https://doi.org/10.46813/2024-151-055

ON WAKEFIELD ACCELERATION IN INHOMOGENEOUS PLASMA

D.S. Bondar*?, V.1. Maslov*?, I.N. Onishchenko®
'NSC “Kharkov Institute of Physics and Technology”, Kharkiv, Ukraine;
2\/.N. Karazin Kharkiv National University, Kharkiv, Ukraine;
3Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
E-mail: bondar.ds@yahoo.com

In laser-plasma wakefield acceleration, an actual and widely studied issue is the obtaining small self-injected
bunches and enhancement of their energy and accelerating gradient by variation the parameters of laser pulses and
plasma. In particular, using the special plasma profiles has a significant effect. Earlier it has been shown that with a
longitudinal linearly increasing plasma density profile, due to compression of the wakefield bubble, synchronism of
the maximum accelerating field at the rear wall of the wakefield bubble and the self-injected bunch is achieved. In
this work, the wakefield acceleration in a non-monotonically inhomogeneous plasma was investigated by numerical
simulation using the OSIRIS code. In the first short section, the plasma density decreases, which ensures controlled
self-injection of the electron bunch even at a low intensity of the laser pulse. Then, in a long section, the plasma
density increases in order to prolong the time of movement of the self-injected bunch in the wakefield acceleration
phase and increase the energy of the bunch. The article shows an increase in the effect of energy growth and an in-
crease in the bunch charge compared to the previously obtained results. In addition, the effects of the formation of
self-injected bunches with their subsequent retention for lasers of lower amplitude than in previous studies have

been demonstrated, which expands the experimental possibilities.

PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

The study of fields and self-injected bunches in
high-density plasmas by high-power lasers has long
been regarded as a promising area of research in which
extremely large amplitudes of acceleration fields can be
achieved [1-3]. The development of wakefield accelera-
tion methods, especially in high-density plasma, is facil-
itated by the development of physical technologies, in
particular, the creation of powerful laser pulses [4, 5].

Wakefield methods allow the formation, accelera-
tion and focusing of relativistic, high-energy electron
bunches [6-26].

It was previously shown that in an inhomogeneous
plasma, including when using profiling, retention of a
self-injected bunch in the acceleration phase of the
wakefield is observed. The longitudinal inhomogeneity
of the plasma was considered [27, 28].

Inhomogeneous plasma is a pressing issue in modern
research. In particular, it is considered as a negative
effect of plasma inhomogeneity [29]. These early stud-
ies became the forerunner to further developments in the
use of plasma density gradients. In particular, at the
Relativistic Laser Science Centre in the Republic of
Korea, an experiment on wakefield laser acceleration by
a high-power pulse was conducted. The setup involved
generating various gas density profiles by adjusting the
tilt angle of the gas nozzle from 0 to 30°. Additionally,
changes in the inlet pressure and the interaction position
above the nozzle were made to stabilize the electron
beam in terms of pointing, charge, and divergence.
Computational fluid dynamics simulations were used to
obtain the density profiles. The experimental method
allowed for the generation of multiple plasma density
profiles with varying ramp slopes and shapes [30]. Au-
thors of [31] explore the effects of spatially uniform
initial density and linear density ramps on the energy of
ions accelerated by high-intensity laser pulses. By vary-

ing the plasma density profile, the authors analyze the
resulting ion acceleration dynamics and observe the
generation of high-energy ions, with energies reaching
up to 1 GeV under optimal conditions. These studies are
based on simulations and theoretical models to under-
stand how different plasma density profiles influence
the acceleration by lasers.

In [32] inhomogeneous plasma profiles related to the
diffusion of plasma through an aperture in a diverging
magnetic field were studied. Authors focused on observ-
ing the evolution of plasma density and potential under
these conditions.

The article [33] investigates the significant impact of
external focusing on the plasma density and diameter of
femtosecond Ti-sapphire laser filaments generated in
air. The study highlights how plasma density notably
increases from 10™ to 2:10 cm™* as the focal length of
the lens decreases from 380 to 10 cm. This change ac-
companies variations in the diameter of the plasma col-
umn from 30 to 90 um, indicating that external focusing
parameters crucially influence plasma characteristics.
These findings are corroborated by both experimental
results and numerical simulations.

In presented paper, the authors considered wakefield
acceleration by a laser pulse in a high-density plasma.
The scheme of sequential change of density gradients
from decreasing gradient to increasing gradient is real-
ized. Due to this it is possible to improve the quality of
self-injected bunches. The study was carried out using
2.5-dimensional numerical simulation. A modern
OSIRIS code [34] was used.

STATEMENT OF THE PROBLEM

The article proposes to consider the excitation of the
wakefield by a laser pulse in an inhomogeneous plasma.
In this case, it is proposed to consider the formation of a
self-injected bunch in a high-density plasma by a laser
pulse, the amplitude of which is initially insufficient to
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ensure self-injection of electrons from the background
plasma. It is proposed to solve this problem by initially
reducing the density (exponentially with rate
—0.233251) by 65.64%. The parameters are selected
using numerical simulation to demonstrate the effect.
Further, according to the scheme of holding a self-
injected bunch in the acceleration phase, a linear in-
crease in density was ensured. The result was an in-
crease in the energy of the self-injected bunch. The den-
sity profile is shown in more detail in Fig. 1. The
OSIRIS code, which was used for numerical simulation
of the excitation of the wakefield in the plasma by a
laser pulse, is validated and used at a professional scien-
tific level for simulation of wakefield excitation by laser
pulse in plasma [35, 37, 38]. It combines a number of
important advantages [36] that have been used by the
authors to achieve the results: Fully Relativistic Electro-
Magnetic Particle-In-Cell code, High-order particle in-
terpolation, Advanced filtering schemes for currents and
EM fields, Parallel using MPI, Customized plasma and
laser profiles are full available.

The code also allows observe the formation of self-
injected bunches and study their dynamics. All units of
length in the code were normalized to c/my., all time in
cope'l, electric fields: E’ [real un.]=e/(®,.mcc)E [arb. un.],
e is the electron charge, ¢ — speed of light, m, — electron
mass, w,. — plasma frequency. Momenta normalized on
mec, energy — on mcc’. Plasma electron density n, nor-
malized (arb. un.) on 1.74-10" ¢cm™. The dimensions of
the area are from Xpin=20c/®pe t0 Xma=65¢/®p. in the
longitudinal direction and ymin=0, Yma—=20c/®y. in the
transverse direction. Cartesian coordinates (X, y) were
considered. In the figures x1 corresponds to x and x2
corresponds to y. The simulation step in dimensional
units is 2.8y, ", the conversion factor to normalized
units is (Dpe'1=4.25 fs. Laser pulse parameters: amplitude
is 1.5, FWHM is 4.0, w0 (waist) is 2.5. The laser pulse
waist is the location along the beam where the cross-
sectional area is the smallest and the intensity of the
beam is the highest (Fig. 2). The longitudinal and trans-
verse distribution of laser pulse intensity corresponding
to the Gaussian law is considered. Intensity of laser
pulse further from the center than 3¢ is 0.
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Fig. 1. Plasma electron density longitudinal

profile ne(x)

Laser wavelength 4,=800 nm, =100 ©pe=
2.353-10" s™. The total simulation time is 44.8wp "
(190.4 fs). Thus, the parameters correspond to general
trends in the wakefield experiments [35].
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Fig. 2. Laser pulse shape illustration

RESULTS OF SIMULATION

Fig. 3 shows the excitation of the wakefield by the
laser pulse. The plasma electron density is homogene-
ous and equal to 1 in normalized units. Otherwise, the
parameters correspond to those given above. It can be
verified that there is no observed self-injection phenom-
enon. The reason for this is the insufficient amplitude of
the laser pulse. The solution to this problem has already
been announced in the statement of the problem of this
article. The authors used the combined plasma density
profile shown in Fig. 1 (inhomogeneous plasma).
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Fig. 3. Plasma electron density
and longitudinal electric field E,(x), t=190.4 fs.
Uniform plasma. Self-injection absence

Fig. 4 shows the moment of formation of a self-
injected bunch. A comparison of Figs. 1 and 4 shows
that the formation of a self-injected bunch is observed in
the region of an exponential decrease in plasma density,
which confirms the assumption that self-injection can be
achieved on a descending density gradient. Figs. 5, 6
shows the intermediate moment: retention of a self-
injected bunch in the accelerating field region. The syn-
chronization of the self-injected bunch and the acceler-
ating phase of the wakefield is observed due to an in-
creasing density gradient.
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Fig. 4. Plasma electron density and
longitudinal electric field E,(x), t=59.5 fs
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Electron Density and Electric Field at file #12
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Fig. 5. Plasma electron density (full distribution),
longitudinal electric field E,(x), t=142.8 fs
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Fig. 6. Plasma electron density (top is full distribution
and bottom is when y=y,.,/2), longitudinal
electric field Ex(x), t=142.8 fs

In Fig. 7 one can see last step demonstrated in this
simulation. The self-injected bunch is in the acceleration
phase towards the end of the proposed simulation area.

Thus, the considered plasma density profile led to
the formation and retention of a self-injected bunch in
the accelerating phase at its initial absence in the homo-
geneous plasma.

The charge of the bunch did not undergo significant
changes as the bunch moved and is equal to 20 pC.

By the time t=190.4 fs the spatial size of the bunch
is of about 2x0.5 ¢/®p..

From the moment of self-injection, the bunch does
not exceed this size, does not significantly oscillate
along the radius and does not decay.

Comparing the results of the current study with
previous studies [27, 28], it can be concluded that the
current study provides the process of formation and
subsequent retention of a self-injected bunch at laser
amplitudes 2.0 [27] and 3.33 [28] times smaller, which
brings the research topics closer to experimental
realization. In the current study, a 10* times lower
plasma density is considered.
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Fig. 7. Plasma electron density and
longitudinal electric field E,(x), t=190.4 fs

In addition, in the current study, compared to [27,
28] an increase in the bunch charge from 0.56 to 20 pC
(by a factor of 35.7) is observed. Also, an energy
increase of 7.67 times compared to 3.67 times [28] for
the observed time intervals is observed.
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Fig. 8. Kinetic energy when y=yna/2, t=59.5 fs
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Fig. 9. Kinetic energy when y=y,,,/2, t=190.4 fs
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Comparison of Figs. 8, 9 allows us to conclude that
the proposed method allows increasing the energy of the
bunch. In particular, by the time t=190.4 fs a value of
kinetic energy (in normalized units) 11.5 is reached,
which exceeds the formation energy by 7.67 times.
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Fig. 10. Longitudinal component p; of momentum
along x, t=142.8 fs
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Fig. 11. Longitudinal component p; of momentum
along x, t=190.4 fs

In Figs. 10, 11 show the distribution of the longitudi-
nal component of the momentum at y=y,,/2 depending
on the longitudinal coordinate.
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The momentum distribution allows us to state that
by the final moment of the simulation, there is both an
increase in energy and a maximum increase in the max-
imum value of the longitudinal momentum, which
reaches pl=p,=12.3 me at the moment of time
t=190.4 fs.

CONCLUSIONS

In this paper, using a fully relativistic PIC 2.5D nu-
merical simulation code OSIRIS, a study was performed
on a method for providing self-injection, holding a self-
injected bunch in the acceleration phase in order to in-
crease the energy of the self-injected bunch.

A complex plasma profile was considered: first, a
region of decreasing density, due to which the formation
of a self-injection bunch occurred, then a region of in-
creasing density, due to which, according to previous
studies, the synchronization of the self-injected bunch
and the accelerating phase of the wakefield is observed.
As a result, the energy value increases.

By time t=190.4 fs, there was an increase in the en-
ergy of the self-injected bunch by 7.67 times, as well as
an increase to 11.5 in normalized units of the longitudi-
nal momentum of the bunches.

Compared to previous studies, the process of self-
injection and bunch retention observed at a lower laser
amplitude (at least by a factor of 2). A lower plasma
density (10" times) was considered. At the same time, a
significant increase in the bunch charge and 2 times
increase in the energy increasing for the observed time
were investigated.
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JO KIJIBBATEPHOI'O IIPUCKOPEHHA Y HEO)IHOPII[HIFI IJIA3MI
/.C. bonoap, B.1. Macnos, 1. M. Oniwenxo

VY na3epHO-IUIA3MOBOMY KiJIbBATEPHOMY NPHCKOPEHHI aKTyadbHUM 1 IIUPOKO IOCTIIPKyBaHHUM IHTaHHAM €
OTPHUMaHHS MaJIMX CaMOIH)XEKTOBAaHHMX 3T'YCTKIB 1 IiIBUIIEHHS IXHBOI €HEprii Ta MBUAKOCTI MPUCKOPEHHS IUIIXOM
Bapiamii mapaMeTpiB Ja3epHUX IMIYJIbCIB 1 IUIa3MH. 30KpeMa, 3HAuHUH e(eKT mae BHUKOPHCTaHHS CIICI[iaTbHUX
npodiniB mwra3mu. Parime Oyno mokasaHo, o0 IpH MO30BKHROMY JIHIHHO 3p0OCTal0dOMY MPOQLIi TYCTHHH IDIa3MH
32 paxyHOK CTHCHEHHS KiJIbBaTepPHOI OyIbOAIIKH JOCATAETHCS CHHXPOHHICTh MAaKCUMAIBHOTO MPUCKOPIOBAIHLHOTO
TOJISL Ha 3aJHIH CTIHI KiJIbBaTEPHOI OyJILOAIIKY Ta CAMOIHKEKTOBAHOTO 3rycTKa. [1IIsIXoM 4HCIOBOr0 MOJIENIOBaH-
Hs 3 BukopuctanHsaM koxy OSIRIS nocmimkeHo kimbBaTepHE NPUCKOPEHHS Y HEMOHOTOHHO HEOJHOPIAHIN TUIa3mi.
V mepuriii KOpOTKi JUISHIN TYCTHHA TUIa3MH 3MEHIIYEThCS, 10 3a0e31meuye KOHTPOJILOBAHY CAMOIHXKEKIIIIO0 €JIeKT-
POHHOTO 3ryCTKa HaBiTh NPH MaJiil iHTEHCUBHOCTI Ja3epHOro imMmynecy. [IoTiM y qOBriil OUIAHIN I'yCTHHA TUIa3MHU
301IBIIY€ETHCS 3 METOIO0 MOJOBXKEHHS Yacy PyXy CaMOiH)KEKTOBAHOTO 3TYCTKa y (a3l MPUCKOPEHHS KiTbBATEPHOTO
noJs 1 30UIbIIeHHs eHeprii 3rycTka. [lokaszaHo 30inbIIeHHS eeKTy 3pOCTaHHs eHeprii Ta 301JIbIIeHHS 3apsay 3ryc-
TKa TIOPIBHSHO 3 paHillle OTPUMAaHUMHU pe3yiabraTaMu. KpiM TOro, mpoJieMOHCTpOBaHi e(heKTH yTBOPEHHS CaMOiH-
JKEKTOBAHUX 3TYCTKIB 3 TOJAIBIINM iX YTPUMAaHHSM JUIs Jla3epiB MEHIIO! aMILITYIU, HiK Yy HONEepenHiX J0Cii-
JUKEHHSIX, 10 PO3IIHUPIOE eKCIIEPUMEHTAIbHI MOKIMBOCTI.
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