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To increase the transformation ratio, determining maximum energy of accelerated electrons, when wakefield is
excited by sequence of electron bunches in plasma, it is profitable to use a certain difference of bunch repetition fre-
quency and plasma frequency. First, field is excited resonantly. Then bunches shift into a small decelerating field.
Bunches lose as much energy as accelerated bunches takes up.

PACS: 29.17.+w; 41.75.LX;

INTRODUCTION

The efficiency of electron bunch acceleration by
wakefield, excited in two-beam accelerator by se-
quence of electron bunches is determined by transfor-
mation ratio (see [1-12]). The larger energy of
bunches of accelerated electrons can be at larger trans-
formation ratio. The transformation ratio, defined as
ratio TR=E,./Eqe. Of the wakefield E,., which is excited
in accelerator by sequence of the identical electron
bunches, to the field Eg4, in which an electron bunch
is decelerated, is considered in dissipative media: col-
lisional plasma or in accelerating dielectric structure
with finite Q factor. The lengths of the bunches are
selected to be equal less than half of wavelength
E,<A/2. We consider the non-resonant case, when the
frequency of the excited wave o is not equal to the
repetition frequency of bunches w#w,. It is shown that
at a certain rate of dissipation after reaching saturation
of wakefield amplitude the asymptotic bunches get in
small decelerating wakefield, providing a large trans-
formation ratio. Asymptotic transformation ratio is
determined in dependence on the rate of dissipation
and current ratio of witness-bunches and driver-
bunches.

First wakefield is excited by sequence of bunches
approximately according to resonant scenario, namely
the first bunches, which excite wakefield up to ampli-
tude, close to saturation one, are approximately in the
maximum decelerating field. Then in collisional plas-
ma within the time, approximately equal to the inverse
frequency of collisions of plasma electrons At=1/v,,

during which a few beats of wakefield occur, in the
non-resonant case bunches are shifted on phase rela-
tive to wave in phase, where a decelerating field is
small. Steady state is established such that the bunches
are in this phase of the field in which driver-bunches
lose as much energy as total energy is dissipated in the
system and as much energy as accelerated bunches
take away energy.

It is shown that in order to increase the transfor-
mation ratio, it is advisable to use the corresponding
difference of the injection frequency of bunches and
electron plasma frequency, i.e. it is advisable to use
the corresponding nonresonance regime.
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1. PHASE SHIFT OF BUNCHES RELATIVE
TO THE WAKEFIELD AT ITS EXCITATION
IN THE PLASMA BY LONG NON-
RESONANT SEQUENCE OF IDENTICAL
RELATIVISTIC ELECTRON BUNCHES
IN COLLISIONAL PLASMA

Nonresonant case ,, #w, is considered with a

large transformation ratio (TR) at excitation of wake-
field E, in collisional plasma v, =0 by long sequence

of identical relativistic electron bunches. o, is the fre-
quency of injection of bunches, o, is the electron
plasma frequency, v, is the electron collision frequen-

cy. Transformation ratio can be estimated as the ratio of
the maximum accelerating field to the maximum decel-
erating field in the middle of the bunch.

As a result of decomposition of the charge (current)
density of the bunch sequence of relativistic electrons in
the Fourier series and separation of the main first peri-
odic term, one can obtain the equation for the amplitude
of the excited longitudinal electric wakefield

’E E
d_220+ve u-'.O)f)eEzO
dr dt

Here E, is the constant which is proportional to the
maximum current of sequence of bunches and it depends
on the spatial structure of the bunches and on the trans-
verse structure of the longitudinal field.

Partial solution for excited wakefield looks like

E, (t)=E,o (t)cos(w,t+¢(1)). )

Here E,, is the amplitude of the wakefield, ¢(t) is

= Eycos(o,7), t=t-2/V, . (1)

the relative phase of excited wakefield and bunches,
which excite wakefield.

At wakefield excitation in plasma by a nonresonant
sequence of bunches of relativistic electrons o, #a,,, the

relative phase ¢ of the first bunch, which excite the field
E, and the wakefield is equal to (Fig. 1) ¢=0.

At further wakefield excitation
E, (1) =E,(t)cos(w,t+@(t)) by a nonresonant se-
guence of electron bunches the relative phase ¢ due to
o, # o, and amplitude of wakefield E,, grow.

Due to the finite frequency of collisions v, =0 and
the resonance detuning o, # o, , the wakefield ampli-
tude E,, reaches saturation
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Fig. 1. The relative position of the first exciting bunch
and the excited wakefield E, (red)
Maximum amplitude of wakefield E,, ~E, o, /v,

is achieved at frequency

ol = fl—vz /200, . 4

At reaching the maximum amplitude, a relative
phase shift ¢ is established between the bunches and

the excited field, which is determined by the ratio
tgp = ((of)e —o? )/Vempe . (5)
From the latter one can see that in the resonant case
m = ®, , the relative phase remains ¢ =0 the same as
for the first bunch. One can see also that in the nonreso-

nance case Aw=w,, —o, #0 at

2A0>> v, (6)
phase can reach ¢~m/2. That is, in the extreme case
2Aw>>v,, the regime is achieved when all bunches,

beginning with a certain bunch, are in almost zero de-
celerating field, created by the previous bunches. Then a
large transformation factor is achieved TR >>1.

2. DEPENDENCE OF THE
TRANSFORMATION RATIO
ON THE COLLISION FREQUENCY
OF PLASMA ELECTRONS

For a case, corresponding to the maximum amplitude
of wakefield

Ao/o, = (030 — o™ )/wm ~V: 4ol <<v, /20, ,

o,

the condition 2Aw>>v, for achieving a large transfor-
mation ratio is not fulfilled. Indeed, although the excited
accelerating field is a large E,, ~ E, wpe/ve , decelerat-
ing field
E*) = E,, cos(¢p) = E,, @)
for driver-bunches is approximately equal to the accel-
erating field, so that
TR=w,E,/v,E™ ~1. ®)
For different values v, and Aw the relative phase in

the regime of the amplitude saturation can be equal to
0<@<n/2. In this case, the saturation amplitude can

be equal to
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E, o o o)
E, = e ® E <E, < ®E,.(9)
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For a nonresonant case, when 2Am>> v, is true, the
decelerating field for driver-bunches is small
EC) =E,,c05(¢) ~ E, v, /2A0 << E,o. (10)
Then the asymptotic at times t>n/2A® transfor-
mation ratio TR = EZO/E(Z"“) rone 1S large

t>n/2A0

TR=E,,/E"|. 50, =2A0/v, >>1. (11)
In this case, the accelerating field equals
E,o ~E, 0, /2A0>> E, . (12)

Now let's consider the collisionless plasma, but with
certain witnesses. Namely, accelerated electron bunches
with small charges are in relation to bunches with large
charges, which excite a wakefield, slightly less than
through /2. Then the first bunches excite wakefield
according to resonance mechanism, and bunches with
small charges get into the phases of the wakefield, where
the longitudinal wakefield is small E,~0. Then, due to a
small initial nonresonance mp#wye Or due to nonlinear
frequency shift, the resonance is violated. The quasi-
stationary asymptotic behavior, when the amplitude of
the wakefield reaches saturation is as follows. As a re-
sult of the resonance disturbance the bunches, which
excite wakefield, appear in the small longitudinal wake-
field E,1>0, and accelerated bunches appear in the max-
imum wakefield E,™. Then the asymptotic transfor-
mation ratio is large

TR=E,"™/E,;>>1.

Thus, we consider the case of a collisionless plasma,
when, after reaching a large amplitude, accelerated
bunches get into maximum accelerating wakefield so
that as the decelerated bunch loses energy, the subse-
quent accelerated bunch absorbs the same energy. As a
result, if the quasi-stationary state is supported, then
decelerated bunches lose energy in the decelerating
field, which is equal to

EEI:IC) = EZO IW/Idr : (13)
lw, lgr are the currents of bunches, which is accelerated
and decelerated. If inequality 1,,/1, >>v,/2A is true,
then the asymptotic transformation ratio is equal to

TR = Idr/lw

and large in the case |, << .

(14)

3. EXCITATION OF WAKEFIELD FROM
NULL TO LARGE AMPLITUDE
Nonresonant sequence of bunches o, <o, is con-

sidered. Wakefield after one Gaussian bunch, whose
current density equals

i =('—"zjexp[—r—ijexp{——(z‘\z’b”z}, (15)
o, o, o,

equals
4] x/ncs w’c?
EW =| Z0NT22 Joyp| -2 22 IR (r)cos ,
2 ( V,o? ] p( 4v§] . (r)eos(er)

ISSN 1562-6016. BAHT, 2017. Ne6(112)



z
T=t—-—,

b
V,, |, are the velocity and current of the beam, R, (r)

(16)

is the transversal structure of the longitudinal field,
o, =V,t, is the length of the bunch, o, is the radius of
the bunch, j, is the current density of the beam.

The contribution of each bunch to the wakefield ex-
citation is different, since this contribution is propor-
tional to cos(py ), @y =9y (N-1)/(N,-1) is the phase of

N -th bunch in the wakefield.
N, =1/2(1-o,/®, )=, /2A® corresponds to a bunch,

on which the wakefield amplitude reaches a maximum
E,,. at which the relative phase becomes equal ¢o,,,
which satisfies
tg ((PM ) = Q(O);zne _(Dzm )/Vempe . 17)
That is, one can see that almost to the saturation am-
plitude the wakefield is excited rapidly, almost accord-
ing to the resonance mechanism. Summing in sequence
of N bunches, we derive that the Gaussian non-resonant
(N +1)-th bunch gets into the wakefield equal to

e[ A2 e

VG

xico{%}xp{—((’;—\zzjz}= (18)

:(M}RZ<r>cos(wmr+m<r>>x
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2
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b
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Thus, for N -th bunch TR, estimated as

TR, =cos [ o, (N-1)/(N.-1)], (20)
is equal at 2Aw>>v, to
Vv,
Cos((pM)z$<<1,
TR, =cos*[n(N-1)/2(N,-1)]. (21)

One can see that TR, =1, TR, grows with growth N

and it becomes large at N=N_ =, /2A0, and at N> N,
N-1 2(N_ -1

o[ FN-D T 2(N,-1)

’ 2(Nc_l) TE(NC_N)

Now let's consider the average transformation ratio,

taking into account the stage of the wakefield excitation.

We take into account that at the excitation stage of the

wakefield, the decelerating field and the accelerating
field are approximately the same NE, . N is the number

of injected bunches. We also take into account that at
the asymptotic stage the accelerating field is equal to
E,,, and the decelerating field is equal to

E*) ~ E,0/2A0>> E, . Then TR approximately equals
[Ny +(N=N,)E, |/N o =
R [NE +(N=N,) dec]/N o

c—z0
>>1,

TR,

>>1. (22)

E

— z0
N, /N+E"(N-N,)/N o
N is the total number of bunches, N_=w/2Aw® is the
number of bunches, during which wakefield increases.
N >>N_, because N~6000, N, ~300, E,; ~N_E,.

Thus, it has been shown that a significant transfor-
mation ratio can be achieved at the excitation of a wake-
field in a collisionless plasma or in a plasma with a cer-
tain sequence of wintesses by a long sequence of identi-
cal bunches of relativistic electrons.

4. RESULTS OF NUMERICAL SIMULATION

Numerical simulation has been
2d3v-code Icode [13].

(23)

performed using
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Fig. 2. Longitudinal distribution of the on-axis longitudinal wakefield near the injection boundary
of bunches of the non-resonance sequence

The main purpose of the numerical simulation of the
wakefield excitation by the sequence of electron bunch-
es is demonstration that, in the asymptotic stationary
state, the driver-bunches get into the phases of the wake-
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field, where the decelerating field is small (Fig. 2). At
the same time, if at the front of the sequence of bunches,
where the wakefield is beatings, some bunches lose en-
ergy, while others bunches take it, then in the asymptotic
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stationary state all bunches lose energy. It was assumed
that the bunches have a rectangular shape with a uniform
distribution of density.

CONCLUSIONS

Thus it has been shown that in collisional plasma or
in dielectric accelerating structure with finite Q factor
the state occurs naturally with large transformation ratio
of energy of driver-bunches into energy of witness-
bunches at wakefield excitation by a sequence of identi-
cal electron bunches. The expression for transformation
ratio has been derived in dependence on the rate of dis-
sipation and current ratio of witness-bunches and driver-
bunches.

It is shown that in order to increase the transfor-
mation ratio at the wakefield excitation by a long non-
resonant sequence of identical relativistic electron
bunches in a collisional plasma it is expedient to use a
certain difference of the injection frequency of bunches
and the electron plasma frequency, that is, it is expedient
to use a certain nonresonance regime.

The dependence of the transformation ratio is estab-
lished, which determines the maximum energy of the
accelerated particles, from the collision frequency of
plasma electrons at the wakefield excitation in it by a
long nonresonant sequence of identical relativistic elec-
tron bunches.

It is also shown that a large transformation ratio is
achieved in a quasi-steady state in the non-resonant case
of the wakefield excitation in a collisionless plasma, if
after reaching a large amplitude, accelerating bunches
are injected in the maximum accelerating field, so that
energy, lost by decelerated bunches, equals to energy,
absorbed by accelerated bunches of low density.
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KO3®OPUIHNEHT TPAHC®OPMAIIUUA ITPU BO3BYKIEHUN KUJBBATEPHOI'O ITOJISA
B JUCCUIIATUBHOM CPEJE INOCJIEJOBATEJBbHOCTBIO SJIEKTPOHHBIX CTYCTKOB
U.II Jlesuyk, B.U. Macnos, H.H. Onuwenko

Juis yBemmaeHus koddduimenTa TpaachopMannu, onpenesonero MakCHMaabHYI0 SHEPTHIO YCKOPEHHBIX 3JICKTPOHOB, MPH
BO36y)KIIeHI/II/I KHJIBBATCPHOTO IIOJIAI MOCIICAOBATCIIbHOCTBIO 3JIEKTPOHHBIX CT'YCTKOB B IUIa3M€ BBII'OAHO HCIIOJB30BAaTh OIIPEIC-
JICHHYIO pasHUIly YaCTOThl MHKXEKOHUH CTYCTKOB H IUTa3MEHHON 4YacTOTHI. CHaanIa I10JIC Bo36y)1<naeTc51 PE30HAHCHO. 3aTeM
Cr'yCTKH CMEIIATCA B HeOOIIBIIoE TOPMO3AIIEE IOoJIC. YCKOPHGMI)IC Cr'yCTKH 3a6I/IpaIOT CTOJIBKO SHEPTUH, CKOJIBKO TOPMO3AIIHN-
€Cs CT'YCTKHU TEPAIOT.

KOE®IIIEHT TPAHC®OPMAIIIL ITPU 35YI)KEHHI KIJIbBATEPHOI'O 110151
B JTUCUMMATUBHOMY CEPEAOBUIII MOCJIJOBHICTIO EJIEKTPOHHHUX 3I'YCTKIB
LIL Jleguyk, B.I. Macnos, I. M. Onuwienko

Juis 30impineHHst KoedimieHTa TpaHcopMarlii, 10 BU3HAYAE MAKCHMAIbHY €HEpTil0 MPUCKOPEHUX EIEKTPOHIB, MpU 30y-
JOKEHHI KUTBBATEPHOTO TIOJIS TTOCIIIOBHICTIO €IEKTPOHHUX 3TYCTKIB Yy IIa3Mi BHT1THO BUKOPUCTOBYBATHU IIE€BHY Pi3HHUIIO YacTO-
TH IHKEKII] 3TyCTKiB 1 mra3mMoBoi gactotu. Criouatky moje 30ymKyeTbesl pe30HaHCHO. [10TiM 3rycTKH 3MIIyIOThCSl B HEBEITHKE
ranpMyroue rosue. [IpHcKoproBaHi 3ryCTKH 3a0MPalOTh CTIIBKH €HEpTii, CKIBKH 3TYCTKH, 110 TaJIbMYIOThCS, BTPA4alOTh.
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