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The mechanism of focusing of relativistic electron bunches by plasma wakefield, in which all bunches of se-
quence are focused identically and uniformly, has been proposed and investigated. In this scheme of focusing it is
necessary that length of each bunch should be equal to a half of wavelength, the charge of first bunch equals half of
the charge of the others bunches and the distance between bunches equals 1.5 of wavelength. It is shown that in this
case only 1-st bunch is in the finite longitudinal electrical wakefield E,. Other bunches are in zero longitudinal elec-
trical wakefield E,= 0. The focusing radial electrical field in regions, occupied by bunches, is constant along each

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

1. INTRODUCTION

The focusing of relativistic electron bunches by
wakefield, excited in plasma, is very interesting and
important (see, for example, [1-2]). The focusing of
bunches by wakefield, excited in plasma by resonant
sequence of relativistic electron bunches (repetition
frequency of the bunches o, coincides with the plasma
frequency w,=0),), is inhomogeneous. In this paper the
specific mechanism of focusing by plasma wakefield, in
which all bunches of sequence are focused identically
and uniformly, has been proposed and numerically in-
vestigated by 2.5D code LCODE [3]. We numerically
simulate the self-consistent dynamics of lengthy elec-
tron bunches in homogeneous plasma. In simulation we
use the hydrodynamic description of plasma. In other
words the plasma is considered to be cold electron lig-
uid, and bunches are aggregate of macroparticles.

2. RESULTS OF SIMULATION

We investigate focusing of sequence of electron
bunches, length of each bunch equals half of wave-
length, because in this case the wakefield has maximal
value at increase of bunch length of the same density.
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Fig.1. Density of bunches n, (blue), their averaged
radius <ry> (red), longitudinal wakefield E, (black)
and radial wake force F, (green)

We use the charge of first bunch, equal in two times
smaller than charge of each next bunch
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A is the wakefield wavelength. Then for three bunches
the distribution of bunch density n,, their averaged ra-
dius <r,>, excited longitudinal wakefield E, and radial
wake force F; are of the form, shown in Fig.1. One can
see that all bunches (which are in E,= 0) with the ex-
ception of first one (which are in E,# 0) do not change
by energy with longitudinal wakefield. Then wakefield
after i-th bunch is the same as before it (with the excep-
tion of first bunch). But the bunches are focused be-
cause radial wake force is not equal zero F,# 0. This
wakefield lens has following qualities:

1) radial wake force F; does not approximately depend
on coordinate in regions, occupied by bunches (with
the exception of first bunch), F,= const, i.e. lengthy
bunches are focused identically;

2) only first bunch is slowed down;

3) identical focusing force effects on all bunches (with
the exception of first bunch);

4) longitudinal wakefield equal zero E,= 0 in regions,
occupied by bunches (with the exception of first

bunch).
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Fig.2. Plasma electron density n, (black) in wakefield,
longitudinal wakefield E. (green), density of bunches ny
(blue) and <E.>=|dr r E.ny/ldr rny, (red) coupling rate
of bunch with wakefield E,

Such ideal focusing is realized due to formation of
flat holes of plasma electron density n. in regions, oc-
cupied by bunches (Fig.2), which neutralize charges of
bunches and focuse them. In region, occupied by first
bunch (see Fig.2), the formed hole of plasma electron
density n, is not flat. One can see from Fig.2 that wave
of plasma electron density n. is nonsinusoidal: wide
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holes of n, (with the exception of region, occupied by
first bunch) are interchanged by narrow humps of n..
The bunches are located in the regions of the holes of n..

In Fig.1 one can see that the usual for linear case
connection of radial and longitudinal wakefields E, ~
0,E, 1s not true.

In Fig.3 one can see that on wavelength (regions a
and b) the positive and negative perturbations of E,
compensate each other, hence on the last part (region c)
of wave period (A/2), where bunches are localized, lon-
gitudinal wakefield E, can become zero (it is observed).
Radial wake force F, does not equal zero F, # 0 in re-
gions, occupied by bunches.
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Fig.3. Longitudinal wakefield E, (black) and radial
wake force F, (green) on one wave period
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Fig.5. Change of longitudinal momentum of bunches P,
at wakefield excitation. N is the number of wavelengths

These results are right and for larger number of
bunches. Let us consider ten bunches (Fig.4). Again the

charge of first bunch is two times smaller than charge of

each next bunch Q;=Q/2, Qi=Q, i=2, 3, 4 ... and dis-
tance between bunches equals & -&=1.5A. Then the
spatial distributions of plasma electron density n., den-
sity of bunches n, their averaged radius <r,>, excited
longitudinal wakefield E,, radial wake force F,, cou-
pling rate of bunch with longitudinal wakefield <E>
and longitudinal momentum of bunches P, have views,
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shown in Figs.4-8. From Fig.6 one can see that <E,/> of
only 1-st bunch does not equal zero and therefore only
1-st bunch is slowed down (see Fig.5).
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Fig.6. The density of bunches ny, (blue), longitudinal
wakefield E, (black) and <E.> (red) coupling rate of

bunch with wakefield E,
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Fig.7. The density of bunches n, (dark blue), their aver-
aged radius <ry,> (red), longitudinal wakefield E,
(black), radial wake force F, (green)
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Fig.8. The density of bunches ny, (black) and their
averaged radius <rp> (red) after focusing

Again one can (see Fig.7) that only 1-st bunch is in fi-
nite E,#0. Other bunches are in zero longitudinal electri-
cal wakefield E, = 0. Radial wake force F; in regions,
occupied by bunches, is finite (see Fig.7). In Fig.8 one
can see that radius of bunches (and their density n, on r,
equal initial radius of bunches) decreases due to focusing.

We considered bunches with close radius and
length. If the bunches are represented «needlesy, i.e. if
their lengths are larger than radius, then plateau-
electron-holes (Fig.10), F, longitudinal distribution in
regions, occupied by bunches (Fig.9), and focusing
(Fig.11) are more ideal.
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Fig.9. The density of needle bunches ny, (blue), their
averaged radius <r,> (red), longitudinal wakefield E,

(black) and radial wake force F, (pink)
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Fig. 10. Plasma electron density n, in wakefield, excited

by needle bunches
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Fig.11. The density ny, of ten bunches before and after
focusing
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Fig.12. Longitudinal wakefield E, (black), density

of bunches ny, (blue) and <E_> (red) coupling
of bunch with wakefield E,
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rate

For radial wake force F, enhancement let us consider
following shaped sequence of bunches. The charges of
first n =3 shaped bunches increase along sequence ac-
cording to: 2k-1, k<n (Fig.12,14). The charges of next
bunches equal 2n, k>n. Then the distribution of plasma
electron density n., density of bunches n,, their aver-
aged radius <r,>, excited longitudinal wakefield E,,
radial wake force F,, coupling rate of bunch with longi-
tudinal wakefield <E,> and longitudinal momentum of
bunches P, have views, shown in Figs.12-14.
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Fig.13. Change of longitudinal momentum of bunches
P, at wakefield excitation. N is the number
of wavelengths
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Fig.14. The density n,, (blue) of shaped bunches, their
averaged radius <ry,> (red), longitudinal wakefield E,
(black) and radial wake force F, (green)

From Fig.12 one can see that the coupling rates <E>
of only first three bunches n = 3 with longitudinal
wakefield E, do not equal zero and therefore only first
three bunches are slowed down (see Fig.13).
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Fig.15. Plasma electron density n, (black), longitudinal

wakefield E. (green), density ny, (blue) of two bunches and
<E.> (red) coupling rate of bunch with wakefield E.,
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From Fig.14 one can see that radial wake force F,
does not depend approximately on coordinate in re-
gions, occupied by bunches k>n=3, F,= const, i.e. the
lengthy bunches are focused approximately identically.

0 25 50 75 100 126
0.12
{11
0.08
0
1.0 <
0.04
{09
; J0.00
100 125
ot
P

Fig.16. The distribution of plasma electron density n,
(grey) in wakefield
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Fig.17. The density of bunches ny, (blue), their averaged
radius <ry> (red) and radial wake force F, (black)

It is for ideal case, when bunches are represented by
cylinders of constant density in longitudinal direction,
i.e. ny=const. The bunch electrons are distributed in
radial direction according to Gauss distribution. How-
ever the bunch density n, distribution is inhomogeneous
in longitudinal direction. Because Gauss distribution
and cosine distribution are close, we consider the cosine
electron density distribution along bunch (Figs.15-17).
From Fig.15 one can see that in this case of inhomoge-
neous longitudinal distribution of electron bunch den-
sity the 1-st front of 2-nd bunch is accelerated and back
front is decelerated. I.e. the 2-nd bunch is in E, # 0.
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Fig.18. The density ny, (blue) of inhomogeneous needle
bunches, their averaged radius <r,> (red), longitudinal
wakefield E, (black) and radial wake force F, (green)
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The distribution of radial wake force F, in the case
of inhomogeneous n, distribution along needle bunch is
shown in Fig.18. From Fig.17 and Fig.18 one can see
that the middle of bunch is focused more slower than
fronts.
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Fig.19. Plasma electron density n, (black) in wakefield
and density of bunches ny, (blue)
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Fig.20. The density of bunches ny, (dark blue),
their averaged radius <rp> (red) and radial wake force
F. (black)

If all bunches are identical and they are distributed
through 1.5A, then all bunches are focused identically, but
inhomogeneously along each bunch (Figs.19, 20).

One can show that the field distribution for positron
bunches are identical to electron bunches and they are
focused identically to electron bunches.

CONCLUSIONS

It has been shown that all bunches of sequence can
be focused identically and uniformly. For this it is nec-
essary that bunches have lengths, equal A/2, the charge
of 1-st bunch equals half of the charges of the other
bunches, the distance between them equals 1,5 L. It is
shown that only 1-st bunch is in finite E,# 0. Other
bunches are in zero longitudinal electrical wakefield
E,= 0. Hence the 1-st bunch interchange by energy with
wakefield. The subsequent bunches do not interchange
by energy with wakefield and the amplitude of wake-
field does not change along sequence. Radial wake
force F, in regions, occupied by bunches, is approxi-
mately constant along bunches.

In the case of inhomogeneous longitudinal distribu-
tion of electron bunch density the middle of bunches are
focused more slower than fronts.
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OJHOPOJHASA ®OKYCHPOBKA ITOCJIIEJOBATEJIBHOCTH 3JIEKTPOHHBIX CT'YCTKOB
KNJIBBATEPHBIM ITOJIEM B IIJIABME

K.B. Jlomos, B.U. Macnos, H.H. Onuwienko, E.H. Céucmyn

[MpeanoxeH U UCCIEAOBAH MEXaHW3M (OKYCHPOBKH PEISTUBHCTCKHX SJIEKTPOHHBIX CT'YCTKOB IUIA3MEHHBIMU
KWJIbBATEPHBIMU TOJISIMU, B KOTOPBIX BCE CI'YCTKH MOCIEN0BATEIBHOCTH (DOKYCHPYIOTCS OJIMHAKOBO M OJJHOPOJHO.
B a10i1 cxeme (OKyCHPOBKH HEOOXOAMMO, YTOOBI JTHHA KaXIOTO CIyCTKa ObLIa paBHA MOJIOBHHE JJIHHBI KHJIbBa-
TEPHOI BOJHEI, 3aps]] IEPBOTO CTyCTKa OBUT B 2 pa3a MEHbIIE 3apsiia KaXIOT0 M3 OCTAIBHBIX CTYCTKOB, a PacCcTOs-
HHE MEXJy HUMU COCTaBIsUIO 1,5 mumunbl BosHbL [Toka3aHo, 4TO B 3TOM cilydae TOJILKO Ha 1-i CrycTOK JIeicTByeT
npooibHoe noiie E,. OcranbHble CryCTKH HaXOAATCS B HYJIEBOM IIPOMOJIbHOM KuiibBaTepHOM moiie E, = 0. doky-
cHpYIOllIee paluaibHOe MoJIe B 00J1aCTsIX, 3aHATHIX CTYCTKaMH, OCTOSHHO I10 JJIMHE CI'YCTKOB.

OJHOPITHE ®OKYCYBAHHS NNOCJIAOBHOCTI EJIEKTPOHHUX 3I'YCTKIB KIVIbBATEPHUM
MOJIEM Y IIVIA3MI

K.B. Jlomog, B.I. Macnos, I.M. Oniwenxo, O.M. Céucmyn

3arnpornoHoBaHuil 1 JOCIIKEHUI MeXaHi3M (POKYCYBaHHS PEIATHBICTCHKHUX €JIEKTPOHHUX 3TYCTKIB IJIa3MOBUMHU
KiJIbBaTEPHUMHU IIOJISIMH, Y SIKUX YCi 3TYCTKH IOCITIJOBHOCTI (pOKYCYIOThCS OJHAKOBO Ta OAHOpiAHO. B miit cxemi
(hoxycyBaHHS HEOOXIITHO, MO0 JOBXKHHA KOKHOTO 3TYCTKa JOPIBHIOBAJA MOJIOBHHI JOBXUHH KiTbBATEPHOI XBHII,
3apsi MepIIoro 3rycTKy OyB y 2 pa3u MEHIIE 3apsia KOXKHOTO i3 PEIITH 3TYCTKIB, a BiICTAaHb MK HUMH OyIa piB-
Hoto 1,5 norxkuam xBwiIi. Iloka3aHo, o0 B IbOMY BUIAJIKY JIMIIE HA |-i 3TyCTOK JIi€ TIOB3OBXKHE €JIEKTPUIHE TI0JIe
E,. OctaHHi 3rycTKH 3HaXOIsAThCs y HYJIbOBOMY MOB3JIOBXHBOMY KilbBaTepHOMY ol E, = 0. dokycyroue pamianb-
HE eJICKTPUYHE TI0JI€ B 30HAX, IO 3aHATI 3TyCTKAMH, IIOCTIHHE 110 TOBXKHUHI 3TyCTKIB.
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