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The particle transport dynamics in the section of a linear induction accelerator (LIA) has been studied. The sys-
tem and beams parameters (the magnetic field magnitude, the system dimensions, the beams parameters), which
allowed compensating the ion beam in the entire LIA section are found. It is shown, that the high-current ion beam
(HCIB) at the system output can be used in many technological applications.
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INTRODUCTION

It is known that a linear induction accelerator is one
of the most promising drivers that can produce high-
energy beams for heavy ion fusion (HIF), surface modi-
fication of various materials, radiation material science
and other important technological applications. On the
one hand, LIA makes it possible to obtain high-current
heavy ion beams, on the other — it is more competitive
from an economic standpoint than some other types of
drivers. Therefore, a number of countries have been
developing and designing LIA with various methods of
a high-current ion beam compensation (see, for exam-
ple, [1 - 4]). In Ukraine, accelerators of this type are
also being investigated, for instance, the LIA with col-
lective focusing of a tubular HCIB, suggested at the
National Science Center “Kharkov Institute of Physics
and Technology” of the National Academy of Sciences
of Ukraine [5, 6]. This method of focusing allows creat-
ing a compact accelerator with HCIB, which can be
used in the above-mentioned applications.

The charge and current compensation of the ion
beam by an electron beam in an axisymmetric accelerat-
ing gap was investigated in Refs [7 - 9]. In [9] the ac-
celeration of the compensated ion beam (CIB) in two
cusps had been also considered. It is shown that the
thermal electrons injection into the accelerator drift gaps
makes it possible to carry out the HCIB charge compen-
sation, ensuring the ion beam high quality.

Previously [10] the HCIB stability relatively dan-
gerous filamentation instability in the LIA drift gap had
been investigated, and it was demonstrated that at the
presence of a stabilizing external longitudinal magnetic
field, despite the instability development, the HCIB
quality at the LIA exit satisfies the requirements to the
driver beam for HIF.

In [11], the particles dynamics in the LIA drift gap at
the presence of an external magnetic field, which had
the trap configuration, has been numerically studied.
The ion beam current compensation has been occurred
by an electron beam.

The ion beam transport dynamics in the external
magnetic field in the drift gap of the LIA with collective
focusing has been studied. The variants of the HCIB
charge compensation in the drift gap are considered. The
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additional electrons are injected from the right boundary
of the drift gap to ensure the CIB charge compensation
after one time of the ion flight through the system.

It is found that the start and the duration of addition-
al electrons injection, as well as their speed, are of great
importance for HCIB homogeneous compensation. It is
shown that, in the most acceptable variant of HCIB
compensation, the ion beam current at the exit of the
drift gap was close to the original one, and since the
electron beam also retained its current, the ion beam
current has been practically compensated at the exit of
the system.

The HCIB compensation variant, found in Ref. [12]
allows maintaining the CIB quality, required for HIF,
but further improvement of the compensation method is
required to reduce the HCIB energy dissipation and an-
gular divergence.

In [13], the HCIB transport and acceleration in a
LIA magnetically insulated gap have been studied. The
beams' and system parameters, at which transport and
acceleration of the HCIB with keeping its current, den-
sity, and cross section close to the original ones are real-
ized in the magnetically insulated gap, have been found.
It is shown that the HICB accelerated almost uniformly,
while the ion beam quality remained rather high: mo-
noenergeticity and the cross-section of the CIB were
kept at the exit of the magnetically insulated gap.

The ion beam transportation and acceleration in a
system consisting of a magnetically insulated gap and
two drift ones have been studied [14]. It is shown that
the HCIB parameters at the exit from the LIA section in
the presence of: a magnetic field, the accompanying
electron beam injection, programmed injection of the
additional electron beam, remained acceptable for a
number of important technological applications.

The ion and electron beams dynamics in the system
with parameters of the LIA section experimental model
has been considered in [15, 16]. It is shown that, be-
cause of the significant difference in the transverse di-
mensions of the magnetically insulated clearance and
the drift gaps, it is possible to inject the additional elec-
tron beam, carried out the HCIB compensation, only for
certain beam densities. Therefore, at high CIB densities,
the ion beam transverse dimensions and energy spread
increase at the exit of the system. It is ascertained, that
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(at found parameters of the beams and system) it was
managed to maintain the HCIB quality acceptable for
important technological applications, at the LIA section
exit [17].

In this paper, the particles dynamics in the LIA sec-
tion has been investigated. The transportation of the
HCIB with various densities in the external magnetic
field presence in this system has been studied. Different
HCIB compensation methods have been offered. It is
shown that for the ion beam with enough high current, its
compensation by the main electron beam accompanying
HCIB in the entire LIA section is the most effective.

1. HCIB TRANSPORTATION
IN MAGNETICALLY ISOLATED
AND DRIFT GAPS

A powerful 3-dimensional code KARAT [18], al-
lowing solving complex problems, was used for a nu-
merical study of the beam transportation dynamics.
KARAT is fully electromagnetic code on the basis of
the method of macroparticles. It is intended for solving
non-stationary electrodynamic problems having com-
plex geometry and including dynamics, in the general
case, of relativistic particles (electrons, ions, neutrals).

In this section, the HCIB transportation in the LIA
section is investigated by the 2.5-dimensional modeling
in the rz-geometry. The numerical model has the fol-
lowing parameters: 10 macroparticles per cell, the max-
imum number of cells along r 1. = 200, along z — Jpax
= 2400. The conditions, ensuring the numerical stability
of calculations [19] are fulfilled.

The geometry of the problem, where r, is the trans-
verse and z, is the longitudinal dimensions of the sys-
tem, rmin and rya are the internal and external radii of
the ion beam and electron one, carrying out the HCIB
charge compensation at the initial moment of time, and
also the coils creating the cusp magnetic field in the
magnetically isolated clearance and the longitudinal
homogeneous field of 3.6 T in the drift gap is shown in
Fig. 1. The additional electron beam injection place is
also shown.

Fig. 1. Geometry of the computational area,
the beam injection regions

The section has the form of a cylinder with a radius
of 0.1 m and a length of 0.48 m.

There is an axially symmetric geometry of the
beams and the system along the z axis, indicated in
Fig. 1 by the dotted line. Internal radii of tubular beams
min = 0.029 m, external — ry, = 0.035 m.
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Two cases of the HCIB transportation have been
considered: 1) at the initial instant of time, on the right,
ion and electron beams with density
Npi = Npe = 3.65-10" m™ are injected 2) at the initial in-
stant of time, on the right, ion and electron beams with
density nyi = npe = 2.1-10 m™ are injected. In both cases,
the HCIB velocity is Vp; = 0.27 ¢, and the electron beam
velocity Ve = 0.99 ¢, where c is the speed of light. An
additional electron beam injected on the radius has the
same velocity (Vpe®™ = Vp,) as the main electron beam
and the same density (at the CIB cross section), like the
beams have, for the two variants, respectively.

The main electron beam performs the HCIB com-
pensation only in the first part of the magnetically iso-
lated gap. Then the programmed injection of an addi-
tional electron beam, which accompanies the CIB in
practically the entire accelerator section, is carried out
into the second part of the magnetically insulated gap.
In this case, the injection place and time, as well as the
additional electron beam width have been chosen in
such a way that it would meet with the HCIB in the sec-
ond part of the magnetically insulated gap and at the
same time fall into on the CIB cross-section. We man-
aged to significantly reduce the HCIB divergence due to
the optimal choice of the beam parameters and the addi-
tional electron beam injection (Fig. 2,c,d).
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Fig. 2. rz-space of electron (a, b) and ion (c, d) beams
after 2 t; (a, ) — the first variant;
(b, d) — the second variant

As can be seen from Fig. 2, the additional electron
beam cross section remains close to the initial ion beam
transversal dimension (see Fig. 2,a,b), except for the
system end, where the coil magnetic field configuration
and magnitude change noticeably. Since an ideal match
between the HCIB and the additional electron beam is
not managed to achieve, the CIB has a divergence in the
transverse direction, especially in the first variant (see
Fig. 2,c), where the HCIB density is greater. In the sec-
ond variant, the ion beam divergence at the exit from
the section is small (see Fig. 2,d). It should be noted that
in both cases the CIB at the exit from the section keeps
the cross section close to the original one, and the ion
density outside the cross section is rather small.

After two times of the ion flight through the system
T the additional electron beam current didn’t change
along the entire section, as can be seen from Fig. 3. In
turn, the ion beam current at the section output is also
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close to the original one in two variants, and the ampli-
tude of current oscillations in the system second part
varies within 1% of the ion current initial value.

The HCIB transportation dynamics is shown in
Fig. 4. It can be seen that in both cases CIB accelerated
at the beginning of the section, and then its energy prac-
tically did not change. In the first variant, the HCIB
energy is greater than the original energy (36.2 MeV) by
1.1 MeV (see Fig. 4,a), and in the second variant — by
0.6 MeV (see Fig. 4,b), i. e. the ion kinetic energy at the
output of the system has varied insignificantly.
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Fig. 3. The longitudinal component of the current
for the electron (a, b) and ion (c, d) beams vs the longi-
tudinal coordinate z after 2 t; (@, ¢) — the first variant;

(b, d) — the second variant

W, 107V b

W, 100eV a

T T T T 204 T T T
0 025 0.5 0 0.25 0.5
L m Lm

Fig. 4. Dependence of the HCIB kinetic energy
on the longitudinal coordinate z after 2 t;
(a) — the first variant; (b) — the second variant

2. THE HCIB TRANSPORTATION IN
MAGNETO-ISOLATED AND DRIFT GAPS

In this section we present the results of 2.5-
dimensional modeling in the rz-geometry of the HCIB
transportation in the LIA section, consisting of two
magnetically insulated clearances and a drift gap. The
simulations have been carried out by means of 3D-code
KARAT. The numerical model has the following pa-
rameters: 10 macroparticles per cell, the maximum
number of cells along r lq,=200, along z-
Jmax = 2800. The conditions, ensuring the numerical
stability of calculations [19] are fulfilled.

The geometry of the problem, where r_ is the trans-
verse and z, is the longitudinal dimensions of the sys-
tem, rmin and rya are the internal and external radii of
the ion beam and electron one, carrying out the HCIB
current compensation at the initial moment of time, and
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also the coils creating the cusp magnetic field in the
magnetically isolated clearances and the longitudinal
homogeneous field of 3.6 T in the drift gap is shown in
Fig. 5. The additional electron beam injection place is
also illustrated.

Fig. 5. Geometry of the computational area,
the beam injection regions

The section has the form of a cylinder with a radius
of 0.1 m and a length of 0.56 m, magnetically insulated
clearances have a length of 0.08 m and a drift gap —
0.4 m.

There is an axially symmetric geometry of the
beams and the system along the z axis, indicated in
Fig. 5 by the dotted line. Internal radii of tubular beams
lmin = 0.029 m, external — rpx = 0.035 m. The curves,
shown in Fig. 6 and Fig. 8, characterize the particle dy-
namics at points on the initial HCIB cross-section.

At the initial instant of time, the ion beam with the
density 7.33-10"m™ and the velocity Vy,; = 0.27 ¢ and
the main electron beam with the density np, = 2-:10*m?
and the velocity V. = 0.99 c (i.e. the HCIB and the elec-
tron beam have the same current density and current
strength) are injected on right. Three cases of the HCIB
compensation have been considered: 1) only the main
electron beam, injected simultaneously with the CIB, is
in the section; 2) besides the main electron beam, an
additional electron beam is injected into the magnetical-
ly insulated gap at the beginning of the system on the
LIA section radius, with a speed equal to the main elec-
tron beam speed Vi*™ = Ve and with the same current
(see Fig. 1, first paragraph); 3) the counter-injection on
the system radius of the additional electron beam with
the same parameters (except for the original radius) as
for the main electron beam is implemented in the sec-
ond magnetically insulated gap (see Fig. 5).

The beams parameters are chosen in such a way that
the corresponding self-consistent fields ensure the elec-
tron drift through the magnetically isolated gaps [20]
(that is, the beams currents are sufficiently high — about
1MA). From Fig. 6 that in all cases the self-consistent
electric E, (see Fig.6,a,c,e) and magnetic B, (see
Fig. 6,b,d,f) fields, created by the beams are high
enough, that allows the electrons accompany the HCIB
not only in the magnetic-insulated gap, but and all along
the entire section. In all cases, the electron beam current
remains close to the initial value in the most part of the
system, and then increases significantly (see
Fig. 7,a,c,e), especially in the second (see Fig. 7,c) and
the third (see Fig. 7,e) cases, where there is the addi-
tional electron beam injection, which hinders the main
electron beam transportation. In this case, the additional
electron beam by its field partially displaces the main
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electron beam, leading to the current decrease to zero
and breaking the beam into bunches at the end of the
LIA section. Naturally, such a dynamics of electrons
leads to the HCIB quality decrease. In the first case,
when there is no injection of the additional electron
beam, the HCIB “holds out” the main electron beam,
which compensates the ion beam. This circumstance on
the one hand reduces the CIB quality, on the other hand
(due to compensation) keeps its current and energy (see
Fig. 7,b, Fig. 8,a). Whereas in the presence of an addi-
tional accompanying electron beam, regions with signif-
icant HCIB undercompensation and overcompensation
arise, which leads to an inhomogeneous distribution of
the ion beam density and current, up to the current de-
creasing by almost an order of magnitude at the exit
from the section (see Fig. 7,d). In the presence of coun-
ter injection of an additional electron beam into the sec-
ond magnetically insulated gap, the CIB current is also
ununiform, but at the output from the system is close to
the original current (see Fig. 7,f).
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Fig. 6. Dependence of the self-consistent electric E, (a,

¢, e) and magnetic By (b, d, f) fields on the longitudinal

coordinate z: (a, b,) — the first variant, (c, d) — the sec-
ond variant, (g, f) — the third variant

The suggested options of the HCIB compensation al-
low keeping ion beam kinetic energy close to the initial
one (see Fig. 8,a,c,e) in the system first part, while at
LIA section end the energy spread significantly increas-
es, and the ion bean energy in the first variant (see
Fig. 8,a) remains close to the initial, in the second (see
Fig. 8,c) and the third (see Fig. 8,e) — decreases almost
to zero.

It should be noted, it is not managed to achieve the
ion beam full compensation because of the nonuni-
formity of the HCIB and electron beams density distri-

94

bution, as can be seen from the total particle density in
the system (see Fig. 8,b,d,f). At the same time, in the
first variant, it has been managed to compensate HCIB
almost in the entire section by 85%. While in the second
and third cases, compensation is more inhomogeneous —
there are regions with a high density of not only nega-
tive but also positive particles (see Fig. 8,d,f).

L10°A a I, 10°A  p
i
Tt r“m;‘mf..hff.'f’waﬁ........ " Lkl lﬂ J i
!l]' i[ li 1 o fﬂ\J&’.’]f \ wk‘l’ i oy e
3 | (
| 0.5 ¥
-
0 0 04 0'2 m 0 0.2 0.4 O.Z(,; "
s c . d
L10°A L. 10°A
"ﬂ"‘"“’#; g ﬁyh Hf' 6
i j ’
! I}
=4 l&
? ] ol “
-6 0 UUL} i
L 0:23 0.3 0 0.25 0.5
Z,m 7, m
L10°A € 16 S
T - A lLIng
u W‘W\" v\lll 6
4. ! 4
-6 | 2 i - J’\’J JL’
L 0.2 0.4 0.6 0 0.2 0.4 06
Zm Zm

Fig. 7. The longitudinal component of the current for
the electron (a, c, ) and ion (b, d, f) beams vs the longi-
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CONCLUSIONS

In this paper, the ion beam transportation dynamics
with various CIB densities in the LIA section at the
presence of an external magnetic field has been studied.
In the second section, the HCIB compensation in the
first part of the magnetically isolated gap is carried out
by an accompanying electron beam injected simultane-
ously with the ion beam, and in the rest part of the sys-
tem by an additional electron beam. It is shown that
with the selected parameters of the system, external
magnetic field and beams, it is possible to transport the
ion beam in the LIA section. The parameters of the ad-
ditional electron beam and its injection, at which it is
possible to compensate the HCIB so that it can be used
at the exit of the system in a number of important tech-
nological applications, have been found. It is shown that
at a lower ion beam density, it not only maintains cur-
rent and energy close to the initial, but also practically
does not diverge in the transverse direction.

In the third work section, the following variants of
HCIB compensation in the LIA section are considered:
1) by the main electron beam, injected simultaneously
with the ion beam; 2) besides the main electron beam,
there is an additional electron beam injected along the
HCIB direction into the first magnetically insulated gap;
3) besides the main electron beam, there is an additional
electron beam injected along the radius towards the
HCIB in the second magnetic-isolated gap.

It is shown that for a sufficiently high ion beam
(about 1 MA), the drift of the compensating beam elec-
trons is realized not only in the magnetically insulated
gaps, but also in the drift gap, that allows compensating
the HCIB in the entire LIA section. It is shown that in
such conditions the CIB “stretches” the compensating
electron beam all along the section, which leads to an
increase in the energy spread and a slight decrease in the
current of the ion beam at the output of the system.
Wherein, the additional electron beams injection regard-
less of the velocity direction and the injection place (the
beginning or the end of the system), hinders the main
electron beam passage, that is, there is no need for such
beam parameters in additional HCIB compensation,
which in these cases renders a negative effect on the ion
beam.

Thus, due to the selected parameters of the beams
and the system, we have been able not only to transport
the HCIB with current of 1 MA in the LIA section, but
also to keep the ion beam quality high enough (the en-
ergy and current at the exit of the system are close to the
initial ones).
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KOMIEHCAIUA CHJIBHOTOYHOI'O HOHHOT' O ITYYKA
B CEKIIMX JIMHEUHOI'O UHAYKIIUOHHOI'O YCKOPUTEJIA

B.U. Kapace, E.A. Kopnunos, O.B. Manyiineuxo, B.Il. Tapakanos, O.B. @edopoeckas

W3yyena nuHaMuKka TPAaHCIOPTHUPOBKM YacTHI[ B CEKLMH JIMHEHHOrO WHIYKIMOHHOTO yckoputens (JINY).
Haiinensl mapameTpsl CUCTEMBI M MYYKOB (BEJIMYMHA MarHUTHOTO IOJISI, pa3Mepbl CUCTEMBI), IIPU KOTOPHIX OCY-
IIECTBIISIETCS. KOMIIEHCALMsl HMOHHOTO ITy4Ka Baoub Beell cekuuu JIMY. TTokazaHo, 4TO HOHHBIN ITy4OK Ha BBIXOJE U3
CHCTEMBI MOXET OBITh HCIIOJIb30BaH BO MHOTHX TEXHOJIOTHUECKHUX ITPUIIOKCHHUSAX.

KOMIEHCANISI CHIBHOCTPYMOBOI'O IOHHOTI'O ITYYKA
B CEKIII JITHIMHOT O THAYKIIMHOT O ITIPUCKOPIOBAYA

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

HocrmimpkeHa AWHAMiKa TPaHCIIOPTYBAaHHS YacTOK Y CeKINl JIiHIHHOTO iHAyKIiitHoro mpuckopioBaua (JIIIT).
3HaleHO TapaMeTpH CUCTEMH 1 IMyUKiB (BEMYMHA MAarHiTHOTO TOJISI, PO3MipH CHCTEMH), TIPH SKUX 3IHCHIOETHCS
KOMIICHCAIlisl i0HHOTrO my4ka B370Bxk Bciel cekmii JIIII. Tloka3ano, 110 iOHHUI My40OK HA BHXOJI 3 CUCTEMH MOXKE

OyTH BUKOPUCTAaHHUH B 0araTboX TEXHOJIOTIYHUX JI0JIATKAX.
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