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We study the acceleration of ions and the formation of a plasma jet due to the interaction of a
high intensity circularly polarized laser beam normally incident on the surface of an
overdense deuterium plasma, by comparing results obtained from two one-dimensional (1D)
numerical codes (namely an Eulerian Vlasov code [1,2] and the particle-in-cell PIC code
BOPS [3]), for the numerical solution of the 1D relativistic Vlasov-Maxwell equations for
both electrons and ions. We consider the case when the laser beam wavelength A is greater

than the scale length of the plasma density gradient at the plasma surface L, (4 >> Loy,),

and the plasma density n =100n., where n_ is the critical density. The laser beam interacts

with the electrons at the plasma surface via its ponderomotive pressure, producing an even
sharper electron density gradient at the target surface, which gives rise to a charge separation
and an electric field which accelerates the ions and leads to the formation of a plasma jet. We
consider the case when the laser beam amplitude varies in time in the form of a pulse. The
two codes show good agreement for the macroscopic quantities calculated. The low noise
level of the Vlasov code allows a better representation of the phase-space structure of the
electrons and ions.

The relevant equations in the Vlasov code

The 1D Vlasov equations for the electron distribution function f, (x, p,.,t) and the ion
distribution function f,(x, p,;,t) are given by [1,2]:
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Time t is normalized tow™, length is normalized tocw™, velocity and momentum are

normalized respectively to the velocity of light ¢, and toM c. The indices e and i refer to
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electrons and ions. In our normalized units m, =1 for the electrons, and m, =M, /M_ =

2.*1836 for the ions, where M and M are the ion and electron mass respectively. In the

direction normal to x, the canonical momentum, written in our normalized units as

P.i =P, Ta, isconserved (the vector potential &, is normalized toMc/e). ISLe,i can be
A ~ - op =~ oa, A
chosen initially to be zero, so that p,,, =+d,. E, = v andE, =- pat The relativistic
‘ X

factor is ;/evi=(1+(pxevi/me’i)2+(aL/me’i)2)U2. The transverse electromagnetic fields

E*=E, +B, and F* = E, B, for the circularly polarized wave obey Maxwell’s equation:
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Equations (2) are integrated along the vacuum characteristic x=t. In our normalized units:
L - . a f. 1 ¢ P
J, =3, +J,; J,. =—|"dp,...; J, . =+—|=2f dp.. (3
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Eq.(1) is solved using a 2D interpolation along the characteristics [1,2]. We calculate E™'?
from Ampere’s equation: E]™? =E! ™2 —AQ!, J, =3, +J,.

Results

The forward propagating circularly polarized laser wave penetrates the plasma at x=0, with

field valuesE™ = 2E(P, (t)cosz,F~ =-2E,P, (t)sinz, wherer =t-1.5t . The temporal
shape factor is P, (t) = exp(—2.|n(2.)(r/tp)2), witht ) =12 for the laser pulse. We choose for

the amplitude of the potential vector a, = 25/+/2.. In our units E,=a,. We set o, =100,

which corresponds to n =100n,. The initial temperature for the electrons and for the ions are

Te=1. keV and T;=0.1 keV. The total length of the simulation domain is L =20c/@ . We use
N =10000 grid points in space (so Ax = At =0.002), and 2200 in momentum space for the

electrons and ions (extrema of the electron momentum are +5, and for the ion momentum

£170.). We have a vacuum region on each side of the plasma of length L, =7.85c/®. The

jump in density at the plasma edge on each side of the slab is L . =0.3c/w, and the top slab

edge

density of 1 is of length 3.7c/ @ . The incident wavelength isA =27 ,1i.e. A >>L For the

edge *
PIC code, 500000 particles are used for the electrons and the ions.

Figs.(1) show the plot of the density profiles (full curves for the electrons, dashed curves for
the ions and dashed-dotted curves for the longitudinal electric field) at t=24. (left frame), 25.6



38" EPS Conference on Plasma Physics (2011) P5.019

(middle frame) and 55 (right frame), calculated from the Vlasov code. The equivalent curves
calculated from the PIC code are shown in Fig.(2) at t=25.6, 26 and 55. The incident laser
wave is literally pushing the plasma edge, which is acquiring a steep density profile under the
ponderomotive pressure of the wave, with electrons accumulating at the edge of the plasma.
We see in Fig.(1) that a very rapid acceleration of the ions at the edge takes place between
t=24 and 25.6, forming a solitary-like structure. The penetration of the electric field , which is
formed at the surface, in the plasma is of the order of the skin depth. Fig.(2) shows that at
t=25.6, the PIC code is slower in showing this rapid acceleration of the ions, which happens a
little later at t=26. The incident laser beam intensity peaks at t=18 at the left boundary x=0,

and this peak travels a distance L . =7.85c/® to reach the plasma edge at t=25.85. The laser

pulse then decreases. The accumulation of electrons and ions at the plasma edge increases the
opacity of the plasma to the laser beam. The incident laser wave and the longitudinal electric
field in Figs.(1,2) do not penetrate the plasma and are strongly damped at the edge within a
skin depth. We see in Figs.(1,2) at t=55 that the ion and electron density peaks at the left
decay slowly after the disappearance of the pulse, while at the right there is an expanding
neutral plasma. This can be verified looking at the phase-space of the ions at t=55 shown in
Figs.(3). The expansion of the plasma to the right as calculated by the PIC code in Fig.(2) at
t=55, appears to be slightly bigger than what is calculated by the Vlasov code at t=55 in
Fig.(1). This is in agreement with what is presented in Fig.(3), where we see the peak of the
ion momentum reaching a higher value in the plot calculated by the PIC code, with respect to
the plot calculated by the Vlasov code. More details on these results are presented in [4].
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Fig.1 Electron (full curve), ion (dashed curve), elect. field (dashed-dotted curve) at the edge at t=24., 25.6, 55
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Fig.3 Phase-space for the ion distribution function at t=55
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(Vlasov code upper figure; PIC code lower figure)



