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The multi-bunches self-injection, observed in laser-plasma accelerators in the bubble regime, may be challenging.
Namely, it affects the energy gain of electrons accelerated by laser wakefield. With time the first witness bunches
turn into drivers and contribute to acceleration of the last witness bunches. Thus, the combined joint acceleration
occurs of last self-injected bunches by laser pulse and by first self-injected bunches which have become drivers. It is
shown that the charges of originally self-injected bunches equal more pC, the charges of additionally self-injected
and accelerated bunches with the greatest energy are much less. It is also shown that the energies of additionally self-
injected and accelerated bunches are more than the energies of originally self-injected bunches which have become
drivers. It is demonstrated that originally self-injected bunch in the second wake bubble in the case of injection of a
single laser pulse and in the third wake bubble in the case of injection of short chain of laser pulses after deceleration
is self-cleaned as a result of radial defocusing by transversal fields.

PACS: 29.17.+w; 41.75.Lx
INTRODUCTION

At the laser acceleration of self-injected electron
bunches by plasma wakefield field (LPWA) it is
important to accelerate bunches up to the high energy. In
[1-5] it has shown that at certain conditions in blowout
regime the laser wakefield acceleration of self-injected
electron multi-bunches by plasma wakefield with time is
replaced by a combined joint LPWA acceleration and
beam-plasma wakefield acceleration by first self-
injected electron bunch in each bubble of their short
chain. The purpose of this paper is to study some
properties and dynamics of self-injected electron
bunches, which are accelerated by wakefield electron
bubbles of their short chain, excited by a short laser
pulse. It is shown that in the first and second wake
bubbles of the plasma electrons, excited by the laser
pulse, first on one electron bunches are self-injected and
accelerated under certain conditions, and then after these
bunches the additional electron bunches are self-injected
and accelerated. It has been shown that over time,
initially self-injected bunches become driver-bunches,
while additionally self-injected electron bunches are
accelerated. Initially self-injected electron bunch in the
second wake bubble after deceleration is self-cleaned
due to defocusing by radial fields. Charges of initially
self-injected electron bunches are several pC, and the
charges of additionally self-injected and accelerated
electron bunches with the largest energy are much less.
It is shown that the energies of additionally self-injected
and accelerated electron bunches in the first and second
wake electron bubbles are larger than the energies of the
bunches, originally self-injected and accelerated in the
first and second wake electron bubbles.

Radial dynamics of driver-bunches is important. In
[6, 7] it has been shown that certain radial dynamics of
electron driver-bunches can increase the intensity of the
wakefield excitation. In this paper it is demonstrated in
the case of injection of a single laser pulse and in the
case of injection of short chain of laser pulses that
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originally self-injected bunch in the second wake bubble
after deceleration is self-cleaned as a result of
defocusing by radial fields.

1. PARAMETERS OF THE NUMERICAL
SIMULATION

Results of fully relativistic electromagnetic PIC
simulation by the UMKA 2d3v code [8] are presented.
The short laser pulse or short chain of two short laser
pulses with a wavelength A = 0.8 um is injected into a
homogeneous semi-infinite plasma. The plasma density
is chosen to be equal to ny = 1.8-10*° ¢cm™=0.01016 nc.
Ne=mewo’/4me’ is the critical plasma density, w is the
frequency of the laser pulse. The pulse has a Gaussian
profile in the transverse direction. The laser pulse is
defined with a “cos® distribution in its spatial
longitudinal direction. The longitudinal and transverse
dimensions of the laser pulse are selected to be smaller
the wavelength. The length of the laser pulse at half-
maximum equals to 22, and the width at half-maximum
equals 8\. The intensity of the laser pulse is equal to
I =5.3-10"° W/cm?.

Also the case of injection of short chain of two laser
pulses is considered. The distance between the first and
second laser pulses equals to two lengths of wake
bubble.

The coordinates, time t, amplitudes of electric and
magnetic fields, momentum of electrons, electron plasma
density n, are presented in dimensionless form in units
of A, ty=2m/w, Eq=MeCa/27e, M.C, N;=Meeo’/167°€°.

2. RESULTS AND DISCUSSION

The s-polarized laser pulse is injected from the left
boundary normally on the plasma. A short chain of wake
bubbles is formed by a laser pulse.

Four bunches are self-injected, but at different times.
First, the evolution is developed, studied in [5]. Namely,
firstly 1-st bunch is self-injected into the 1-st bubble, as
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well as 1-st and 2-nd bunches — in 2-nd bubble (Fig. 1)
[5] in case of single laser pulse injection.

In the case of injection of two laser pulses at first 1-
st bunch is self-injected in 1-st bubble, also 1-st and 2-
nd bunches — in 3-rd bubble (Fig. 2).

Fig. 1. Wake perturbation of plasma electron density,
excited by one laser pulse at the time t=105t,
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Fig. 2. Longitudinal momentum of electrons Py (bottom
figure) and wake perturbation of plasma electron
density (top figure), excited by two laser pulses

Fig. 3. Wake perturbation of plasma electron density,
excited by two laser pulses

The charge of 1-st bunch in 1-st bubble
approximately equals 3pC. The charge of 1-st bunch in
3-rd bubble in the case of injection of two laser pulses
(Fig. 3) approximately equals 2.4pC.

After acceleration the 1-st bunches in 1-st and 2-nd
bubbles are decelerated, keeping together with the laser
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pulse the bubbles for acceleration of the 2-nd bunch in
2-nd bubble.

Last accelerated bunch in the 2nd bubble is in larger
average accelerating field, compared with the average
accelerating field for the 1st bunch in the 2nd bubble at
the stage of its acceleration. As a result of comparing
Fig. 4 and Fig. 5 one can see that the energy of the last
accelerated bunch is in 2 times more than the maximum
energy of the 1st bunch in the 2nd bubble until its
transformation into the driver.
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Fig. 4. Longitudinal momentum of electrons P, (top
figure) and wake perturbation of plasma electron
density (bottom figure) at the time t=60t,
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Fig. 5. Longitudinal momentum of electrons P, (top
figure) and wake perturbation of plasma electron
density (bottom figure) at the time t=140t,

After deceleration the 1-st bunch in the 2-nd bubble
is self-cleaned in the radial direction due to defocusing
by transverse fields (Fig. 6 for the case of injection of
short chain of two laser pulses).

Later the 2-nd bunch is self-injected in the 1-st
bubble (Fig. 7).

1-st bunch in the 1-st bubble continues to support,
together with the laser pulse, bubbles for acceleration of
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the 2-nd bunches in 1-st and 2-nd bubbles. The
maximum electron energy of 2-nd bunch in the 1-st
bubble (Fig. 8) is larger than the maximum energy of
1-st bunch in the 1-st bubble y,,~170>y4=140.5.
In the case of injection of short chain of two laser pulses
the dynamics of self-injected and accelerated electron
bunches, similar to considered in the case of the
injection single laser pulse, is realized in the 1-st and 3-
rd wake bubbles. In the case of injection of short chain
of two laser pulses the electron bunch is self-injected in
the second wake bubble after defocusing of 2-nd laser
pulse (see Fig. 6).
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Fig. 6. Longitudinal momentum of electrons P, (bottom
figure) and wake perturbation of plasma electron
density (top figure), excited by two laser pulses

Fig. 7. Wake perturbation of plasma electron density,
excited by one laser pulse at the time t=470t,
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Fig. 8. Longitudinal momentum of electrons P, at the
time t=470t,
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CONCLUSIONS

Thus we have shown that at the multi-bunches self-
injection, observed in laser—plasma accelerators in the
bubble regime the charges of initially self-injected
electron bunches are equal to several pC, the charges of
additional self-injected and accelerated electron bunches
with the largest energies, are much less. It has been also
shown that the energies of additionally self-injected and
accelerated electron bunches in the 1-st and 2-nd wake
bubbles of electrons are larger than the maximum
energies of initially self-injected in the 1-st and 2-nd
wake bubbles electron bunches, which have become
drivers. It has been demonstrated in the case of injection
of a single laser pulse (two laser pulses) that originally
self-injected electron bunch in the 2-nd (3-rd) wake
bubble after deceleration is self-cleaned as a result of
radial defocusing by transverse fields.
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COBMECTHOE KHJIBBATEPHOE YCKOPEHUE JIASBEPHBIM UMITYJIbCOM
N CAMOMHXXEKTUPYEMBIMHU 3JIEKTPOHHBIMH CI'YCTKAMHU

B.U. Macnos, E.H. Céucmyn, H.H. Onuwenko, A.M. Ezopoe

MHorocrycTkoBasi CaMOMHKEKIHs, HAOIIOJAI0NIascs B JIa3epHO-TUIa3MEHHBIX YCKOPUTEISIX B HEJIMHEHHOM
peXHMe, MOXKET 0Ka3aThcs MHOrooOemamoonmeid. A IMEHHO, OHa MMPUBOJNUT K YBEJIMUYCHUIO YHEPTHHU DJIEKTPOHOB,
YCKOPSIEMBIX J1a3epHBIM KWIbBaTepHbIM MojeM. COo BpeMEHEeM IepBbIE CAMOMHXEKTHPOBAaHHBIE CIYCTKH
NpEeBpaIaOTCsl B JIpaiiBEpHbIE M CHOCOOCTBYIOT YCKOPECHHUIO MOCIEAYIOUIMX YCKOPSEMBIX CryCcTKOB. Takum
o0pa3oM, HacTymaeT KOMOWHHMPOBAaHHOE COBMECTHOE YCKOPEHHE IOCIEAHUX CaMOMH)KEKTHPOBAHHBIX
SNEKTPOHHBIX CTYCTKOB JIa3€pHBIM HMITyJbCOM M IEPBBIMM CAMOMH)KEKTUPOBAHHBIMU 3JICKTPOHHBIMU
Cr'yCTKaMH, CTaBIIMMHU JpaiiBepamu. Iloka3aHo, 4YTO 3apsiipl TNEPBOHAYAIBHO CaMOMH)KEKTUPOBAaHHBIX
3JEKTPOHHBIX CIYCTKOB PaBHBI HECKOJIBKUM MHUKOKYJIOHAM, 3aps/bl XKe TOMOJIHUTEIBHO CAMONHKEKTUPOBAHHBIX
U YCKOPSIEMBIX JJIEKTPOHHBIX CI'YCTKOB, MMEIOLIMX CaMylo OOJbBIIYI0 SHEPruio, ropasno MeHsie. Takxe
MOKA3aHO, 4YTO AHEPIrUH JONOJIHUTEIBHO CAaMOUH)KEKTUPOBAHHBIX U YCKOPSAEMBIX 3JIEKTPOHHBIX CrYCTKOB
Gosnblie, 4eM 3HEPrHH IEepBOHAYATIBHO CAaMOWH)KEKTHPOBAHHBIX CT'YCTKOB JJIEKTPOHOB, CTaBIIUX ApaiBepaMu.
IIponeMoHCTpUPOBAHO, YTO KaK B Clydae MHXKEKLUM OJHOTO JAa3epHOI0 UMITYJIbCa, TaK U B CIydae MHXKEKIUU
KOPOTKOH LENOYKH JIa3epPHBIX MMITYJIbCOB, NEPBOHAYAILHO CAMOMH)KEKTUPOBAHHBIH 3JIEKTPOHHBIN CI'YCTOK BO
BTOPO KMJIbBATEPHOM MOJOCTH 1OCIIE TOPMOXKEHHSI CAMOOUHILACTCS B PE3YJIbTAaTe PaJAuaIbHON 1e(hOKYCHPOBKH
MOTNEPEYHBIMU HOJISIMU.

CIIUVIBHE KIJIbBATEPHE NPUCKOPEHHS JTASEPHUM IMITYJIbCOM
I CAMOIH’)KEKTOBAHUMMU EJIEKTPOHHUMMU 3I'YCTKAMHU

B.I. Macnoes, O.M. Céucmyn, I. M. Onuwenxo, O.M. €20pos

BaraTo3ryctkoBa CaMOIHXKEKIIisl, IO CIIOCTEPIraeThCs B JTa3ePHO-TUIA3MOBUX IPUCKOPIOBAYax y HENIHIHHOMY
PEeXUMIi, MOXKE BUSIBUTHCS 0araTooOiIsr0ouor0. A came, BOHA IPU3BOIUTH IO 30UTBIICHHS SHEPTii eIeKTPOHIB,
NPHCKOPEHHX JIa3ePHUM KiTbBaTEpPHUM I10JeM. 3roJOoM Meplli CaMOiH)KEKTOBAaHI 3TYCTKH NEPETBOPIOIOTHCS B
JpaiBepHi 1 CHOpPUSIOTH NPHCKOPEHHIO HACTYIHUX CaMOIH)KEKTOBaHHMX 3rycTkiB. TakuM YHMHOM, HacTae
KOMOIHOBaHE CITiJIbHE HMPUCKOPCHHS OCTaHHIX CAMOIHKEKTOBAHMX 3TYCTKIB JIA3EPHUM IMITyJIBCOM 1 TEPIIAMU
CaMOIH)KCKTOBAaHUMH 3TYCTKaMH, L0 CTand ApaiiBepamu. [lokazaHo, IO 3apsH CIIOYATKY CaMOIHXKEKTOBAHUX
3TYCTKIB PiBHI JIEKUTBKOM IKOKYJIOHAM, 3apsiii K JOJATKOBO CaMOIH)KEKTOBAHUX 1 MPUCKOPEHHUX EIEKTPOHHUX
3TYCTKIB, IO MAarOTh HAaWOIMBIIy eHeprifo, Ha0araro MeHIIe. Tako) IOKa3aHO, IO EHeprii JOoJaTKOBO
CaMOIH)KEKTOBaHMX 1 MPUCKOPEHUX 3TYCTKIB OUIBINE, HiXK €HEepril CroYaTKy CaMOiHXKEKTOBAaHHX 3TYCTKIB, IO
ctanmu apaiiBepamu. [IpogeMOHCTpOBaHO, SK B pa3i iHXKEKI[I OJHOTO JIA3epHOTO IMITYIBCY, TakK 1 B pa3i 1HKeKMii
KOPOTKOTO JIAHIIOXKKA JIA3ePHHUX IMITYJIbCIiB, IO CHOYATKy CaMOIH)XCKTOBAHUH ENEKTPOHHHM 3TyCTOK B IPYTiif
KUTbBATEePHIA MOPOXKHWHI MICIA TAIEMYBaHHS CaMOOYHINAETHCS B PE3yJibTaTi palialbHOTO Ie(OKYyCYBaHHS
HONEPEYHUMH TIOJISIMH.
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