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Large amplitude wake fields can be produced by propagating ultrahigh power, short laser
beams in plasmas. When the laser powdrigh enough, the electrasscillation (quiver)
velocity becomes relativistic, and large ampi@ wake fields are generated. In the laser
wake-field accelerator concept, a correctlsgeld trailing electron bunch can be accelerated
by the longitudinal electric fidl of the wake plasma waves|.[WWe study this problem by
using an eulerian Vlasov code for the salntiof the one-dimensional relativistic Vlasov-
Maxwell equations [2]. The code applies a numerical schiemsed on a two-dimensional
advection technique, of second order accuractytime-step, where the value of the
distribution function is advanced in time lyterpolating in two dimensions along the
characteristics using ansor product of cubi8-splines [3,4]. We assume the frequency of

the laser pulsew,/w, >>1 (w,/®, =10 in the present calculation), and the radiation

envelope of the laser pulse changes on a sicaée which is long compared to a plasma

period. The spatial lengthf the laser pulse it = 1, = 22c/ w ,, much longer than the laser

field wavelengthA. The model is similar to what has been presented in [1], with the
addition that in the present simulation we ut# the thermal effects for both electrons and
ions by using a kinetic relativistic Vlasov etjoa, and the evolution of the circularly
polarized laser beam is calculated self-consistently with Maxwell’s equations.

The pertinent equations

The one-dimensional Vlasov equations for the electron distribution funétionp,.,t and)
the ion distribution functiorf, (x, p,;,t #re given by [2,3]:
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0es Velocity and momentum are

Time't is normalized tawn :

pe?

length is normalized t&, = co
normalized respectively to the velocity of light and to M c. In our normalized units

m, =1 for the electrons, anan =M_,/M, for the ions. The indices andi refers to
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electrons and ions. In the direction normal to x, the canonical momentum written in our

normalized units as P, = p ,, ¥a, is conserved (the vector potential a, is normalized

toM,c/e). f’mi can be chosen initially to be zero, so that p,,, =*a,. E, = _2_(0 and
X

E = _8;7: s Vi = (1+(me’ipxe’i )2 +( iy )2 )1/2. The transverse EM fields E ,B. and

E.,B, for the circularly polarized wave obey Maxwell’s equations. With £ F=E , I B, and

F*=E_+B,, we have:

o . 0. . o_ 0. ..
S+ )Ef=—J . ZF)Ft=-J 2
(az ax) v ( ) (2)

or  Ox :
which are integrated along their vacuum characteristic x=¢. In our normalized units :

jL = jLe +jﬂ 5 jLe,i = _ZiLme,iJ-&dpxe,i : (3)
7/ .

e,i

To solve Eq.(1), a 2D interpolation along the characteristics will be used [3,4]. Given f,’; at

mesh points, we calculate the new value /"' at mesh points from the relations:

e,

er,liH(Xe,i) = fey,li(xe,i _de,i) ; where de,i = Atv(xe,i -de,i/z’tn+l/2) . 4)
A m . o(q"D)?
with X, =(x,p,). and V,, = mei@,iE;’“/z _ M 0@ )| ppe equation for
’ o ’ ’ 7e,i 27e,i ax

d,. in Eq.(4) is solved iteratively, and feTl is then interpolated using a tensor product of

e,i

—n+l/2 —n+l

cubic B-splines [4]. a""'? = (@' +a")/2 where @' =a" — AtE""'* . To calculate E"*"'?,
a first method calculates E! from the solution of Poisson equation, then use a Taylor

expansion::

n 2 2 n n 2 n n

EM? =E! LA %, +0.5(£) 2 b; ; with o, =-J"; OE, b; _ ¥, :
‘ S 2\ ot 2 ot ot ot ot

82
2= fepdp [ fip

A second method used in the present work calculates E’"''* from Ampére’s equation:

E!"? = E""? — AtJ! . Both methods gave the same results.

Results
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The EM pulse is excited by propagating in the vacuum at the left boundary the forward

propagating circularly polarized laser pulse, written in our normalized units as
E" =2E,sin(z&/ L)sin(k,&) and F~ =2E,sin(z&/ L)cos(k,&) for —L<EL0,E=x—1¢,
and E, =0 otherwise. In vacuum k, = @, =10. The length of the pulse envelope is L =27 .

We have ten oscillations of the EM wave in the length L of the pulse envelope. We choose

for the amplitude of the potential vector a, =1, so that £, = w,a, =10 . Since the envelope

is slowly varying, we have for <27 a, =-a;sin(z5/L)cos(k,S), a.=

z

a,sin(z&/ L)cos(k,&). We use a temperature 7, = 3keV and 7; = 1keV. At ¢t =2x, the

forward propagating pulse has penetrated the domain , and is left to evolve self-consistently
using Eqgs.(2,3), where a, is calculated as indicated in the previous section. Fig.(1) shows

the results for the pulse at = 35.35 (dash curve) which is followed by the wakefield E, (full
curve). The pulse has propagated through the plasma with very little deformation. Fig.(2)
shows at /= 35.35 the plot of the electron density (full curve), the ion density (dash curve)
and again the axial wake field £\ (dash-dot curve). The amplitude of E, is growing in space

and seems to saturate at 0.6 . This is close to the projected theoretical value for saturation for
cold plasma [1] given byE_ . = (yi—-1)/y,=0.717, where y, =+1+a, =+2. The

electron density (initially equal to 1 in the central region) is forming spikes surrounded by
depleted regions, and the electric field E, is rapidly changing sign at these spikes. Fig.(3)
shows the phase-space for the electrons at t=35.35. Particles are accelerated to form a quasi
mono-energetic beam (see the 3D view in Fig.(5), which emphasizes the beam spike around
x = 20.). Fig.(4) presents the phase space for the ions, which shows a modulation of the ions
distribution function, although the density of the ions shown in Fig.(2) remains essentially
identical to the original profile. Figs.(6) and (7) are at ~46.46 when the EM pulse has just
left the domain at the right boundary, and are equivalent to Figs.(3) and (2). Note the steeper
profile of the electric field in Fig.(7) (dash-dot curve) as we move to the right.
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