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Using 2d3v code LCODE, the numerical simulation of nonlinear wakefield excitation in plasma by shaped rela-
tivistic electron bunch with charge distribution, which increases according to Gaussian charge distribution up to
the maximum value, and then decreases sharply to zero, has been performed. Transformer ratio, as the ratio of the
maximum accelerating field to the maximum decelerating field inside the bunch, and accelerating the wakefield
have been investigated taking into account nonlinearity of the wakefield. The dependence of the transformer ratio
and the maximum accelerating field on the length of the bunch was investigated with a constant charge of the
bunch. It was taken into account that the length of the nonlinear wakefield increases with increasing length of the
bunch. It is shown that the transformer ratio reaches its maximum value for a certain length of the bunch. The
maximum value of the transformer ratio reaches six as due to the profiling of the bunch, and due to the non-

linearity of the wakefield.
PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

The accelerating gradients in conventional linear
accelerators are limited to 100 MV/m [1], partly due to
breakdown. Plasma-based accelerators have the ability
to sustain accelerating gradients which are several or-
ders of magnitude greater than that obtained in conven-
tional accelerators [1, 2]. As plasma in experiment is
inhomogeneous and nonstationary and properties of
wakefield changes at increase of its amplitude it is dif-
ficult to excite wakefield resonantly by a long sequence
of electron bunches (see [3, 4]), to focus sequence (see
[5 - 10]), to prepare sequence from long beam (see [11 -
13]) and to provide large transformer ratio TR (see
[14 - 20]). Providing a large TR is also being studied in
dielectric accelerators (see [21 - 26]). In [4] the mecha-
nism has been found and in [27 - 31] investigated of
resonant plasma wakefield excitation by a nonresonant
sequence of short electron bunches. Due to the rapid
development of laser technology and physics [1, 2, 32 -
39] laser-plasma-based accelerators are of great inter-
est now. Over the past decade, successful experiments
on laser wakefield acceleration of charged particles in
the plasma in blowout regime have confirmed the rele-
vance of this acceleration [30 - 33, 40]. Evidently, the
large accelerating gradients in the plasma accelerators
in blowout regime allow to reduce the size and to cut
the cost of accelerators. Another important advantage
of the plasma accelerators in blowout regime is that
they can produce short electron bunches with high en-
ergy [32]. The formation of electron bunches with
small energy spread was demonstrated at intense laser-
plasma interactions [41]. Electron self-injection in
blowout regime has been studied by numerical simula-
tions (see [37]). Processes of a self-injection of elec-
trons and their acceleration have been experimentally
studied in a plasma accelerator [42].

The problem at laser wakefield acceleration is that
laser pulse quickly destroyed because of its expansion.
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One way to solve this problem is the use of a capillary
as a waveguide for laser pulse. The second way to solve
this problem is to transfer its energy to the electron
bunches which as drivers accelerate witness. A transi-
tion from a laser wakefield accelerator to plasma wake-
field accelerator can occur in some cases at laser-
plasma interaction [43].

With newly available compact laser technology [44]
one can produce 100 PW-class laser pulses with a sin-
gle-cycle duration on the femtosecond timescale. With
a fs intense laser one can produce a coherent X-ray
pulse. Prof. T. Tajima suggested [45] utilizing these
coherent X-rays to drive the acceleration of particles.
Such X-rays are focusable far beyond the diffraction
limit of the original laser wavelength and when injected
into a crystal it interacts with a metallic-density elec-
tron plasma ideally suited for laser wakefield accelera-
tion [45]. In [46 - 50] it has shown that at certain con-
ditions the laser wakefield acceleration is added in
blowout regime by a beam-plasma wakefield accelera-
tion.

In [51] point self-injected and accelerated electron
bunch was observed in blowout regime.

The wakefield excitation in a plasma and its appli-
cation for particle acceleration avoids the problem of
breakdown in the metal structures of accelerators when
fields exceeded the value 100 MV/m and creates accel-
erating gradients which are of considerably higher in-
tensity [2, 4, 52 - 54].

The efficiency of electron acceleration by a wake-
field excited in a plasma by a sequence of electron
bunches is determined by the transformer ratio (TR)
[16 - 18, 21 - 23, 55 - 70]. The TR is the ratio of energy
acquired by the witness to energy lost by the driver.
Approximately, the TR can be defined as TR=E,/E 4.
Where E,. is the maximum accelerating field after the
driver bunch (at the end of the first or second bubble).
And Eg. is the maximum decelerating field inside
driver bunch.
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Earlier in [60] it was shown that in the linear case,
using an Gaussian bunch, the TR does not exceed
TR<2.

In this work, using a non-linear version of the 2d3v
code lcode, numerical simulation of excitation of a non-
linear (blowout or bubble mode) wakefield in a plasma
by a shaped relativistic electron bunch was performed.
Also, the TR was investigated. In a shaped electron
bunch, the charge density along it in the longitudinal
direction increases approximately in Gaussian (by co-
sine) from a zero to maximum, and then abruptly
breaks off. The dependence of the accelerating field and
TR on the length of the bunch &, is studied when the
bunch length &, changes from 0 to the length of the
nonlinear wake (bubble), 0<&,<An =2A. Here A is the
linear wavelength. It is taken into account that the
length of the nonlinear wakefield increases when the
length of the bunch increases. In a strongly nonlinear
regime, this problem cannot be solved analytically.
Therefore, it was investigated using a nonlinear version
of the code Icode with a constant charge of the bunch.

For numerical simulation parameters have been se-
lected: relativistic factor of bunch equals y,=1000. The
electron plasma frequency is cope=(4rmre2/me)” 2. We
consider the bunch, electrons in which are distributed
according to Gaussian in the transverse direction along
the radius. E&=Vyt-z, V,, is the bunch velocity. Time is
normalized on cope'l, distance — on ¢/, density — on
n,, current I, — on I,=nmc’/4e, fields — on (41'mrczme)” 2,

We use the cylindrical coordinate system (r, z) and
draw the plasma and beam densities and longitudinal
electric field at some z as a function of the dimen-
sionless time T=w,t.

The longitudinal coordinate &=z-Vyt is normalized
on M2mw. The values of the E,, F; and Hy are normalized
on mcwy/e. Where e, m are the charge and mass of the
electron, ¢ is the light velocity, o, is the electron
plasma frequency.

We do not take into account the longitudinal dy-
namics of the bunches, because at the times and ener-
gies of the beam according to

av,(r) 1 dVr(r)Ocl

dr vnoodr oy,

radial relative shifts of beam particles predominate. V,,
V, are the longitudinal and radial velocities of the elec-
tron bunches, v, is the relativistic factor of the bunch.

The aim of the paper is the demonstration by the
numerical simulation that the TR — an important value
in the wakefield method of acceleration of electron
bunches, can be increased by a factor of three due to the
profiling of the electron-driver-bunch and due to the
non-linearity of the excited wakefield.

INVESTIGATION
OF THE TRANSFORMER RATIO

We consider wakefield excitation in the plasma by
the bunch near the injection boundary, since the bunch
is deformed when the penetration into the plasma is
deep. The main purpose of this work — to consider fac-
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tors which can increase the TR when the bunch excites
wakefield in plasma. It is also an important task to
search for the optimal length of the bunch to obtain the
highest TR.

In Fig. 1 the dependence of the value of the TR on
the bunch length is shown for the case of the first bub-
ble.

The value of the TR increases almost linearly with
increase of the length of the bunch, until the length of
the bunch reaches 1.125A. But then after a local maxi-
mum at a bunch length of 1.125X the TR increases with
bunch length increase. The largest value of the TR is
achieved when the bunch length equals 7A/4. L.e. the
largest TR is achieved through the interval of the
length of the bunch, approximately equal A/2. One can
see in Fig. 1 that the TR reaches maximum value
TR'¥'~5.25 when the bunch length equals to 7A/4 for
the first bubble in the nonlinear regime for profiled
bunch. Further increase of a bunch length leads to a
decrease of the transformer ratio.
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Fig. 1. Dependence of the transformer ratio
on the length of the bunch for the 1st and 2nd bubble
(normalized by the wavelength of a linear wakefield)

Thus, we can state that the length of the bunch 7\/4
is the optimal length from the point of view of the effi-
ciency of electron acceleration by the excited wakefield,
namely by the wakefield at the end of the first wake
bubble. A is the wavelength of the linear wakefield.

Further, we consider the TR for the second bubble.
One can see in Fig. 1 that in this case the TR behaves
in a similar way, as in the case of the first bubble. First,
TR increases almost linearly with increasing of the
length of the bunch, until the bunch length reaches the
value of 3A/4. After that one can see the maximum
when the length of the bunch reaches 7A/4 (the interval
from the first maximum is A). When the length of the
bunch reaches 1.125X, in the both cases of the first and
the second bubble, small (relative to the main maxi-
mum) jump of the value of the transformer ratio is ob-
served.

Further, after the TR maximal value at length of the
bunch 7A\/4 the transformer ratio decreases. For the
second bubble, the maximum TR for the bunch length
7M4 is equal to TR™=~6.00. For the subsequent (after
the first) bunches, the TR can increase at certain condi-
tions. This can occur due to the accumulation (summa-
tion) of the wakefield at approximately the same the
decelerating field for all bunches.
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Moreover, it is remarkable that the maximums of
the TR are observed at the same length of the bunch
after the first and the second bubbles. This leads to the
possibility to accelerate two bunches: one bunch at the
end of the first bubble, and the second bunch at the end
of the second bubble, placing them to the maximum
accelerating fields at the bunch length equal to 7A/4.

Further, the dependence of the accelerating field
from the length of the bunch in the nonlinear regime
was studied for the shaped driver-bunch (Fig. 2). It is
observed that the amplitude of the excited nonlinear
wakefield decreases (in absolute value) when the length
of the bunch increases, similarly to the case of a linear
wakefield with an unformed bunch investigated by
other authors [55].
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Fig. 2. Dependence of the accelerating field

on the length of the bunch for the st bubble

This is determined by the finite length of the con-
sidered bunch. Indeed, each point of the bunch excites a
field whose distribution can be approximately described
by a semi-cosine. However, since the fields are excited
at different points, some of them are in antiphase and
suppress each other. Therefore, the amplitude of the
accelerating field decreases with increasing length of
the bunch.
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Fig. 3. Dependence of the accelerating field
on the length of the bunch for the 2nd bubble

In the case of the second bubble (Fig. 3), a similar
dependence is observed: in absolute value, the ampli-
tude of the accelerating field decreases. However, in the
case of the second bubble, the amplitude of the acceler-
ating field is initially larger than the amplitude of the
accelerating field in the case of the first bubble. Strictly
speaking, this leads to an increase of the maximum
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value of the TR in the case of the second bubble. The
excess of the maximum accelerating field after the sec-
ond bubble over the accelerating field after the first
bubble can be explained by the inertness of the plasma
electrons, which received a pulse from the driver
bunch; and by influence of the space charge of the
driver bunch.

In our case, when the length of the bunch increases
with a fixed charge of the bunch, i.e. with a fixed num-
ber of electrons in the bunch, when electron density in
the bunch n, decreases, the bubble lengthens Fig. 4,a,b.
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Fig. 4. Spatial distribution of the density of plasma
electrons. The figure above (a) is for a bunch length
equal to 0.25-w. The figure below (b) is for the length

of the bunch, equal to 3.75 ©

In addition, the dependence of the decelerating field
on the length of the bunch was investigated (Fig. 5).

One can see from Fig. 5 that the dependence of the
decelerating field on the length of the bunch is a func-
tion that decreases monotonically with increasing of the
length of the bunch.
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Fig. 5. Dependence of the decelerating field

on the length of the bunch
CONCLUSIONS

Thus, we can state the following. In this paper, it
was demonstrated by numerical simulation that the
transformer ratio at the wakefield excitation by a bunch
of relativistic electrons increases due to the profiling of
the bunch, and also due to the nonlinearity of the ex-
cited wakefield. The value of the transformer ratio after
the second bubble exceeds the transformer ratio after
the first bubble. It is shown that for certain values of
the length of the bunch, the transformer ratio reaches a
maximum value exceeding the transformer ratio in the
linear case in the absence of shaping of the bunch. The
dependence of the accelerating and decelerating fields

ISSN 1562-6016. BAHT. 2020. Ne3(127)



on the length of the bunch were also investigated and
they were established that the obtained dependences
agree with the theoretical assumptions.
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MAKCHUMAJIbHBIA KO3®®UIIUEHT TPAHC®OPMAIIAU ITPU BO3BYKJIEHUU
HEJIMHEMHOI'O KWJIBBATEPHOI'O MOJIS B IVIASME SJEKTPOHHBIM CT'YCTKOM
C ITIOJIYTAYCCOBCKUM PACIIPEAEJEHUEM 3APAIA

A.C. bonoap, B.H. Macnos, H.H. Onuwenko

HUcnons3yst kon LCODE, nposenu 2d3v yucineHHOEe MOAETUPOBaHHE BO30Y)KACHHSI HEINMHEWHOW KUIIbBATEPHON
BOJIHBI B IUIa3Me NPO(QHIMPOBAHHBIM PENSTHBUCTCKUM SJIEKTPOHHBIM CT'YCTKOM C IDIOTHOCTBIO 3apsja, HapacTaro-
el mo 3akoHy [aycca 1O MakcMManbHOIO 3HA4YEeHUs, a TOTOM pe3Ko oOpkiBatomeiics g0 Hymst. Koaddunment
TpaHcopMaluy, Kak OTHOIICHHE MaKCUMaJbHOIO YCKOPSIOIIEro IMOoJisi K MAaKCHMAJIbHOMY TOPMO3SIIEMY MO0
BHYTPU CT'yCTKa, U YCKOPSIOIIee I0JIe UCCIIEIOBAHbl C yU€TOM HEMHEHHOCTH KWIbBaTepHOH BosiHBL MccnenoBana
3aBHCHMOCTH KOd(QHIIMEHTa TpaHCPOPMAIIMU U MaKCUMAaJIbHOTO YCKOPSIOIIETO OIS OT JUIMHBI CTYCTKA MPU HEeH3-
MEHHOM 3apsiJie CTYCTKa. Y YHTHIBAIOCH, YTO JUIMHA HENMHEWHOW KUIIbBATEPHOIN BOJIHBI YBEUUUBACTCS C yBEIHUeE-
HHUeM JUIMHBI cryctka. [lokazaHo, uyTo Ko3dduimeHT TpaHCchOpMalMU NOCTUTAET MAKCHMAJIbHOTO 3HAYSHUS MpPU
HEKOTOpO# JUTMHE crycTka. MakcuMmabHoe 3HaueHne Ko GuurueHTa TpaHchopMaliy JOCTHIaeT MIECTH Kak 3a CYeT
po(UIMPOBaHUS CTYCTKa, TaK U 32 CYET HETMHEHHOCTH KWJIbBATEPHOMN BOJTHBIL.

MAKCHUMAJIbHUM KOE®IIIEHT TPAHC®OPMAIIIL ITPH 35YKEHHI
HEJITHIMHOI'O KNIbBATEPHOTI'O 110JIA B IJIA3MI EJTEKTPOHHUM 3I'YCTKOM
3 HAIIIBI'AYCIBCBKHUM PO3IIOAIJIOM 3APALY

M.C. bonoap, B.I. Macnose, I.M. Oniwienko

BuxopucroBytoun xox LCODE, npoenu 2d3v uncenbHe MozentoBaHHs 30Y/KEHHS! HEJIHIMHOI KijbBaTepHOI
XBHWII B IIa3Mi MPOQiIbOBAHUM PENATHBICTCHKUM €JIEKTPOHHHM 3TYCTKOM 3 IIUIBHICTIO 3apsiiy, sSika HapocTae Mo
3aKkoHy ['ayca 10 MakCUMaJbHOIO 3Ha4YEHHs, a TOTIM Pi3K0O 3MEHIIyeThes 1o Hymsl. KoedinieHT Tpanchopmariii, sk
BiJTHOIIICHHSI MaKCUMAaJIbHOT'O TPHCKOPIOIOYOro IMOJIsl 10 MaKCHMAJIBHOTO TallbMYIOUOT'O TMOJNSI BCEPEHHI 3ryCTKa, i
TIPUCKOPIOIOYE MOJIE JOCIIHKEH] 3 ypaxyBaHHIM HEJiHIHHOCTI KiTbBaTepHOI XBHII. JlocimimKkeHo 3anexHicTh koedi-
uieHTa TpaHchopManii i MaKCUMaJIbHOTO TIPHCKOPIOIOYOTrO OIS BiJl JOBKUHU 3TYCTKA IPH HE3MIHHOMY 3apsifi 3ry-
cTka. BpaxoByBaiocs, 110 JOB)KHHA HETIHIWHOT KiTbBaTepHOI XBUIIi 30LIBIIYETHCS 31 301IBIIIEHHSM JTOBKUHU 3TYCT-
ka. [TokazaHo, 1m0 koedimieHT TpaHchopMalii JOCsIra€ MaKCUMATbHOTO 3HAYCHHS IMPH ACAKIA JOBXKHUHI 3TyCTKa.
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MakcumainbsHe 3HaueHHsI KoedilieHTa TpancopMaliii Jocirae MIeCTH sIK 3a PaxyHOK MPOQUIIOBaHHS 3TyCTKa, TaK i
3a paXyHOK HENiHIHHOCTI KiJIbBATEPHOI XBUIII.
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