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Abstract

Problem of energy recuperation for an electron sheet beam used to drive a mm-waves
generator is considered. The main features of the solved problem are presence of magnetic
field guiding beam electrons and significant energy and angular spreads of the electrons in
the waste beam. We analyse two schemes of recuperator which differ by configurations. In
the first one separation of electrons is realised by using of transverse magnetic field due to
difference of Larmour radius of electrons with different energy of their longitudinal
motion. In the second variant a spatial periodic transverse magnetic field is added to the
longitudinal one on the deceleration section of electron trajectory. Resonance between
bounce electron motion and cyclotron one gives strong increasing of Larmour radius for a
small group of electrons with chosen particle energy. As a result, the electrons with
resonance energy fall out to small local part of channel wall where collector plates are
placed. Comparison of two schemes of the recuperator is also given in the paper.

AnHoTanus

PaccmaTpuBaercs 3ajiaua peKylepali SHEPIUy 3IEKTPOHHOTO JIEHTOUHOI'O ITy4Ka,
KCIIONIB30BAHHOI'O VISl HAKAYKU I'€HEpaTopa MIWIIMMETPOBBHIX BONH. OCHOBHBIMU 0COOEH-
HOCTSIMH PeIaeMoi 11poGiIeMbl SBISIOTCS HAIMYME BEIYIEro MarHUTHOIO IIOJSL U 3HAYM-
TENBHBI SHEPreTUYECKHMd M YITIOBOM pa30pochl SIEKTPOHOB IIyuKa, BBIXO/UIIEr0 U3
reHeparopa. AHAJIM3UPYIOTCS JiBa BapHaHTa PEKyllepaTopa ¢ pa3IMyHON KOHQUI'ypalyen.
B niepBoM HcIIoNb3yeTcs pa3jieleHue 5IeKTPOHOB IIOIIEPEYHBIM MarHUTHBIM II0JIEM 3a CUET
pas3mMuust JIApMOPOBCKUX PaJycOB 3JIEKTPOHOB ¢ Pa3HO IIpojoiIbHOM sHepruei. Bo BTO-
POM BapuaHTE Ha Y4acTKe TOPMOKEHMS SIEKTPOHOB K IIPOOIBHOMY MAarHUTHOMY IIOIIIO
JobaBisiercss IIEPUOJMUYECKOe B IIPOCTPAHCTBE IIONIEPEYHOE MarHUTHOE IIoie. Pe3oHaHc
MEX/y OHIYJISTTOPHBIM JIBMKEHHEM 3JIEKTPOHOB M IMKJIOTPOHHBIM IIPHBOJUT K yBEIMYe-
HHIO JIApMOPOBCKOI'O pajyca i HeOOIBIIONW I'PYINIbI 3IEKTPOHOB C JIaHHOM SHEeprueit
YyacTUll. B pe3yibTrare 3JIeKTPOHBI C PE30HAHCHON SHEprueil romajaoT Ha HeGOIbIIMe yya-
cTKM OOKOBOH CTEHKM KaHalla, I'Jle pa3MeIeHbl KOJUIEKTOPHbIE INIacTHHEL. B paGoTe Taxxke
IIPOBEJICHO CPAaBHEHUE JIBYX CXEM PeKylleparopa.

* VNIITF, Snezhinsk, Russia.
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1. Introduction

1.1 Formulation of problem

In order to increase cfficiency of cnergy transfer at clectron beam
applications one needs to return energy from a waste beam to the energy storage
of an accelerator. Before today, a lot of recuperators were proposed for realising
this process. For example, problem of beam energy recuperation was considered
for the case of small energy spread [1,2] of the beam electrons and of absence of
guiding magnetic field [3].

In case of using of £-bcams to drive mm-wave generators [4,5] a waste beam
has large energy and angle spreads after passing through the generator. Therefore,
returning the energy from beam electrons to a power supply system becomes very
complicated problem. In this paper we consider two schemes of recuperator for a
magnetized sheet beam used in experiment on microwave generation. Below we
discuss principles of recuperator operation

1.2 Recuperator with a single collector

At first, let us consider the simple scheme of beam recuperation on a
collector with fixed retarding potential. An energy spectrum of the beam is put as
homogeneous in energy interval €,, €, (fig. 1.1), where 4, is a normalisation

factor, 4, =N/(g, —€;), N is a number of beam electrons passed per a time
unit. Retarding potential of the collector corresponds to electron energy €,. The

. . dN .
power of a spectrum part is determined as W :Id— €de . In this case, the total
3
power of a beam is equal to Wy, = N(€, +&)/2. Electrons with energy
€ <g, are reflected by the collector, and the power of this part of the beam is

W =N/20E) —€1)/ (g, —€)).

re,



dN/de
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Fig. 1.1.

Power of other part of the beam that is absorbed by the collector, is equal

W, = EN/ 2[(85 —85)/(82 _81)’ €y 2€; , (L1
full » € <&

Some part of this power (.. is spent to heat the collector and other one
(W,c) is returned to power supply system: W, =W, .., +W, . .The returned power

depends on the potential of the collector as follows

:D\ISO(SZ—SO)/(SZ—Sl), €2 €
£, . €, <E,

W,

rec

(1.2)

We shall define efficiency of recuperation as n(g,) =W,

ec

efficiency has maximum at the energy €, = max(g,;,€, /2). This maximum is
equal to

(Re./le, +€,) , €,2¢,/2
rlmax :D 21 (22 1)2 1 2 (1.3)
E82/2(82—81), €, <g,/2

If the minimum energy of electrons of the beam is €, =0 then the efficiency
1S Ny =05.Incase €, =€, /2itwillbe n,, =2/3~067.

The main advantages of the single collector scheme of the recuperator are its
simplicity and tolerance to a magnetic field. But for the beams with broad energy
spectrum the following features should be taken into account: 1) a rather low
efficiency; 2) large part of the beam is reflected back into microwave generator
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and influences on its operation. To depress these disadvantages it is necessary to
use multi-collector recuperation.

1.3 Multi-collector recuperator

For absorption of a beam with a broad energy spectrum as on fig. 4.1.1, n
collectors with regular potentials corresponding to electron energies
€, =g, +Ae(i—1), where i=1,....n; Ae=(€, —€,;)/n may be used (fig. 1.2).
These collectors must absorb the beam clectrons in the small energy interval At.
For this case the efficiency of recuperation is characterised with value of energy,
returned to the power supply system, similar to (1.2)

N ¢ N &+g n-1
Vwm::__zi €, :gl__+_£__J;N____
n & n 2 n
Such a way we receive
2 g n-1
n=————+—. (1.4)

ne,+& N

One can see that increasing of number of collectors increases the efficiency of
such "ideal" recuperator to 100%. In this paper we shall consider two multi-
collector schemes, suitable for practical realization.

dN/de

Ao _——




2. A recuperator with separation of electrons by a non-uniform
magnetic field

2.1 General scheme

It is obvious, that the process of recuperation should consist of two stages, at
least. The first one provides deceleration of a part of the fast electron beam up to
low energies, which will ensure the electron absorption on a recuperator collectors
without damage of covering materials. The second stage consists in a transporta-
tion of decelerated electrons from a beam to collectors.

The first stage is traditionally realised by sequential passing of a beam
through gaps where a decelerating electrical field (fig. 2.1) is supplied. For the
second stage of process it is possible to use static cross magnetic fields.
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Fig. 2.1. The basic scheme of sectioned recuperator.
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2.2 Configuration of electrical and magnetic fields

Magnetic fields

For spatial separation of electrons with various energies it is possible to use a
transversal constant homogencous magnetic field.

We shall consider a motion of electron in this field. Assume, that it has only
two components: along axes OX and OZ:

B
B=BZ +Bz,. —F=tg()<l @2.1)

X

We suppose that in an initial moment of time the velocity of a particle is di-
rected along an axis Z: v, (0) = v, (fig. 2.2).

The analytical solution of the motion equations (sec [6]) results in the de-
pendence of velocity and coordinates of a particle on time accordingly to the fol-
lowing formulas:

V, =V, sin(a)cos(a)(1-cos(wr)), x =V, cos(a)sin(a) %_ sin(wr) %
w
Vy = Vo cos (®)sin(e), = 2o s (@) (1-cos(wr)),
2 .
V: =V (Sin2 (a) +cos” (a) cos(wr)), z= Vo(sin2 (a)t+%ﬂjln(m .
ec|B|
T (2.2)

Here W = mc” is a total energy of electron; e, m = y m, are its charge and a

mass of rest, g is a relativistic factor, ¢ is the light velocity.

It follows from the considered formulas that electron, originally moving in
OZ direction, begins to move in a magnetic field along a screw line with an axis
along a magnetic field (which direction has an angle 0 with an axis of coordi-
nates OX) and with Larmour radius

Vo
r=—cos(d).
w

In particular, if coordinate of electron is z =z

max °



- VoW
™ ecB|
then direction of its motion along an axis Z changes on the opposite one.

The linear dependence of Larmour radius of the electron on its velocity can
be used for spatial separation of slow clectrons from faster ones.

If the size of arca along axis OZ, where constant magnetic field is given, is
equal to /, then it is possible to remove electrons with z_, </ in such a field.

The calculations show that slow electrons are removed from a beam, but
more high-energetic ones gaining some perturbations from magnetic field con-
tinue moving in the initial direction. Since the large amplitude of trajectories
perturbations for high-energetic particles can lead to undesirable loss of electrons
on walls it is possible to compensate perturbations by applying a magnetic ficld of
an opposite direction (see fig. 2.2) inarca /<z<2[1.

(cos?asinwt, +sin’a O, ), wt :g+arcsin( tg2a) (23)
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Puc.2.2. Trajectory of particles with different energy in a constant magnetic field,
dependent on coordinate z:

Bx=0.35 kGs, Bz=0.04 kGs  forz<4cm
Bx=-0.35 kGs Bz=-0.04 kGs for4<z<8cm
Bx=0, Bz=3 kGs forz> 8 cm



For the consideration of recuperator with absorption of particles on walls, it
is necessary for a condition of electrons removing from a beam

z, (v,)<I,

to add a condition of absorption of a particle within the arca of external homoge-
neous field. Otherwise particles can begin a motion in an opposite direction, or
will move parallel to a motion of a beam along recuperator's walls, forming an
additional space charge and disturbing a structure of an initial beam. This condi-
tion for the motion equations (2.2) in the homogeneous magnetic field within an
interval 0 <z <z, may be written as:

0<z(t)<lI, for x<a, 2.4

where a is a width of the recuperator channel.
These two conditions allow us to determine a required configuration of a

magnetic field for given values of threshold electron energy and magnetic field B
(or the size / of the area occupied by a field).

In particular, for small angles zg o <<1 the value of a magnetic field within
a region of length / necessary for extracting of electrons with energy smaller than

W, from a beam will be determined by the expression B= B, =,/2W,,m, %
e

with the field incline angle to the axis OX

Sna=2p2 ;
m T
Thus, the following scheme of one section of recuperator (fig. 2.3) might be
considered to provide a fall out process of low-energy clectrons from a beam to
collector.
If one keeps in mind a recuperation of electrons with energy less than 100
keV within one section, the parameters of magnetic fields may be the following:

Table 2.1
Parameters A separating gap | A compensating gap | A stabilizing gap
length of gap, cm 4 4 2
B, kGs 0.35 —-0.35 0
B, kGs 0.04 —-0.04 3.0




L ]
t‘t‘&%}“\‘l&‘l\‘t‘t&:“\‘l&&& . /';;5
N \\\\\\\ \‘\\t\t\\t‘ :’4//% ;;ﬂ// x%’//
ALY -
\“\\\w\\\m\“\w\m\\ /,,/,, - ,,,
m\\m\“\ . ,m,,;/
\. N \\\\\ / //, / //,y//
\\.\\\\\\\\ \\\\ | /,,/W /,,/W .
\\ N \\\\\\\\\\\\\\\\ //////// - /////////////////////ﬁ
\\\\ Nk \\\\\\ 7 //// //// /////5
m\\\\m\\m\\\“\\\\\\m P
m\ \\\“\ “ .
M\ \\\ . |
MNN \\\\\\ \\\\\\\ //// //// 1

]
\\\\\“\\\\\\\\\“\\\\\\\\\\\\\\\\\\\\ . .
\\i\‘ %/”/ //,// /4//,/

N

Q\“\\\\\“ ]

\\\\\\\§

|

L ]

L ]

. .

L ]

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ///, ]
.

. . /

; -

\\\\\\\\m Ly -

Ly . |

N -
«@&mmm mﬂ;;;;/”/"mm
\\\\\\ \&\ ,,,/ ,,,/

N \\\\\\ \\\\\\\\\\
N\

\\\\\\ \\\\\\\\\\ \\\\\\\
\\\ \\\\\
“\\\
\ \
\ \\\
nt

T ~ o T T
V. ////
N = /”/
| _
|
i ////,y// ]
V. ]
V= ]
| ]
-
. ]
| ///””//”// ]
/,//,/ ////% _ /

)

, ,

7 7 ]
.

-
]
.
...
S TR R RN T

T
7

08an 17am
Fig. 2.3. The basic scheme of a recuperator section.

Electrostatic fields in a decelerating gap

Geometry of one section of recuperator is represented on fig. 2.3, the internal
walls of recuperator are assumed to be metal.

The electrical fields in a decelerating gap are defined by potentials that are
considered to be given on metal surfaces and external borders of the arca. For cal-
culation of potentials inside recuperator, it is necessary to solve the Laplace equa-
tion A¢ =0 with the following boundary conditions:

» on surfaces 1, 2, 6 constant potential ¢ (x) =0 kV is given;

100 kV is given;

» on surfaces 3, 4, 5 constant potential ¢ (x)

» on a surface 7 lincarly growing potential ¢ (z) = SOD(z —5cm) kV is given;
* the axis OZ is an axis of symmetry.
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The Laplace equation is solved numerically. A difference representation of it
¢i+l,j + q)i—l,j + ¢i,j+1 + q)i,j—l -4 q)i,j
h* '

The problem is solved in Mathlab environment by establishment solution
method with the subsequent data transferring to the program FA/C2D. An initial
approximation is zero. The steps of a difference grid on axis X and Z are identical
and equal to 0.05 cm.

The calculated electrostatic fields E, and £, are shown. on fig. 2.4 @) and b)

The fields' values are given in units of [F/m]

E(VIm) _ a) EV/m) b)
e . ) X 104 . .

w0t

looks as follows A =

4 4

Fi§2.4a) and b). An clectrostatic fields Ex and Ez within a decelerating gap of
recuperator.

2.3 Numerical simulation of an electron beam passing through the
recuperator unit

Formulation of a problem.

Into the system, represented on fig. 2.5, consisting of three scparating gaps,
the beam symmetric in respect to axis Z with uniform distribution of electrons on
energies in range from 200 up to 500 keV is injected. Beam thickness is 0.6 cm.
An clectrical field decreasing energy of particles on 100 keV is applied within a
gap. A combination of magnetic fields intended for removal of low-energy parti-
cles with energy 100—150 keV from a beam (table 2.1, fig. 2.3) is created between
decelerating gaps. The consecutive system of electrical and magnetic fields will
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allow, gradually reducing energy of a beam, to remove from it the low-energy
particles which energy can be used for the second time.
Electron beam motion in external electromagnetic fields (the interaction
of particles is not taken into account).

All electrons in a beam are divided in 6 groups on energy, designated by dif-
ferent colours (or by different intensities of black colour on figure):

Number 1 2 3 4 5 6
of group

Energy  |E<150|150<E<250 | 250<E<300 | 300<E<400 | 400<E<500 | E=500
(keV)

Colour black green red blue violet yellow

Electron beam behaviour in recuperator is represented on fig. 2.5 a).

One can see on the figure that low-energetic clectrons are removed from a
beam and fall on recuperator walls. At the same time electrons with higher energy
continue a motion, though the bea quamlity becomes worse.

408 05 04 02 0 02 04 08 08 15 . 05 0 05 1 15

Fig. 2.5 a) and b). Nonself-consistent and self-consistent motion of an electron
beam through recuperator for different separation fields,
Bx=0.35 kGs, Bz=0.04 kGs.
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Self-consistent motion of an electron beam in recuperator

An approximation, in which interaction between particles is ignored, is valid
in the case when clectron density in a beam is small. In practice intensive beams
with linear density of a current ~1 kA/cm are of interest. In this case, a nonself-
consistent model describes rather well behaviour of a beam only at initial stage.
Since some moment, it is necessary to take into account interaction of particles in
a beam.

The fig. 2.5 6) demonstrates the space distribution of particles in recuperator,
obtained in self-consistent calculation for a beam with linear density of a current
equal 1 kA/cm. One can see from a figure that though a beam does not scatter it is
bent. It can result in falling high-energy particles to walls of the device when a
beam passes the subsequent sections of recuperator. Nevertheless, low-energy
particles are removed from a beam in each separating gap.

The displacement of a beam along an axis X is possible to decrease by re-
ducing of a separating gap, but consequently this reducing lead to increasing lon-
gitudinal and transversal magnetic ficlds in the gap.

We can obtain from the estimation that for the channel with a transversal
width of 1.6 cm and a separating gap of 1 cm the following values of magnetic
fields are:

Bx=1.15 kGs, Bz=0.8 kGs.

Fig. 2.6 a) and b). Nonself-consistent and self-consistent motion of an eclectron
beam through recuperator for separating ficlds values Bx=1.15 kGs, Bz=0.8 kGs.
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Fig. 2.6 a) represents for nonself-consistent case the electron beam behaviour
in recuperator with a separating gap of 1 cm and the values of magnetic fields in a
gap Bx=1.15 kGs, Bz=0.8 kGs. The fields in a compensating gap of width 1 cm
are equal to Bx=-1.15 kGs, Bz=-0.8 kGs respectively. The size of a stabilising
gap has been increased up to 8 cm and the value of magnetic fields in it has re-
mained as Bx=0, Bz=3 kGs. Low-cnergy particles leave a beam, and the beam
itself is not bent practically.

Spatial distribution of particles in recuperator, obtained for sclf-consistent
calculation for a beam with stationary current density of emission is presented on
fig. 4.2.6 b). In self-consistent formulation the particles flying into a separating
gap, have x-component of velocity. Nevertheless, a main part of low-energy parti-
cles leaves area.

3. Recuperator with a resonant increasing of transversal velocity
3.1 Principle of operation

The presence of a driving magnetic field where an electron beam with broad
energy spectrum spread makes a problem of recuperation much more complicated.
Here a resonant scheme of recuperation is offered, taking into account the peculi-
arities of gecometry of a sheet beam. It distinguishes from the standard systems by
using a resonance on Larmour frequency.

We consider a sheet beam of width 24 with electron energy in a range
(€,,€,), passed system of generation of microwaves and being transported in a
longitudinal magnetic field B,. The side walls of transport channel of width 2a
and length 7 are made of conducting strips (collectors), extended across a direc-
tion of a motion of a beam and separated by insulator strips. Potential of collector
strips is equal to zero on an entrance and decreases along a recuperator length
down to value —¢€, /e, where e > 0 is the elementary charge. Following to tradi-
tions of ideology of free clectrons laser, we add to a longitudinal magnetic field a
transversal field B, that is periodic in space with a periodicity length A and satis-

fies to a condition of resonance w=eB, /ym,c=Q = 2TtpzD /Aymy . Here y is

relativistic factor, m,, is an electron mass of rest and p, is its longitudinal mo-

mentum, provided resonance between cyclotron « and undulating Q frequency.
An clectrical field formed by conducting strips decelerates beam electrons, being
entered to system, decreases their longitudinal velocity, that reaches the resonant

14



value. Due to increase of Larmour radius electrons can reach collectors, and can
be absorbed with respectively small kinetic energy. If this increased transversal
energy is insufficient for absorption, electrons stop in longitudinal motion and
then come back in the same electrical field, increasing longitudinal velocity.
When they reach the resonant value again, the transversal energy increases again
until electron will touch collector plate. Its longitudinal energy corresponds to

ul . .
momentum p, and transversal energy — to Larmour radius, at which the electron

orbit touches a wall. These components determine residual electron energy in the
considered scheme of recuperator. Probability of electron absorption at return way
is more, because here the increase of transversal energy at a resonance is compen-
sated by work of a longitudinal electrical field on returned beam electrons.

A X
4/\—»
b Pz H H
2a 2d | ———> X —Z > z
>
A
Y / y
L
=0 ¢ = DEmax/ €

Fig. 3.1. A scheme of resonant recuperaor.

Basic clements of the scheme and the system of coordinates are shown on
fig. 3.1. A blacked strip picks out the arca of passage of a beam.

An amount and the spatial distribution of collector plates, specifying also
potential of space, are determined both by desirable accuracy of a longitudinal
electrical field and by required spatial resolution of energy groups of decelerated
electrons.

3.2 The initial equations

The motion of electrons in an electromagnetic field is determined by a usual
way

b = e[+ =
— =-eE--|VxB]|, 3.1
dt c[v ] 6D
in fields
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E ={0,0, E_ 3, B= {B,,B, . B.} = {B,ch (kx) cos ((kz).,0, B, — B,sh (kx)sin (kz),
where k& =2711/\ . After designating o = B, /B, , using complex representation
for cross components of a momentum p = p, +i p, and after adding the equation

for longitudinal coordinate z, we rewrite (3.1) as

O—*=-€E, +wap,, (3.2)

D t
(7= p,/ym, Ldt +2,
O o

Assuming a cross magnetic field as small in comparison with longitudinal
one: B, <<B,, we shall accept approximately w~w, =eB,/ym,c and for

near-axis area of a beam we get o ~ B, / B, cos(kz), B, = B,.
We shall take into account in (3.2) a Larmour rotation by substituting
P = po () exp (10,1)

on

D& = -iw, ECOS(kZ)eXp(_ i(*)ot) Cp,

O dt By

%‘ﬂ =—eE, + W, B cos(kz) | m( Po exp(i wot))

ot B, (3.3)
O t

Lz =p,/ ym, it + 2,

!

Vps + p2)c? +mict =W, +ed(z)

The last equation notes the conservation law for energy and is a consequence
of two first ones with relativistic definition of total energy 7.
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3.3 Characteristics and scales of the decision

From a view of the equations (3.3) it is possible to make the following con-
clusions about properties of the solution and to estimate meanings of separate pa-
rameters and variables.

* The system is resonant under condition of kz =w,f,or kp, =eB,/c.

* At a resonance the rate of change cross components of a momentum can be
appreciated from an expression Ap, ~w,t/2B, /B, Up,.

* At a deviation of a momentum p, from resonant value kp, /ym—-w, = Aw

the maximum meaning of cross components of a momentum p, is determined
by a time of beats period Ap, ~w,T/AWIB, / B, p, .

For maintenance of a resonance at B, =const it is necessary to support a

longitudinal momentum close to resonant value pzD =eB,/cA/2T. Thereby, a
following expression would be fulfilled

o, 2t 2 (0,1 0 EB—’EZ Wof 0 (3.4)
eF, ~w, —cos ~ —p, .
° B, PP g g T4

that results from the second equation of system (3.3) after averaging on a period
of oscillations. The expression (3.4) determines a longitudinal electrical field and
rate of its increasing along a trajectory of electron. It is necessary for supporting of
its longitudinal momentum during grow of transversal one. We put
Po ™~ Pmax —€Bpa'/c, a' ~(a—d/2) for estimate a field £, in (3.4). In this
case, the most part of clectrons falls on side walls of the channel. A transversal
momentum of electron may arise up to p, at a resonance during

t~eBya'lclB, /B, 2/(w, pzD ). This estimate gives maximum value of a lon-
gitudinal electrical field inside recuperator

e Lo Bi eBod” :“—'5—(830)2 (.5)
2 B, ¢ 2 By ymye

As one can see from an expression (3.4), the condition of supporting of a
resonance cannot be fulfilled strictly for electrons with different energy simulta-
neously. It demands the increase of an electrical field value proportionally to dis-
tance passed by electron from a coordinate of a beginning of resonant interaction.
This coordinate is essentially different for electrons with different total energy.
Therefore in a mode of beats we shall choose an electrical field with some value of
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a field £, < E™, optimal for support of a resonance and that is constant on

length of system.
As well as in simple version of recuperator, space charge influences on a
value of £, together with potentials of side electrodes — strips, especially for a

large current of beam, comparable to a limiting current. It amplifies near to a
point of stop of electrons at their longitudinal movement, where their contribution
to charge concentration is maximal, they pass this part of a way twice (or more, at
occurrence longitudinal oscillations of their motion). In principle, it is possible to
reduce a space charge, by moving a beam apart with a magnetic field along its
greater cross size, but evidently, in some narrow limits. This factor can be cor-
rectly taken into account only by the joint solving of the equations of a motion and
Poisson equation as a self-consistent problem.

3.4 Choice of physical parameters of a problem

We shall set the initial data and define numerical values of parameters for
computer simulation of recuperator. Based of conditions of experiment on micro-
waves generation we shall define the following data for recuperator and beam. A
longitudinal magnetic field is By = 2.5 kGs, the thickness of a beam 2d = 0.5 cm
and size of gap between sides of the channel 2a = 1.4 cm, are determined by a
magnetic field and geometry of a beam leaving from the generator, in addition
divorced along the greater cross size in 2 times. Linear density of a current is
J =100 A/cm, the energy spectrum of eclectrons is presumably in a range
W =500-1000 keV, angular spread of velocities is about 5°. Cross width of a
beam is 20 cm or more; it allows us to consider the geometry of problem as plane
one and such a way a cross width does not include in a problem itself. The undu-
late magnetic field B, /B, =0.2 is formed by coils and so its step of periodicity
A is supposed to be not less than cross size of the recuperator channel. We shall
set a step A using condition of a resonance for electron with a residual longitudi-

nal momentum p ZD (that appropriates to energy in non relativistic approximation,

el =(pH? /2m: N =2m/y/2myc’e, /eB, =067 [cm] e, [keV]/ B, [kGs] . Ac-

cepting 82 =100 keV and B, =2.5 kGs, we get A =2.68 cm that is larger than
width of the channel. The complete residual energy of electrons ¢;, is sum of lon-
gitudinal 82 and transversal energy €, = pfnax /2m ~180keV and is thus, about

300 keV. In principle, it may be reduced by additional moving a beam apart with
a magnetic field due to reduction both a magnetic field and a value of a resonant
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longitudinal momentum. For above mentioned conditions the maximum electrical
field will be E™ ~6.300% V/em,

3.5 Numerical simulation

The solution of a complete self-consistent problem was carried out with a
package of the applied codes POISSON-2 [7]. In particular it allows us to calcu-
late electrical fields formed by clectrodes and space charge of beam electrons, the
initial energy and angular characteristics of which are set on entrance of system.
Electrons move in an external magnetic and self-consistent electrical field from
entrance border up to a contact with side walls of a channel. It was set 5 angular

(with angular velocities corresponded to 0 and +5° in two cross directions) and
6 energetic (with initial energies 0.5 - 1 MeV through 0.1 MeV) groups of trajec-
tories with identical currents. They began on entrance border, that is of 5 mm
width, in five points on coordinate x (see fig. 3.1): one central, two border and two
intermediate trajectories for each energy and for cach angle. Thus, the beam was
represented by 150 trajectories. Potential of side collectors was set variable along
beam motion, lincarly changing in gaps between collectors, potential of which
also linearly increased from value U/ = 0 on an entrance up to U = -1 MV at the
end of the channel through 100 kV. Length of gaps and collectors was set identi-
cal, equal Az =10cm, so that total length of the channel was 200 cm. It corre-

sponds to a longitudinal electrical field 10 kV/cm in gaps.

The results of modelling are shown on fig. 3.2. On an axis of ordinates is en-
ergy of electrons for each energy subgroup, on an axis of abscissa is shown coor-
dinate, on which the appropriate trajectories are absorbed on some collector of the
channel. "Bars" characterize an error of simulation in conservation low for total
energy of electron. The dashed line corresponds to distribution of potentials of a
side wall and plates on length of system.

The influence of a space charge to distribution of absorption of clectrons on
length of system for given parameters of a beam and of recuperator is insignifi-
cant.

The energy of a beam, entered into recuperator, is distributed as follows.
About 60% of energy comes back to power supply system, 5—7% is lost with re-
flected back particles, and ~35% of energy of a beam is transformed to heat on
plates of a collector or on insulators. As one can see, for those parameters of a
beam the efficiency of recuperation in such system appear even less, than in the
simple one-collector scheme considered in Introduction. The losses in recuperator
are determined, mainly, by residual energy of particles. Really, for a considered
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beam the average energy of clectrons is € =750keV and for residual energy
€in = 280keV the efficiency of recuperation will be n ~ 63 %.

e, keV; J=100A/cm
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Fig. 3.2. Distribution of absorbed electrons on recuperator length;
Bo= 2.5 kGs, €y~ 180 keV, £,° = 100 keV, n=62%.

Residual kinetic energy of electrons depends on value of a longitudinal mag-
netic field and space step of undulating field. Morcover, the step is limited by
width of the channel (more precisely, distance between coils, creating undulate
magnetic field) and allowable non-homogeneity of a longitudinal field. For reduc-
tion of residual energy we choose the following parameters of a beam. By in-
creasing its cross width (after an exit from the microwave generator) twice (i.c.,
up to 40 cm), we shall reduce thus a driving magnetic field up to By = 1.25 kGs
and sct a step of undulate magnetic field equal to 2 cm. Thus, linear density of a
beam current will be ~50 A/cm, residual cross energy will be about €, ~ 45 keV,

and longitudinal one 82 ~15 keV. The pitch-angles of electron velocities will be
~2.5 degrees. We choose a longitudinal electrical field equal to 5 kV/cm, that is

max

less than its limiting value, equal to £, ~16kV/cm. For this purpose we set a

longitudinal gaps and length of plates equal to 20 cm, and total length of system
equal to 4 meters.

For such parameters of system and beam the efficiency of recuperation has
increased (N ~ 79 %), but there was appeared the appreciable quantity of reflected
electrons, carrying away ~14% of energy of a beam. The last 7% of energy are
transformed to heat on collectors. Calculation without a space charge of a beam
has shown that its influence at these parameters also is insignificant. In absence of
a space charge the efficiency of recuperation of system is 1 ~82%. Thus about
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11% of energy of a beam are reflected and 7% is lost on collectors. Note, that the
maximal efficiency for residual energy of electrons €,;, ~60 keV is ~92%. The

actual efficiency is lower of maximal on 10—15% because of reflected electrons.

The second version looks as more preferable from considered versions if to
bear in mind a thermal loading on a collector. The main disadvantage of it is no-
ticeable number of reflected back electrons.

Actually, it is expected that the space charge of a beam will be compensated
by ions, being generated by the beam itself in the channel. On the other hand, on
channel walls a formation of plasma, extending on a magnetic ficld, is possible
which can break electrical isolation in gaps. Therefore it is necessary to reduce a
value of an electrical field in gaps and density of a current, collected on plates and
insulators. The second version also looks as more preferable from these positions.

The efficiency of recuperation of electron beam energy with a wide energy
spectrum was checked for a beam with uniform distribution of electrons on an
energy spectrum in a range 100—1000 keV. The result of simulation is shown on
fig. 3.3. In this case, as well as in case of absence of a space charge of a beam, the
efficiency of recuperation was ~80% at thermal effect on collectors ~10% and
reflection of 10% energy. The maximal meaning of efficiency expects ~88% with
residual energy of electrons ~60 keV. We would remind, that using of simple re-
cuperator for such beam its efficiency does not exceed 50% (see (1.3)), at that
25% of energy is reflected and 25% transforms to heat.

€ keV; J=50Alcm
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Fig. 3.3. Distribution of absorbed electrons of beam with wide energy
spectrum along recuperator length in magnetic field Bo=1.25 kGs. Residual
energies are £~ 45 keV, &° ~ 15 keV, an efficiency is n 180%.
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The influence of angular spread of velocities was checked by calculations

with parameters of fig. 3.3, but with twice large pitch-angles (£5°). As well as it
was possible to expect, the efficiency of recuperation has fallen up to ~75% with
increase of losses on heating up to ~15%.

At last, reduction of a decelerating clectrical field from 10 kV/cm down to
2.5 kV/cm results to decreasing energy reflected electrons from ~20-25% down to
~5%. It means that this value of field £, =2.5kV/cm is more optimal than previ-

ous value 10 kV/cm. The decreasing of electric field between plates of a collector
is favourable for electrical strength of system too.

Thus, the considered method allows us to receive good results for recupera-
tion of beams with a wide energy spectrum and small angular spread of velocities.
As to beams with narrow spectrum (£, —€,)/€&, <<1, close to monochromatic

ones, using of one-collector recuperator may be more effective for them.

4. Conclusions

Two types of recuperation systems for a sheet electron beam with a typical
energy 1 MeV and a linear current density in the interval 0.05-1 kA/cm are con-
sidered.

It is shown that the variant of the recuperator described in sections 4.2 and
4.3 allows one to make recuperation of electron energy with a good efficiency for
a wide energy spectrum. The main obstacle to realise the first variant is necessity
to generate vacuum magnetic fields with large gradients and required configura-
tion. As to the second type, its disadvantages are to reach good electrical insula-
tion at presence of beam electrons that is not simple task and to depress influence
of a returned electron flow on the operation of the mm-wave gencrator is also
complicated problem.
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