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2 INTRODUCTION

The maximal accelerating field can be obtained in conventional accelerat
approximately equals 100 MV per meter [2], because of very high probabili
of break-down at higher amplitudes. For accelerators where plasma is used,
this limit is several orders greater up to 100 GV per meter [2, 3]. It is so
complex for us to excite wakefield resonantly by the long sequences of
electron bunches, to focus them, and to obtain large transformer ratio
because of heterogeneity and nonstationarity of the laboratory plasma [4-5].

Scientists found [5] and study [6] the mechanism of resonant sequence
focusing by nonresonant sequence of short electron bunches.

Laser technology and Plasma-Based Accelerators are actual and fast-
developed technologies now [7-8]. The importance of Laser Plasma-Based
ccelerators approved by a lot of number of experiments on wakefield
cceleration [7-10]. Great accelerating gradients help to diminish geometrical
arameters of the accelerators and the estimated cost.




3 INTRODUCTION

Scientists studied electron self-injection generated by intense laser
in the wake bubble (plasma is under-dense) by numerical simulation [

In [12] the researches have been considered and experimentally studi
phenomena of electron acceleration and self-injection.

The occurrence of the slingshot effect at the impact of a very short an
intense laser pulse onto a diluted plasma has been studied in [13].

In some cases, one can see a transition from laser wake-field acceleration
to plasma wakefield acceleration [14]. It is known that modern laser
technologies sustain pro-ducing of 100 PW laser pulses with a single-cycle
dura-tion in order of several femtoseconds. Professor T. Tajima proposed
se intense coherent X-Ray pulses (produced by new laser technologies)
or particles acceleration. This X-Rays are focusing so distant from th
iffraction limit of the original laser wavelength. The X-Rays injected i
metallic-density electron plasma are ideal for wake-field acceler
laser [1].
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In the right Figure one can see the wakefield [
principle illustration. Driver (in our case) - a [EE. S R 4
laser pulse moving through the plasma pushes [ R SRR
electrons apart. o X .
This is due to the action on the electrons of
the so-called pondemotor i.e. Millar force. As
a result, it is possible to separate the
charges, creating an excess of negative
electrons in one region. Heavy ions remain

inactive.

Thus, it is possible to create fields of the
order of 100GV/m in plasma and TV/m in
plasma of metal density with the possibility
of their subsequent use to accelerate
charged particles.

® driver

@ Accelerated
particles



The problem at laser wakefield acceleration i
laser pulse quickly destroyed because of its expa

Ways to solve:

*using of a capillary as a waveguide for laser pul
*to transfer laser energy to the electron bunches

which as drivers accelerate witness.

|

A transition from a laser wakefield accelerator to
plasma wakefield accelerator can be occurred in s
cases at laser-plasma interaction.



The subject of the study: accelerating gradie

high density plasma and dynamics of self-inje
and accelerated electron bunches

(combined mode of plasma-waketfield acceleratio

In this paper are numerically simulated:

*laser wakefield acceleration in a plasma of metallic-density,
*the maximum accelerating gradient in such a new mediu\;l,

*the transition to the regime of joint laser wake

acceleration and beam-plasma wakefield acceleration.




UMKA 2.5D Code Parameters of numerical simulation

Y E, B conditions
Modelled by specifying periodic in y d

non-stationary boundar
conditions \

S-polarized laser pulse> Plasma
0

Pulse cos’A in longitudinal
direction

X;

Longitudinal and transverse
dimensions of the laser pulse
shorter than the plasma

and Gaussian in transverse\
wavelength.

direction




Parameters of numerical simulation

UMKA 2.5D Code [15]
Plasma density n, = 1.8 - 10%%* cm™3
(homogeneous plasma)
Plasma frequency w,, = 7.51 - 1017 rad/

Laser wavelength A= 25 nm

Wpe _
/@wygce, = 0-1008 \

TV
la, = 20.6 —
m

First laser: length = 24, width = 84, amplitude = 3a
Second laser: length = 44, width = 44, amplitude =
Simulation window: 8004 (length), S04 (wi



Normalizations of numerical simulat

UMKA 2.5D Code [15]

Plasma density n normalized on n, = mew%(lhte

All length normalized on A
Electric, magnetic field, focusing force normalize
E = aje(m,cwy)™?!
time ¢ normalized on 2w,
First laser: length = 24, width = 84, amplitude = 3a,
Second laser: length = 44, width = 44, amplitude = 3

Simulation window: 8004 (length), S04 (width



RESULTS OF SIMULATION

Figures 1n slides 11-16 1illustrate the three main stages
field excitation by a sequence of laser pulses in a plas
11-12 show that as a result of the wake process, two self-
bunches are formed: both after the first and after the secon
pulses. Self-injected bunches move into the accelerating ph
the wakefield. They have a small spatial spread. At the same
they have relatively low energy.

Slides 13,14 show that after the self-injected bunch passed
accelerating phase and begin to enter the wakefield decelerati
phase, its spatial spread in-creases, the energy spread is
saved and the electron energy of the bunches increases
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Combined mode of PWA and LWA
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RESULTS OF SIMULATION

This means that due to the action of the wakefield, se
bunches acquire additional energy without significant de
This 1s an important stage in combined laser-plasma acce
Finally, Slides 16,17 show that self-injected bunches fall 1
decelerating phase of the wake wave. This leads to an incre
their spatial size and energy dispersion and to a decrease of
injected bunches energy. The bunches are substantially defoc
and destroyed. The reason for this may be relativistic defocusi
due to a decrease 1n the gamma factor of bunches electrons.




Combined mode of PWA and LWA

We consider the wakefield excitation by a train o
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RESULTS OF SIMULATION

The energy is transferred to the wave. As a result, as we can
comparison of Slide 16 and Slide 11, 1n the case of self-inject
both after the first and after the second laser pulses, the energy tr
the bunches to the wave leads to an increase in the accelerating wa
about 28%. The accelerating gradient of the accelerating field at this
reaches a value of 8 TV/m. Such rates of acceleration are possible du
high density of the plasma. To implement such a regime, very powe
ray lasers are needed. A promising technology will make it possible to
compact and powerful charged particle accelerators. The mechanism o
formation of self-injected bunches makes i1t possible to obtain fo
bunches of high energies (Slide 12), but i1t requires careful contro
parameters of the system and the moments in time when the wa
takes place.




RESULTS OF SIMULATION

When considering the second case with FLHM equals 4 for the
pulse and 6 for the second laser. FWHM equals 8 and 4, we can
similar picture: the effect of the combined laser-plasma acceleration
an increase of the accelerating wakefield amplitude. And thanks to th
high dense plasma and an X-ray laser pulse, one can obtain accel
gradients reaching several teravolts per meter. New self-injected bunche
be accelerated by the energy of the laser pulse and the previous self-inje
bunches. We call this process the combined laser-plasma acceleration mo
Combined laser-plasma acceleration is considered as a process that
rovide a significant acceleration rate of bunches of charged particles
uring self-injection and for injection from outside.




Conclusions

* Numerical simulation demonstrates the transition

the laser:wakefield acceleration in metallic-density plas
to extra beam-driven wakefield acceleration that providin

additional acceleration of self-injected electron bunch.

* At wakefield excitation by the _ in metalli\i-

density plasma electrons are accelerated in electric fiel

which approximately equal several teravolts per meter,



References

[1] T. Tajima, “Laser Acceleration in Novel Media”, Eur. Phys. J. Spec. Top., vol.
2014. doi:10.1140/epjst/e2014-02154-6

[2] E. Esarey, C. B. Schroeder and W. P. Leemans, “Physics of laser-driven plasm
accelerators”, Rev. Mod. Phys., vol. 81, pp. 1229-85, 2009.
doi:10.1103/RevModPhys.81.1229

[3] A. Pukhov, J. Meyer-ter-Vehn, “Laser wake field acceleration the highly non-I
wave regime”, Apl. Phys. B, vol. 74, pp. 355-61, 2002. doi:10.1007/5003400200795
[4] K. V. Lotov et al., “Simulation of plasma wakefield excitation by a sequence
bunches”, Problems of Atom-ic Science & Technology, vol. 6, pp. 114-16, 2008.

[5] K. V. Lotov, V. I. Maslov, I. N. Onishchenko, E. N. Svistun, “Resonant excitation
wakefield by a non-resonant train of short electron bunches”, Plasma Phys. Cont. Fus.,
65009, 2010. doi:10.1088/0741-3335/52/6/065009

] K. V. Lotov, V. I. Maslov, N. |. Onishchenko, E. N. Svistun, “2.5D simulati
akefield excitation by a nonresonant chain of relativistic electron bunch
omic Science & Technology, vol. 2, pp. 122-24, 2010.




References

[7] W. P. Leemans et al.,, “Multi-GeV Electron Beams from Capillar
Subpetawatt Laser Pulses in the Self-Trapping Regime”, Phys. Rev. Lett., vol.
2014. doi:10.1103/PhysRevLett.113.245002

[8] Z. Huang et al., “Compact X-ray Free-Electron Laser from a Laser-Plasma Acc
Transverse-Gradient Undulator”, Phys. Rev. Lett., vol. 109, pp. 204801, 2012.
doi:10.1103/PhysRevLett.109.204801

[9] S. Shiraishi et al., “Laser red shifting based characterization of wakefield excitati
plasma accelerator”, Phys. Plas., vol. 20, p. 063103, 2013. doi:10.1063/1.4810802
[10] S. P. D. Mangles et al., “Monoenergetic beams of relativistic electrons fro
laser—plasma interactions”, Nature, vol. 431, pp. 535-538, 2004. do0i:10.1038/nature02
[11] C. Benedetti et al., “Numerical investigation of electron self-injection in the
ubble regime”, Phys. Plasmas., vol. 20, p. 103108, 2013. doi:10.1063/1.4824811
2] O. Lundh, C. Rechatin, J. Lim, V. Malka, J. Faure, “Experimental Me
ectron-Bunch Trains in a Laser-Plasma Accelerator”, PRL, vol. 110, p
i:10.1103/PhysRevLett.110.065005




References

[13] G. Fiore et al., “On cold diluted plasmas hit by short laser pulses”, Nu
Instr & Meth. in Phys. Res. A, wvol. 909, pp. 41-45 201
doi:10.1016/j.nima.2018.03.038

[14] G. Mourou et al., “Single Cycle Thin Film Compressor Opening the Door
to Zeptosecond-Exawatt Physics”, EPJ, vol. 223, pp. 1181-88, 2014.
doi:10.1140/epjst/e2014-02171-5

[15] G. |. Dudnikova, T. V. Liseykina, V. Yu. Bychenkov, “Paral-lel algorithms for
numerical simulation of propagation of an electromagnetic radiation in plasma’
Comp. Techn., vol. 10, p. 37, 2005.




Acknowledgments

This work is supported by National Research Foundation of
Ukraine “Leading and Young Scientists Research Support’
grant agreement # 2020.02/0299.




Thanks you for your attentio




