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ELECTROMAGNETIC WAVE GENERATION WITH HIGH TRANSFORMATION RATIO
BY INTENSE CHARGED PARTICLE BUNCHES
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Charged particle acceleration in wake
fields excited by intense relativistic bun-
ches refers to a class of new methods allow-
ing to have acceleration gradient above [1-3]
Clearly, such a scheme may be useful only in
case it will asllow to accelerate a particle
up to energy higher than that of the driving
bunch of particle.For thisreason , & neces-
sity arises as to excite electromagnetic wa-
ves with high transformation ratio defined
a8 a ratio of maximelly possible gain of the
teat charge to initial energy of particleas
in the driving bunch,

The purpose of this work is to study the
gtructure of excited electromagnetic fields
versus the longitudinal shape of the driving
bunch in order to obtain high transformation
ratio,

Let & point-like relativistic bunch of
charged particles with a velocity Vy close
to the velocity of light ¢ at a time moment
t=0 enter some structure { a cavity, dia-
phragmatic waveguide, plasma ) where it in-
duces electromagnetic waves with electric
field longitudinal component Ex .If we put
Z=0 at the arrival point ,then the energy
acquired ( or lost by the test charge q
moving slong the same trajectory with & time
delay v will be

z
Vo(t)=g/[z[3,t=g“+z,—-)a’z (1)
o

The Green function formalism ellows teo
expreas the loss function V(Z) for arbitra-
ry longitudinal distribution of driving bunch

P(7) through the loss function of point-
like bunch

V()= [ ot )V, (e-r) T

If we agsume that the energy exchange
process is lasting up to resting going out
of relativism )} of the driving bunch parti-
cle undergoing maximal deceleration V... ’
then the transformation ratio will be k=
- Vmox/Vin » where Vi,. 1is a maximelly pos-
sible energy gain of the test charge.

An expression for the loss function V(')
can be found using for searching for the ex-
cited electromagnetic fields the eligenmode
expansion method for the case of usual acce-
lerating structure or by solving the kinetic
equation on linear approximation for the
case of cold isotropic plasma [4]. In both
cagses a general expression V,(t) for the ul-
trarelativistic point-like driving bunch
takes a relatively simple form:

V,{z)==-n(v) > U, cosw, v

(2)

(3)

where % (z)=0, 1/2, 1 &t T <0 (in front
of the buneh), =0, 2 >0 (behind the
bunch), respectively; w, is frequency of
the n-th excited mode; U, &8re expansion

coefficients determining & contribution of

the n-th mode to the weke-wave field.In case
of plasma , & single mode on piasma frequency
W, ig excited, and

2
£y (t)=-29(c) 85 K, (L2 2)cos T, (a)

where Q is total charge of the driving bunch,
Z d1s the deviation from the trajectory,

K,(x) is the Bessel function of the 11 kind
[5] .Note , that in front of the bunch elec-
tromagnetic fields are abgent due to the
causality prineciple. In our further conside-~
ration of single-mode approximation we shall
not speciaelly mention the plasma cese.

From (3),(4) one can readily "see that the
basic excited mode yields transformation equ-~
al 2.This fact is known ag the basic property
of excited wake fields [6]. Let us show that
with sccount of all excited modes the trans-
formation ratio in the case of point-like
driving bunch does not exceed 2 ,Indeed,if
we introduce a parameter « = |Q/q| ,then the
energy loast by driving bunch will be V, =
a «£|V, (0}, while the energy acquired by the
test charge will be V;= Vi .- [V, (0)]/« .
Then according to the energy conservation we
have

V.- 2|V ol s & v, (0)] 5)

whence k< (1+ o?)/ol . This relation should
hold for all values of « ,since the trans -
formation retio does not depend on charges of
the driving and accelerated bunches.The right
hand side is minimal at « = 1, so we obtain
K k<2,

It can be shown [7,8] that for the symmet -
ric driving bunch the single-mode approxima-
tion yields the transformation ratio also
equal to 2 ,And this is achiveved in case
when maximel deceleration ia experienced by
average particle of the bunch. In particular,
for a uniform bunch of duration T with acco -
unt of the sgingle excited mode,according to
(2) we obtain:

“(t)=- Uo Sin, T
7w

+ 2 Z/o : on
Vile)=- gz s

O<t<T,
(6)

cos Woft- +) ©>T

Here V (f) corresponds to the loss function
ingide the bunch, V*(¥) - behind the bunch .
Fig.,1 shows dependences of eccelerstion rate
and transformation ratio on the bunch dura-
tion et the given number of particle in it.

At T=2% /w, the bunch does not excite the
consider mode, since all energy emitted on
this mode of the forepert of the bunch is
gpent for acceleration of its back part.Mexi-
mel transformation ratio is 2 being achieved
et Tw, = _é"— (1+4n).

However, becauge of the bunch self-accele~

ration, of practical significance is the
first peak (n=0),when the bunch duration is
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helf as large as the period of the excited
mode.In this case the acceleration rate falls
off nearly twice.Although for real structure
the account of all modes leads to a decrease
in k (~1.5), conditions can be found at
which it will be higher than 2. If frequen -
cies of excited modes relate as W, =(2n+1)w,
and coefficients U, coincide, then such
gtructure will yield a transformation k=8.(1+
1/3+1/5+...0/%  [97.

As an asymmetric bunch we'll consider a
driving bunch with linear growth of current
density P(f)= 2 ¢ /T® .For the lose function
we obtain

- 2%,
vV (TJ=—T,u)§ (1-cos woT)
. 2u _ (7
Vv (t')=1'zw:2 [Tw,sinw, (r-T)+cos w, T-cos wo fr-1)]

Fig.2 presents dependences of acceleration
rate and transformation ratio on bunch dure-
tion at a given number of particles in ift.
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At T= 29W/w, (N~1ig integer) & transformetion

ratio is k=#N . Schematically,the loss fun-

ctions V(f) at N=3 are shown in Fig.3a .
One can see that the transformation ratio
is proportional to the number of identical
minime inside the bunch (in the limit

V7 (T)=const) .

Thus, for single-mode structures we can
formulate the following statement: electro-
megnetic waves with a meximal transformation
ratio are generated by a driving bunch all
particles of which lose the same energy.
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Indeed,let two arbitrary point-like bunch-

Q, and Q3 move elong the same trajectory
in the structure.Then the energy lost by par-
ticles of each bunch will be

Vi =,
(8)
V;zbgz' Ut 2Uyco5 W, Ty =V,

While meximal energy acquired by the test
charge will be

+
Vm ox -

QU 1+ed?- 20l cos Wp T, (9)

For the trangformation ratio we then have

21+ d?-2d coswsTs o =4
K= (10)

2l -2dcos T, 424

Meaximum in the right-hand side is achieved
at of =1 ,here k = 2(1+Q,/0,)” . Note, that
the ratio Q, /Q, cennot exceed 3.

We can show that this is valid for N+1
bunches if for N bunches this condition holds
(N is sny integer).In this case a transfor-
mation ratio is

K=2 /z—g« ,

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

Consider driving bunches whose particles
would lose the same energy while flying
through the decelereting structure.

From (2) it follows that there is no exis-
tent continuous driving bunch whose all par-
ticles would have lost the same energy.How-
ever the logs function inside such bunch can
be paremetrized as V(%) = V,(1- exp(- o2 )).
At of =00, V' (7) is conatant.Driving bunch
distribution should then satisfy the integral
equation (2).This equation cen be solved by
means of the Laplace transformation, so for
the bunch distribution P(?¥) may be find [8]

1)

PIT)=B[(42 + wi) € s i lur-1]] (12)

O=T=sT

In the 1limit of— e such bunch yeilds a
trensformation k = (1+ (W,T)* )72 .



For a sequence of N identical point-like
driving bunches the condition of equality of
particle energy losses holds if their sequ-
ence intervals 7, satisfy the relation
gin W, U= 1/4°0 (n=1,2...) (Fig.4).

Lo anis vty nteo

Pig. 4

In this cese a maximal transformation ratio
k = 24N is achieved.

The driving bunch nonstandart distribu-
tions considered above offer certain diffi-
culties in their production and acceleration.
It is natural therefore to consider a sequ~
ence of N point-like bunches with increasing
number of particles in them. Here particles
of buncheg lose the same energy when their
recurrence period is ¢, =% /W, , and the
number of particles in the n-~th bunch is
N, = N,(2n~1) . Schematically the loss fun-
ction are sghown in PFig.5
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The transformation ratio according to (11)
is k=28 .

The above -obtained formulse for transfor-
mation ratios contain various paremeters of
bunches. Fig,6 presents dependencea of the
number of particles pariticipating in wake-
field generation on the transformation ratio
et the given acceleration gradient.

Yorgening in the parameters of piece-linear

bunch at small k is caused by the influence
of the bunch forepart where particles loase
different energies.

One can see that most optimal is the sequ~
ence 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.
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