protons through the fields predicted by the simulations.

Fig. 6. Laser irradiated cylinder with a slit along the axial direction shows that the focus of the proton beam is degraded. ~A! shows the
schematic of the target and laser arrangement and the RCF illustrating the focus of the proton beam together with the outline of the
initial cylinder are shown in ~B!.
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The protons passing along the axis of the cylinder can either
be focused by a radial electric or azimuthally magnetic field.
The simulations were performed in two steps using the
CALDER code ~Lefebvre et al., 2003!. We used 1D simu-
lation, corresponding to the transverse direction to the cyl-
inder’s axis to simulate directly the plasma expansion from
a 700 mm diameter cylinder. The cylinder, which has a
thickness of 50 mm, is irradiated by a laser pulse at an
intensity 3 � 1018 W0cm2, and with a pulse duration of
350 fs. Finally we propagate protons in the cylinder through
the space and time dependent simulated fields, using a
proton beam with the experimental divergence, energy spec-
trum, and experimental time delay. The initial temperature
of the hot electrons considered in the PIC simulation is
400 keV, as given by the lasers ponder motive potential in
the laser field at the irradiance used. The initial electron
density at the cylinder’s wall is estimated by considering
that a 40% ~inferred from experimental measurements! frac-
tion of the laser energy is converted into hot electron, and
then that these are spread evenly on the cylinder’s walls.
This results in a hot electron density of;6 �1016 cm�3. We
assume that when the plasma expansion starts, the field
obtained by the PIC simulation is the same for the total
length of the cylinder, e.g., for all x � @0, 3000 mm# . As in
the experiment, the protons are produced at x � �4000 mm
and y � 2547 mm, and they propagate through the cylinder.
Figure 7 shows simulated trajectories for 100 protons at 7.6,
6.25, and 4.9 MeV. The 7.6 MeV protons exit the cylinder
before it is triggered ~Fig. 7a!. These protons retain their
initial large divergence. The 6.25 MeV protons are in the
cylinder when it is triggered, although close to its end. These
protons are clearly collimated as seen in Figure 7b and
therefore create a strong peak at the plane of the RCF
~3.5 cm from the source!. The protons 4.9 MeV ~Fig. 7c! is
closer to the middle of the cylinder when it is triggered, so
they see a stronger field than the 6 MeV protons along their
path in the cylinder. As a consequence, these protons are
actually focused tightly at a very short distance from the
micro-lens exit plane and diverge also strongly after this
focusing point.

5. DISCUSSION

The computational results support the scenario in which
laser-triggered transient fields drive the selective deflection

of the protons. The physical mechanisms behind the micro-
lens operation are as follows: when the laser pulse irradiates
the outer side of the cylinder, it produces a population of hot
electrons which penetrate through the wall and spread very
quickly over the inner surface of the cylinder. They then exit
into a vacuum resulting in an electron cloud in the surface
surrounding area. The associated space-charge field is large
enough to ionize the material at the cylinder surface and to
create plasma. This results in a cylindrical plasma layer with
high electron temperature. The plasma begins to expand
toward the cylinder axis, driven by a hot electron sheath that
extends over a Debye length ahead of the plasma as shown
in Figures 8A and 8B.

The radically symmetric ambipolar electrostatic field asso-
ciated with the plasma front is responsible for the variable
focusing of the protons propagating along the cylinder’s
axis. The poly-energetic protons arrive in the cylinder at
different times due to their different velocities, with higher
energy protons crossing the cylinder at earlier times. Pro-
tons passing through the micro-lens before it is triggered do
not experience any fields and are therefore not deflected.
Protons that are crossing the cylinder and are close to its end
when it is triggered and therefore experience the fields for
only a short time will be collimated. Lower energy protons
will experience a larger cumulated field along their propa-
gation through the cylinder. They are therefore focused at a
short distance from the exit plane of the micro-lens and
diverge strongly after focus. These results in a diluted beam

Fig. 7. ~a! Trajectories for 7.6 MeV, ~b! 6.25 MeV, and ~c! 4.9 MeV. Note that the two axes ~in units of microns! in all three simulations
are not scaled in the same way. This is for clarity.

Fig. 8. Schematic of the operation’s principle of the micro-lens. The CPA2

laser pulse injects hot electrons through the wall of the cylinder. They
spread very quickly over the inner surface of the cylinder. ~A! shows that
the associated space-charge field is large enough to ionize the material at
the cylinder surface and to create plasma. These electrons generate a
space-charge field ~indicated by the radically pointing arrows!, which then
induces a plasma expansion from the cylinder’s inner walls shown in ~B!.
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on the RCF stack positioned a few cm away and in the strong
dip observed in the spectrum of Figure 5 below 6 MeV.

The micro-lens is easily tunable through the energy spec-
trum. This is because the different energy components of the
ion beam separated by time-of-flight dispersion, transit
through the micro-lens at different times, and are affected
differently by the transient electric fields present in the lens.
Some energy components are focused, some are only colli-
mated, and the focusing distance is energy-dependent, allow-
ing for energy selection by spatial filtering of the focused
component. Intrinsic tune ability is provided by simply
laser-triggering the micro-lens at different times.

6. CONCLUSIONS

We have presented a novel technique for focusing and
energy selection of high-current MeV proton0ion beams.
The laser driven hollow micro-lens represents a major step
in making the laser-accelerated ion sources more attractive
for various applications. While retaining the exceptional
beam quality of laser-accelerated ion sources, the micro-
lens provides a solution to two of the main obstacles still
preventing widespread applicability of these sources, namely
their broad divergence and their large energy spread. The
device applies to laser-driven protons as well as any ion
beam. This method does not involve complex target engi-
neering and alignment procedures and decouples the focus-
ing and energy selection steps from the generation of the
proton or ion source. In addition, the focusing effect can be
scaled up to very high ion energies as discussed by Toncian
et al. ~2006!.
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