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The dynamics of a high-current ion beam (HCIB) in the system, consisting of magneto-isolated accelerating gap
and the drift gap (DG) of the experimental model of linear induction accelerator (LIA) has been studied. The opti-
mization of the magnetic field geometry, the place and time of the additional electron beam injection, as well as its
cross dimension is occurred. It is shown that at found parameters of the beams, the external magnetic field, the injec-
tion of the main and additional electron beams, HCIB can be compensated (HCIB and an additional electron beam
currents practically equal to the initial values and are equal to each other), so that at the exit from the system, ion
beam parameters are suitable for a number important technological applications.

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

INTRODUCTION

It is known that high-current ion beams (HCIB) play
an important role in various technological applications,
as well as for heavy-ion nuclear fusion (HIF). Such
beams can be obtained in the linear induction accelera-
tor (LIA). The method of collective focusing of a high-
current tubular ion beam, proposed in the National Sci-
entific Center “Kharkov Institute of Physics and Tech-
nology” of National Academy of Sciences of Ukraine
[1, 2], allows constructing a compact high-current ion
LIA with high efficiency. Such an accelerator may be
used as: effective HIF driver, for surface modification
of various materials, in the radiation materials science
and for scientific 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 in the drift gaps
provides charge compensation of the HCIB, improving
the high quality of the ion beam.

Previously, it was shown that in the LIA drift gap
with collective focusing development of the compensat-
ing electron beam filamentation instability occurs at the
current density exceeding 9 MA/m? It is found that the
external longitudinal magnetic field has a stabilizing
effect on the thermal electrons, compensating HCIB, so
that the ion beam at the output of the LIA becomes
more monoenergetic and its cross section decreases [6].

The dynamics of HCIB transport in the LIA drift gap,
where the external magnetic field is formed by coils, has
been studied in [7]. The several variants of the ion beam
charge compensation have been considered. It is shown
that the proposed variants of compensation enable com-
pensating the ion beam by the charge most effectively,
that leads to the keeping of the CIB main parameters. It
is shown that in the case of the optimized additional
electrons injection, the ion beam current at the exit of
the drift gap substantially equal to the original, and the
CIB is monoenergetic.
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The dynamics of particles in a section of the LIA in
the presence of an external magnetic field has been
studied. Current compensation of the ion beam has been
performed by an electron beam [8]. It is shown that at
the optimized electron injection towards the main elec-
tron and ion beams current at the exit of the LI1A section
almost equal to the original. Wherein, CIB, acquiring
energy in the accelerating gap remains practically mo-
noenergetic.

In this paper we have investigated the dynamics of
the HCIB and compensating main and additional elec-
tron beams in the system, consisting of the magneto-
isolated gap and drift interval of LIA experimental
model. Two variants of HCIB compensation by addition
electron beam have been studied. It is shown that at the
chosen parameters of the external magnetic field and at
the injection of the additional electron beam, HCIB is
practically compensated in current and partly in charge
in the second half of the accelerating gap and in the DG.
This enabled keeping the HCIB quality at the exit from
LIA acceptable to important scientific and technical
applications.

THE RESULTS OF SIMULATION

For the numerical investigation of the beams
transport dynamics a powerful 3-dimensional code
KARAT [8] is used. KARAT is fully electromagnetic
code based on PiC-method (Particle-in-Cell). It de-
signed for solving of non-stationary electrodynamics
problems with complex geometry and including dynam-
ics, in general, relativistic particles (electrons, ions, neu-
trals).

Fig. 1 shows a cross section through the center and
along the (longitudinal coordinate z) studied system,
consisting of magneto-isolated gap and DG of LIA.
Magneto-isolated gap has the length z,, = 0.4 m, the
length of DG is 0.4m, the length of the system
z,=0.8m. Radius of the magneto-isolated gap
R = 0.5 m. The symmetry axis of the system is shown
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in Fig. 1 by the dashed line passing through the point
x=05m,y=0.5m.

At the beginning of magneto-isolated gap (left,
Fig. 1) at the initial time the ion beam with a density
Npi = 6.9-10" m™ and the velocity Vy,; = 0.27 ¢, where ¢ —
speed of light, and the main electron beam with density
Npe = 1.9-10 m™ and velocity Vi, = 0.99 ¢, compensat-
ing of the HCIB current, are injected. At start time cur-
rents of the beams are equal I, = I, = 13.2 kA. The
direction of the two beams is shown in Fig. 1 on the left.
Inner size of the beams — ryi, = 0.028 m, outer — ryay =
0.035 m. The beams are axially symmetric with respect
to the dashed line only at the initial time (Fig. 1.). Fig. 1
also shows the injection of the addition electron beam

with velocity V%= 0.99 ¢ and current |34 =13.2 kA
in the magneto-insulated gap. Injector of the additional

electron beam has a thickness of 0.003 m. The place of
injection is selected so that the additional electron beam

moving on the appropriate magnetic lines of force, ac-
companied the HCIB in the second half of the magneto-
isolated gap and in the DG at the initial cross-section of
the main electron beam and CIB.

It should be noted, that the dynamics of particles is
studied in the system, which has dimensions and the
magnetic field value, corresponding to the experimental
model LIA with a collective focusing.

An external magnetic field in the gap created by the
coils in the magneto-isolated gap with counter currents
and has a cusp configuration. Coils, placed in magneto-
isolated gap, have turns, bothin the transverse
(35 turns) and longitudinal (15 turns) directions. The
transverse dimension of the coils is 0.5 m and a longitu-
dinal is 0.18 m. In the DG the magnetic field is formed
by the coils of the same size and radius, therefore the
magnetic induction along the drift gap remains practi-
cally unchanged, and the field itself is uniform.
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Fig. 1. Cross-section of the LIA experimental model along z by the xz-plane

Fig. 2 shows dependence of the longitudinal compo-
nent of the magnetic field induction By, on the longitu-
dinal coordinate z. The curves, illustrated in Fig. 2, are
shown in the reference points: x; = 0.465m, y;, =
0.515m, x,=0.47m, y, = 0505m, x3 = 0.47m, y; =
0.51 m, which are selected to illustrate the various char-
acteristics of the problem on the outer and inner edges,
in the center of the original location of the ion and the
main electron beams.

We have been considered the following variants: 1)
DG radius Rq= 0.075 m 2) the additional electron beam
injector is shifted to the left on the 0.001 m (compared
with the case 1) so that the left edge of the injector coin-
cides with the magneto-insulated gap center, moreover
DG radius Rg=0.05 m.

In both cases injection time of the additional electron
beam was selected in accordance with other parameters
of the beams and system.

At the initial time HCIB and the main electron beam
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are injected. Since the velocity of the main electron
beam in =3.7 times higher the speed of the CIB, it over-
takes the ion beam, electron beam velocity decreases,
and its density increases, resulting in partial charge
compensation of HCIB. In the center of the magneto-
isolated gap the main electron beam is locked because
of undercompensation and trapped magnetic field con-
figuration. On expiry 2 ns in the first case (2.5 ns in the
second case) after the start of the HCIB and main elec-
tron beam injection the additional electron beam is in-
jected. Location and time of the additional electron
beam injection was chosen in such a way that he had
met with the HCIB in the second half of the magneto-
isolated gap.

Fig. 3 shows a longitudinal current dependence of
the additional electron beam on the longitudinal coordi-
nate for two studied variants. It is seen that in the first
case, when the radius of the DG Ry= 0.075 m, the addi-
tional electron beam current is almost uniform along the
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system and is equal to the original CIB current (see
Fig. 3,a), i. e. current compensation of the ion beam is
realized. In the second case, DG radius is less than in
the first variant (Rqy= 0.05 m), so a portion of the addi-
tional beam is lost on the walls of magneto-isolated and
drift gaps, as a result, the electron current decreases up

to ~ 6 KA at the end of the system (see Fig. 3,b).
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Fig. 2. Dependence of longitudinal component of exter-
nal magnetic field induction on the longitudinal coordi-
nate z in different points on x, y
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Fig. 3. Dependence of the longitudinal component of the
addition electron beam current on the longitudinal co-
ordinate z: first variant (a), second variant (b)

In the first variant the additional electron beam car-
ries the current and partially charge compensation of the
HCIB in the second half of magneto-isolated gap and in
the DG. But, since the maximum radius of the addition-
al electron beam, moving along the system, is higher
about two times than the initial radius of the CIB, and
also it has a 3.6 times lower density, the ion beam is
strongly undercompensated by charge in the first half of
DG already. As a result, CIB diverges radially, and part
of it remains on the walls of the DG, that’s why the ion
current decreases considerably, particularly at the exit of
the system (Fig. 4,a). In the second case the situation is
similar, but since the DG radius is smaller in this case
and the additional electron beam accomplishes current
and charge compensation only partially, a part of the
CIB is lost not only on the walls of the DG, but also the
magneto-isolated gap. Therefore, the CIB current at the
beginning of the drift gap sharply falls by a third, and
then decreases almost linearly along the system
(Fig. 4,b).
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Fig. 4. Dependence of the longitudinal component of the
ion beam current on the longitudinal coordinate z: first
variant (a), second variant (b)

Because of CIB undercompensation in both cases
the energy of the ion beam is reduced at the end of
magneto-isolated gap (Fig. 5). On average, HCIB ener-
gy remains close to the original, except for the mini-
mum at the end of the magneto-isolated gap and accel-
erated beam head at the DG end. It is seen, that in the
second variant, CIB slows down less than in the first.
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Fig. 5. Dependence of the ion beam kinetic energy on
the longitudinal coordinate z: first variant (a), second
variant (b)

CONCLUSIONS

In this paper we have studied the dynamics of the
compensated ion beam transportation in the external
magnetic field in magneto-isolated and drift gaps of LIA
with a collective focusing.

Two variants of the DG geometry and the HCIB
compensation by the additional electron beam, injected
radially in the magneto-isolated gap, have been consid-
ered. It is shown that at the chosen value and configura-
tion of the external magnetic field, with the help of pro-
grammed injection of the additional electron beam, ac-
companying the CIB in the second half of the system, it
is possible to accomplish almost a full current and par-
tial charge compensation of the CIB.

It should be noted that in the second case, part of the
electron beam current is lost because of smaller DG
radius, but due to optimization of its injection, CIB cur-
rent at the exit of the system is the same as in the first
case. Moreover minimum kinetic energy of the CIB in
the second variant is smaller than in the first.

We have selected the parameters of the additional
electron beam injection radially, at which its transporta-
tion is realized in such a way that it accompanies the
CIB in the most part of the system. Since at these pa-
rameters of the additional electron beam injection the
CIB at the exit of the system does not satisfy all re-
quirements of HIF, further optimization of the ion beam
compensation is necessary. As shown earlier, the only
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electron beam injection in the DG is insufficient [7], i. e.
another electron beam injection from the end of the DG
towards the CIB, is needed. Therefore, our future re-
search will focus on optimization the injection of the
additional electron beam radially in a magneto-insulated
gap and counter electron injection in the DG for CIB
compensation.

It should be noted, that even in the absence of coun-
ter electron beam CIB parameters are useful for a num-
ber of important technological applications at the exit of
the system.
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YUCJIEHHOE MOAEJINMPOBAHUE TPAHCIIOPTUPOBKHN CHJIBHOTOYHOI'O HOHHOI'O
MYYKA C JONOJHUTEJIbHOM MHKEKIIAEN JIEKTPOHHBIX ITYYKOB B JIPEH®OBOM
N YCKOPAIOIEM MIPOMEXKYTKAX JINY

B.U. Kapace, E.A. Kopnunos, O.B. Manyiinenxo, B.Il. Tapakanos, O.B. ®@eooposckasn

HccnenoBana quHaMHMKa CHIIBHOTOUHOTO MoHHOTO Imyuka (CUII) B cucreme, cocrosmieil U3 MarHUTOU30JIUPO-
BAHHOTO YCKOPSIOIIETO 3a30pa 1 ApeH(OBOro MPOMEXKYTKA 3KCIEPUMEHTAIBHOW MOJIEIH JIMHEHHOTO MHAYKIIMOH-
HOTo yckopuressi. [IpoBeseHa onTUMH3aLsi TEOMETPUN MarHUTHOTO TI0JIS, MECTa M BPEMEHH WHXKEKIUU JOTIOJHH-
TEJILHOTO 3JIEKTPOHHOTO ITyYKa, a TAK)Ke ero MonepevyHoro pasMepa. IlokaszaHo, 4TO IpH yCTAHOBJIEHHBIX MapaMeT-
pax Iy4KoB, BHELIHETO MAarHUTHOTO TIOJISI, HHKEKIIUH OCHOBHOTO M JJONOJHUTEIBHOTO HJIEKTPOHHBIX ITyYKOB yIaET-
csi ckommneHcnpoBats CUIT (tToxku CUII u 1OMIOTHATETHHOTO 3JIEKTPOHHOTO ITy4yKa IPAKTUYECKH PaBHBI NIEPBOHA-
YJaJIbHBIM 3HAYEHHSAM M PaBHBI MEXIy CO00If) Tak, 4YTO Ha BBIXOJIE M3 CHCTEMBI €r0 MapaMeTphl OCTAIOTCS MPHUTOJI-
HBIMH JUTS Psi/ia BXKHBIX TEXHOJIOTHYECKHX MIPIIIOKCHUH.

YUCEJBHE MOJAEJIOBAHHSA TPAHCIIOPTYBAHHSA NOTY> KHOCTPYMOBOI'O IOHHOI'O
MYYKA 3 1OJJATKOBOIO HHKEKIIEIO EJJEKTPOHHUX ITYYKIB Y JIPEH®OBOMY
I MIPUCKOPIOIOYOMY MPOMIKKAX JITY

B.I. Kapacs, €.0. Kopninos, O.B. Manyiinenxo, B.I1. Tapakanos, O.B. ®@edoposcvka

Hocnimkeno nuHaMiky cuiabHOCTpyMoBoro ioHHoro mydka (CIIT) B cucTeMi, 10 CKIIQIAETHCS 3 MAarHiTOI307b0-
BAHOTO IIPHCKOPIOIOUOTO 3a30py Ta JpeiioBOro mMpoMikKy eKCIIepUMEHTAIbHOI MOAEN JIHIHHOTO 1HIXyKIiHHOTO
npuckoproBava. [IpoBeieHa onTuMizamis reoMeTpii MarHiTHOTO TIOJIS, MICIII 1 Yacy iHXKEKIii JOAaTKOBOTO €JIEKT-
POHHOTO TIy4YKa, a TAKOXX HOT0 MONepedHoro po3Mipy. [loka3aHo, 1m0 Mpy BCTAHOBJICHUX Mapamerpax Iy4KiB, 30B-
HIITHBOTO MarHITHOTO TOJISL, iHKEKIii OCHOBHOTO i I0IaTKOBOTO €NEKTPOHHMX ITyUYKiB BAA€Thcs kommeHcyBatu CIIT
(ctpymu CIII i ZOZAaTKOBOTO E€JIEKTPOHHOTO ITyYKa MPAKTUYHO JOPIBHIOIOTH NEPBUHHUM 3HAUYEHHSIM Ta € PIBHUMHU
MK C000I0) Tak, IO Ha BUXOJl 3 CHCTEMH HOT0 MapaMeTpH 3aJIMIIAIOThCS IPUIATHUMU JJISI Py BaXKIIMBUX TEXHO-
JIOTIYHUX 3aCTOCYBaHb.
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