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Figure 1: (A) Schematic of the micro-lens

device. A proton beam is accelerated from a

planar foil by the CPA1 laser pulse propagates

through a hollow cylinder side-irradiated by

the CPA2 laser pulse. (B,C) Schematic of

the operation’s principle of the micro-lens.

The CPA2 laser pulse injects hot electrons

within the cylinder. These electrons generate

a space-charge field (indicated by the radially

pointing arrows), which then induces plasma

expansion (C) from the cylinder’s inner walls.

The acceleration of MeV ions from the interac-

tion of high-intensity laser-pulses with thin solids

has major applicative prospects due to the high

beam quality of these ion bursts ([1],[2]). However,

as these proton beams are poly-energetic and diver-

gent at the source, reduction and control of their di-

vergence and energy spread are essential require-

ments for most of these applications. We have de-

veloped a device which provides tuneable, simulta-

neous focusing and energy selection of MeV pro-

ton beams ([3]). Compared to techniques ([4],[5])

employing complex target fabrication or prepara-

tion procedures, our method decouples the beam

tailoring stage from the acceleration stage allow-

ing for their independent optimization. The method

employs a compact laser driven micro-lens arrange-

ment, a schematic of which is shown in Fig 1A.

Figs 1B-C sketch the underlying physical process:

relativistic electrons injected through the cylinder’s

wall by the CPA2 laser pulse spread evenly on the

cylinder’s inner walls and initiate hot plasma ex-

pansion. The transient electric fields associated with the expansion are employed, in a radial

geometry, to focus protons accelerated by the CPA1 laser pulse from a thin planar foil. The

micro-lens operation was demonstrated in experiments carried out at the LULI Laboratory, em-
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ploying the 100 TW laser ([6]) operating in the Chirped Pulse Amplification mode (CPA). After

amplification, the laser pulse was split into two separate pulses (CPA1 and CPA2) which were

recompressed in separate grating compressors to a 350 fs duration.

Figure 2: Evolution of the FWHM of the

proton beam, for protons with an energy of

7.5 MeV (The propagation distance is calcu-

lated from the proton source). The black cir-

cles correspond to the case without micro-

lens (free-space divergence), the blue dia-

monds to the particle-tracer simulation in the

fields given by the PIC simulation, and the red

squares to the experimental results using the

micro-lens.

The delay between the two pulses was controlled

optically with picosecond precision. The CPA1

pulse (irradiance I=5 × 1019 W/cm2) was used to

accelerate a high-current, diverging beam of up to

15 MeV protons from a 25 µm thick Al foil target

(the protons are produced from hydrocarbon impu-

rities ([7]) on the target rear surface ([9],[10])). The

CPA2 pulse (I = 3×1018 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

Gafchromic Radiochromic Films (RCF, a dosimet-

ric detector positioned at a variable (from 2 to 70

cm) distance from the proton source. An RCF pack

was recording the proton beam after its propagation

through a laser-illuminated dural cylinder 3 mm in

length, 700 µm in diameter and 50 µm in wall

thickness. The entrance plane of the cylinder was

placed 4 mm from the proton producing foil. The

distance from the proton-producing foil to CPA2

irradiation point on the cylinder was 5 mm. Focal

spots as small as 200 µm 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. We have studied the evolution of the beam size, as

a function of the propagation distance from the cylinder.The behaviour of the 7.5 MeV proton

component, is illustrated in Figure 2. 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.

1D and 2D Particle-in-Cell simulations using the CALDER code ([8]) of field generation at

the micro-lens’ walls and 3D test-particle simulations of proton propagation through the micro-

lens were performed. The results support the above mentioned scenario in which laser-triggered
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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 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 Te . The plasma begins to expand towards the cylin-

der axis, driven by a hot electron sheath that extends over a Debye length ahead of the plasma

([9],[10],[11]).

Figure 3: Experimental proton spectra mea-

sured in the experiments using a magnetic

spectrometer without micro-lens (black line)

and with the microlens (green line), and pro-

ton spectrum simulated using a simulation

code (red and dotted lines) performed with the

user of the experimental proton beam parame-

ters (i.e. the spectrum without micro-lens) and

magnetic spectrometer parameters (i.e. dis-

tance from the source and slit characteristics).

The simulated spectrum was obtained by trac-

ing 5000 protons for each energy considered

through the fields predicted by the PIC simu-

lation.

The radially symmetric ambipolar electrostatic field

associated with the plasma front is responsible for

the variable focusing of the protons propagating

along the cylinder’s axis. The poly-energetic pro-

tons arrive in the cylinder at different times due to

their different velocities, with higher energy protons

crossing the cylinder at earlier times. Protons pass-

ing through the micro-lens before it is triggered,

do not experience any fields and are therefore not

deflected. Protons which 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 ex-

perience a larger cumulated field along their propa-

gation through the cylinder. They are therefore fo-

cused at a short distance from the exit plane of the

micro-lens and diverge strongly after focus. This re-

sults in a diluted beam on the RCF stack positioned

a few cm away and in the strong dip observed in the

spectrum of Figure (3) in below 6 MeV.

Additional simulations were performed to test the

scalability of the micro-lens to higher proton ener-

gies, as needed for applications such as proton ther-

apy. We compute that, using the same cylinder as in

our experiment and a slightly more intense CPA2 triggering laser pulse (1019 W/cm2), we can
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induce collimation of 270 MeV protons. Protons of such high energy transit through the micro-

lens in a short time (13 ps), therefore a higher intensity in the order of 1020 W/cm2 is required to

focus strongly protons of such energies. We note that simulations predict mono-energetic pro-

tons in the GeV range at intensities of 1023 W/cm2 ([12]). In this case, the micro-lens could still

prove to be useful to provide beam focusing. The focusing device described has potential use in

all applications of energetic protons in which a large flux of protons or a narrow spectral beam

are required. These include most of the proposed applications in the medical and technological

areas. For example, focusing ion beams opens new perspectives to further developments in ar-

eas such as hadron therapy for cancer treatment, accelerator physics and inertial fusion physics.

Besides applications using laser-driven ion beams, such a device might find application as fo-

cusing/fast switching tools for ion beams produced from conventional accelerators.
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