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In this paper the dynamics of the high-current ion beam (HIB), compensated by the electron beam by current
density and partly by charge, in the drift gap (DG) of the linear induction accelerator with the collective focusing is
studied. We have considered the HIB space charge compensation by thermal electrons, which are held in the DG by
a magnetic field, which has mirror configuration. The dynamics of the beams at different variants of HIB space
charge compensation has been studied. Found that in the presence of a programmed injection of additional electrons
from the right side, the divergence of the HIB is practically absent, and its current at the exit of the DG differs
slightly from the initial.

PACS: 41.75.-i, 52.40.Mj, 52.58.Hm, 52.59.-f, 52.65.Rr

INTRODUCTION

It is known that linear induction accelerators (LIA)
can be used in different industries. Besides, high-current
ion beams for heavy-ion nuclear fusion (HIF) can be
obtained in LIA.

The method of collective focusing of a high-current
tubular ion beam proposed at the National Science Cen-
ter Kharkov Institute of Physics and Technology [1, 2]
allows constructing a compact accelerator that can be
used as: an efficient driver for HIF and also as device
for surface modification of various materials, for exam-
ple, in the radiation materials technology and other sci-
entific research.

The mechanism of space charge and current com-
pensation of the ion beam by an electron beam in the
axisymmetric accelerating gap was investigated in [3-5].
The acceleration of a high-current compensated ion
beam (CIB) in two cusps was studied in [5]. It is shown
that the injection of thermal electrons (TE) in the drift
gaps allows compensating charge of the ion beam,
providing the high quality of the CIB.

Earlier it was shown that in the drift gap of LIA with
a collective focusing, filament instability of compensat-
ing electron beam with a current density of 9 MA/m?
develops. It is found, that the external longitudinal mag-
netic field exerts a stabilizing effect on the thermal elec-
trons, compensating HIB, so that the ion beam at the
exit of LIA becomes more monoenergetic and its cross
section decreases [6].

In this paper we numerically have studied the dynam-
ics of particles in the DG with an external magnetic field
of the mirror configuration. The ion beam compensation
by current is performed by the electron beam. In experi-
mental LIA electron beam can be obtained using a field
emission (FE), whereby the beam is not uniform, since it
goes from the surface of cathode by streams [7]. In this
paper, it is assumed that in the experimental LIA, FE
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method will be used, so injection of the electron beam is
performed by trickles.

It is shown that the proposed variants of compensa-
tion allow compensating the ion beam by charge more
effectively, leading to conservation of HIB basic parame-
ters (of quality).

It is shown that in the case of planned injection of ad-
ditional electrons (AE) the ion beam current at the DG
exit is almost equal to initial, and the CIB s
monoenergetic.

THE SIMULATION RESULTS

For the numerical study of beams transportation
dynamics a powerful 3-dimensional code KARAT [8],
allowing solving problems of such class, was used.
KARAT is fully electromagnetic code based on PiC-
method (Particle-in-Cell). It designed for solving of
nonstationary electrodynamics problems with complex
geometry and including dynamics, in general, relativ-
istic particles (electrons, ions, neutrals).

On Figs. 1,a and 1,b dashed line shows the cross sec-
tion through the DG middle along the longitudinal coor-
dinate z (x, and X,, Xz and X4 - internal and external di-
mensions of the beams, respectively).

The gray color shows the presence at the initial
time in this area of the DG thermal electrons with a den-
sity npe = 5107 m* (Fig. 1,a), ny = 1.3-10®m™ (see
Fig. 1,b) and a temperature of 20 keV in all cases.
Fig. 1,c shows a cross sectional view of the drift gap
having a cylindrical shape with a diameter of 0.2 m
(transverse dimension of the computational region) and
a length of 0.4 m (longitudinal dimension of the DG).
Three points, shown on Fig. 1,c, are reference points
that are selected to illustrate the various characteristics
of the problem in the initial area of the beams and TE
location.

At the initial time the ion beam with density
Npi = 6.9-10"" m>and speed V,,; = 0.27 ¢ and the electron
beam (compensating HIB current) with the density ny, =
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1.9-10" m3and the speed V. = 0.98 ¢, where ¢ - speed
of light, are injected from left side. Initial current of two
beams is = 51.5 kA. External magnetic field is set by
coils so that on edges of the drift gap, magnetic induc-
tion was twice higher than in the center of the system.
Magnetic induction of the external field in the center of
the drift gap Bo = 0.96 T (Fig. 2).

Have been considered the following variants of
charge compensation: 1) the DG has TE, particle densi-
ty of which sufficient for the ion beam compensation

(see Figs. 1,a); 2) there are TE in the beginning of the
DG, after 0.5 time of ion flight T the AE injection is
realized from right side, their injection stops after 0.5 t
(see Figs. 1,b); 3) there are TE in the beginning of the
DG, after T the AE injection is realized from right side
with the velocity 0.27 ¢ (see Figs. 1,b); 4) there are TE
in the beginning of the DG, after t the AE injection is
realized from right side with the velocity 0.5 ¢ (see
Fig. 1,b).
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Fig. 1. Section by the plane xz of the drift gap center along z (a) and (b). Cross-section of the drift gap (c).
1 — point coordinates: x,=0.043 m, y, = 0.119 m, z, = 0.05 m; 2 — point coordinates: x, = 0.051 m, y, = 0.114
m; z, = 0.2 m; 3 — point coordinates: x, =0.059 m, y. =0.109 m, z, = 0.35m
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Fig. 2. The dependence of the external longitudinal
magnetic field on the longitudinal coordinate z
at different points x, y

Because of the substantial space charge, majority of
the existing at the initial time TE leave the DG during 2
T, weakening charge compensation of the CIB, injected
in this region. That’s why the ion beam transverse di-
mensions increase, and the current substantially de-
creases at the DG exit (Fig. 3,b). At that the electron
beam current at the output of the DG is almost equal to
the initial (Fig. 3,a).

Chosen configuration and the magnitude of the
magnetic induction (see Fig. 2) allow to slow down the
dispersion of thermal electrons, however, after time t
their density decreases by more than five times. For an
acceptable degree of CIB compensation, the injection of
additional electrons is required, what was performed in
the following three (2-4 above) variants of the compen-
sation calculations.

In the second variant of the charge compensation in
the initial time TE with density of 1.3-10® m™ are in
beginning of DG, that leads to slowing down losses of
particles (see Fig. 1,b), and after 0.5 t additional elec-
trons are injected from the right side with the current
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equal to the CIB current and the speed of 0.5 c. That is,
in the second half of the DG the ion beam meets with
AE, which leads to CIB partial focusing by means im-
proving of charge compensation.

But since part of the AE are accelerated by its own
space charge and flies through the right boundary, and
part is reflected by space charge of the electron beam,
moving toward them, the number of particles is small
for the HIB compensation during the next t. Therefore,
at the time instant 2 t CIB spreads in the transverse
direction and its current substantially reduces to about
32 kA (see Fig. 3,d). At such way of charge compensa-
tion the quality of the ion beam after 2 t slightly differs
from case, when the AE injection is absent, in particu-
lar, the magnitudes of ion currents close to each other
(see Figs. 3,b,d). Though, it should be noted, that at this
method the ion current decreases even more than at the
first. Decrease in the electron beam current at the output
of the DG is small (see Figs. 3,a,c).

Third charge compensation way differs from the se-
cond by the injection speed, which is equal to 0.27 ¢, by
timing switching and duration of injection. After the
first T the AE continuous injection is performed, which
after two t leads to a narrowing of the HIB transverse
dimensions at the exit of DG. In turn, the current
strength of the ion beam not only decreases, but also
slightly higher the injection current at the output of the
system (see Fig. 3,f). In this case, the HIB has parame-
ters, close to initial and is practically compensated on
the current (see Figs. 3,¢,f).

The fourth method of compensation differs from the
third by the AE injection velocity, which is 0.5 c. In the
third variant the AE density at the beginning and the
middle of the DG less than in the end of the system be-
cause of a large negative space charge, hindering their
passage. Therefore, in the fourth variant greater value of
particle velocity has been selected. This gives the AE
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opportunity to go through the DG with higher density
and, consequently, to a greater extent compensate the
HIB. After two T ion beam towards the end of the DG
has a noticeable maximum of the current, which reaches
~ 55 kA and the related with HIB non-uniform compen-
sation (see Fig. 3,h). At the exit of DG HIB is compen-
sated on the current (see Figs. 3,g,h).

For all four cases the HIB charge compensation has
been realized, but the first two methods have appeared
ineffective. The last two variants of the charge compen-
sation showed, that the HIB parameters do not change
substantially at the exit of the system, but the compensa-
tion of the ion beam is non-uniform, which leads to cur-
rent change along the DG.
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Fig. 3. The dependence of the electron beam (left column) and ion beam (right column) longitudinal current on the
longitudinal coordinate z after 2 7. (@, b) — AE injection is absent; (c, d) — after 0.5 = from right side AE are injected
during 0.5 7; (e, f) — after zfrom right side AE are injected with velocity 0.27 ¢; (g, h) — after zfrom right side AE are

injected with velocity 0.5 ¢
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CONCLUSIONS

In this paper we have studied the dynamics of the
ion beam transporting in an external magnetic field in
the drift gap of LIA. Found, that the electron beam in-
jection, non-uniform along the radius, has no significant
effect on the dynamics of the beams.

The four variants of the HIB charge compensation
have been considered. It is shown, that the selected
magnitude and configuration of the magnetic field, us-
ing the AE planned injection, allows keeping the CIB
quality high enough. Found that thermal electrons, ex-
isting at the initial time in the DG, are sufficient for HIB
compensation practically during one 1, and only then the
injection of AE is required. At the same time, the ion
beam current is close to the initial at the exit of the DG,
and, since the electron beam also retains his current, the
HIB compensation by current at the exit of the DG been
performed. This is important for the effective accelera-
tion of the ion beam in the accelerating gap, where the
beams come from the DG of LIA. Moreover, the ion
beam stays monoenergetic and retains its transverse
dimensions at the exit of the DG.

Thus, the CIB parameters at the exit of LIA DG in
the presence of the magnetic field and optimal methods
of charge compensation satisfy the requirements to the
driver beam in HIF. Such the HIB may also be used for
some other technological goals.
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JTAHAMHUKA CUJIBHOTOYHOI'O HOHHOT' O ITYYKA B IPEH®OBOM IMPOMEXKYTKE UHIY K-
OUOHHOI'O YCKOPUTEJIA TPU PA3JINYHBIX BAPUAHTAX 3APATOBOU KOMIIEHCALIUHU

B.U. Kapacv, E.A. Kopnunos, O.B. Maunyiinenxo, B.Il. Tapakanos, O.B. ®@eooposckan

W3yueHa nuHaAMHKA CHIIBHOTOYHOTO HOHHOTO Iyuka (CHII), KoMIeHCHpyeMOoro 3JeKTPOHHBIM ITyYKOM I10 IJIOT-
HOCTH TOKa M YaCTHYHO IO 3apsny, B aperdoBom mpomexyTke ([II) muHEHHOr0 MHIYKIIMOHHOTO YCKOPHTENS C
KOJUIEKTUBHON (hOKycHpOBKO#. PaccmoTpena kommeHcarusi npocTpancTBeHHoro 3apsina CHUIL TemnoBbIMU diieK-
TpOHaMH, KOTOpbIe yaepxuBarorcs B J\II MarHuTHBIM mosieM npoOouyHOi KoHpurypanuu. M3yueHa nuHaMuKa myd-
KOB TIPH Pa3UYHBIX BapHaHTaxX KOMIICHCAIIMHU MpocTpaHcTBeHHOTo 3apsaga CUIL. YcraHoBiIeHO, 9TO pHU HATHYUH
MPOrpaMMUPOBAHHON MHXKEKIMH CIPaBa JOMOIHHUTENBHBIX 3IEKTPoHOB pacxoaumocts CUII nmpakrtudeckn orcyT-
CTBYET, a €ro cuiia Toka Ha Beixoje u3 JI1 oTnruaercsa oT HaualbHONW HE3HAYUTEINBHO.

JAHAMIKA CWJIBHOCTPYMOBOI'O IOHHOTI'O ITIYYKA B JIPEH®OBOMY IMPOMIXKKY ITHIYK-
OIMHOI'O NPUCKOPIOBAYA ITPHU PI3HUX BAPIAHTAX 3APAJJOBOI KOMIEHCAIIII

B.I. Kapacs, €.0. Kopninos, O.B. Manyiinenko, B.Il. Tapakanos, O.B. @edopiscvka

BuBuena nuHamika crubHOCTpyMOBOTO ioHHOTO Tmy4Kka (CIII), mo KoMIeHCy€eThCs €MEKTPOHHUM IYyYKOM 3a TyC-
THHOIO CTPYMY Ta 9aCTKOBO 3a 3apsioM, y apeiidoBomy mpomixkky (1) miHiHHOTO IHAYKIIHHOTO MPHCKOPIOBAYa 3
KOJIEKTUBHUM (POKyCyBaHHAM. Po3risHyTa KommeHcamist mpoctopoBoro 3apsany CIIT TennoBuMy enexTpoHaMHu, sKi
yrpumytoThses B JII1 MarHiTHIM moeM npoOKoBoi KoHGiryparii. BuBuena quHaMika mydkiB IpH pi3HUX BapiaHTax
KoMmIteHcaii npocroposoro 3apsiny CIIT. BecraHoBneHO, 1110 pyu HABHOCTI MTPOTrpaMOBaHOl IHXKEKIIT IpaBopyd J10-
JIaTKOBHX eJIeKTpoHIB po30ikHicTs CIII mpakTiyHO BifnCyTHS, a Horo cuia ctpyMmy Ha Buxoni 3 HI1 BinpisHsA€THCS
BiJl IOYAaTKOBOI HECYTTEBO.
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