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The numerical simulation by 2.5D code LCODE of properties and excitation of wakefield bubble of plasma electrons by short dense
bunch of relativistic electrons has been performed in this paper. It has been shown that abrupt back front of bubble becomes less
abrupt at decrease of bunch-driver length. Abrupt back front of bubble becomes more abrupt at increase of bunch-driver current. At
bubble excitation by short electron bunch with not very large density bubble can be formed in the second wavelength and bubble is
not formed in the first wavelength. At larger bunch density the bubble is not formed in the first wavelength on small time and it can
be formed on large time. The bunch focusing by bubble becomes more homogeneous with growth of bunch current.
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61077 Xapwvros, Yxkpauna
IIposeneno 2.5D komom LCODE uncnennoe MoenpoBaHUe CBOMCTB M BO30YKICHHS KIIBBATCPHOH MOIOCTH SJIEKTPOHOB ILIA3MBI
IUTOTHBIM KOPOTKUM CTYCTKOM PEIIITUBHCTCKUX 3JIEKTPOHOB. [loka3aHo, 4TO yBeNnMUYeHHe KPYTH3HBI 3aJHEr0 ()POHTA ITOJIOCTH HPH
JOCTHXKEHUU €ro ONPOKUIBIBAHUS YMEHBIIAETCS NPH YMEHBUICHUM JUIMHBI CTycTKa-apaiiBepa. C yBeJMYEHHEM TOKa CIyCTKa
yBEIMYMBAETCS KPyTH3HA 3agHero QpoHta mnosocTH. Ilpy BO30YXKIEHHWH IOJOCTH KOPOTKHMM DJIEKTPOHHBIM CIYCTKOM C
OIPECICHHON MaJIoil TNIOTHOCTBIO MOJIOCTh MOXKET CHOPMHUPOBATHCSI Ha BTOPOH JUTMHE KUJIbBATEPHOH BOJIHBI, @ HA NIEPBOI OHA He
¢dopmupyercs. IIpu Gonblell MIOTHOCTH CryCTKa MOJOCTh Ha MajblX BPEMEHaX Ha IEpBOil JUIMHE BOJNHBI He opMmupyeTcs, a Ha
0OJIBIINX BpeMEHAX OHa MOXKeT chopMUpoBaThest. C POCTOM TOKa CTYCTKA YIIy4IIAeTCS OAHOPOAHOCTD €ro (JOKYCHPOBKH MOJIOCTBIO.
KJIFOYEBBIE CJIOBA: nasepHblii UMITyIbC, KWJIBBAaTE€pPHAS IOJIOCTh JJIEKTPOHOB, PEIATHBHCTCKHN 3JEKTPOHHBIH CTYCTOK,
YHCICHHOE MOJEIUPOBAHUE.
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61077 Xapxis, Ykpaina
IMposeneno 2.5D xomom LCODE umcimoBe MOZENIOBAaHHS BIACTHBOCTEH Ta 30yMKEHHS KUTbBATEPHOI HMOPOXHUHU EJIEKTPOHIB
IUTa3MH IIITEHAM KOPOTKHM 3TYCTKOM DPEJATHBICTCHKHX eleKTpoHiB. [loka3zaHo, mo 30UTBIIEHHS KPYTOCTI 3aJHBOrO (POHTY
TIOPO’KHUHY TIPH JOCSATHEHHI HOro IepeKuJaHHS 3MEHIIYeThCs NMPU 3MEHIIEHHI JOBXHWHH 3TyCTKa-ApaiiBepa. 31 301IbLICHHIM
CTPyMy 3TyCTKY 30UIBIIYETBCS KPYTICTh 3aIHBOTO (poHTY MOpoKHHHH. [Ipu 30yIHKEHHI MOPOKHUHHM KOPOTKHM EIEKTPOHHUM
3TYCTKOM 3 OOYMOBJICHOIO MaJIOIO LIUIBHICTIO MOPOKHMHA MOKe c(HOpPMYBATHCS Ha APYTiil TOBXKHHI KiTBbBATEPHOIO XBWII, a Ha
nepuridi BoHa He ¢opmyerhses. [Ipu OUIbIIii MIITBHOCTI 3TyCTKYy MOPOKHHHA HAa MajoOMy YacOBOMY IepioAl Ha HepIuiil JOBXKHHI
XBIWII HE (QOpMYeEThCs, a HAa BEIUKOMY YacOBOMY IEpioJi BOHa MOXe CPOpMyBaTHCA. 3POCTAaHHA CTPYMY 3TYCTKY IOKpAILye
OJTHOPIIHICTB #0T0 (hOKYCYBaHHS MOPOKHUHOIO.
KJIFOYOBI CJIOBA: na3epHuii iMITyJIbC, KiIIbBATEPHA MOPOKHUHA EIIEKTPOHIB, PEIATUBICTCHKUI CIEKTPOHHHN 3TyCTOK, YUCIIOBE
MOJIETIOBaHHS.

At high intensity of a short laser pulse, at fast dissipation of laser pulse or at large density of short electron bunch
which excites the wakefield in underdense regime, ny>>n,, the significant change in electron-bunch-driver interaction
with a plasma can be realized. For instance, the possibilities of wakefield soliton excitation as well as electron
wakefield bubble formation (the blowout regime) are appeared. Here ny, ng are electron densities of bunch and plasma.
At drive of large radial impulse to plasma electrons the wakefield perturbation can be represented as hole in electrons
phase space or electron bubble in 3D space in strong non-linear regime. A soliton has been formed on oscillation mode
with dispersion law closed to linear one. In numerical simulation [1] the formation of electromagnetic soliton has been
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observed at wakefield generation. Observed electron bubble in 3D space [2-8] and perturbation, observed in [1], [9], at
certain conditions can be represented as soliton hump of electric potential. Nowadays electron wakefield bubble [2-8] is
widely investigated, because it provides the self-injection of plasma electrons into accelerating field, it provides greatest
accelerating rates of electrons and radial stability of both driver and witness. In this paper results of numerical
simulation by 2.5D code LCODE [10] of electron wakefield bubble excitation by dense short bunch of relativistic
electrons in underdense regime, n,>>n,, are presented. We consider cylindrical system in azimuth symmetrical
approximation. We change plasma electron density and bunch current in wide range. Particle-in-cell code LCODE
treats plasma and bunch electrons as ensembles of macro-particles. Code LCODE was developed for simulation of
long-term dynamics of electron beams in plasma wakefields up to strongly nonlinear regime. We change simulation
parameters in wide range, but plasma density is very small in comparison with bunch density and bunch radius is
smaller than c/w,. Here c is the light velocity, w, is the plasma electron frequency. We consider initial bunch and
plasma electrons cold.

The purpose of this paper is the numerical simulation of properties and excitation of wakefield bubble, which
provides the greatest accelerating rates of electrons and which now is intensively investigated all over the world.

NUMERICAL SIMULATION OF PROPERTIES AND EXCITATION OF PLASMA ELECTRON
WAKEFIELD BUBBLE BY SHORT DENSE RELATIVISTIC ELECTRON BUNCH
Let’s consider results of numerical simulation by 2.5D code LCODE [10] of excitation of plasma electron
wakefield bubble by dense narrow short bunch of relativistic electrons.

In our simulation we used the

beam Ik cylindrical coordinates (r, ¢, z) and
; I'L I‘L concomitant simulation window (fig.1).
S——— Simulation window moves with the light

e ¢ N S velocity c¢. In the concomitant window
particle of bunch will be slowly displaced

‘é:O cat £-0 in the direction of decrease of concomitant

coordinate of & = z-ct.

In our simulation we used the kinetic
model of plasma, simulated by macro-
particles. Each plasma macro-particle is characterized by 6 quantities: transverse coordinate (r), three components of

Fig.1. Geometry of the problem.

momentum ( p,., p,, and p_), mass M and charge g.

Longitudinal coordinate (&) is not parameter, but argument:
¥ e, ~ macro-particle = group of particles which initially were at a
' NS +*°** ﬁ given radius. All particles started from #, copy of each other
]
@

To (fig.2). Parameters of macro-particles are initialized ahead of
the beam (at & = 0) and then calculated slice-by-slice:
®eqe’ dp _dp dt LA
.. _pz_p._= q . E+_[6><B] ,
dé dt dé v, -c c

. . . . d v - D
Fig.2. A trajectory of macro-particle of plasma is in an 4 L V= 14

simulation window. dé v, -c 2+ 02/

Plasma current and charge density obtained by summation over plasma macro-particles lying in given radial interval:

z

- B, 4 o
j= AZL , p= Azq—’ , A4 —normalization factor.
i C— vz,i i C— vz,i

All input and output values are in dimensionless form. Units of measure are determined by universal constants and
some density n, (is the initial plasma density, n, = 2.1-10"cm™). All times are in units of w;l , where

®, = 1[47171062 /m is the electron plasma frequency. All distances are in units of ¢/, , all densities are in units of

n, , all fields are in units of /4mnymc” , wakefield potential is in units of mc” /e, beam and plasma momenta are in

units of mc.

The solitary bubble has interesting and important properties in comparison with other bubbles. Fig. 3-5 correspond
to solitary bubble of plasma electrons, when oscillated plasma electrons are returned to the original radial position with
zero radial velocity. In the back front of the solitary bubble the electrical field and potential approximately equal zero,
the longitudinal momentum of the bunch electrons and plasma density approximately equal to the unperturbed values. It
is realized at certain conditions at length of electron-bunch-driver, approximately equal to the bubble length Lg~Lyy,.
L.e. soliton wakefield bubble can be formed by relativistic electron bunch with length close to the bubble length.
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Fig. 3. Spatial distribution of plasma electron density n, in

the field of soliton wakefield bubble, formed by dense narrow
short bunch of relativistic electrons with the bunch’s length
close to bubble length.

Fig. 6 corresponds to the bubble, formed by electron
bunch with length, shorter than bunch length in the case of
the solitary bubble. One can see in Fig. 6 that bubble back
front is steeping.

At certain bunch length inverting of bubble back front
is occurred. Fig. 7 corresponds to the bubble, formed by
electron bunch with length, shorter than bunch length,
corresponding to fig. 6. From comparison of fig. 6 and fig.
7 one can see that steeping of bubble back front is
decreased at further decreasing of bunch length.

Fig. 8 corresponds to the bubble, formed by electron
bunch with current, larger than bunch current,
corresponding to fig. 7. From comparison of fig. 7 and fig.
8 one can see that with increase of bunch current the
steeping of bubble back front is enhanced.

Usually such parameters of bunch are used that the
bubble is formed on first wake wave length. It is shown in
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Fig. 4. Longitudinal distribution of electron
bunch density ny (3), electric potential ¢ (1)
and longitudinal electric field E, (2) of soliton
wakefield bubble of plasma electrons along
the axis.

Fig.5 Longitudinal phase space of bunch-
driver electrons in consequently
interaction with the field of soliton

Fig.6. Steeping of bubble back front
at decreasing of electron bunch-
driver length.

bubble.

fig. 9 that at wakefield excitation by short electron bunch with certain low density the bubble can be formed on second

wave length while it can’t be formed on first wave length.
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Fig. 7. Decreasing of bubble back front steeping at overcritical

decrease of electron bunch-driver length.
1 - electron bunch density, 2 - longitudinal electric field
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Fig. 8. Enhancing of bubble back front steeping with increase
of bunch current.
1 - electron bunch density, 2 - longitudinal electric field
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Fig. 10 corresponds to the bubbles, formed by electron bunch with current, larger than bunch current,
corresponding to fig. 9. The shape of bunches is shown in fig. 10 on times much more than time of bunch penetration in
plasma on bubble length. This shape of bunches on times, comparable with time of bunch penetration in plasma on
bubble length, has view similar to fig. 9. From comparison of fig. 9 and fig. 10 one can see that the bubble is not formed
on the first wave length on small times, comparable with time of bunch penetration in plasma on bubble length, but it
can be formed on large times, much more than time of bunch penetration in plasma on bubble length.

At large bunch density, n,>>n,, the bubble appears on the 1st wave length. But on small times, comparable with
time of bunch penetration in plasma on bubble length, shape of bunch has view similar to fig. 10. At large times, much
more than time of bunch penetration in plasma on bubble length, the bubble becomes more expressed with time (see
fig. 11).

0,01 0,67 1,33 1,99 2,65 3,31 10 g

4 BES BN CEN
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Fig.9. Occurrence of the electron bubble on the second wave Fig. 10. Spatial distribution of the plasma electrons at excitation
length of the excited wakefield while on the first wave length of bubble by short electron bunch on times much more than time

there is no bubble. of bunch penetration in plasma on bubble length.
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Fig 11. Spatial distribution of plasma electrons at excitation of Fig. 12. Longitudinal phase space of bunch-driver electrons in
bubble by short electron bunch at large time. result of interaction with field of bubble.

If bunch length exceeds the half of the bubble length, electrons from its tale are accelerated. Really let’s consider a
bunch-driver, which length is little less than bubble length. From fig. 12 we can see that electrons from the bunch tale
are accelerated and electrons from the bunch first front are decelerated, providing the bunch longitudinal phase stability.

The location of electron bubble (i.e. region with positive volume charge) on main part of the wave length of the
perturbation (bubble) leads to both electron bunch-driver and electron witness are located in focusing fields on
significant part of perturbation. One can see from fig 13, if the bunch is little shorter than bubble the bunch electrons
from its first front are worth focused in comparison with the rest bunch electrons. Also the bunch electrons from
wakefield steeping are defocused in radial direction.

In fig. 14 it was shown that with the bunch current increase the focusing homogeneity improves.
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Fig. 13. Spatial distribution of bunch electrons with its length a  Fig. 14. Spatial distribution of bunch electrons after focusing by
little shorter than length of bubble. bubble.

CONCLUSION

In this paper it was shown that soliton wakefield bubble can be formed by relativistic electron bunch with length
close to bubble length. With decreasing of electron bunch length the bubble back front becomes abrupt. At certain
bunch length the inverting of bubble back front is realized. The bubble back front steeping is enhanced with increasing
of the bunch current. At excitation of bubble by short electron bunch with certain low density the bubble can be formed
on second wave length while on first wave length the bubble can not be formed. At larger density the bubble on small
time on first wave length can not be formed while it is formed on large time.

The location of electron bubble (i.e. region with positive volume charge) on main part of the wave length of the
perturbation leads to both electron bunch-driver and accelerated electrons are located in focusing fields on significant
part of perturbation. Electrons from the first front of electron bunch are badly focused. Also the electrons are defocused
in radial direction from abrupt region of wakefield. With increasing of the bunch current the homogeneity of its
focusing improves.
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