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Wakefield excitation by long sequence of short Gaussian bunches of relativistic electrons and electron bunch ac-
celeration in excited wakefield is numerically simulated for the parameters of the experiments. It is shown that at
change of the system parameters and shaping laws of sequence of bunches of relativistic electrons in the intervals of

finite width the transformation ratio remains large.
PACS: 29.17.+w; 41.75.LX;

INTRODUCTION

Transformation ratio is the important value in the
wakefield method of charged particle acceleration (see,
for example, [1 - 5]). It determines to what energy the
electrons can be accelerated by sequence of electron
bunches with fixed energy. The transformation ratio,
determined as the ratio Tg=E,/E; of wakefield E,, which
is excited in plasma by sequence of electron bunches to
the field E;, in which the electron bunch is decelerated,
is considered. The excitation of wakefield by long se-
quence of short Gaussian bunches of relativistic elec-
trons is investigated by numerical simulation, using the
code Icode [6], for the parameters of the experiments
[7, 8]. The distance between the bunches, equal to
wavelength plus the bunch width at half-maximum, and
the distance between bunches, equal to one and a half of
the wavelength, are selected. It is shown that not only in
these cases, but also at varying of the parameters within
a certain range the transformation ratio increases with
the number of bunches.

1. ANALYTICAL INVESTIGATION
OF WAKEFIELD EXCITATION IN PLASMA
WITH LARGE TRANSFORMATION RATIO
BY SEQUENCE OF BUNCHES WITH
LINEAR GROWTH OF CHARGE

First we analytically compare the wakefield, excited
by resonance (om=wmp., ®n is the repetition frequency of
bunches, o, is the electron plasma frequency) sequence
of rectangular (uniform) bunches with the ratio of the
successive charges, equal to 1:3:5: ... with 1.5on=0pe.

At using of shaped bunches through 1.5X the decel-
erating field is equal to Eq=E;/2, and the accelerating
field is equal to E,.=NE;. N is the number of bunches.
l.e. after 2nd bunch E,=2E,, and after 3rd bunch
E.=3E;.

In the case of resonant shaped bunches through A
the decelerating wakefield is approximately equal to the
accelerating wakefield and accelerating wakefield after
2nd bunch is equal to E,=4E;, after 3rd bunch it is
equal to E,=9E;, i.e. it should be E,.=NE;. Indeed

Wn-Wi.1 = nen,
ENT ZﬁeanENC/(Dp, Enc= EN—1+B6EN Bz1/2

Then after 1st bunch one can derive

g1 = N COE /w0y, Wi = ey, 8E;=E;, Wy =E;74rn
E,%/4n = nenyCEi/o,, E; = (2m)*nenyclo,.
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After 2nd bunch one can derive
W,-W, = néy, €= 27'Ce3nb1CENC/(,Op, Enc= E1+8E2/2.
(E1+8Ep)/4n-E,/4m =
= 6E2(E1+8E2/2)/27€ = T]67Tenb1C(E1+6E2/2)/(Dp
SE, = 3n(27)eny;c/m, = 3E;.
Hence after 2nd bunch
Ez = E1+6E2 = 4E1
After N-th bunch

Wn-Wh = NéN, EN— ZﬁeanENC/(Dp, Enc= EN_1+8EN/2.

En“/AT-En.i*lAn = (Eny+OEN)4n-En, Y4 =
= BEN(E1+8EN/2)/27’C = T]27'56(2N'l)nblc(EN_1+8EN/2)/(Dp,

8En = n(2m)%e(2N-1)ny;Clm, = (2N-1)E;.
Then
E3 = E2+6E3 = 4E1+5E1 = 9E1
EN = EN_1+6EN~1+3+ . +(2N'1)

1+43+...4(2N-1) = 1+2+...+2N-2(1+2+...+N).

Because
1+2+...+#N = N(N+1)/2,
we have
1+3+...+(2N-1) = 2N(2N+1)/2-2N(N+1)/2 = N°.
En=N’E;.

Then after 300 bunches the accelerating fields in
resonant shaped case through A Ey™ and in shaped
case through 1.51 Ex®" are different in

En"/EN®"=NE,/NE;=N=300
times.

In the case of shaped bunches through 1.5X the de-
celerating wakefield is in 300 times smaller than the
accelerating wakefield and in (300)%~10° times smaller
than the wakefield in resonant case.

2. NUMERICAL SIMULATION
OF WAKEFIELD EXCITATION IN PLASMA
WITH LARGE TRANSFORMATION RATIO
BY SEQUENCE OF BUNCHES WITH
LINEAR GROWTH OF CHARGE

Numerical simulation has been performed using 2d3v-
code Icode [6]. Parameters: n,s=10"'cm™ is the resonant
plasma density  which  corresponds to ratio
mpe:com:Zn-Z.S-lOg, relativistic factor of bunches equals
vb=5, have been selected for numerical simulation. o, is
the repetition frequency of bunches, mp= (4nn,ese2/me)1’2
is the electron plasma frequency. The density of bunches
n, =6x10°fim™® is distributed in the transverse direction

approximately according to Gaussian distribution,
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o, =0.5cm, A =10.55cm is the wavelength, &=Vt-z, V, is
the velocity of bunches. Time is normalized on @™, dis-
tance — on c/wmp, density — on ne, current I, — on
le=ntmc>/4e, fields — on (47nec’me)"2.

We show that in the case of often used shaped
bunches-uniform-cylinders with the ratio of charges,
equal to 1:3:5:... and with the distance between bunches,
equal to one and half of the wavelength 8&=1.54, with a
width of bunches, equal to &=A/2, at of plasma wake-
field excitation the problem of the formation of the ac-
celerated bunch is solved easily. In this case, the last
bunch, if its charge is small in comparison with the
charge of previous bunch, becomes accelerated bunch
(Filgs. 1-3).
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Fig. 1. Current of bunches with &=4/2, 6&=1.54,
01:02:Q3: ... =1:3:5: ... at linear growth and sharp
decrease at back front
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Fig. 2. Longitudinal distribution of density n, of sequence
of bunches and of longitudinal wakefield E, in the case
of sequence of bunches with the ratio of the successive
charges, equal to 1:3:5:...., at &=A/2, 1,=0.2:10°

The wakefield excitation by sequence of N bunches
with the ratio of the charges of the successive bunches,
equal to 1:3:5: ..., the distance between bunches, equal to
the sum of the excited wavelength A and bunch width at
half maximum &, is considered. One can see (Fig. 4), that
bunches on part of the sequence, on which the charges of
bunches increases, get into small decelerating wakefield.
Thus the large transformation ratio achieves, which can
be determined as the ratio of the maximum accelerating
wakefield E., to the maximum decelerating wakefield
E.qg in the area of bunch TR=E./E,q. Also one can see
that on the back front of the sequence, where the charges
of bunches decrease, the bunches automatically get into
large accelerating wakefield.
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Fig. 3. Perturbation of longitudinal momenta 6p,
of bunches

When bunches are formed due to trapping of elec-
trons with linearly increasing charge density by electric
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field on each successive identical time interval and due
to their bunching and when on half periods of time elec-
trons are lost, then the ratio of charges of consecutive
bunches is equal to 1:5:9: ... If the distance between the
bunches is equal to the sum of the excited wavelength
and of the width of the bunch at half-maximum, then
(Fig. 5) the amplitude of the beatings of decelerating
wakefield, in which bunches get, is more. However, the
transformation ratio remains large. Again at the back front
of the sequence, in which the charges of the bunches de-
crease, bunches get into large accelerating field.

In the case of a sequence of 45 bunches with the ra-
tio of charges of the successive bunches, equal 1:5:9: ...,
excited wakefield has the shape, shown in Fig. 6. In the
case of a sequence of 100 bunches with the ratio of
charges of the successive bunches, equal 1:3:5: ..., excit-
ed wakefield has the shape, shown in Fig. 7.

If the ratio of the charges of successive bunches is
equal to 1:2:3: ... [2] and the distance between bunches
is equal to the sum of excited wavelength and of width
of the bunch at half-maximum, and the charge of bunch-
es distributed in the longitudinal direction according to
the Gaussian distribution, the excited wakefield has the
shape, shown in Fig. 8. One can see that at the back
front of the sequence, in which the charges of the
bunches decrease, bunches get automatically into large
accelerating wakefield.

If the distance between the bunches, the charge of
which is distributed in the longitudinal direction accord-
ing to Gauss distribution, is equal to one and half of the
wavelength, the length of the bunch at the base equals to
the wavelength and the charge ratio of successive
bunches is equal to 1:3:5: ... the excited wakefield has
the shape, shown in Fig. 9. One can see that decelerating
wakefield is small and approximately the same for the
majority of the bunch electrons. The bunches are in fairly
homogeneous close focusing wakefields (see Fig. 9) due
to the fact that the bunches get into the dips of the plas-
ma electron density (Fig. 10).

If the distance between the bunches, the charge of
which is distributed in the longitudinal direction accord-
ing to Gauss distribution, is equal to two and half of the
wavelength, the length of the bunch at the base equals to
the wavelength and the charge ratio of successive
bunches is equal to 1:3:5: ... the excited wakefield has
the shape, shown in Fig. 11. One can see that decelerat-
ing wakefield is also small and approximately the same
for the majority of the bunch electrons.

In the case of linear shaping of charges of bunch se-
quence along the sequence as well as along each bunch
with use of bunch-precursor the large transformation
ratio is achieved (Fig. 12)

TR~27NEL/A.

One can see that the wakefield amplitude and the
transformation ratio increase with increasing of number
of bunches, exciting wakefield.

Now we consider the range of change parameters in
which the transformation ratio remains large. Numerical
simulation shows that TR and the accelerating wakefield
are large in the case of parameter changes
2nVolon=A+Ep in range 2nVolmn=A+E,+EL/2. However,
in these cases the decelerating wakefield and their spa-
tial distributions are different (see Figs. 4, 13, 14).
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Fig. 4. Longitudinal distribution of density n, of sequence of bunches and of longitudinal wakefield E,
in the case of sequence of bunches with the ratio of charges of the successive bunches, equal to 1:3:5: ... with
the distance between the Gaussian bunches, equal to the sum of excited wavelength and of width of the bunch
at half-maximum at &=A/6, 1,=0.7.10°°
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Fig. 5. Longitudinal distribution of density n, of sequence of bunches and of longitudinal wakefield E,
in the case of sequence of 17 bunches with the ratio of charges of the successive bunches, equal to 1:5:9: ... with
the distance between the the Gaussian bunches, equal to the sum of excited wavelength and of width
of the bunch at half-maximum at &=4/6, 1,=0.7-10°>
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Fig. 6. Longitudinal distribution of density n, of sequence of bunches and of longitudinal wakefield E,
in the case of sequence of 45 bunches with the ratio of charges of the successive bunches, equal to 1:5:9: ... with
the distance between the Gaussian bunches, equal to the sum of excited wavelength and of width of the bunch
at half-maximum at &=4/6, 1,=0.23-10°°
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Fig. 7. Longitudinal distribution of density n, of sequence of the Gaussian bunches and of longitudinal wakefield
E, in the case of sequence of 100 bunches with the ratio of charges of the successive bunches, equal to 1:3:5: ...
at &=1/6, 1,=0.18-10°°
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Fig. 8. Longitudinal distribution of density n,, of sequence of bun(?hes and of longitudinal wakefield E, in the case of se-
quence of bunches with the ratio of charges of the successive bunches, equal to 1:2:3: ... with the distance between the
bunches, equal to the sum of excited wavelength and of width of the bunch at half-maximum at §=A4/6, 1,=0.7-10°®

4.087%10" B

aviavliavl

aVmyiavls v\
AR
mﬂl“ﬁ‘

] 120

E. 0 1

-4.087%10° A

Fig. 9. Longitudinal distribution of density n, of sequence of bunches, of longitudinal wakefield E, and of radial
wake force F, in the case of sequence of the Gaussian bunches with the ratio of charges of the successive bunch-
es, equal to 1:3:5: ... with the distance between the bunches, equal to one and half of the wavelength,

5 the length of the bunch at the base equals to the wavelength at &=4/2, 1,=0.7-103
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Fig. 10. Longitudinal distribution of density n, of sequence of bunches and of density of plasma electrons n, in the case
of sequence of bunches with the ratio of charges of the successive bunches, equal to 1:3:5: ... with the distance between
the bunches, equal to one and half of the wavelength, the length of the bunch at the base equals to the wavelength
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Fig. 11. Longitudinal distribution of density ny, of sequence of the Gaussian bunches and of longitudinal
wakefield E, in the case of sequence of bunches with the ratio of charges of the successive bunches,
equal to 1:3:5: ... with the distance between the bunches, equal to two and half of the wavelength, the length
of the bunch at the base equals to the wavelength at §=1/2, 1,=0.7:10°
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Fig. 12. Longitudinal distribution of density n, of sequence of short bunches and of longitudinal wakefield E,
in the case of linear shaping of charges of bunch sequence along the sequence as well as along each bunch

with use of bunch-precursor at &=4/20, 1,=1.0-10°
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Fig. 13. Longitudinal dlstrlbutlon of density ny
of sequence of the Gaussian bunches and of longitudi-
nal wakefield E, in the case of sequence of bunches with
the ratio of charges of the successive bunches, equal
to 1:3:5: ... with the distance between the bunches,
equali+&+&/2 at §=1/6, 1,=0.7-10°
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Fig. 14. Longitudinal distribution of density n,
of sequence of the Gaussian bunches and of longitudi-
nal wakefield E, in the case of sequence of bunches with
the ratio of charges of the successive bunches, equal
to 1:3:5: ... with the distance between the bunches,
equal A+&-&/2 at §=A/6, 1,=0.7-10°

CONCLUSIONS

The transformation ratio has been investigated by the
numerical simulation at wakefield excitation in plasma
by sequence of Gaussian short relativistic electron
bunches with linearly increasing charges. It has been
shown that the transformation ratio increases with the
increasing of number of bunches when the distance be-
tween bunches is equal to the sum of excited wavelength
and of width of the bunch at half-maximum and when

the distance between the bunches is equal to the one and
half of the wavelength.
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KO2OPUIMEHT TPAHC®OPMAILIUU ITPU BO3BYKJIEHUN KNJIBBATEPHOI'O ITOJIA
JUHEAHO MPO®UIUPOBAHHOM MOCJEJTOBATEJIBHOCThIO KOPOTKHX
PEJATUBUCTCKUX 3JIEKTPOHHBIX CT'YCTKOB B IIJIABME

H.II Jleeuyk, B.H. Macnoe, U.H. Onuwienko

YuclieHHBIM MOACIUPOBAHUEM HUCCICAYCTCA NI MapaMETPOB DKCIIEPUMEHTOB BO36y)K}1€HI/IC KHJIBBATCPHOTO I10-
JIs1 )IHHHHOﬁ IMOCICAOBATCIBHOCTEIO KOPOTKHUX T'ayCCOBCKHUX CT'YCTKOB PEIATUBUCTCKHUX JJICKTPOHOB U YCKOPCHHE
OJICKTPOHHBIX CTYCTKOB C MaJIbIM 3apsaa0M B BO36y)K}1€HHOM IoJIe. HOKaSaHO, YTO IMPU U3MCHCHUHN TapaMETpPOB CH-
CTEMBI U 3aKOHOB npocl)pmnpOBaHnﬂ TIOCIIEOBATCIIBHOCTH CTYCTKOB PCIATUBUCTCKUX JJICKTPOHOB B HMHTEPBajiax
KOHEYHOH MUPHHBI K03()PUIMEHT TpaHCHOPMAITUU OCTAETCS OOJIBIIIM.

KOE®IIIEHT TPAHC®OPMAIIILI ITPU 3BY/KEHHI KIIbBATEPHOTI'O I1OJISA
JTHIHHO MPOPLIHEOBAHOIO MOCJAIAOBHICTIO KOPOTKHUX PEJIATABICTCHKHUX
EJIEKTPOHHUX 3I'YCTKIB Y IIJTA3MI

LIL Jleguyk, B.I. Macnos, . M. Oniwenko
YncnoBUM MOJIEIIOBAHHSM JIOCHIIKYETHCS JUIsl TapaMEeTPiB eKCIIEPUMEHTIB 30y/PKEHHS! KITbBATEPHOT'O TI0JIS J10-
BrOIO IOCJIJIOBHICTIO KOPOTKHX TayCCIBCBKHMX 3TYCTKIB PENISITUBICTCHKHX €JIEKTPOHIB 1 MPUCKOPEHHS €IEKTPOHHHUX
3TYCTKIB 3 MaJIUM 3apsiioM y 30ymkeHoMy modi. [TokazaHo, 1o npu 3MiHI mapamMeTpiB CUCTEMH i 3aKOHIB podisro-
BaHHS TIOCJIIJIOBHOCTI 3T'YCTKIB PEISTHBICTCHKUX EJIEKTPOHIB B iHTEpBasaX KiHIIEBOI IIMPHHU Koe]ilieHT TpaHcdop-
Mallii 3aJIMIIaeThCcs 3HAYHUM.
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