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Acceleration by the wakefield in the plasma can provide compact sources of relativistic electron beams of high
brightness. Free electron lasers and particle colliders, using plasma wakefield accelerators, require high efficiency
and beams with low energy spread. In this paper, we investigated by numerical simulation the focusing of Gaussian-
kind bunches by a passive plasma lens depending on their length. We have shown that for a homogeneous focusing
field and to prevent loss of energy from bunches, the presence of an electron bunch-precursor is necessary. This
plasma lens decreases the energy spread of bunches, since the first front of the bunch, which is of more energy, is in
decelerating field, and its back front, which is of smaller energy, is in accelerating field. In addition, we investigated
the evolution of the bunches with time to visually demonstrate the effect of the plasma lens in the wakefield

accelerator.
PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

Advanced plasma wakefield accelerators can support
accelerating gradients to 100 GV/m [1-3]. Traditional
conventional accelerators can support accelerating
gradient no more than 100 MV/m [4]. Advanced plasma
wakefield experiments [1-3] have demonstrated
perspective of this method of electron acceleration to
many GeV energy. This is why the plasma wakefield are
developed (see [5-33]).

But characteristics of accelerated electron beam in
plasma wakefield are not sufficiently applicable.
Therefore, advanced way to essentially improve the
accelerated electron bunch quality is the usage of
electron bunches, produced by traditional well-
developed RF accelerators.

The bunch focusing is especially important in multi-
cell plasma accelerators and after accelerating cell
before the transport channel [34-42]. The investigation
of this process is important especially for the bunch of
the finite length and inhomogeneous charge profile and
for a sequence of bunches with any distance between
bunches. We investigate by numerical simulation
wakefield plasma lens for focusing of bunches and train
of Gaussian bunches with bunch-precursor depending on
their lengths, gaps, charges for stable electron beam
propagation in a plasma. We demonstrate that bunch-
precursor is needed for more uniform focusing and so
that the witness does not loss energy creating a plasma
lens. The plasma lens reduces the energy spread of
bunches, since the head of the bunch, which has more
energy, loses energy, and its tail, which has less energy,
accelerates. We demonstrate that in the linear case it is
possible to ensure focusing of bunches with a length
greater than the wavelength, while in the blowout case
only short bunches whose length is less than the length
of the bubble can be used.

We present results of numerical simulation of plasma
wakefield excitation. The numerical simulation has

performed with 2.5D code LCODE, which considers the
beam electrons as ensembles of macroparticles. We
demonstrate influence of currents and spatial
distribution of bunches and influence of plasma
parameters on wakefield excitation in a plasma lens with
wakefield excited by electron bunches injected from the
RF accelerator with high quality.

We consider the bunch, where electrons are
distributed according to Gaussian in the transverse
direction. We use the cylindrical coordinate system (r, z)
and draw longitudinal and transversal electric fields at
some z as a function of the dimensionless time t=wpt
and £=Vt-z, where V, is the bunch velocity. Time is
normalized on electron plasma frequency cope'l, distance
— on Clwge, bunch current 1, —on I,=nmc’/4e, fields — on
mcwp/e. e, m are the charge and mass of the electron, ¢
is the light velocity.

1. PLASMA PASSIVE LENS EXCITATION
IN LINEAR REGIME

Let us consider the case of injection of rather rare
bunches, when the bunch repetition rate is much less
than the electron plasma frequency @,<<wg. In this
case, as one of the options, we consider the case when
the plasma is not renewed between two main bunches.

Let us first consider bunches-homogeneous-
cylinders. Consider both short (their length £, is less
than half wavelength) €,<)/2, also intermediate length of
bunches {,=A/2 and long bunches {,>A/2 (€p=2A, 3A)
with one precursor-bunch. The length of the precursor-
bunch is equal to half wavelength (,=A/2, and half
particle density relative to the main bunch ny,=n,/2. We
note right away that the precursor-bunch can be replaced
similar to the replacement of the spent driver-bunch,
since the precursor-bunch, unlike the main bunch, loses
energy and focuses inhomogeneously. Thus, without
plasma renewal, uniform focusing of the main bunch(es)
(chain bunches) takes place without energy loss. In this
case, the precursor-bunch loses energy to create a
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focusing field and is inhomogeneously focused.
Therefore, as noted earlier, the precursor-bunch can be
replaced similar to the replacement of the used driver-
bunch. And this is not a disadvantage, but rather an
advantage compared to using a plasma lens in blowout
regime without a precursor-bunch. This advantage is
determined by the fact that:

1) when the bunch itself forms a plasma lens in the
blowout regime without a precursor bunch, the main
bunch loses an energy (inhomogeneously) to create a
plasma lens, and also;

2) in this case, the leading edge of the main bunch is
focused inhomogeneously. Then the energy spread of
the bunch increases. In the plasma lens considered here,
two advantages are realized in the linear regime. The
minimum possible energy is spent not by the main bunch
itself, but by the precursor-bunch, which can then be
removed from the system similar to the spent driver-
bunch. The precursor-bunch is for focusing main bunch.
Moreover, after the main bunch, one can place a
follower-bunch that will take back energy and after it is
removed from the system, together with the precursor-
bunch and driver-bunch, this energy can be recovered
from the follower-bunch.

Let us consider first short bunches. For example, we
consider first the case of using rare bunches-thin-needles
with a length of each of them equal to a quarter of the
wavelength £,=A\/4 with one bunch-precursor and
without plasma renewal. From figure one can see that a
fairly uniform focusing field is formed for bunches.

For uniform focusing of the second main bunch, it
must be placed in a small accelerating field (Fig. 1).

F, off axis’

E, off axis — B, off axis

0.004 4 0,000

0,004 4 - 0,003 - 0,001

0,002 4 -0.002
0,002 4

0,001 - -0.003

0,000 — 0.000

arb. un] off axis

- -0.001

E, [arb. un] off axis
[

F, [arb. un] off axis

B,

0,002 4
- -0,002 - -0,006

0,004 | 4 -0.003 4 0,007

T T T T -0,004 = 0,008
0 10 20 30 40 50

E [arb. un]

Fig. 1. E;(&), Fi(&), B,(&), & =ct-z, the homogeneous
precursor-bunch (of length ,,=1/2 and density
Ner=Ny/2, Ny, is the density of the main bunches) and two
rare main bunches, the length of each of them equals to
a quarter wavelength €y=1/4, move in plasma from right
to left. The density of bunches decreases along the
radius according to Gaussian dependence. The radius
of bunches is equal to 0.1. The current of bunch equals
0.3-10°%. The relativistic factor of bunches is equal
to 1000

In the case of bunches-thin-needles at {,=\/2 with
one precursor-bunch and without plasma renewal, a
rather uniform focusing field is formed for the bunches
(see Fig. 1). In this case, the first main bunch is at E,=0
(Fig. 2). l.e., it only focuses and does not exchange
energy with the plasma. However, in order to form a

uniform focusing field for the second far-lagging bunch,
it has to be placed in such a phase that its leading edge
enters a small accelerating field and its trailing edge
enters a small decelerating field (see Fig. 2).
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Fig. 2. E;(&), Fi(&), B,(&), the homogeneous precursor-
bunch (of length £,,=1/2 and density ny,=ny/2, ny is the
density of the main bunches) and two rare main
bunches, the length of each of them equals to a half
wavelength €,=1/2, move in plasma from right to left.
The density of bunches decreases along the radius
according to Gaussian dependence. Parameters of
bunches are identical to Fig. 1

Now we consider a long main bunch with a
precursor-bunch (Fig. 3). The precursor-bunch can be
separated from the main bunch. But for now, we
consider the case when the main bunch touches the
precursor-bunch. In the case of a long main bunch-thin-
needle at £p,=2A with a precursor-bunch, a fairly uniform
focusing field is formed for the main bunch (see Fig. 3).
The precursor-bunch loses energy to create a focusing
field and is inhomogeneously focused. The main bunch
is in E,=0 (see Fig. 3). l.e., it only focuses and does not
exchange energy with the plasma.
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Fig. 3. E;(©), Fi(&), B,(&), the homogeneous precursor-
bunch (of length £,,=1/2 and density np,=ny/2, ny is the
density of the main bunches) and two rare main
bunches, the length of main bunch equals to two
wavelengths €,=2], move in plasma from right to left.
The density of bunches decreases along the radius
according to Gaussian dependence. Parameters of
bunches are identical to Fig. 1

Now we consider Gaussian-like bunches. In the case
of rare Gaussian-like bunches-thin-needles with their
lengths €,=A (at the base of the bunch) with one
precursor-bunch (Fig. 4) and without plasma renewal, a
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focusing field is formed for the bunches, for the first
main bunch, a focusing field flat top (see Fig. 4). In this
case, the central parts of the main bunches are in E,=0.
l.e., the central parts of the main bunches are only
focused and do not exchange energy with the plasma.
However, the fronts of the main bunches exchange
energy with the wakefield. Namely, the leading edges of
the main bunches lose energy, and their trailing edges
accelerate. With a certain selection of parameters, this
will lead to a decrease in the energy spread of the main
bunches. Therefore, there is no need for other ways to
reduce the energy spread of bunches.
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Fig. 4. E.©), Fi(&), B,(&), the Gaussian precursor-bunch
(of length {,,=A at the base of the precursor and density
Ner=Ny/2, Ny, is the density of the main bunches) and two
rare main Gaussian (in all directions) bunches, the
length of each of them equals to a wavelength (at the
base of the bunch) €y=A, move in plasma from right to
left. Parameters of bunches are identical to Fig. 1

Let us show that this method of reducing the energy
spread of the main bunches can be controlled. For
example, we consider the main bunches in view of
homogeneous cylinders of length A with semi-Gaussian
fronts of length A/2 (Fig. 5). One can see that one can
control the decelerating wakefield on the first front of
main bunch and one can control the accelerating
wakefield on the back front of main bunch.
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Fig. 5. E&), Fi (&), B,(&), the Gaussian precursor-bunch
(of length {,=A at the base of the precursor and density
Ner=Ny/2, Ny, is the density of the main bunches) and two
rare main inhomogeneous Gaussian-kind bunches, the

length of each of them equals to two wavelengths (at the
base of the bunch) £,=24, move in plasma from right to

left. Each front of the main is semi-Gaussian of length
/2. The main part of the main bunch is homogeneous of
length A. Parameters of bunches are identical to Fig. 1

Also, to demonstrate the adjustment of the energy
spread of the main bunch, we consider the main bunch
in view of homogeneous cylinders of length 2\ with
semi-Gaussian fronts of length A/2 (Fig. 6).
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Fig. 6. E;(&), Fi(&), B,(&), the Gaussian precursor-bunch
(of length £,=A at the base of the precursor
and density n,=ny/2, ny, is the density
of the main bunches) and two rare main inhomogeneous
Gaussian-kind bunches the length of each of them
equals to three wavelengths (at the base of the bunch)
ty=34, move in plasma from right to left.

Each front of the main is semi-Gaussian of length 1/2.
The main part of the main bunch is homogeneous of
length 2).. Parameters of bunches
are identical to Fig. 1

2. EVOLUTION OF BUNCHES WITH TIME

Now let us briefly discuss the action of passive
plasma lens. In this section we will show the evolution
of bunches in time (Figs. 7-12).
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Fig. 7. Radius evolution of cosine Gaussian-kind
bunches with time. Density of the second bunch
in two times bigger than the density of the first one.
The length of each of them equals to one wavelength
(at the base of the bunch) £y,=A.

Bunches move in plasma from right to left.

The radius of bunches is equal to 0.1.

The current of bunch equals 0.3-10°,

The relativistic factor of bunches is equal to 5
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Fig. 8. Radius evolution of unitary precursor and
unitary main bunches with time. Density of the
precursor-bunch with £,r=A/2 is Np=ny/2, Ny is the
density of the main bunch. The length of main bunch is
£,=31/2. Bunches move in plasma from right to left.
Parameters of bunches are identical to Fig. 7
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Fig. 9. Radius evolution of cosine Gaussian-kind
precursor (of length £y =4 at the base of the precursor
and density n,=ny/2, ny, is the density of the main
bunch) and main semi cosine-kind bunch with time. The
length of main bunch is 42 (at the base). Central part is
unitary with length 32, each front is semi cosine-Kind
with length /2. Bunches move in plasma from right to
left. Parameters of bunches are identical to Fig. 7
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Fig. 10. Radius evolution of unitary precursor and two
rare main unitary bunches. Bunches move in plasma
from right to left. Density of the precursor bunch with
Lor=A/2 s np=nyl2, Ny, is the density of the main bunch.
The length of main bunches is ,=1/2. Parameters of
bunches are identical to Fig. 7
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Fig. 11. Radius evolution of unitary precursor and two
rare main unitary bunches. Bunches move in plasma
from right to left. Density of the precursor bunch with
Cor=A/2 is ng=nyl2, Ny is the density of the main bunch.
The length of main bunches is ,=1/4. Parameters of
bunches are identical to Fig. 7
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Fig. 12. Radius evolution of cosine-kind precursor

(of length {=A at the base of the precursor and density
Ner=Nyp/2, Ny, is the density of the main bunch) and main
semi cosine-kind bunch with time. The length of main
bunch is 22 (at the base). Central part is unitary with
length A, each front is semi cosine-kind with length 1/2.
Bunches move in plasma from right to left. Parameters

of bunches are identical to Fig. 7

From Figs. 7-12 one can see that between =20 and
=30 bunches start to defocusing. From this follows that
for maximal efficiency of wakefield accelerator we have
to create a capillary discharge with length that equals to
length of passive plasma lens (that is determined by
focusing time of the bunch).

CONCLUSIONS

So, we demonstrated that precursor-bunch is needed
for more uniform focusing and so that the witness does
not loss energy to create a plasma lens. The plasma lens
reduces the energy spread of bunches, since the head of
the bunch, which has more energy, loses energy, and its
tail, which has less energy, accelerates. We demonstrate
that in the linear case it is possible to ensure focusing of
bunches with a length greater than the wavelength.
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IMACHUBHA IINIA3MOBA JITH3A, 1110 3MEHIIY€ EHEPTETUYHUM PO3KHU]I
IF'AYCCOIIOAIBHUX 3I'YCTKIB

LB. /lemuoenxo, B.I. Macnoe

[IpuckopeHHs KiNBBATEPHUM TMOJEM Y IUIa3Mi MOXKE 3a0€3MEYMTH KOMIIAKTHI JDKepeNa pPelaTHBICTChKUX
CJIEKTPOHHMUX MY4YKIB BHCOKOI siCKpaBocTi. Jlazepu Ha BUIBHHMX €JEKTPOHAX Ta KOJAWAepHu YacTHHOK, Jie
BUKOPHCTOBYIOTBCS IIJIa3MOBI KiJIbBaTEPHI MPUCKOPIOBAYH, BUMAraloTh BUCOKOT €()eKTHBHOCTI 1 IMy4YKiB 3 HU3bKUM
po3kuaoM 3a eHeprieto. Y 1l poOOTI MU YHCIOBMM MOJICIIOBAHHAM JOCHIAWIN (OKYCyBaHHS IACHBHOIO
TUIa3MOBOIO JIIH3010 raycCOMNOIOHUX 3TYCTKIB y 3aJIe)KHOCTI Bifl iX JOBXMHHA. MU nokasaiy, mo s GopMyBaHHS
OHOPIAHOTO (OKYCYHOUOro Mmojs 1 mob 3amolirTh BTpaTi eHeprii 3rycTKaMH € HEOOXIiIHOK HasBHICTH
€JIEKTPOHHOT'O 3rycTKa-mepeaBicHUKa. L[ mia3mMoBa jiH3a 3MEHIIYE €HEepPreTHYHHH PO3KHJ 3TYCTKIB, OCKUIBKH
nepiuuii GpoHT 3rycTka, sIKUil Mae OLIbIIY SHEeprilo, 3HaXOUThCS Y TAIbMIBHOMY I10JI, a HOro 3aaHill GPOHT, KU
Ma€ MEHIIYy SHEPTil0, 3HAXOAUTHCS y MPUCKOPIOBAILHOMY 101, OKpIM 1IOTO, MU JAOCIIIMIN SBOJIOIII0 3TYCTKIB 3
4acoM JJIsl HAOUHOI IeMOHCTpallii Aif m1a3MoBoi JIiH3H y KiIbBATEPHOMY NPUCKOPIOBAYI.
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