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ENHANCED PROTON ACCELERATION FROM A THIN TARGET
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The use of thin targets offers optimal conditions for accelerating protons to high energies from laser-
matter interaction in the framework of the TNSA (target normal sheath acceleration) mechanism. Two-
dimensional particle-in-cell (PIC) simulations were performed to investigate the effects of thickness and
composition of targets in proton acceleration. We will demonstrate how proton energy increases with the
target of a low atomic number Z by examining the energy spectra of the different materials He, C, and Al,
whereby the maximum proton energy is obtained with a helium target.
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Hcnonvzosanue moukux muuienell npeonazaem ONMUMALbHbIE YCA08USL Ol YCKOPEHUs NPOMOHO8 00
BbICOKUX DHEpeUll 30 cuem 83aumoodelicmeus iazepa ¢ eeugecmeom 8 pamxax mexanuzma TNSA. [{eymeproe
Mmooenupogarnue wacmuy 6 adetike (PIC) evinonneno 0asa uccnedoanuss IusAHUs MOIWUHBL U COCMABA
Muwenell Ha Yckopeuue npomonos. Ilokazano, umo sHepeusi npomoHO8 YEeIuyusaemcs Oas MUUeHU C
HU3BKUM AMOMHBIM HOMepOoM Z, NPOaHaniusuposansl suepeemuyeckue cnekmpul He, C u Al. Maxcumanvras
9Hepeusi NPOMOHO8 OOCMULAECA C 2eUEBOU MUULEHBIO.

Knrwueswvie cnosa: ycxopenue npomonos, mexanusm TNSA, PIC-molderuposanue, moHKAA MuuieHb,
Mamepuan ¢ HUSKuUM Z.

Introduction. Acceleration of charged particles by ultra-intense short laser pulses with high brightness,
short duration, and low emittance has been widely explored in recent decades because of its prospective
application in many areas, such as medical therapy [1], materials processing [2], charged particle
radiography [3], and high energy density physics [4] and so on. To obtain high-quality and high-energy ion
beams, different acceleration mechanisms are described. Among these mechanisms, the most widely
investigated in proton acceleration is target normal sheath acceleration (TNSA) scheme [5]. The latter
mechanism proceeds via the build-up of TV m! electrostatic fields at the rear side of a thin target foil,
produced by hotter electrons generated at the laser-irradiated side of the target, typically via the oscillating
JjXB heating of linearly polarized light [6]. The energy spectrum of the accelerated protons could be
controlled by appropriately choosing the laser and target parameters, such as laser energy, intensity, prepulse

** Full text is published in JAS V. 90, No. 5 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 90, No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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contrast, polarization, target thickness with its density and structure [7]. The use of ultrathin targets offers
optimal conditions for accelerating protons to high energies from laser-matter interaction in the framework
of the TNSA mechanism.

By performing two-dimensional particle-in-cell (PIC) simulations, we will demonstrate how the proton
energy increased with low atomic number Z targets by examining the proton energy spectra of different ma-
terials by varying the target thickness.

PIC simulations set-up. PIC simulations are carried out using the open source code EPOCH
(Extendable PIC Open Collaboration) [8] in which the core algorithm was developed by Dr. Chris Brandy
and Dr. Keith Bennett at the University of Warwick (UK) [9] and based on an older code PSC (plasma
simulation code) written by Hartmut Ruhl [10].

EPOCH is a plasma physics simulation that uses the PIC method [11] written in FORTRANO90. This
method was extensively used to understand laser-driven ion acceleration mechanisms and to model ultra-
high intensity, short-pulse laser experiments. A smaller number of pseudoparticles are used to represent the
physical particles. The interface of EPOCH is straightforward as the user does not have to interact with the
PIC code directly but instead defines parameters and initial conditions using an ‘input deck’.

We assumed a simulation box of size L,XL, = 60x20 pum, from 0 to 60 pm in the x direction and be-
tween 10 um in the y direction. With square cells of 10 nm, it yields 6000x2000 cells in the simulation box.
We introduced 48 electrons, 48 ions, and 100 protons by cell. We considered a laser pulse with a wavelength
Az= 0.8 nm and a field amplitude ao = eEo/m.oc = 7 corresponding to an intensity 7 = 1x10?° W/cm?. Ey is
the initial laser electric field amplitude, e is the electron charge, m. is the electron mass, ® is the laser fre-
quency, and c is the light speed. It has a pulse duration of 28 fs, and a spot size of 5 pm. The laser is linearly
polarized and the boundaries are chosen as open in order to minimize the reflection effect. We considered
a target with fully ionized atoms, of different materials, namely, He, C, and Al. A contaminant proton layer of

20 nm thickness is assumed on the backside of the target. The different material ions and electrons densities
are given in Table 1.

TABLE 1. Volumetric Mass Density p, lon Mass M, Ion density #;, and Electron Density #. of the Materials

Material He C Al

Z 2 6 13

p, g/cm’ 0.178x10°° 2 2.7
M, a.u. 4.00 12.01 26.98
ni, 102 cm™ 2.68x1073 10.02 6.02
Te, 1022 cm™ 5.36x1073 60.12 78.26

Results and discussion. The effects of foil thickness and target composition on proton acceleration
were studied using different materials (He, C, and Al) of varying thicknesses (50, 200, and 500 nm). We
show in Fig. 1 the distribution of the electrostatic field in the longitudinal direction at 200 fs for a 50 nm
thick target. The enhancement of the sheath field is clearly visible with a helium (Fig. 1a) target compared to

that of carbon (Fig. 1b) and aluminum (Fig. 1c) targets, respectively. This is due to the increase of the
electron density with helium.
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Fig. 1. Evolution of accelerating field along the longitudinal direction of propagation
for different targets (a) helium, (b) carbon, (c¢) aluminum.
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The proton energy spectra obtained for different foil thicknesses and compositions are plotted in Fig. 2.
We observed a significant enhancement of maximum proton energy with the helium target, which is about
a factor of 1.5 compared to the Al and C with a 50 nm thick target; this energy becomes smaller with thicker
targets (200 and 500 nm).
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Fig. 2. The proton energy spectra from He, C, and Al for different
target thicknesses (a) 50, (b) 200, and (c) 500 nm.

This can be understood as follows. The TNSA sheath electric field formed at the target rear surface
created by the energetic electrons escaping from the rear surface is responsible for proton acceleration. These
electrons are generated at the target front surface and propagate through the target with typical divergence
angles [12]. The electric field is directly proportional to the square of the electron density as

Ernsa =+/(kg T,n,)/ €, [13], where kgT. is the electron temperature, n. is the electron density at the rear

target surface, and g is the permittivity in vacuum. The electron density itself is inversely proportional to the
product of the target thickness and the tangent of the deviation angle of the electron beam crossing the
target [14]. In addition, this angle is known to increase with the atomic number Z when the electrons are
propagating through the target, undergoing several elastic collisions with the material ions [15]. Conse-
quently, for thin targets and low Z, the density of hot electrons is increasing, which consequently results in
the enhancement of the sheath field and hence the maximum proton energy.

In addition, the high-intensity interaction process is largely governed by the material mass, as a conse-

quence, the helium ions are predicted to move \/m,, / m,, =2.59 times and \/m,, / m;, ~1.73 times faster

than aluminum and carbon. As a result, helium may decompose earlier (the fast electrons are produced earli-
er) than C and Al. This may explain the observed results in Fig. 3, when the proton energy is increasing with
a low atomic number Z of the target. The maximum proton energy is then obtained with the helium target
with the smallest thickness.
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Fig. 3. The proton energy as a function of atomic number Z for different thicknesses.



AHHOTALIMU AHIJIOSI3IYHBIX CTATEMN 804-4

Conclusions. It is found that materials of low Z are more favorable for enhancing proton energy with
thin targets instead of commonly used elements (C, Al) usually used for proton acceleration in the TNSA
mechanism.
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