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Abstract

Recently the proposal to use X-ray Exawatt pulse for
particle acceleration in a crystal has been declared. Short
X-ray high-power pulse excites wakefield in electron
plasma of metallic density which can be used for high
gradient acceleration of charged particles. This wakefield
is suited for laser wakefield acceleration.

In this paper there are simulated with PIC code UMKA:
excitation of the large wakefield amplitude up to several
TV/m in electron plasma of metallic density by a powerful
X-ray laser pulse; laser plasma wakefield acceleration of
self-injected electron bunch in such setup; combined
acceleration by plasma wakefield driven by laser pulse
(LPWA) and by self-injected electron bunch (PWFA).

INTRODUCTION

The maximal accelerating field can be achieved in
conventional accelerators is limited 100 MV/m because of
breakdown at higher amplitudes. For plasma wakefield
accelerators this limit reaches up to 100 GV/m. Laser
plasma wakefield accelerators can produce short electron
bunches of high energy and high accelerating gradients
[1-3]. High accelerating gradients allows reducing
dimensions and cost of the accelerators, based on plasma
wakefield methods of acceleration. It is so difficult for us
to excite wakefield resonantly by the long sequences of
electron bunches, to focus them, and to obtain large
transformer ratio because of nonstationarity of laboratory
plasma [4, 5]. It was founded [5] and studied [6, 7]
mechanism of electron bunches sequences focusing.

A lot of experiments on laser plasma wakefield
acceleration are devoted to elaboration of plasma-based
accelerators [8, 9]. Great accelerating gradients help to
diminish geometrical parameters of the accelerators and
the estimated cost. The electron bunches formed at intense
laser-plasma interactions has a small energy spread [10].
Electron self-injection generated by intense laser pulse in
the wake bubble at underdense plasma was investigated by
numerical simulation in [11]. In [12] the researches have
been considered and experimentally studied phenomena of
electron acceleration and self-injection. The occurrence of
the slingshot effect at the impact of a very short and intense
laser pulse onto a diluted plasma has been studied in [13].

During the process of exciting the wakefield, the laser
pulse is destroyed (for reasons of nonlinear processes,
expansion of the wake bubble and so on).
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It can be solved by using capillary for laser pulse instead
of waveguide or by passing energy to accelerated bunch
and transforming it into driver-bunch for wakefield
excitation.

The transition from laser plasma wakefield acceleration
to acceleration by plasma wakefield driven with electron
bunch was considered in [14].

PARAMETERS OF SIMULATION

PIC simulation completed by UMKA 2D3V code [15].
A computational region (x, y) is rectangular. Distances are
normalized to the laser wavelength A = 8 nm (X-Ray). The
time interval of simulation is 7 = 0.05, the number of
particles per cell is 8 and the total number of cells of about
15.6 M. The simulation time is 800 laser periods. Time
units ¢ are normalized on laser pulse period Ty = 2mwy®.
The wgy = 7.5+ 10 rad/s is a laser frequency. The s-
polarized laser pulse enters inside uniform plasma. Free
boundary conditions are taken for fields along x axis and
periodical ones for fields along y axis. Nonlinear case is
considered.

The initial plasma density is no = 1.8 - 1023 cm?. This
density equals the density of free electrons in metals.
Nonlinear case was considered. Laser pulse has profile like
(cos A)?. Electric field amplitude E is normalized on
EE;' = a, where Ey = mycwy,(2me)™ for all cases.
Arbitrary units in graphs correspond to the dimensionless
quantity a. The process of the wakefield excitation is
considered in a (x,y) plane, but the system is
homogeneous and endless in the perpendicular direction z.

Laser field amplitude vector E, 11 Z. For all laser pulses
electric field amplitude E, = 3E;, a = 3. When a = 1 the
intensity of laser pulse is 10" W/cm? Accelerating
wakefield amplitude is E,.. The two cases were considered.
The first case: 2 laser pulses sequence with length at half
maximum (LHM) equals 2 for the first laser and 4 for the
second laser. The width at half maximum (WHM) equals
10 for the first and 6 for the second laser. The second case:
laser pulses sequence with LHM equals 4 for the first laser
pulse and 6 for the second laser. WHM equals 8 and 4.
Coordinates x and y, are given in dimensionless form in
units of A. For laser pulse LHM equals 4 corresponds to
0.34 fs duration.

RESULTS OF SIMULATION

Three stages of wakefield excitation by a sequence of
laser pulses in a plasma are investigated. In Figs. 1 and 2
two of them are shown.

Figure 1 shows that at t = 60 as a result of the wake
process, two selfinjected bunches are formed: both after the
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first and after the second laser pulses. Then self-injected
bunches move through wake bubble and fall into the
accelerating phase of the wakefield. They have a small
spatial size (their sizes 7 times lower than sizes of the wake
; bubble). At the same time, they have relatively low energy
(illustrated by momentum graphs in Figs. 3(a) and 3(b).
The average energy twice lower than in the case when self-
injected bunches in the middle of accelerating phase in
Figs. 3(c) and 3(d)). Figure 3(a) corresponds to the first
self-injected bunch in Figs. 1 and 3(b) corresponds to the
self-injected bunch after the second laser pulse in Fig. 1. In
Figs. 1, 2, and 4 longitudinal wakefields E, are shown by
red lines. Maximal accelerating field value reaches 7
TV/m.
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Figure 1: Wakefield excitation in plasma by the sequence
of 2 laser pulses (1% case). t = 60. Longitudinal wakefield
amplitude E, is shown by red line.
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Figure 2: Wakefield excitation in plasma by the sequence
of 2 laser pulses (1% case). t = 160. Longitudinal
wakefield amplitude E, is shown by red line.

Figures 2, 3(c), and 3(d) at t = 160 show that after the
self-injected bunch passed the accelerating phase and begin
~ to enter the wakefield deceleration phase, its spatial size
£ increases, the energy spread is almost saved and the
£ electron energy of the bunches increases.
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Figure 3: Detailed view of self-injected bunches.
Distribution of longitudinal momentum. Normalized on
[m.c] where m, is the electron mass and c is the light
speed. Figure’s relations: Fig. 1 (a-first, b-second) means
that in Fig. 3(a) one can see the first selfinjected electron
bunch after first laser pulse from Fig. 1 and in Fig. 3(b) is
the second bunch. Similarly: Fig. 2 (c-first, d-second),
Fig. 4 (e-first, f-second).

This means that due to the action of the wakefield, self-
injected bunches acquire additional energy without
significant defocusing. This is an important stage in
combined laser-plasma acceleration.

Finally, Figs. 3(e), 3(f), and 4, at t = 260 show that self-
injected bunches fall into the decelerating phase of the
wake wave. This leads to an increase in their spatial size
and energy dispersion and to a decrease of self-injected
bunches energy. The bunches are substantially defocused
and destroyed. The reason for this may be relativistic
defocusing due to a decrease in the gamma factor of
bunches electrons.

The energy is transferred to the wave. As a result, as we
can see from the comparison of Figs. 1 and 4, in the case
of self-injected bunches, both after the first and after the
second laser pulses, the energy transfer from the bunches
to the wave leads to an increase in the accelerating
wakefield by about 28%. The accelerating gradient of the
accelerating field at this moment reaches a value of 8
TV/m. Such rates of acceleration are possible due to the
high density of the plasma and high-power X-Ray laser
pulses. To implement such a regime, very powerful X-ray
lasers are needed. A promising technology will make it
possible to create compact and powerful charged particle
accelerators. The mechanism of the formation of self-
injected bunches makes it possible to obtain focused
bunches of high energies (see Fig. 3(b)), but it requires
careful control of the parameters of the system.
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Figure 4: Wakefield excitation in plasma by the sequence
of 2 laser pulses (1% case). t = 260. Longitudinal
wakefield amplitude E, is shown by red line.

When considering the second case with LHM equals 4
for the first laser pulse and 6 for the second laser. WHM
equals 8 and 4, we can observe a similar picture: the effect
of the combined laser-plasma acceleration leads to an
increase of the accelerating wakefield amplitude.

And thanks to the use of high dense plasma
(ng=1.8-1022cm™) and a high-power (of about
108 W/cm?) low duration (of about 0.34 fs) X-ray (of
about A = 8 nm) laser pulse, one can obtain accelerating
gradients reaching several teravolts per meter. New self-
injected bunches will be accelerated by the energy of the
laser pulse and the previous self-injected bunches. We call
this process the combined laser-plasma acceleration mode.
Combined laser-plasma acceleration is considered as a
process that will provide a significant acceleration rate of
bunches of charged particles both during self-injection and
for injection from outside.

CONCLUSION

In this paper, the excitation of the wakefield by a
sequence of high-power low-duration X-ray laser pulses in
high density plasma is considered. It was shown that the
excitation of the wakefield under such conditions is
accompanied by the formation of self-injected bunches. It
is investigated that the dynamics of these bunches affects
the magnitude of the accelerating wakefield and leads to
the origin of a combined laser-plasma acceleration regime,
in which new self-injected bunches are accelerated due to
the energy of the laser field and previous selfinjected
bunches. The shown above scheme of excitation of the
wakefield by a laser makes it possible to achieve
accelerating gradients of several teravolts per meter.
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