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The variation of parameters of a sequence of two laser pulses exciting wakefield in a metal density plasma are
considered as a way to improve the self-injected bunch stability: suppression of transverse bunch decay and increas-
ing the existing time of a self-injected bunch in plasma are investigated. Two scenarios of parameter variation were

considered. In the first scenario, the simultaneous variation of the parameters of both laser pulses was considered; in
the second scenario, the set of parameters for one of the laser pulses after variation differed from the set of parame-

ters for the other laser pulse (profiled sequence of 2 laser pulses) was considered.

PACS: 29.17.+w; 41.75.Lx
INTRODUCTION

The field of laser-plasma acceleration has seen sig-
nificant advancements over the past few decades. The
concept of using ultra-high intensity laser pulses to
achieve extreme material states in the laboratory has
become almost routine with the development of peta-
watt and even zettawatt-exawatt class lasers [1 - 3].
These lasers have been constructed for specific research
activities, including particle acceleration, inertial con-
finement fusion, and radiation therapy, and have been
used to generate secondary sources such as x-rays, elec-
trons, protons, neutrons, and ions [4, 5].

Wakefield in plasma provides the high accelerating
gradients. Analytical studies, simulations, and many
experiments have shown that wakefield in plasma can
support gradients of 100 GeV/m [6 - 8]. The ability to
produce high intensities with these lasers opens up new
possibilities for the study of relativistic and even nuclear
physics.

One of the problems at the wakefield excitation in a
plasma of metallic density by exawatt laser pulse is ob-
taining self-injected bunches. This is particularly rele-
vant in the context of laser-plasma accelerators, where
the production of high-quality injected electron beams is
a key goal. Production, trapping and acceleration of
self-injected bunches at plasma wakefield excitation
were studied in [9 - 12].

Synchronization of self-injected bunches with an ac-
celerating field in a metal-density plasma was also stud-
ied [13, 14].

The use of laser-plasma acceleration, high-density
plasma in the excitation of a wakefield, laser pulse se-
quences, and laser parameters variation method present
a promising approach to saving the stability of self-
injected bunches during excitation of a wakefield in
plasma.

In this paper the issue of influence of exawatt laser
pulses sequence parameters variation on the process of
metallic density plasma wakefield excitation was inves-
tigated with a goal to improve the self-injected bunch
stability: suppression of transverse bunch decay and in-
creasing the existing time of a self-injected bunch in
plasma are investigated.

1. STATEMENT OF THE PROBLEM

The process of using a laser pulse to excite a wake-
field in a plasma is investigated by numerical simula-
tion. The density of this plasma is approximately equal
to the density of free electrons in metals. A sequence of
laser pulses located at a distance of one plasma wave-
length is considered. In addition, suppression of the
transverse expansion (instability) of bunches by varying
the parameters is demonstrated.

The main idea was to show the advantages of the pa-
rameter variation method for producing self-injected
bunches with the suppression of transverse bunch decay
and extending the time of motion (existing) of the bunch
in plasma.

Main system parameters include: an unperturbed
plasma electron density, normalized to ne=10% cm*, a
ratio between the plasma frequency and laser frequency,
©pe/®p, equating to 0.1 (where wy and o, are the laser
and plasma frequencies respectively). The laser wave-
length was M,=10.6 nm, and all lengths, distances and
coordinates were normalized to this laser wavelength,
M. The laser pulse was directed along the system's axis.
The plasma wavelength is A,,=106 nm.

The dimensions of the simulation window were a
length of 800 and width of 50. The laser amplitude, a,
was normalized to the broken field Eq=m.cmy/e. Time
normalized to the electromagnetic wave period T,

Sequences of two bunches were considered. It was
shown that it is possible to improve the stability of self-
injected bunches, prevent their decay and increase the
existing time in two scenarios.

In the first scenario, parameter variation was consid-
ered under the condition that the parameters of the two
lasers were varied simultaneously. That is, even after
varying the parameters, the equivalent parameters were
used for each of the two laser pulses. In this case, the
amplitude of the lasers was maintained, and the shape of
the pulses became more spherical.

In the second scenario, variation of the parameters of
the sequence of two laser pulses was considered, pro-
vided that the parameters of the laser pulses after the
variation were not equal to each other. The laser pulses
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had different intensities. Such sequence can be consid-
ered as a profiled sequence.

In both scenarios, self-injected bunch stability was
achieved, transverse decay was prevented, and the exist-
ing time of the self-injected bunch was increased.

2. RESULTS OF SIMULATION

In both scenarios, a sequence with these parameters
was considered as initial (before parameter variation):
half-length 1, half-width 3, amplitude 5 (initial sequence).

In the first scenario, when the parameters of the laser
pulses were varied simultaneously, the sequence con-
sidered as the result of parameter variation is length 1.5,
half-width 2, amplitude 5 (scenario 1 sequence).

In the second scenario, the sequence was considered
as the result of parameter variation: first laser pulse
(half-length 2, half-width 1.5, amplitude 2), second laser
pulse (half-length 1, half-width 3, amplitude 4), (scenar-
i0 2 sequence).

In both scenarios authors compared the sequence
from scenarios 1 and 2 with the initial sequence.

2.1. THE FIRST SCENARIO
OF PARAMETER VARIATION

In real studies, it is not uncommon to find situations
when it is necessary that, even with parameter variation,
the parameters of two bunches change simultaneously.

At the same time, it is required to suppress the trans-
verse instability of electron bunches, in fact, the separa-
tion of the bunch into two parts, which scatter along the
radius from the axis of the system.

The most difficult case is when, in the case of a se-
quence of two laser pulses, it is required to suppress the
transverse expansion (instability) of only one bunch.

In this section, it is supposed to investigate the sup-
pression of this instability using numerical simulation
by the method of parameter variation.

Figs. 1, 2 show the simulation results for the initial,
before parameters variation sequence. At first glance,
the problem becomes obvious, the decay of the first
self-injected bunch into three parts. Two parts of the
bunch scatter along the axis and the bunch ceases to
exist as a whole. The sequence considered as the result
of parameter variation is length 1.5, half-width 2, ampli-
tude 5 (scenario 1 sequence). That is, if compared to the
original sequence, the laser pulses become more spheri-
cal after the parametric variation.
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Fig. 1. Plasma electron density distribution ne(x, y),
t=175T,. Initial sequence

These parameters make it possible to suppress the
transverse decay of the first self-injected bunch of the
sequence while saving the second. Fig. 3 shows the dis-
tribution of the first self-injected bunch for this se-
quence, after applying the parameter variation method.
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Fig. 2. Longitudinal momentum distribution Py(x, y),
t=175T,. Initial sequence

In Fig. 4 shown the distribution function of longitu-
dinal momentum of bunch electron after varying the
parameters (scenario 1 sequence).

In Fig. 5 shown the simulation result for sequence
(half-length 1.5, half-width 2, amplitude 4.75) with
lower (by 5%) amplitude. The results of the study for
this sequence allow us to conclude that using the pa-
rameter variation method, even without changing the
amplitude, it is possible to achieve the suppressing of
the transverse decay of bunches, increasing stability of
the bunch.

A comparison of Figs. 4, 9, 11 suggests that the var-
iation of the parameters in both scenarios considered
leads to improved self-injection due to an increase in the
number of particles in the bunch. In case of the 1st sce-
nario, the number of particles in the self-injected bunch
increases by a factor of 3.4. In the case of the second
scenario, the number of particles in the bunch increases
by a factor of 12.9.

Comparison of Figs. 2 and 3 allows the authors to
conclude the decrease of the bunch radius as a result of
the parameter variation from 21.2 to 13.25 nm. A slight
variation of the parameters leads to the formation of a
distinguishable peak on the distribution function.
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Fig. 3. Longitudinal momentum distribution Py(x, ),
t=175T,. Scenario 1 sequence
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At the same time, a significant variation in the am-
plitude value leads to the disappearance of the bunch.

Thus, a comparison of laser pulse sequences before
parameter variation and after variation indicates that the
parameter variation method has clear advantages and its
use promotes bunch saving.

In Fig. 3, it was observed the formation of a self-
injected bunch, which splits into several electron bunch-
es located sequentially close to each other. In fact, a
single bunch structure is formed at suppression of the
transverse decay of the bunch.
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Fig. 4. P, distribution function. t=175T,.
Scenario 1 sequence
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Fig. 5. Longitudinal momentum distribution P,(x, y),
t=175T,. Scenario 1 sequence (with a -5% amplitude
correction)

2.2. THE SECOND SCENARIO
OF PARAMETER VARIATION

The sequence after parameters variation: 1st pulse
(half-length 2, half-width 1.5, amplitude 2); 2nd pulse
(half-length 1, half-width 3, amplitude 4), (scenario 2
sequence). This case can be considered as a profiled
sequence of 2 laser pulses for plasma wakefield excita-
tion and self-injected bunch producing.

An initial sequence, without lasers parameters varia-
tion is the sequence with two identical laser pulses was
considered: half-length 1, half-width 3, amplitude 5.

In Figs. 6, 7 shown the distribution of plasma and
bunch electrons, as well as the distribution of longitudi-
nal pulses.

In Fig. 8 shown a picture of the motion of a self-
injected bunch at large time (t=375T).

Figs. 9, 10 shown longitudinal momentum distribu-
tion function of self-injected bunches. Time points
175T, and 200T, are shown in normalized units. At the-
se moments, the self-injected bunch moves through
wake bubble. The figures show the optimal moment of

15,0

the wake process, when it is supposed to use a self-
injected bunch in practice.

Figs. 9, 10 illustrate the distributions in the case of a
sequence before parameters variation. Comparison of
Figs. 3 and 4 allows us to show the dynamics at short
times for the case of a sequence after parameters varia-
tion, leads to an increase in the number of electrons in
the high energy region (by 30% at maximum).

Comparison of Figs. 2 and 7 allows us to conclude
that the variation of parameters according to the second
scenario allows preserving the self-injected bunch and
prevents its destruction (transverse decay). This is the
benefit of parameter variation sequence. The bunch save
its structure, the head and the central part of the bunch

do not decay.
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Fig. 6. Plasma electron density distribution ne(x, y),

t=175T,. Scenario 2 sequence

In the absence of parameter variation (see Fig. 2),
the structure of the self-injected electron bunch in the
plasma is lost. The bunch breaks into several pieces that
move mainly in the transverse and partly in the longitu-
dinal direction. This is a significant disadvantage.
Therefore, the case of varying the parameters has an
advantage in the context of saving the stability of the

bunch.
Px [arb. un.]

350 l 166,0

: 1448
L1235
| 1023

[ 8100

- 59,75

38,50
I1725
-4,000
138 139 140 141 142 143 144 145 146
X [arb. un]
Fig. 7. Longitudinal momentum distribution Py(x, y),
t=175T,. Scenario 2 sequence

During research, the authors observed that, in a
number of cases, self-injection is not observed at all.
This circumstance, taking into account the characteris-
tics of these laser sequences, explains the advantage of
laser pulse parameters variation in cases where self-
injection as such is absent without it. This also applies
to minimum (less than 0.75 in normalized units) values
of length width, and especially amplitude. In addition to
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considered earlier, the effect of saving a structure of
self-injected bunch during its movement in plasma was
observed for a longer time than in the initial case with-
out parameters variation.
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Fig. 8. Plasma electron density distribution ne(x, y),
t=375T,. Scenario 2 sequence
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Fig. 10. P, distribution function, t=200T,.
Scenario 2 sequence
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Fig. 11. P, distribution function, t=175T,.
Scenario 1 sequence (related to Fig. 2)

Namely, it was observed that at time t=375T in the
case of scenario 2 sequence after parameters variation
the self-injected bunch structure was saved. At the same
time, in the case of sequence before parameters varia-
tion, at the same moment the bunch is almost complete-
ly destroyed (see Fig. 8). Based on the results of the
study, the advantages of the sequence after parameters
variation are obvious. In the case of the second scenario
of parameter variation, the existence of a self-injected
bunch is observed until it reaches the edge of the wake-
field bubble at t=375T,. In the case of the initial se-
quence, before the parameter variation, the self-injected
bunch decayed all time moments during motion.

CONCLUSIONS

In this paper, the variation of parameters of a se-
quence of two laser pulses exciting wakefield in a metal
density plasma was considered. The authors considered
two scenarios of parameter variation. The first scenario
assumed a simultaneous variation of the sequence pa-
rameters of the two laser pulses. The second scenario
assumed that the parameters of each laser pulse of the
sequence were different.

It has been shown that the stability of self-injected
bunches is achieved using the parameter variation
method, namely, the transverse bunch decay is over-
come and the bunch existence time without disintegra-
tion is increased. In addition, a significant, up to 12.9
times increase in the number of particles in the self-
injected bunch (in the second parameters variation sce-
nario) was observed. In the first scenario, this value is
3.4.
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HNIIBUINMEHHSA CTABIJIBHOCTI CAMOIHKEKTOBAHOI'O 3I'YCTKA IIJIAXOM BAPIIOBAHHA
IMAPAMETPIB TOCJIIAOBHOCTI IBOX JIASEPHUX IMITYJIBCIB ITPHU 3BY JKEHHI
KIJIBBATEPHOT O IOJIA B IVIA3BMI METAJIEBOI T'YCTUHH

/.C. bonoap, B.1. Macnos, 1. M. Oniwenxo

PosrisHyTa Bapiaiiisi mapameTpiB IMOCIIJOBHOCTI JBOX JIa3€PHUX IMITYJIBCIB, IO 30yIUKYIOTh KiJIbBaTEpHE MOJIC B
TIa3Mi MeTajeBol T'yCTHHH, SIK CIIOCIO MOJINIIEHHS CTa0iIbHOCTI CAaMOIHKEKTOBAHOTO 3IyCTKa: MPUAYIICHHS TI0TIe-
PEYHOrO po3Maay 3rycTKa Ta 30UIBIICHHS Yacy iCHYBaHHS CaMOIH)KEKTOBAHOTO 3ryCTKa B IUTa3Mi. Po3risHyTO 1Ba
CIICHapii BapitOBaHHS MMapaMeTpiB. Y MEpIIOMY CIeHapii po3TIIHYTO OJHOYACHY 3MiHY HapaMeTpiB 000X Ja3epHIX
IMITYJIbCIB; Y IPYTOMY ClieHapii Habip mapaMeTpiB AJIS OJHOTO 3 JIA3ePHUX IMITYJIBCIB MICIIA BAPiFOBAHHS BiAPI3HABCS
BiZl HAOOPY MapameTpiB Al IHIIOTO JIA3ePHOTo iMIyIbey (MpodiiboBaHa MOCIIAOBHICTh ABOX JIA3EPHUX IMITYJIbCIB).
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