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enhences both realigzability of such acceleration scheme by a

weke field and acceleration rate of the test charge.

Yerevan Physics Institute
Yerevan 1988



lipenpusT EGU-I040(3)-88
9.M.JA3UEB,C.C. BATAHAH ,B. M, UAKAHOB

TEHEPAUMA SIEKTPOMATHATHHX BOJH C BHICOKUM
KOSQOUUMEHTOM TPAHC®OPMAUMA WMHTEHCHBHHMN CIYCTKAMU
SAPANEHHNX YACTUU

B padore MCCleAye1CA BO3MOXHOCTD I'EHODALWH 3JI6KTPOMATHATHHX
nonelt ¢ BHCOKMM KO3(dumneHTOM TpaHCHOpDMANNE SHEpPI'MH OT BeAy—
mero CrycTKa K YCKOpAeMOMy. [[ONydYeHH HOBHE TRIH pacnpezeneHuit
BeAynero (reHepaTopHOro) CryCTHA, /ADOAe BHCOKMK Kos(iMnueHT
rpaHcopMauun. lipy 2T0M BeAymM#t CIyCTOK MpeAcTaBise? CoOOOi
fmocne A0BATEABHOCTH CIYCTKOB, YTO IIOBHIAST KAK pealM3yeMoCcTs
TaKoff CXeMH yCKOpEeHMA KMIABBATEPHHM HOJEM, TAX M TOMI YCKODGHHRA
MpoOHOTO 3apsAad.
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Chargec particle acceleration in wake fields excited by
intense relativistic bunches refers to a class of new methods
allowing to have acceleration gradient above 100 MeV/m [1-3].
Clearly, such a scheme may be useful only in case it will
allow to accelerate a particle up to energy higher than that
of the driving (generator) bunch of particles. For this rea-
son, a necessity arises as to excite electromagnetic waves
with high transformation ratio defined as a ratio of maximelly
possible energy gain of the test charge to initiél energy of
particles in the driving bunch.

The purpose of this work is to study the structure of exc-
ited electromagnetic fields versus the longitudinel shape of
the driving bunch in order to obtain high transformation ratio.

Let a point-like relativistic bunch of charged particles
with a velocity V; close to the velocity of light c(Vz=C)
af'a time moment + = O enter some structure (a éavity, dia-
phragmatic waveguide, plasmai where it induces electromagnetic
waves with electric field longitudinal component Ez ., If Qe

put Z=0 at the arrival point, then the energy acquired ( or



logt) by the teast charge q moving along the same trajectory
with a time delay T will be

o0
Z
Vo('c‘)= q,[Ez(Z)t ='t+—é-)d.2.. Q)
, ]
The Green function formalism ellows to express the loss func-

tion V(t’) for arbitrery longitudinal distribution of driving
bunch P{T) through the loss function of point-like bunch

LT
V(t)=f P(T') Vo(T-T")dT’ (2)
o
I? we assume that the energy exchange process is lasting up
to resting (going out of relativism) of the driving bunch
particle undergoing maximal deceleration V., , then the
transformation ratio will be K=‘-Vm:,. / Vmin s Where V:ux is
a maximally possible energy gain of the test charge.
An expression for the loss function V(T) cen be found
using for séa.rching for the excited electromagnetic fields
the eigenmode expansion method for the case of usual accele~
rating structures or by solving the kinetic equation in linear
approximation for the case of cold isotropic plasma (4] . In
both cases a general expression V,(t) for the ultrarelativis-

tic point-like driving bunch takes a krelatively gimple form:
Vo (T) =-Q(c)§_uncos @aT, (3)

where N (%)= 0, 1/2, 1 at T <0 (in front of the bunch),
T=0 , T> (0] (behind the bunch), respectively; w, is

frequency of the n-th excited mode; U, are expansion coeffi-



cients determining a contribution of the n-th mode to tne
wake-wave field. In case of plasma, a single mode on plasma
frequency p 1is excited, and

2
®
E.(T) =-2n(z) 3::—" Ko (—E—’—z)cos @pT, (4)

where @ 1is total charge of the driving bunch, <7 is the de-
viation from the trajectory, Ko(x) is the Bessel function of
the II kind [5] . Note, that in front of the bunch electromag-
netic filelds are absent due to the causality principle. In our
further consideration of single-mode approximation we shall
not specially mention the plasma case.

From (3), (4) one can readily see that the basic excited
mode yields transformation equal to 2. Thig fact is known as
the basic property of excited weke fields [6] . Let us show
that with account of all excited modes the transformation ra-
tio in the case of point-like driving bunch does not exceed 2.
Indeed, if we Iintroduce a parameter aL=|Gl/q| » then the ener-
gy lost by the driving bunch will be V;=dl IVo (O)I » while
the energy acquired by the test charge will be Ve = Vm:., =
- ;4‘—|Vp(0)| . Then according to the energy conservation law
we have .

Vmax = o [ Vo (0)] < o [ Vo (0) (5
‘

whence Kéi—(ﬂ'da) . This relation should hold for all va-
lues of ¢ , since the transformation ratio does not depend
on charges of the driving and accelerated bunches. The right-
hand side is minimal at ol = 1, so we obtain K € 2.

It can be shown [7,8] that for the symmetric driving

5



bunch the single-mode approximation yields the transforma-
tion ratio also equel to 2. And this is achieved in case whe:
meximal deceleration is experienced by average particle of
the bunch. In particular, for a uniform bunch of duration T
with account of the single excited mode, according to (2) we
obtain:

Vi(t)=- #; SiNG,T 0<T<T,
o
(6)

Vi@)=- Far Sin Fweafe-F) T

Here V-('C') corresponds to the loss function inside the
bunch, V T(T) - behind the bunch. Fig. 1 shows dependences
of acceleration rate and transformation ratios on the bunch
duration at the given number of particles in it. At T= 'ea%
the bunch does not excite the considered mode, since all
energy emitted on this mode of the forepart of the bunch is
spent for acceleration of its back part. Maximal transforma-
tion ratio is 2 being achieved at- T =%T-(1+ 4n).

However, because of the bunch self-acceleration, of practical
significance is the first peak (n=0), when the bunch duration
is helf as large as the period of the excited mode. In this
case the acceleration rate falls off nearly twice. Although
for real structures the account of all modes leads to a de-
¢rease in K (~1.5), conditions can be found at which it
will be higher than 2. If frequencies of excited modss relate
as Wn=(2n+{)w, and coefficients U, coincid;, tLen such
structure will yield a transformation K='3§t-(1+"3‘+‘15'+-'-) [9].

As an asymmetric bunch we'll consider a driving bunch with



linear growth of current densgity P(t)— Tz . For the

loss functions we obtain:

V(T)=- _?;'“ (1-c08 @WT)

(7
V*(’c')= 'I?a 7 [ Tw,Sinw,(T-T)+c0S T - €05 (T-T)]

Fig. 2 presents dependences of acceleration rate and trans-

formetion ratio on bunch duration at a given number of part-
ZJIN

icles in it. At T= (N is integer) a transformetion
ratio is K=3N . Schematically, the loss functions V(T) at
N = 3 are shown in Fig. 3 (solid 1line). One can see that the
transformation ratio is proportional to the number of identi-
cal minime inside the bunch (in the limit V (T) = const).
Note, that for structures where contribution of higher modes
is of the order of the principel mode, their account will lead
to an inorease in the transformetion ratio owing to outcoming
of loss functions inside the bunch on plateau (Fig. 3a, dotted
1line). However, for real structures where high modes are
quenched it is not valid.

Thus, for single-mode structures we can formulate the fol-
lowing statement: electromegnetic waves with a maximal trans-
formation ratio are generated by a driving bunch all particles
of which lose the same energy.

Indeed, let two arbitrary point-like bunches G, end Q;

move along the same trajectory in the deceleraﬁing structure.

Then the energy lost by particles of each bunch will be



V1-= U,

(8)
- _QL =tV
va = G1 u°+2uoc°s wo'co- 1
While maximal energy acquired by the test charge will be
Vm:x = 2u°ﬁ+ o? -chosa)ot':, (9)
For the transformation ratio we then have
2V 1 +d? - 2olcos@eTe A< 103
10

2 v
oTJT"‘de"ZdCOSG)oCo ol >1

Meximum in the right-hend side is achieved at o =1, here
K=2/1+ /@, . Note, that the ratio Q./Q, cannot exceed 3.

We can show that this is valid for N+1 bunches if for N bunches
this condition holds (N is any integer). In this case =

transformation ratio is

. T’gn ’ (11)
K=2/% ez Q4 2.

where @, is total charge of the n-th bunch.

Consider driving bunches whose particles would lose the
geme energy while flying through the decelerating structure.

From (2) it follows that there is no existent continuous
driviﬁg bunch whose all particles would have lost one and the
seme energy. However the loss function inside such bunch can
be paremetrized as follows:

Y(t)= V. (1- E'“) 0<st<T (12)
l



At o +eoo | V7(T) is constent. Driving bunch distribution
should then satisfy the integral equation:

T
Vo (d- e“"’)=[ P(T)V, (T-T")dz’ . (13)

o

This equation can be solved by means of the Laplace transfor-

mation, so for the bunch distribution P(T) we find [9] :
-t .
P(t) = P[4+ + 2lE@T-1)] 0<T<T: (14)
~In the 1limit o —~=° guch bunch ylelds a trensformation

K= [1+(wT)2 . The distribution (14) can be approximated by
piece-linear distribution (Fig. 3b). The principal excited

mode here yields a trensformation K=J{+ (1-TF +weT)*.

For a sequence of N identical point-like driving bunches
the condition of equality of particle energy losses holds if
their sequence intervels T, satisfy the relation sin@,T,=
={/jn  (n =1,2,...) (Fig. 4a). In this cese a maximal
transformation ratio K=2JN  is achieved.

The driving bunch nonstandard distributions considered
above offer certein difficulties in thelr production and acce-
leration, It is natural therefore to cc.isider s sequence of
N point-like bunches with increasing number of particles in
them. Here particles of bunches lose the seme energy when their
recurrence period is 'C’,=—2§—o(2m+1)’ s, and the number of part~
icles in the n-th bunch is Ng=N,(2n-1) ., Schematically,
the loss funcfions are show'n in Pig. 4b. The transformation
ratio according to (11) is K= 2N . ‘

The above-obteined formulae for transformation ratios



contain various parametefs of bunches., Fig. 5 presents depend-
ences of the number of pafticles participating in wake-field
generation on the trensformation ratio at the given accelera-
tion gradient, Worsening in the parameters of piece-linear
bunch at small K 13 caused by the influence of the bunch
forepart where particles lose different energies (Pig. 4).

One cen see that most optimal is the sequence of point-like
bunches. The advantage of the bunch sequence is also that the
total number of particles participating in energy exchange
may be considerably increased with a reasonable number of

particles left in each bunch.

Fig,.1
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