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Introduction
The recent development of ultra-intense laser pulses [1] has
opened up opportunities for applications in many areas
including particle acceleration [2-5] inertial fusion energy [6],
generation of intense x-ray pulses [7], laser-driven nuclear
physics [8] and laboratory astrophysics [9]. In particular, the
acceleration of MeV ions from the interaction of high-
intensity laser-pulses with thin solid targets has major
applicative prospects due to the high beam quality of these
ion bursts [10, 11]. Such proton beams are already applied to
produce high energy density matter [12] or to radiograph
transient processes [13], and offer high prospects for tumour
therapy [14], isotope generation for positron emission
tomography [15], fast ignition of fusion cores [16], and
brightness increase of conventional accelerators. However,
as these proton beams are poly-energetic and divergent at
source, reduction and control of their divergence and
energy spread are essential requirements for most of these
applications. Focussing and energy selection of part of
such poly-energetic and divergent proton beams have been
demonstrated [17]. Here we investigate the properties of the
focal length for different proton energies.

Experimetal Setup
The experiment was conducted at Target Area West at the
RAL Laboratory, employing the Vulcan laser [18] operating
in the Chirped Pulse Amplification mode (CPA). The two
arms CPA1 and CPA2 of the Vulcan laser were
compressed to 1.2 ps. The pulse length was monitored by a
second order online autocorrelator under full energy shot
condition. The delay between the two pulses was
controlled optically with picosecond precision. The laser
pulses were focused by F/3.2 parabolas (60 cm focal
length) to a 11 µm FWHM focal spot. The CPA1 pulse
(irradiance I=8×1018 W/cm2) was used to accelerate a high-
current, diverging beam of up to 18 MeV protons from a
25 µm thick Au foil target (the protons are produced from
hydrocarbon impurities [18] on the target rear surface [20,21]).
The CPA2 pulse (I=8×1018 W/cm2) was focused onto the
outer wall of a hollow cylinder. The proton beam from the
first foil was directed through the cylinder and detected
with a stack of Radiochromic Films (RCF, a dosimetric
detector [22]) positioned at a variable (from 5 to 10 cm)
distance from the proton source. The RCF stack was used
to measure the proton beam divergence. It also provided a
coarse energy resolution due to the energy deposition
properties of the ions [3] (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). It was shielded with an 11 µm Al foil allowing
protons with energies above 1.1 MeV to be recorded. In
some cases, a central mm-sized hole was bored 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.

Figure 1. Experimental setup.

The experimental setup is shown in fig. 1. The distance
from the Au proton production foil and the cylinder
entrance was 1 mm. The cylinder material was Dural (95%
Al, 4% Cu, 1% Mg) with a length of 2 mm and an outer
diameter of 810 µm. The wall thickness was 50 µm and the
cylinder was held by a 100 µm tungsten wire. In order to
investigate the energy dependent divergence of the proton
beam altered by the micro lens, we placed a thin Cu mesh
with 2000 lpi 10 mm after the exit of the cylinder. Protons
with different energies will transit through the cylinder at
different times and will be influenced by the different
evolution stages of the electric field inside micro-lens.
Since the protons will leave with different divergences the
RCF will record different magnified images of the mesh.
For sufficient magnification on the detector plane the RCF
had to be positioned ~10 cm from the cylinder exit. At this
distance the proton beam was very diluted and to
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maximize the contrast of the measurement we
subapertured the proton beam with a 200 µm pinhole
placed at 4.5 mm behind the cylinder exit. The projected
mesh created by high energy protons and electrons that
were not affected by the not yet triggered micro-lens can
be seen in fig. 2 (0-order). Knowing that the distance
between proton foil and mesh was set with tens of µm
precision the 0-oder mesh geometric magnification defines
the plane of the RCF detector. In the case of result shown
in figure 2D a distance of 100.3 mm was used. The
magnification in this case was 8.9 fold.

Figure 2. Divergence reconstruction data, top part show raw
dose deposition on RCF, bottom part shows enhanced mesh
image after Fourier filtering.

Results
The optical time delay between CPA1 and CPA2 was set
so that a quasi-monoenergetic peak at 7 MeV could be
measured in the magnetic spectrometer. These protons
almost exiting the lens when this is triggered feel the
focusing fields just for a short time and are just collimated
by the micro-lens. Thus their matched divergence to the
spectrometer entrance slit will result in an increase of the
measured flux. Protons that are focused in between the
cylinder exit and the mesh will project a magnified mesh
on the detector plane. Figure 2A-C top parts show the
mesh projection by protons with energies of 1 MeV,
3.15 MeV and 4.4 MeV, respectively. To extract the
periodicity of the magnified mesh the data has been
contrast enhanced and the first order of the 2D Fourier
transform has been considered. From figure 2A-C a
magnification of M=11.4, 12.2, 14.8 has been computed
for the 1 MeV, 3.15 MeV and 4.4 MeV protons
respectively. Simple geometrical ray tracing yields the
focal lengths of 0.4 mm, 1 mm and 2.7 mm from the exit
of the cylinder for the three energies mentioned above. By
reducing the pulse energy and thus also the intensity by 
20 % the focal lengths (again in respect to the exit of the
cylinder) were 0.9 mm for 1 MeV, 2.8 mm for 3.15 MeV,
and 4.7 mm for 4.4 MeV protons.

Figure 3. Estimated average electric field.

A time integrated average radial electric field can be
estimated. Let us consider that the protons begin to be
deflected as soon as the lens has been triggered and they
will be deflected up to the time they exit the cylinder or the
field has collapsed. From measurements that are to be
presented in another publication we infer that the time
evolution of the field is peaked around 20 ps, collapses
between 20 and 60 ps after triggering. It spreads over the
cylinder surface with ~ 0.3 time the speed of light. Taking
into account the optical delay between CPA1 and CPA2
the time of flight of the protons and field evolution history
we reconstruct following scenario. The 4.5 MeV protons
are around 80 µm in front of the exit of the cylinder when
the lens is triggered. In other words having a transit time
of 15 ps these protons will be deflected by the rising edge
of the field and they will exit the cylinder before the
maximal field strength is reached. The 3.15 MeV protons
are inside the cylinder during the whole of the interaction.
These protons will be focused with the shortest focal
length. The 1 MeV protons are outside the cylinder when
the fields are triggered. They will reach the focusing fields
just when these are collapsing, therefore being less
deflected. The time averaged field strengths are given in 
fig 3. The measured field strengths are found to be in the
order several of GV/m.

In conclusion we have measured the focal proprieties of
the laser triggered micro lens for the first time. The lens
showed a chromatic behaviour that can be exploited to
energy select from a broad band beam. Measurements
show that by tuning the intensity of the field triggering
laser the focal length of the lens can be tuned.
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