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Generation of Ultraintense Proton Beams  
Driven by a Short-Pulse Multi-TW Laser  

Abstract— The results of experimental studies of high-intensity 
proton beam generation at the interaction of a 350 fs laser pulse of 
1.06μm or 0.53μm wavelength and intensity up to 2 × 1019Wcm-2 with a 
thin (0.6 -3μm) solid target are reported. It is shown that collimated 
MeV proton beams of intensity ~ 1018 Wcm-2 and current density ~ 
1012Acm-2 at the source can be produced when the laser-target 
interaction conditions approach the skin-layer ponderomotive 
acceleration requirements and the laser intensity-wavelength product is 
above 1019Wcm-2μm2. The effect of laser intensity, the target structure 
and the laser wavelength on the proton beam intensity and the laser-
protons energy conversion efficiency are demonstrated. 
 
 

Recent progress in laser technology has resulted in the 
construction of short-pulse lasers producing picosecond 
or femtosecond pulses of power approaching 1PW 
(1015W) and intensities exceeding 1020W/cm2 [1, 2]. The 
interaction of  a laser pulse of such extreme parameters 
with a solid target can lead to the production of 
collimated ion beams of high ion energy (of MeV to GeV 
energies), of short time duration (down to subps) and of 
very high power (ion currents) and beam intensity (ion 
current densities) [2–4], unattainable with conventional 
accelerators. Such ion beams have the potential to be 
applied in various areas of science, technology and 
medicine. The possible ion beam applications can be 
roughly divided in two groups. The first one – which 
includes, for example, nuclear and particle physics [5, 6], 
hadron therapy of cancers [7] and proton radiography [3] 
– requires high ion energies (from tens to hundreds of 
MeV and beyond) and, possibly, a narrow ion energy 
spectrum, while ion beam power, Pi, and intensity, Ii , can 
be moderate. In the second group – which includes high 
energy-density physics [8, 9] and fast ignition (FI) of 
inertial fusion [10, 11] as well as  ion implantation [12] or 
radioisotope production for positron emission 
tomography (PET) [13] – mean ion energies ≤ 10 MeV 
are sufficient but ion beam power and intensity should be 
very high (for instance, FI requires a proton beam of the 
mean proton energy Ep ~3–5MeV, and Ii  ≥ 5×1019W/cm2 
[11]).  
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A recognized and successful laser method of producing 
collimated, high-ion-energy beams is target normal sheath 
acceleration (TNSA), e.g. [2–4, 14]. In this method, ions 
are accelerated at the rear surface of the foil target by a 
virtual cathode (Debye sheath) created by hot electrons 
produced by a laser pulse at the target front and 
penetrating through the target. It has been demonstrated 
that at relativistic laser intensity IL (i.e. at 
ILλ2 > 1018Wcm-2μm2, where λ is the laser wavelength) 
TNSA can produce collimated ion beams of maximum 
energy of tens of MeV for protons (e.g. [2–4, 15] ) or of 
several MeV/amu for heavier ions [4, 16, 17]. However, 
the ion density of TNSA beams is relatively low (≤ 
1019cm-3) and, as a result, the ion beam intensity Ii = 
niυiEi or current density ji = zeniυi  are usually moderate 
(z is ion charge state, e is the elementary charge, ni, υi, Ei 
are ion density, velocity and energy, respectively). For 
producing high-intensity high-power ion beams for the 
second group of application, skin-layer ponderomotive 
acceleration (SLPA) [4, 18–21] seems to be a more 
promising method. In this method, the ponderomotive 
pressure induced by a short laser pulse near the critical 
plasma surface drives forward a dense plasma (ion) bunch 
of ion density (ni) higher than the plasma critical density. 
As ni > 1021-1022 cm-3 [4, 20, 22], even at moderate ion 
velocity and energy, the intensity of SLPA-driven ion 
beams can be very high, much higher than in the case of 
TNSA beams. The SLPA beam intensity can still be 
increased by beam focusing, using the curved target front 
surface [23].  

This paper reports the results of experimental studies of 
laser-driven generation of high-intensity proton beams 
performed on the LULI 100TW Nd:glass laser facility at 
Ecole Polytechnique (Palaiseau, France). The effect of 
laser intensity, target structure and laser wavelength on 
proton beam parameters and laser-protons energy 
conversion efficiency is demonstrated.  

In the experiment, a 350-fs, 1ω or 2ω Nd:glass laser 
pulse of high contrast ratio (~ 107 for 1ω and > 108 for 
2ω) and intensity up to 2×1019W/cm2 irradiated a thin  
(0.6 – 3μm) PS (polystyrene) or Au/PS (PS covered by 
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0.05 – 0.2μm Au front layer) target along the target 
normal. As the preplasma density gradient scale length 
near the critical surface, Ln, was relatively small (Ln < 2 – 
3μm for 1ω [24] and Ln < 1μm for 2ω) and the laser beam 
diameter on the target, dL, was ≈ 10–50μm, the condition 
dL >> Ln, λ, LT required for SLPA [4, 19, 20] was quite 
well fulfilled, especially for larger dL and/or 2ω laser 
beam (LT is the target thickness). The proton beam 
characteristics were measured using the time-of-flight 
method (four ion charge collectors [19, 25]), solid state 
track detectors (SSTDs) [26] and radiochromic films 
(RCFs) [3].  

 
Fig. 1. Laser-protons energy conversion efficiency and proton beam 
intensity at the source as a function of laser intensity for PS and Au/PS 
targets. Points represent the results of IC measurements, lines – the 
results of approximation by a power function.  

The dependences of laser-protons energy conversion 
efficiency (η) and intensity at the source of  the proton 
beam generated from 1.8-μm PS target and Au/PS target 
with 0.2-μm Au layer on the laser intensity, for protons of 
energies 1MeV < Ep < 3 MeV, are presented in Fig.1. The 
proton beam intensity at the source was calculated from 
the IC measurements using the formula [4, 19]: 
Iis ≈ ssp SQ/eE τ , where Q is the total charge of protons of 

mean energy 
pE  (in the considered energy range), τs is 

the proton pulse duration at the source, Ss is the proton 
beam area at the source and e is the elementary charge. 
As for SLPA ions τs is approximately equal to the laser 
pulse duration τL and Ss is close to the laser focal spot 
area SL= π  [4, 19 – 21, 27], so to calculate I2

Ld is we 
assumed τs ≈ τL, Ss ≈ SL.  It can be seen that for moderate-
energy protons the conversion efficiency and the proton 
beam intensity for the Au/PS target is twice as high as for 

the PS target and they approach 8% and 2×1018W/cm2, 
respectively, at IL = 2×1019W/cm2 (the indicated value of 
Iis corresponds to the value of proton current density  
jis = zeIis/ pE ≈1012A/cm2). A similar increase in η and Iis 

for the Au/PS target was also observed for high-energy 
protons (>3MeV).  

 
Fig. 2. Proton beam intensity at the source as a function of the preplasma 
density gradient scale length. Solid line – an approximation of the results 
of PIC simulations (points). Open circle with error bars – the result of 
measurements.  

 
We compared the proton beam intensity obtained from 

the measurements with the results of particle-in-cell (PIC) 
numerical simulations using a fully electromagnetic, 
relativistic 1D (one-dimensional) PIC code. In the case 
presented in Fig. 2, a 0.35-ps, a 1-μm laser pulse of quasi-
Gaussian time shape (∝ exp [-t4]) and the peak intensity 
of 2×1019W/cm2 interacted with an inhomogeneous, fully 
ionized hydrogen plasma layer of the density profile 
shown in the frame inside of the figure. It can be seen that 
the proton beam intensity is a non-monotonic function of 
the preplasma density gradient scale length 

( ) 1/ −
=∂∂=

czze
o
ecn znnL with a maximum (above 

1018W/cm2) at Ln ≈ 0.8 μm. The experimental value of  
Iis agrees quite well (within factor 2) with that from the 
simulations.  

To reach a relatively high laser pulse contrast ratio 
needed for effective SLPA proton generation, a 2ω 
(second harmonic) laser beam for proton generation can 
be used as an alternative to the commonly employed 1ω 
beam proton driver. A comparison of measurements of 
proton beam parameters performed for 1ω and 2ω beam 
of the LULI 100TW laser is presented in Fig.3. When 

 for the 1ω beam is equal to that for the 2ω beam, 

the beam intensity of protons of energy 1 – 3MeV 
(Fig. 3a) is nearly 10 times higher and conversion 
efficiency is about 40% higher for the 2ω beam than that 
for the 1ω beam, in spite of the fact that the 2ω laser 
beam energy was more than twice as low. Also, the 
number (per cm

2
LλI

2 ) of high-energy ( > 3 MeV) protons is 
higher for 2ω (Fig. 3b). However, for , the 
beam intensity of 1-3MeV protons is comparable for 1ω 
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and 2ω and the laser-protons  conversion  efficiency  is  
lower  for the 2ω 

 
Fig. 3. A comparison of parameters of moderate-energy (1 – 3MeV) (a) 
and high-energy (>3MeV) (b) proton beams generated by a 1ω or 2ω 

laser beam. 2×10≈
1ω
LI 18W/cm2. For part (b): points – the results of 

SSTD measurements, lines – the results of approximation by the 
Maxwellian energy distribution with  temperature Tp.  
 
beam. These results are in fairly good agreement with our 
PIC simulations in which we observed that for the case 

 the beam intensity of protons 

generated by a 2ω beam was 3 – 10 times higher 
(depending on L
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n) than that for a 1ω beam. 

The angular divergence (Θp) of proton beams driven by 
both the 1ω beam and the 2ω beam was rather small and 
for relativistic laser intensities, typically, Θp (1ω) ≈ 25° – 
30° and Θp (2ω) ≈ 20° – 25° (Θp is the full angle cone at 
half maximum of the beam intensity). However, spatial 
(transverse) proton beam structures were different for the 
two considered cases. In the 1ω case we observed a ring-
like spatial structure for both moderate-energy and high-
energy protons. In the 2ω case, the beam structure was 
more homogeneous and for moderate-energy protons the 
maximum intensity was recorded close to the beam axis.  

In conclusion, it has been shown that 1-3MeV proton 
beams of intensity ~ 1018W/cm2 and current density ~ 
1012A/cm2 at the source can be produced at relativistic 
laser intensity (>1019Wcm-2μm2) when the laser-target 
interaction conditions approach the SLPA requirements. 
The laser-protons energy conversion efficiency and 
proton beam parameters remarkably depend on the target 
structure and can be significantly increased with the use 
of a double-layer Au/PS target. The intensity of a proton 
beam generated by the 2ω laser beam is at least several 

times higher than that produced by the 1ω beam with the 
same value of , while intensity is comparable when 

. The values of proton beam intensity and current 
density attained in our experiment are the highest among 
the ones measured so far. It is believed that by an increase 
in the intensity and/or duration of a laser pulse driving 
protons as well as by careful optimization of the target 
structure they can be increased further, up to the values 
required for fast ignition of a fusion target.  
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