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1. Introduction

The progress made in recent years in the field of high-current relativistic electron beam
(REB) generation [1-3] has aroused a considerable interest in studying REB potentialities for
charged particle acceleration with a high acceleration rate T =100 MeV/m. It was proposed, in
particular, to employ high-current REB in two-beam acceleration schemes (TBA) [4-12]. In these
schemes high current REB (driving beam) excites intense electromagnetic waves in the
electrodynamic structure which, in their turn, accelerate particles of the other beam (driven beam).

The TBA schemes can be divided into two groups. The first group includes the schemes,
where the two beams (driving and driven) propagate in different electrodynamic structures coupled
with each other through the waveguides Which ensure the microwave power transmission to
accelerate driven beam particles [4, 6, 11]. Noté that in these schemes a free-elec;ron laser (FEL)
or a relativistic klystron are considered as possible microwave power sources. These schemes
differ from the traditional accelerator by the employment of only one intense beam over the whole
length of the accelerating structure, whereas in traditional accelerators many beams are used to
control different microwave radiation sources (klystrons).

The second group includes the TBA schemes, where the driving and driven beams
propagate in a one electrodynamic structure [5, 7, 10, 12]. In order to provide high charged-
particle acceleration rate in these schemes, it is necessary to create the condition under which the
accelerating field must be much higher than the electric field decelerating the driving beam. Only in
this case it would be possible to attain ‘an effective gain in the accelerated pﬁcle energy. These
conditions can be provided by making use of the field inhomogeneity in the cross section of the
electrodynamic structure (radial beam separation) [5, 7-9], or by placing the beams at different
resonances relative to the electromagnetic wave (two resonance acceleration schemes) {7, 10, 12].
Of all possible types of electrodynamic structures employed in this TBA group, the plasma
waveguide (cavity) should be considered as most promising. In a plasma, the limiting electric field

strengths may reach great values (about 10° to 10° V/cm), and this allows, in principle, the



attainment of a high charged-particle acceleration rate. In this case, the plasma, even being of a
high dertsity, remains "transparent” to ac_eelerated particles. |

In the plasma waveguide the condition of effective acceleration can be provided by making
use of the inhomogeneous electric field distribution across the waveguide system. Fig. 1 shows a
schematic of the radial structure @(r) of the longitudinal electric field component eigenmodes of
circular plasma waveguide with an ideally conducting lateral surface, 'located in a strong
longitudinal magnetic field [13]. It is seen that &(r) has its peak value on the waveguide axis
r =0 and vanished on the lateral surface of the waveguide r =r,. Hence, the efficient accelerzttion
of charged particles requires that the driving beam should be injected into the region, where the
~ electric field strength is minimum (near the lateral surface), and the accelerated beam - into the
region, where the electric intensity reaches its peak Qaiue (close to the plasma system axis).

The main aim of this work is to demonstrate by theory the possibility of realizirig
effectively the TBA scheme in the plasma waveguide. The physical model of the TBA scheme
under smdy is formulated in Sec. 2. Here we also give a set of equations describing the excitation
of RF fields by a high-current REB and the acceleration of driven beam electrons. Section 3
- presents the results of the linear theory of plasma wave amplification by the driving beam. The
range of system parameters, at which the plasma-beam instability develops, is defined. Results of
numerical simulation of the TBA scheme under study are presented in Sec. 4. The same section
gives the description of the dynamics of accelerated particle bunching in the high;current REB-
excited field. Estimates are given for the accelerating field intensities in the plasma and electron

acceleration rates. Section 5 comprises the discussion of the results obtained and conclusions.
2.  The physical model and its basic equations

The scheme of the two-beam charged patticle acceleration considered in this paper is shown

in Fig. 2. Here, the straight tubular beams, both driving and driven, with the radii 7 and
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r,(r, 1, < 1) move along the axis of a circular metallic waveguide. The waveguide is filled with a

homogeneous collisionless "cold” plasma of density n,.

The physical model adopted here describes the process of stationary amplification of
plasma waves in the given electrodynamic structure and the acceleration of driven beam electrons
by these waves. The model includes the following assumptions. | |
1. The beams have small transverse dimensions, so their stratification can be neglected.

2. The waveguide is in the strong longitudinal magnetic field H,|g,, hence, the motion of
electrons of the both beams and of the plasma is possible only in longitudinal direction
(motion is oné-dimensional).

3. The driven beam current is low in cqfnparison with the driving one, therefore we shall
ignore its effect on the process of field excitation (accelerated charged particles are mdving
in the given electromagnetic field). |

4.  The plasma is considered to be a linear medium, this being true provided that
$v, <1, (1)

where v, is the phase velocity of the wave; v =¢E,/ma is the oscillation velocity of plasma

electrons moving in the field E,; @ is the wave frequency; e,m are, respectively, the charge and

mass of the electron. Plasma ions are assumed infinitely heavy and their contribution to plasma

polarization is neglected. |

5. All perturbations introduced by the driving beam are assuméd to be azimuthally symmetric,
so that the perturbed variables can be represented as f = f (r,z)exp(—iv), v=0t—hz,
where 2,z are the time and longitudinal coordinate, A, is the longitudinal wave number of
the plasma-waveguide fundamental radial mode characterized by minimum root value of the
zero-order Bessel function. The fundamental radial mode has the greatest phase velocity.
We presume that at the given parameters of the system it is in resonance with the beam.

This is illustrated by Fig. 3. which schematically shows the dispersion curves of the first
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three radial modes of the plasma waveguide. Note also that f(r,z) is the amplitude,

dependent on radial (r) and longitudinal (z) coordinates, which slowly varies in the

longitudinal direction and satisfies the inequality
lP1n f(r.2)/ oen" <<1 - )

6. We consider the plasma TM modes having the electric and magnetic field comporients

E,E ,H, in the cylindrical coordinate frame. This arose from the fact that the straight
beams may effectively interact only with the longitudinal component of the electric field E,,
which is inherent in the TM modes.

The original set of equations describing the excitation of the TM waves in the anisotropic
plasma waveguide comprises Maxwell's equation written down in the cylindrical

coordinates:

JE, OE, .o
= PN '
% o ‘o ®
H,
aa;:"?E" v
10 .Q 4r .
;—(rH¢) =-i—g,E +— Ja,., )

where £,=1-0)/®” ‘is the longitudinal component of the plasma permittivity,

5 _ /o : ‘
= Iexp(ia)t)dto is the Fourier
2nm, _

o

(o, =(47m,,e2/m)”2 is the plasma frequency, j, =-I,

component of the driving REB current density at the frequency @, I, is the beam current, 2,
denotes initial times of electron arrival to the waveguide. On writing the expression for j, we

have made use of the law of beam charge conservation.

According to the general theory of waveguide excitation [14], the expressions for the fields

entering into (3)-(5) can be written as
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where E,,,H,, are the fields of the eigenmodes of the plasma waveguide without the beam

(E_s =E ,H =-H ), C,, are their amplitudes. The summation in (6), (7) is made over all radial

modes of the waveguide.

The eigenmodes amplitudes C,, are subjected to the excitation equations

ts=t— [ j,Erods, (8)

where S, is the waveguide cross section, Ny = 4—(;- H[ES X I?_'s] —[E_s X ﬁs]}ézds , is the norm
S,

of the S —th radial mode.
As is known [13], eigenfunctions of the axially symmetric TM modes of the anisotropic

plasma waveguide satisfy the expressions

_ kg,

Ey=-— J(ksr)exp(ihsz)e, + J,(ksr)exp(ihsr)e,, )
S .
Ay =-222 ] (kr)exp(ins2)e,, Qo)
Cks

where J,J, are the zero and first-rder Bessel functions, A is the longitudinal wave number
corresponding to the § — th radial mode; k; =(w?/C* - hsz)“.zej,’z, k= A /r,, Ag are the roots of

the zero-order Bessel function Jo(ls)= 0. In view of expressions (9), (10), the equations for C;

can essentially be simplified

dc _LJ (AT, v '
-ZiS==+—"——(7‘:1—:,;———)-exp[l(h1 +hs)z]p, (1)
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where N = —%r 1% (Ag )i, p= jexp(iﬂ)dﬁo, 9, =ox,.

We now derive the explicit expressmn for the longitudinal component of the electric field
acting on the beams electrons. To do this, we separate from the sum in (6) the component
corresponding to the fundamental radial mode S =1 at the frequency @, which is in resonance

with the beam and whose amplitude C, obeys the excitation equation.

dG _ _Ib"o(a'lrl/';)p

dz 7N, (12)

The approximate values of nonresonance amplitudes C,; can be obtained from (11) through

integration by parts

'Cisz-?IbJ”(/lS’i/r") p__ . _dpl d22
N5 i Fhs)  (hFhy)

]exp[l h, F k) ] (13)
Note that by assumption (2) the second term in (13) is small as cémpared with the first one.

Substituting (13) into (6) and using the expansion of the §-function, entering into the expression

for j,, in series in the Bessel functions

S(r-r) 22J(ﬁ.r/ AALEVIA (14)

h =1 _ ( s) r ’

Ll

we obtain the followin g expressions for the longitudinal component of the electric field

E(r.z)=
[ el (&r/r) ztz,,a,,ncs(lwzif ((j:rvi;z).(l A1()Z.,r;/r)pﬂ(r) 81,mc h;\é;)(dp/dz)] 1s)
exp(ilz),



where I, =mc’/e=1TkA, 7, =(1- ) is the relativistic beam, B, = V,/C, V, being the initial

velocity of the driving REB, ¢ =274, A=hV,/®-1 is the detuning parameter.

A=1— ()% = J (A /1) (Agr I T,)
B Cro AV ey R e R
AF) = z] (Asr11,)0(Asn I 7,) A% . | an

ORI

The first term in (15) represents the field of the wave being in resonance with the beam, the
second and third terms stand for the field of the RF space charge of the high-current REB.

Having defined the expression for the field E,, one can obtain a self-consistent set of
equations describing the anisotropic plasma waveguide excitation by a high-current REB. To this
end, the excitation equation (12) should be complemented with the equations of motion for the

phase ¥ = ax — hyz and the momentum p of driving beam electrons moving in the field E,:

dp e(p2 +m?c? )l/2 .
=== - Re[Ez(r = ri)exp(—zﬂ)], (18)
: 2 2.2 1/2
dy __o(p’ +m’c) k. (19)

dz pc

For further analysis, it is convenient to represent Egs. (12), (18), (19) in the dimensionless

form

dAv,,

Z=asarors | (20)
dq (1+q2)l/2 )
- _-——q_-—Re{[A(J,‘) + EILp+F, A, dp/ d&exp(-i 19)}, 2D
7o (l+q2)”2
— =B "L —1-A, 22
z B, p (22)



dﬂ: g+_qzziz__1._A

— =8, , (22)
d§ q
CJ,(Ar/1,)eV,
mc*w
v, __GJ(Anlr,)
2 Al IH( )Y,

q=plmc.

where A = . E ==2i(v,12x)y2(1+0), F, = 4(v, /2z)y: 2,

I, =01(r=1), A =Alr=n)1}(&)! (A l1,), E=axlv,

The equations describing the motion of driven beam electrons in the field E, can be written

g __[l+(q““)2]“2
dé q*

Re{[A(€)+ FIL,p|+ EAK " dp/ dE} x[exp(-iv*)|K, (23)

o= : [1+(qacc)2]1/2
&A=

-1-A4, _ (24)

where ¢*“ = p* /mc, p°” is the momentum of the driven beam particles, ¥°“ is the phase of the
driven beam electrons, IL=M(r=r), Ay =A(r=n)J2(h) (A /ro),
K=J,(Anr /1)l J (A /7,) is the pafameter defining the ration of the fundamental radial mode
amplitude in the region of the driven beam (r = rz) to that in the region of the driving beam
(r=1,). The values of this ratio essentially determines the efficiency of driven REB acceleration.

I, , and A, ,, entering into the equations of motion (21), (23) were calculated by summing

 the series (16), (17). The values of these parameters depend on the ratios of the driving and driven

beams radii to the waveguide radius. Further on, We consider the radius of the driven REB to be

fixed r,/r, =0,1. In view of this, Fig. 4 shows IT, , and A, , as functions of ratio of the driving

REB radius to the waveguide radius.



Equations (20) - (24) must be complemented with the boundary conditions

A§=0)=4,, q((=0)=4q,, ¢=(§=0)=¢,

HE=0)=90, ¢ [0,27], 9*(§=0)=1;" [0,27] @

Note that Egs. (20)-(24) comprise the integral representing the law of energy conservation

(v,/ Zn)T(l + q’)”zdﬂo +0.54F 1+ o)

o

(26)

: 2z 2 2z 2
+2(v, /27) 7 A2 A, x I:( jcosz?dﬁo) + ( Jsin Mﬁo) ] = const,
where the first term defines the energy contribution of the beam, and the second and third terms
define the contributions from the amplified resonance wave and nonresonance harmonics of the
field to the total energy balance of the electrodynamic system. From (26) we obtain the expressibn

giving the efficiency of driving REB energy transformation into the field energy:

172 2

1%y, -(1+4°)
- ds, =n, +1, =
n 272: ] yo‘l o nl nz

Al -4,
2vu,(1+0)(y, -1)

4 2 2 2 2
+—v%7-°ﬂ—x jcosﬁdﬂa T+ Isim?dz?o \
2” (YO - 1) o o

@n

where 7) is the relative fraction of total beam kinetic energy losses, 7, and 7, are the relative

fractions of beam energy losses by excitation of the resonance plasma wave and nonresonance

harmonics of the plasma waveguide.



3. The linear stage of plasma wave amplification

We now consider in brief the linear stage of anisotropic plasma waveguide excitation by a
high-current REB. At the initial stage of instability, when the amplitudes of RF fields excited in

the plasma wéveguide are small, the self-consistent set of Egs. (20)-(22) can be linearized as

dA _ 2 -
ET (v, /27)(1 ’+ o) -p, (28)
dq 1 i - . . ’
Z- 3 Re{[A(¢)+ EIT,p + F;Aldp/dé] exp(—téq +ia)}, (29
dd g '
—=— —-A, : 30
&Py , .

27
where p=i J' ﬁexp[i(ﬁo - Aé)]dﬂo; 9,§ are the perturbed quantities relative to their equilibrium

values ¥,, g,. Writing the perturbed p, 5, g in term of A, we reduce Egs. (28)-(30) to the

equation

d’A . d’A dA .

iF +z(2A—al):1E2——(A2+a2)d—6—tagA=0, (31)
where a, =4nB;2y, RA (v, /127), a, =278;*7;'(1+ o), (v, / 27),

a, =7B;"7;(1+0)" (v, / 27).
Representing the solution of (31) as A ~ exp(-il‘ €), we come to the following dispersion

equation

I{(r + 4y -al+a,]+a, =0, (32)

which enables us to determine the range of the system parameters, at which the plasma-beam

instability develops, as well as to find out the peak value of the space increment Im I

10



Equation (32) can easily be solved by the Cardano formulae. The solutions were found for

different values of the driving REB current, radius and detuning A. The beam energy was taken

to be ¥, =5. Figures 5-7 show ImI" versus A for different I, and /7, values. It is seen from
these figures that the region of detunings, where the increment is non-zero, grows with I, towards
positive A values. The increment reaches its peak value somewhere in the middle of the region of
detuning, at which the instability in the plasma-beam system takes place. This instability regime
corresponds to the Raman regime of plasma wave excitation.

~ As the driving REB current decreases the peak value of the space increments shifts to the;
zero detuning region. For low-current beams (7, /I, <<1) the space increment reaches its highest
value at' A =0 (Compton regime of wave excitation). In this case, the field of thé RF space charge ,
can be neglected. Then from (32) and fdr A =0 we obtain the expression for the greatest space

increment

172

ImI" = %—a;”. (33)

Note that this expression is well known in the theory of low-current amplifiers of the

Cherenkov type
4. Results of numerical simulations

The scheme of two-beam acceleration of charged particles in an -anisotropic plasma
waveguide was studied by numerical simulation of the set of Egs. (20)-(24). We shall first analyze
the results of numerical calculations describing the process of fields excitation by the driving REB

(Egs.(20)-(22)). These calculations were carried out for different driving REB current values.

The initial energy of the beam as well as its average radius were chosen to be y, =5;  =0.65r,

and 0.817,. The A value was chosen so that for the given REB parameters the space increment

11



should be maximum (optimization of the system by the space increment, Figs. 5 to 7). The

‘boundary conditions for the amplified wave were set to be ReA, =5.107; ImA, =0.

It should be mentioned that the condition of plasma linearity imposes a restriction .on the
current value /,. Really, with increasing I, the amplitude of the excited field may grow to such
values at which a porticn of driving beam electrons full gives away all its energy to the wave field
and stops. In this case, of great importance may become the effects associated w1th plasma
nonlinearity, including trapping of plasma particles by the wave field. Below we shall consider
only those. I, values which satisfy the condition I, < I,, where I, is the limiting current value at
which the beam particle do not stop as yet. The accuracy of numerical calculations was controlled

by means of the mtegral (26) expressing the law of energy conservation.

The process of RF field excitation is analyzed for r, =0.65r,(K =2). To show the special
, features of high-current effects in the plasma-beam interaction we put the I, value close to the I,

(I, =17kA for.the optimum detuning A=0.03). Strictly speaking, even at I, =17kA there may
appear the effects associated with plasma nonlinearity close to the waveguide axis, where the
electric field intensity is highest. The analysis of these effects requires additional thorough studies,

which are beyond the scope of this work.
Fig. 8 show the amplitude |A(§| )| and the field phase Arg A(z) of the wave, being in

resonance with the beam, versus the longitudinal coordinate &£. For comparison, the same figure
shows similar dependences calculated without taking into account the RF space charge
(A, =11, =0). Ttis seen that at the linear stage of amplification the resonance wave amplitude
exponentially grows. Then the exponential growth is followed by regular space oscillations due to
phase oscillations of bunches in the wave field[15]. It follows from the dependencies that the RF
space charge forces lead to the decrease in the peak-to peak amplitude oscillations. This is a
consequence of a partial breakup of beam bunches and phase mixing of particles. The process of
bunch breakup is illustrated by Fig. 9, which shows phase portraits of driving REB particles at
different & values. '

12



It is of importance to note that for the system parameters considered the main channel of
high-current beam energy losses is the excitation of a synchronous wave. This is clearly evident
from Fig. 10 which shows the &-dependences of the relative part of total kinetic beam energy
losses 1, relative energy fluxes of the synchronous plasma wave 7,, and nonresonance harmonics
of the plasma waveguide 7,, in the driving beam region (r = r,). The peak of total losses is
observed at the £=150, making about 71 =28%. Nearly at the same point the losses by the
resonance plasma wave amplification are also the greatest, 7, = 24%. The maximum losses by the
excitation of nonresonance field harmonics, contributing to the resultant value of the RF space
charge field, do not exceed 1, =4%. However, this does not mean that the RF space charge
forces of the high-current REB weakly affect the particle acceleration. In fact, at different points of
the interaction space r =1, (deriving REB region) and r=r, (driven REB region) the RF space
charge field amplitude values may essentially differ between themselves (compare r-dependencies
of A, and II,,). Therefore, to have a total picture of process of charged particle acceleration, it
is necessary to determine the contribution of the space charge field to the resultant electric field
intensity in the r =7, region.

Let us consider the excitation of the accelerating field acting on the electrons of the driven
beam (r =r,). Figure 11 shows the &-dependences of the amplitude Ii‘;l and phase Arg A(&) of

the field in the driven REB region A(€) = K[A(£)+ EIT,p+ FA,K dp/d¢]. 1tis evident from

- the figure that with a growing longitudinal component & the exponential growth of the amplitude

changes into irregular space oscillations. In this case the greatest field amplitude |Am| =(0.52 is

attained at & = 142 (first maximum region). At £ >142 the amplitude abruptly falls off and its
value is not above IAI ~0.28. The RF space charge field of the high-current REB causes an

appreciable increase in the accelerating field amplitude |Zi(§)|. For example, at £=142 the I/SI

value is approximately by factor of 2.2 greater than the resonance wave amplitude value in the

driven REB region |A|K =0.24 (see Figs. 8a and 11a). This is rather advantageous for employing

high;current REBs to accelerate charged particles. Note that the above-described behavior of the

13



field amplitude H(é)l qualitatively corresponds to the results of the numerical analysis of field

excitation carried out for other high-current beam parameters.
We now consider the dynamics of charged particle acceleration described by the ecjuations
of motion (23), (24). The acceleration process will be analyzed for the same driving REB

parameters chosen above for the analysis of RF field excitation, ie., r =0.65r,, I,=1,,

A=0.03. The initial driven REB energy is taken equal to the initial energy of the driving REB,

acc

Y. =Y, =35. Atgiven beam parameters, it is of importance to determine the optimum length 1 of

the accelerating structure, over which the most effective gain in the electron energy is attained. For
this purpose we have plotted the highest momentum of the driven beam particles gre. versus &
(Fig. 12). It is evident from the plot that at £ <170 the momentum grows reaching Qmy =13, this
is approximately by 2.6 times greater than the initial electron momentum

g, = [( j“) 1]”2 =4.89. The distance over which this momentum value is attained is
comparable with the distance to the first maximum of the accelerating field amplitude & =142 (see
Fig. 11a). Then g, monotonically decreases. The cessation of the process of acceleration is due
to the change in the polarity of the particle-accelerating field. As a result, the particle being in the
accelerating phase of the field and having the highest momentum at £ =170 turns out to be in the
decelerating phase, and its energy starts to decrease. With increasing &, the process ggo, of
decrease and growth recurs. However, the g, value does not exceed 13. This is due to the
reduction at £ >142 of the particle-accelerating field amplitude (see Fig. 11a). So, for the
parameters considered the length 1=165 to 170 appears optimum from the viewpoint of attaining
the highest particle energy at the exit. '

The change of the beam parameters may lead to the corresponding change in the optimum
length of the accelerating structure. Therefore, for each set of the parameters of a TBA scheme the
optimization in 1 should be carried out, and this was done in the present work. It has been
established that the most efficient process of acceleration takes place over the distance which

approximately corresponds to the distance to the first maximum of the field amphtude in the region
of the driven REB IA f)i

14



Let us consider the dynamics of accelerated particle bunch formation. In compliance with

the above given results, we put 1=168. Figures 13 and 14 show the phase planes of the driven
beam particles (q“‘, 0 =Arg fl(é) - 19““) and the dependencies of electron moments on the

initial phases 9. at different points of the interaction space. It is seen from the figures that even

at the beginning of the accelerating structure € < 84 there takes place the formation of accelerated
and decelerated particle bunches. For this part of the interaction space the field amplitude |A(§)| is

small (see Fig. 11a). Therefore, the particle momentum values are close to ¢:. In this case, as it
follows from (24), the phases 1°°(£) change with increasing & practically by the linear law
9% ~ —AE. Note that this dependence causes the change in the polarity of the field acting on the
particles. Really, as the length of the interaction space increases, the difference 9, —9*° tends to -
m. At the same time, the Arg A(£) value changes insignificantly over the accelerating structure
length (see Fig. 11b). Therefore, at 9:° — 19" — 7 the polarity of the particle-accelerating field
changes the sign: @*“(£=0)-¢* (6 =&)=m, where & is a certain longitudinal coordinate
value, at which the phase ¢°* advance is . As calculations show, for the majority of particles
the £ value ranges between 100 and 120. At £=¢& the particles belonging to the accelerated
bunch start to decelerate. As to previously decelerated particles, some part of them is trapped into
the acceleration regime which persists to the end of the interaction space (Figs. 13, 14). At the
exit, the accelerated particles make up nearly 10% of the total number of driven beam particles.

T6 represent the described process of acceleration more obviously, Fig. 15, shows the
momentum of the accelerated partiéle with the initial phase 9, =0.47 as a function of the
longitudinal coordinate (curve 1). It is clearly seen frbm the figure that the most effective
acceleration is realized only over a small part of the plasma waveguide, which is adjacent to the
output end of the latter 130 < 65 168. As demonstrated above, the non uniform energy gain is due

to a rather rapid change of 19° at the beginning of the accelerating structure due to the finite

detuning value (19““ ~ Aé). To attain a uniform energy gain by accelerated particles, it is
necessary that the initial velocity of the driven REB, v, should be equal to the phase velocity of

the wave v,, = @/ h, (condition of the exact Cherenkov resonance). At A =0/03 the initial energy
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Yo

is approximately 152. Fig. 16 shows ¢°* versus ¥, for different & values. It is seen that the

=3.24 corresponds to this condition. For this energy the optimum plaéma waveguide length

energy gain by the accelerated particles takes place more uniformly than in the Yse =5 case. This
is also illustrated by the &£-dependence of the momentum of the accelerated particle with the initial

phase 9. = 4.08 (see Fig. 15, curve 2). At the exit, the highest accelerated particle energy is

nearly by 3.5 times greater than the primary energy of the particles. So, the uniform energy gain at

ace

Y. =3.24 also results in the higher charged particle acceleration rate than in the Y. =5 case.

We now give the estimates for the greatest amplitude of the electric field longitudinal

component in the region of the driven beam and for the electron acceleration rate. The plasma
density is put to be n, =10"cm™. For the above given parameters of the driving REB the greatest

amplitude of the accelerating field is (see Fig. 11a): |E_|= |1§,m|mc2w/ ev,=0.52mc’w/ev,. To

estimate @, we resort to the condition of the Cherenkov resonance of the driving REB with the
1/2

fundamental radial mode [13]: w= ‘y,,vo[(a)‘,,/V‘,'y,,)2 —(31 / r,,)z] . Hence, on condition that
(cop /VoYo) >(A,/r,) we obtain @ = ®,. In view of this, the greatest accelerating field amplitude is
|Eax| = 500 Mv/m. First we estimate the electron acceleration rate for the case of 7, =3.24.
The plasma waveguide lengthis L=152v,/@w,=7.9 cm. As it follows from Figs. 15, 16, the
’ 1/2
greatest energy gain over this length is AW = mcz(‘}'“c - yf,‘“) =41 MeV, y* = [1 + (q““ )2] .

As a result, we get T=AW/L=52 Mev/m. At y** =5 we have the following pérametersof

the TBA Scheme: L=8.7 em, AW =4 Mev, T=46,5 Mev/m. It should be noted that the

inhomogeneous electric field distribution along the interaction space (Fig. 11a) and the phase

variation @““ during charged particle acceleration considerably restrict the T value. Therefore, as

is seen from given estimates, there is a great difference between |E,.x| and the acceleration rate T.
The process of charged particle acceleration was numerically analyzed for different driving

REB current values at r, = 0.65r, and ¥, =5. Table 1 lists the values of the main parameters of the

TBA scheme under study, resulting from this analysis at n, =10"cm™.
The increase in the driving REB radius 7, =0.81r, does not qualitatively change the above
N :

processes of RF field excitation and driven-beam particle acceleration. Note that as the ratio r, /7,

16



grows the transformation coefficient increases, K =3.86 and the coupling between the high-
current REB and the resonance wave reduces v, /27 ~ J?(A,5,/7,) (plasma waves are volumetric
in plasma waveguide). Therefore, to attain high acceleratigg field intensities, it is necessary to
increase the driving beam currenf. ’This can be seen from Table 2, which gives the main
characteristics of the TBA scheme in the plasma waveguide at r =0.81r, and n, =10"cm™.

To conclude this section, we shall discuss the problem of increasing the amount of particles
in the accelerated bunch. This problem is of importance because it is closely connected with the
problem of increasing the intensities of accelerated beams. As the present results indicate, the
accelerated particles at the exit of the system amount to no more than 10% of the total number of

driven beam particles (Figs. 14, 16). This percentage can essentially be increased by prebunching
the particles in the phase 9;. It is seen, for example, from Fig. 14d that the driven beam particles

should be located in a narrow phase interval A9, in the vicinity of 9, =0.4. In this case, all
particles may be trapped into_ the acceleration regime and reach the energy y*“ =13. So, we come
to the necessity of using prebunched chafged particles as a driven REB. One of the principal
characteristics of the accelerated charged particle bunches is the relative particle energy scattering at

the exit of the electrodynamic structure:

;z={%g[ﬁ“(éﬂ)—?m(&1)]2}”2/7“‘(6=1), where 7°<(§ =1)= > 77 ( =1)

N

33being the amount of particles in the bunch. The parameter i determines to a large measure the
quality of the accelerated bunch. Figure 17 shows g and ¥ versus the phase interval A9 for
the following parameters of the system: r/r =0.65, I,; =1,, v, =5, 1=168. Itis evident that
the TBA scheme under study can provide for accelerated bunches with a low energy scattering
U=3-7%. This allows us to conclude that phase-grouped charged particle bunches can

efficiently be used as a driven beam.
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5. Conclusion

The results presented above from the theoretical study of the concept of a two-beam

acceleration in a plasma waveguide can be summarized as follows.

1.

The set of nonlinear equé.tions has been derived in the framework of the stationary model to
describe the process of accelerating field excitation by a high-current driving beam and the
acceleration of driven beam electrons by these fields.

The linear stage of the driving beam instability in the plasma .waveguide has been
investigated. The system parameters at which the plasma-beam instability develops, are
established. The greatest space increment values are found for different driving REB
current.

Numerical methods have been used to investi gate the accelerating-ﬁeld excitation by a high-
current REB. It is found that the process of field excitation is influenced by the RF space
charge field causes a substantial increase of the field intensity in the region of the driven
beam. v

The dynamics of accelerated particle bunching is described. Estimates are given for the
highest accelerating-ﬁeld amplitude acceleration rate and the optimum plasma waveguide
length at different external paraméters of the both (driving and driven) beams.

A possibility of using preliminary phase-grouped electron bunches as a driven beam for the

purpose of increasing the amount of particles in the accelerated bunch is discussed.

18
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Table

1

System parameters

n

W)

Driving REE current E[bf[m} 0.5 C.67 L

Detuning quantity A 0.025 0.03 0.G63

Maximum amplitude of =

the electric field (Mv/m) 282 385 00

Initial enerqgy of the

driven REE (?2CC) 3.4 S 3.24 5 3.24 )

Waveguide length (cm) 10. 4 11.4 8.8 9.8 7.9 3.7

Acceleration rate {(Mev/m) 35 27 43.5 33 a2 46.
Table 2

System parameters 1 2 3

Driving REB current (Ib/IA) 1 1.33 1.5

Detuning guantity A 0.02 0.03 0.03

Maximum amplitude of

the electric field (Mv/m} 323 483 500

~Initial energy of the 3.59 5 3.24 5 3.24 5

driven REB(ygccﬁ

Waveguide lemngth (cm) 11.6 12.5 10.5 10.5 9.6 10.

Acceleration rate (Mev/m) 42 37 43 40 Si - 495
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Figure captions

Radial structure of the electric field longitudinal component ®(r) of the cylindrical
plasma waveguide; r, is the waveguide radius.

A sketch of a plasma waveguide with drivirg and driven beams.

Qualitative dispersion picture of the first three radial modes of the plasma wéveguide;
0, = (4101Pe2 / m)”2 is the plasma frequency; v, is the initial velocity of the driving
REB, c is the speed of light.

Hl‘; and A, , versus the parameter 7, /r,. Curve 1 is for II,; Curve 2 is for II,; Curve 3
is for A,;; Curve 4 is for A,. |

ImT" versus A for /1, =0.65. Curve 1is for I, =0.061,; Curve 2 is for I, =0.5I,;
Curve 3 is for I, =0.661,; Curve 4 is for I, = 2i,.

ImI” versu$ Va) ‘for r/r,=0.75. Curve 1is for I, =0.131,; Curve 2 is for I, =0.661,;
Curve 3isfor I, =1,; Curve 4 isfor I, =21,. ‘

IrhI“ versus A for n/r,=0.81. Curve 1 is for I, =0.11,; Curve 2 is for I, =1,;
Curve 3is for I, =2I,; Curve 4is for I, =41,.

Amplitade [A(£)(a) and phase Arg A(E)(b) versus the longitudinal coordinate &. 1
denotes the dependences obtained with taking into account the RF space charge; 2
corresponds to the dependences obtained without the RF space charge.

Phase patterns of the driving beam for various & values. a) £=150, b) £=250, c)
£=400, d) £=540,¢) £=600, f) £=780. |

1, 1M,, versus the longitudinal coordinate . Notation 1 corresponds to 77; notation 2 is
for n,, notation 3 is for 7;.

Iﬁ(§)|(a) and Arg A()(b) versus the longitudinal coordinate &.

qa versus the longitudinal coordinate €.

Phase patterns of the driven beam (q"“’, ¢ =Arg A- 19““) for various & values. a)

E=42,b) £=84,c) £=126,d) £=168.
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Fig. 14 Electron momenta ¢ versus the initial phases 9. ) £=42, b) £=84, c) £=126,
d) E=168.

Fig. 15 Momentum of the accelerated particle versus the longitudinal coordinate §. 1)
D% =047, y* =5;2) 9% =4.12, 7™ =3.24.

Fig. 16 Electron momenta ¢ versus the initial phases 92 for various & values. a) £=38, b)
E=176,c) E=114,d) £=152. | |

Fig. 17 p(&=1) and 7°“(€ =1) versus the phase interval values A9, 1) p(E=1) curve, 2)

¥ curve.
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