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INTRODUCTION 

Laser ultra-high intensities approaching or 
exceeding 1022 W/cm2 using petawatt (PW) class 
ultra-short laser pulses (main pulse) are now or will soon 
be available.  At such intensities the laser pre-pulse, 
which inevitably occurs before the main pulse, being of 
nanosecond order can significantly affect the laser-solid 
target interaction even with laser contrast, CI, which is 
the ratio of the main pulse to pre-pulse intensity, of the 
order 1010.  In this work we have examined the effect of 
laser contrast on the acceleration of protons from a thin 
layer metal target.  We developed a simple model for 
heating and used a combination of hydrodynamic and 
particle-in-cell (PIC) simulations to show that by 
optimizing the pre-pulse levels we can achieve several 
hundreds of MeV protons with a PW class laser [1]. 

By using a formula for temperature growth in a 
collisional plasma [2] we have derived a formula for the 
temperature, Te, of the pre-plasma as follows: 

(1)	 
where a0=eE0/meωc is the dimensionless amplitude of the 
main pulse with E0 being the peak field, me the electron 
mass, ω=2πc/λ the laser frequency, and c is the speed of 
light, ne is the electron plasma density, and Δt is the 
pre-pulse duration.  One can see that for a plasma 
density of ne=1021 cm-3, a contrast of CI=1010, and peak 
intensity of 1022 W/cm2 (a0=40~100) that the 
temperature would be between 450 and 1000 eV. 

We have also found that there is a minimum 
thickness which the target can have, which depends on 
the absorption of the laser pre-pulse.  For a pre-pulse 
with energy of 1 mJ assuming 30% of the energy is 
absorbed and the electron temperature is of the order of 
300 eV we get that approximately 2x1013 electrons are 
created.  As a result for a laser spot size of 2 µm the 
solid density foil target (~1024 cm-3) must be thicker than 
1.6 µm.  In addition, taking the velocity of the 
pre-plasma expansion to be the ion acoustic velocity, 
vs=(ZiTe/mi)1/2, for the case of partially ionized aluminum, 
Zi=3, mi=27 mp, where mp  is the proton mass and same 
temperature we find that after 1 ns the plasma has 
expanded over a distance of 56 µm where the surface of 
critical density is located 20 µm from the remaining part 
of the foil.  This was found to be larger than that from 
the hydrodynamic simulations most likely due to the 
assumption that all of the pre-pulse energy goes into 
plasma heating. 

In terms of the propagation of the main pulse in the 
pre-plasma we have found that the length of laser energy 
depletion, ldep, is given by: 

	 (2)	 
where llas=cΔt is the laser pulse length and P is the power 
of the main pulse.  With a laser pulse length of 10 µm 
and power 0.8 PW the depletion length is 78 µm.  Since 
this is larger than the distance of the critical surface of 20 
µm found above, this shows that a substantial portion of 
the main laser energy can reach the target.  Since after 
the relativistic self-focusing in preplasma the main laser 



pulse's amplitude for a given power is given by 
a0=(P/Pcr)1/3 [3] where Pcr=17(ncr/ne) GW [4], for a 0.8 
PW pulse a0=78, which means that the main laser pulse 
can accelerate ions by the laser radiation pressure in the 
Radiation Pressure Dominated Acceleration (RPDA) 
regime [5]. 

We have run several different hydrodynamics 
simulations all giving similar features [6-8].  Figure 1 
shows the electron density obtained from a representative 
hydrodynamic simulation code [8] of a nanosecond 
square laser pulse with a transverse Gaussian profile of 
spot size 2 µm (FWHM) having an intensity of 2x1011 
W/cm2 interacting with an initially 2 µm thick aluminum 
target. 

 

 
Fig. 1. Electron density of an initially 2 µm thick 

aluminum target after 1 ns irradiation by a laser pulse 
moving from right to left at the bottom where the 

simulation is symmetric about the vertical axis.  In 
Color scale electron density (rne) is in cm-3.  The target 
has shifted to the left and pre-plasma has formed on the 

side irradiated by the laser pulse. 

Using this type of electron distribution as an initial 
condition we have performed two-dimensional 
multi-parametric PIC simulations of the main pulse 
interaction with aluminum targets with varying 
pre-plasma profiles using the code REMP [9].  Figure 2 
shows the result for proton acceleration.  It can be seen 
that the maximum proton energy can exceed 300 MeV 
for a main pulse with an energy of 20 J for optimum 
pre-plasma scale length and remaining thickness of the 
aluminum foil.  Contrary to an intuitive expectation that 
pre-plasma would hinder acceleration this was found to 
be even higher than the case of a “clean” target where no 
pre-pulse and consequently no pre-plasma existed.  This 
was in part due to relativistic self-focusing of the main 
laser pulse in the pre-plasma, which resulted in a higher 
intensity at the target surface. 

Based on the combined theory, hydrodynamic 
simulation, and PIC simulation we have determined that 
with optimum pre-pulse conditions a PW class laser 
having finite contrast can provide a few hundred MeV 
protons in the interaction with a solid target. 

 

 
Fig. 2 Maximum proton energy versus pre-plasma scale 

length and remaining thickness of foil for a 20 J laser 
pulse. 
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