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Plasma wakefield excitation by shaped laser pulse, the intensity of which slowly increases up to its maximum in longitudinal
direction according to cosine and sharply cuts off at the tail of the pulse, is numerically simulated with the purpose to increase the
transformation ratio. The transformation ratio determines the maximum energy, to which electrons can be accelerated, and it is
estimated by the ratio of the amplitude of the wake wave after the pulse and the amplitude of the plasma perturbation within the
pulse. The length of the shaped laser pulse is selected to be longer than the plasma wavelength. The radius of the pulse is selected to
be much smaller than its length. It is shown that for the considered type of laser pulse shaping with these parameters the
transformation ratio can be much larger than the limiting value of two, which follows from Wilson theorem developed for particle
bunch, and which corresponds to any symmetric particle distribution in a bunch.
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KOE®IIIEHT TPAHC®OPMALILL IIPH 35Y/)KEHHI KIIbBATEPHOI'O I1OJIA B IVIA3ZMI IPO®LIBOBAHUM
JJABEPHUM IMITYJIbCOM I3 HAPOCTAKOYOIO 3A KOCUHYCOM IHTEHCHUBHICTIO
B.I. Macaos, O.M. CBucTYH
Hayionanenuii naykosuii yenmp «Xapxiscokuil Qizuxo-mexniynuti incmumymy HAHY
8yn. Axademiuna, 1, Xapxis, 61108, Yrpaina

[Iposeneno 2d3v-uncioBe MoaemoBaHHs 30yKEHHS KUTEBATEPHOTO MO Y IUIa3Mi IPOQIIbOBAHIM JIA3EPHUM IMITYJILCOM i3 METOIO
30ibIIeHHS KoedinieHTa TpaHcdopmariii. [HTeHCHBHICTE J1a3epHOTO IMITyJIbCy MOBUIBHO HApPOCTAa€ 32 KOCHHYCOM Y IO3JIOBXKHBOMY
HanpsMKy Bil NepeIHbOro (GPOHTY 0 MaKCUMyMy i MOTIM pi3ko oOpuBaeThcs Ha 3amHboMy (poHTi. KoediuieHT Tpancdopmarii
BU3HAYa€ MaKCHMaJbHY EHEprio, OO0 sIKOI MOXYTb OYTH HpPHUCKOPEHI EIIEKTPOHH, 1 OILIHIOETHCS BIAHOIICHHSAM aMILITYIu
KUTbBaTEepHOI XBWJI MICHSA IMITYJIbCY 1 aMIUTITyIu 30ypeHHS IJIa3MH BCEpPEeIuHI iMIysbCy. [loBxkHHA MpOQiIbOBaHOTO JIa3epHOTO
IMIyJbCy BHOpaHa TaKUM YMHOM, 100 OyTH OiNBIIOIO 3a TUIA3MOBY IOBXKHHY XBHIi. Pamiyc iMmynbcy BuOpaH Tak, mo0 OyTH
Habarato MeHIUM Horo foBXuHHU. [lokazaHO, IO 3 TAKMMM IapaMeTpaMH Ta THIOM IPO(]iTIOBAHHS JIA3€PHOTO IMITYNBCY, IO
posrisinaeTsesi, KoeilieHT TpaHC(OpMaIlil 3HAYHO IEpeBHIIye I'paHUYHE 3HA4YeHHSA 2, IO BHUIUIMBA€E 3 TeopeMH BinbcoHa, sxa
PO3BUHEHA JUIS 3TYCTKY 3apsi/DKEHHX YacTHHOK, 1 BIAIOBifae BHIIAIKy 30y/DKEHHS KUTbBaTEpHOI XBWII y IUIa3Mi 3TyCTKOM i3
CHMETPUYHHIM PO3IOAITIOM 3aps/KEHUX YaCTHHOK.

KJIFOYOBI CJIOBA: 30ymKeHHS KibBaTEPHOTO MOJS Yy IJia3Mi, Ja3epHHU IMIyJbC, KOoedillieHT TpaHcopMallii, YucioBe
MOJICITIOBAaHHSI, ACUHMETPHYHHI PO3IIOILT

KOS®OPUILHUEHT TPAHC®OPMAIINU TP BO3BYKIEHUU KWJIIBBATEPHOI'O ITOJISA B IIVIABME
MPO®UINPOBAHHBIM JIASEPHBIM UMITYJIbCOM C HAPACTAIOIIEM ITO KOCUHYCY
HMHTEHCHUBHOCTBIO
B.A. Macaos, E.H. CBuctyn
Hayuonanvhuuii nayunwlii yenmp «Xapvrosckuii pusuxo-mexuuueckutl uncmumymy HAHY
ya. Akademuueckas, 1, Xapwvros, 61108, Yrpauna
IIpoBeneno 2d3v-uncieHHOE MOAENTUPOBAaHHWE BO30YKACHHS KWIBBATEPHOTO MO B IUIa3Me HPOQHIMPOBAHHBIM JIa3€PHBIM
HMITYJIbCOM C LIENbI0 YBeNnueHus koddduimenrta Tpancopmaruu. NHTEHCHBHOCTD J1a3epPHOTO UMITYJIbCa MEIJICHHO HApacTaeT 1o
KOCHHYCY B TPOJOJBHOM HAmpaBICHUH OT MepeaHero (poHTa 10 MaKCHMyMa M 3aTeM Pe3KO OOpbhIBaeTCsl y 3aaHEro (poHTa.
Koadduipentr tparchopmanuu omnpenensieT MaKCHMAIbHYI0 JHEPTHIO, A0 KOTOPOW MOryT OBITh YCKOPEHBI JIEKTPOHBI, U
OIICHUBAETCS OTHOIICHHEM AaMIUTUTYABl KWIIFBATEPHOH BOJHBEI TIOCIE HMITYJIbCA M aMIUTUTYIbl BO3MYIICHHS IUIa3Mbl BHYTPHU
nmITyibea. JHa pogrIMpoBaHHOTO JIA3epHOTO MMITYJIbca BBIOpaHa TakuM 0Opa3oM, 4TOOBI OBITH OOJbIE IUIa3MEHHON JUTHHBI
BOJIHEL. Pannyc nmirynbca BEIOpaH HAMHOTO MEHBIIUM €ro JUIMHEL [loka3zaHo, 4TO IS paccMaTpHBAaEMOro THIA MPO(UINPOBAHUS
JIa3epHOT0 MMITYJIbCA C TAaKMMH NapaMeTpaMu, KodpduiueHT TpaHchopManuy 3HaYUTEIBHO NPEBBINIAET MpPeIesIbHOE 3HAYCHUE 2,
Clieqyroliee M3 TeopeMbl BHIIbCOHA, Pa3BUTOH Ul CrycTKa 3apsDKCHHBIX YacTHI, M COOTBETCTBYIOIIEH Ciiydaio BO30YKICHHS

KWJIBBAaTEPHOI BOJIHBI B ITa3Me CTYCTKOM C CHMMETPUYHBIM Paclpeie/ieHHeM 3apsDKCSHHBIX YaCTHII.
KJIFOYEBBIE CJIOBA: B030yxIeHHE KWJIBBAaTEPHOTO MOJIS B IUIa3Me, JIA3epHBIH HMIYJbC, KOXPPHUIUEHT TpaHCHOpPMAINH,
YHCIIEHHOE MO/IETIMPOBAaHNE, ACHMMETPHYHOE pacipe/le/icHHe

For many applications it is important to obtain the beams of high-energy accelerated particles. One of the most
effective and promising method for formation of such beams is the acceleration of charged particles in wakefield
excited in the plasma by an intense laser pulse[1 — 7]. However, if the laser pulse length does not exceed the length of
the plasma wave, the level of plasma perturbations in the laser pulse region and after it (in the wake) are close. The
latter leads to the dissipation of the laser pulse on a relatively small spatial interval [8]. In this paper we numerically
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examine the physical mechanism of increase of the product of the longitudinal accelerating electric wakefield and the
length of the spatial interval in which this field is excited. This product is proportional to the transformation ratio. The
transformation ratio can be estimated by the ratio of the amplitude of wake wave behind the laser pulse to the maximum
plasma perturbation within the laser pulse. The transformation ratio is always less than or equals 2 for any symmetric
particle bunch distribution [9]. We suppose that it is correct for laser pulse. The transformation ratio can be increased by
altering the distribution of the driving bunch [9 — 11], the length of which is longer than the plasma wavelength. In
papers [9, 10] mechanisms of increase of the transformation ratio are considered for the case of the plasma wakefield
excitation by shaped electron bunch. The question arises about possibility of the transformation ratio increasing at the
plasma wakefield excitation by shaped laser pulse. To examine the mechanism of plasma wakefield excitation by
shaped laser pulse, the intensity of which slowly rises in longitudinal direction according to cosine and sharply cuts off
at the tail of the pulse, we numerically simulate the laser pulse interaction with the plasma on the basis of kinetic model.
We present the results of fully relativistic electromagnetic two dimensional particle — in — cell simulation, which was
performed by a modified version of the UMKA2D3V code (Institute of Computational Technologies) [12 — 14]. The
geometry of the considered problem, the parameters of the laser pulses and plasma are as follows. A computational
domain (X, y) has a rectangular shape with the following dimensions: 0 <x <300A and 0 <y <501, A is the laser pulse
wavelength. The number of particles per cell is 8 and the total number of particles is 596:10*. The simulation of each
considered case carried out up to 300 laser periods. The period of the laser pulse ty = 2m/w,, where w, is the laser
frequency. The s-polarized laser pulse enters the computation region which is filled with uniform plasma from the left
boundary and is incident normally on the plasma. The plasma density no=0.01016n., where n. is the critical plasma
density. All considered laser pulses have an asymmetric distribution in which the pulse intensity in the longitudinal
direction rises gradually according to cosine from the front of the pulse toward the peak and then falls off sharply. All
pulses have a Gaussian profile in the transverse direction. The longitudinal dimensions of the laser pulses are selected to
be longer than the plasma wavelength and are equal to 30X\ at half maximum. The transverse dimensions of the pulses
are selected to be less than the length of the pulse and FWHM (full width at half maximum) = 8\. The considered laser
pulse is fully entered in the plasma at the time t = 75t;. The simulations were performed for normalized amplitudes of
the laser vector potential, by = eEo/(m.cwg) =3, 4, 5,6, 7,8,9, 10, 11, 12 and 21 where e is the electron charge, Eyg is
the electric field amplitude, m, is the electron mass, ¢ is the speed of light. Below coordinates x and y, time t, electric
field amplitude E, and electron plasma density n, are given in dimensionless form in units of A, 27/wy, m.cwy/(27we),
m.m,*/(167°e?), correspondingly.

The main aim of this work is the research of the possibility of an increasing the transformation ratio in the Laser
Plasma Wakefield Acceleration scheme. For this purpose, a numerical simulation of the wakefield excitation in the
plasma by a laser pulse with an asymmetric intensity distribution was carried out.

WAKEFIELD EXCITATION IN PLASMA BY SHAPED LASER PULSE

At first we consider the wakefield excitation by one shaped laser pulse with a low intensity by =3 and b, =4. In
the case of a laser pulse with an intensity b, = 3 after 120 laser periods (t = 120ty) from the beginning of the interaction
the transformation ratio is equal to 3.8. The transformation ratio reaches a maximum value at the time t = 160t, and it
equals 4.3 (Fig. 1). The transformation ratio equals 5.9 at the time t = 120t, in the case of wakefield excitation in the
plasma by a laser pulse with an intensity by =4 (Fig. 2). The bunch of accelerated electrons is formed after 160 laser
periods (Fig.3) and destroyed after 280 laser periods. If an intensity of the laser pulse is byp=25 then the
transformation
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Fig.1. Longitudinal component of the wakefield E, excited by Fig.2. Longitudinal component of the wakefield E, excited by
one laser pulse with intensity by = 3 at the time t = 160t one laser pulse with intensity b, = 4 at the time t = 120t
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Fig.3. Wake perturbation of plasma electron density, excited by one laser pulse of low intensity by = 4 at the time t = 160t,

ratio reaches the value 6.26 at the time t = 120t, and the accelerated electron bunch, which was formed after 160 laser
periods, is not destroyed up to t = 300t,. When the plasma wakefield is excited by a laser pulse with an intensity by = 6,
the transformation ratio reaches a value 7 after 80 laser periods from the beginning of the interaction and is equal to
5.65 at the time t=120t,. In the case of wakefield excitation by the laser pulse with an intensity by=7 the
transformation ratio is equal to 5.6 at the time t = 80ty and equals 6.3 after 120 laser periods (Fig.4). Also the formation
of explicit bunch of accelerated electrons occurs after 160 laser periods for cases of laser pulses with an intensity by = 6
and by = 7 (Fig.5), at this time, the transformation ratios are equal to 3.4 and 5.2, respectively. The transformation ratio
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Fig.4. Longitudinal component of the wakefield E,
excited by one laser pulse with intensity b, = 7 at the
time t = 120t,

Fig.5. Wake perturbation of plasma electron density, excited by one laser
pulse with intensity b, = 7 at the time t = 160t,

equals 5.8 at the time t = 80ty and 7.4 at the time t = 120t, in the case of plasma wakefield excitation by a laser pulse
with an intensity by = 8. If the intensity of the laser pulse equals by =9 then the transformation ratio is equal to 6.2 after
80 laser periods and is equal to 7.9 after 120 laser periods. The transformation ratio reaches the value 7.6 at plasma
wakefield excitation by the laser pulses with intensities by = 10 (Fig.6) and by = 11 (Fig.7). However, for these cases at
the time of formation of the accelerated electron bunch (t=160ty) transformation ratio equals 4.4 and 5.5,
correspondingly.
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Fig.6. Longitudinal component of the wakefield E, excited by
one laser pulse with intensity by = 10 at the time t = 120t,

Fig.7. Longitudinal component of the wakefield E, excited by
one laser pulse with intensity by = 11 at the time t = 120t,
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Now we consider wakefield excitation by a laser pulse of large intensity by = 12. The transformation ratio is equal
to 6 after 80 laser periods from the beginning of the interaction and reaches the maximum value 9 at the time t = 120t
(Fig. 8). The accelerated electron bunch is formed after 160 laser periods (Fig. 9), and is not destroyed up to t = 300t,

(Fig. 10).
0.10
0.05
0.00
-0.05
w .10
-0.15
-0.20
-0.25

50

40

30

20

10
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Fig.9. Wake perturbation of plasma electron density, excited by one laser pulse
of large intensity by = 12 at the time t = 160t,
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Fig.10. Wake perturbation of plasma electron density, excited by one laser pulse of large intensity b, = 12 at the time t = 300t

When the laser pulse of large intensity by = 21 excites the wakefield in the plasma, the transformation ratio reaches
the value 7.6 at the time t = 120t (Fig. 11). In this case the formation of accelerated electron bunch occurs at the time
t = 180t, (Fig. 12), in addition, we observe the formation of a sequence of quasi bunches of electrons (Fig. 13).
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Fig.13. Wake perturbation of plasma electron density, excited by one laser pulse of large intensity by = 21 at the time t = 280t
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CONCLUSIONS
It is shown that for an asymmetric laser pulse distribution in which the pulse intensity rises gradually according to
cosine from the front of the pulse toward the peak and then falls off sharply behind the peak, the transformation ratio
can be much larger than two. The numerical simulation shows that, in order to reach the value of the transformation
ratio larger than two, it is necessary that the length of the exciting pulse be greater than the plasma wavelength. In
addition, the pulse radius must be much less than the pulse length. Finally, the numerical simulation of the laser plasma
wakefield excitation indicates that for a given driving pulse, the bunch of accelerated electrons is formed.
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