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The dynamics of the high-current ion beam (HCIB) in a section of the linear induction accelerator (LIA), con-
sisting of magneto-isolated accelerating gap and the two drift spaces, is studied. In the most suitable variant of the
HCIB compensation by accompanying and colliding beams of electrons, the current of the ion beam at the exit of
the first drift gap is close to the original. The optimization of the system parameters (the value of magnetic field pro-
duced by the coils with opposing currents, the size of the system, the parameters of the beams) at which a uniform
on the length of the gap acceleration of the HCIB is achieved, has been carried out. Wherein the quality of the ion
beam at the exit of the LIA section is kept acceptable for heavy-ion inertial fusion.

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

INTRODUCTION

It is known that the high-current ion beams (HCIB)
in the linear induction accelerator (LIA) can be obtained
for heavy-ion nuclear fusion (HIF) and for other many
important applications.

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, in the ra-
diation materials science and other scientific research.

The space charge and current compensation of the
ion beam by an electron beam in the axisymmetric ac-
celerating gap was investigated in [3 - 5]. The accelera-
tion of a high-current compensated ion beam in two
cusps was studied in [5]. It is shown that the injection of
thermal electrons in the drift gaps provides charge com-
pensation of the ion beam, improving the quality of
HCIB acceleration.

In [7] the dynamics of particles in the drift gap of
LIA in the presence of an external magnetic field of
trapping configuration has been numerically studied.
The current compensation of the ion beam was per-
formed by the electron beam.

The dynamics of the ion beam transportation in the
external magnetic field in the drift gap of LIA with a
collective focusing is studied. The variants of charge
compensation of the HCIB in the drift gap are consid-
ered. It is shown that under chosen value and configura-
tion of the magnetic field, using a programmed injection
of additional electrons the HCIB quality can be retained
high enough.

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 [7] the dynamics of HCIB transport in the LIA
drift gap, where the external magnetic field is formed by
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coils, have been studied. Several variants for charge
compensation of the ion beam have been considered. It
is shown that the proposed variants allow most effec-
tively compensating the charge of the ion beam, that
leads to the keeping of the basic parameters (quality) of
the HCIB. It is shown that in case of a planned addition-
al electron injection current of the ion beam at the exit
of the drift gap substantially equal to the original, and
the HCIB is monoenergetic.

In this paper we numerically studied the dynamics of
particles in a section of the LIA in the presence of an
external magnetic field. Current compensation of the
HCIB is performed by an electron beam. The pro-
grammed injection of an additional electron beam has
been carried for extra-compensation of the ion beam. It
is shown that in the case of the planned injection of
electrons toward the main electron and ion beams, cur-
rent of the ion beam at the output of the LIA section is
almost equal to the original one, and the HCIB, acquir-
ing energy in the accelerating gap, remains practically
monoenergetic.

THE SIMULATION RESULTS

For the numerical study of the beam dynamics of the
transport and acceleration a powerful 3-dimensional code
KARAT [8], which allows solving problems of such
class, is used. KARAT is fully electromagnetic code
based on PiC-method (Particle-in-Cell). It designed for
solving of non-stationary electrodynamics problems with
complex geometry and including dynamics, in general,
relativistic particles (electrons, ions, neutrals).

Fig. 1 shows by the geometry of the problem, where
Xp — transverse and zp — longitudinal dimensions of the
system, X,, Xz and Xy, X4 — internal and external dimen-
sions of ion and electron (compensating current of the
HCIB) beams, as well as the configuration of the exter-
nal magnetic field generated by coils.

The dash-dot line on Fig. 1 shows a section by xz
plane through the center section of the LIA, consisting
of two drift gaps of and one accelerating gap, along the
longitudinal coordinate z (x, and xz, X; and x4 — internal
and external dimensions of beams, respectively). The
length of the first drift gap z; = 0.4 m, the length of the
accelerating gap, shown on Fig. 1,a by the dotted line, z,
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= 0.07 m, in the center of which (between z, and z5) is
the accelerating electric field E,, and the length of the
second drift gap zp = 0.1 m (which shortens the duration
of the numerical calculations). Internal radius of the
beams ry, = 0.028 m, external — rya = 0.035 m.

The beams are axially-symmetric relatively to dash-
dot line (x = 0.1 m, y = 0.1 m) only at the initial time
(see Fig. 1,a). Fig. 1,b shows a cross section of a sys-
tem, which has the shape of a cylinder with a diameter
of 0.2 m (the transverse dimension of the computational
region) and a length of 0.57 m (the longitudinal dimen-
sion of the section).

Three points, shown in Fig. 1,b, are the reference
points (transverse coordinates x and y depend on the lon-
gitudinal coordinate z, i.e. x(z), y(z), and the total number
of points, given in the task, — eight: x;, = 0.069 m: y, =
0.109 m, z;= 0.05 m, Yo = 0.105 m, z,= 0.2 m, Y3 =
0.106 m, z3= 0.55m, y, = 0.107 m, z, = 0.465 m;
X, =0.059 m: y; = 0.11 m, z; =0.47 m; x3 = 0.079 m:
y1=0.11 m, z; = 0.47 m), are selected to illustrate the

various characteristics of the problem in the center, on
external and internal edges of the initial area of the beams.

At the initial moment the injection is performed of ion
beam with the density n, = 6.9:10" m™ and velocity Vy; =
0.27 ¢ and compensating its current electron beam with
the density n, = 1.9:10" m™ and velocity: in the first
variant V,. = 0.98 ¢ in the second variant V,, = 0.99 c,
where ¢ — velocity of light, are injected. The direction of
both beams is shown in Fig. 1,a (the beams are shown in
gray). The location of additional electron beam injection
at the beginning of the magneto-isolated gap is shown
(see Fig. 1,a), the speed of the beam is directed toward
the main beams and is V¢, = 0.96 ¢. Injector of addition-
al electron beam by thickness of 0.05 m is located on
the distance of 0.01 m from the trajectory of the beams
at the initial time (see Fig. 1,a,b). This injector is select-
ed so that the additional electron beam, moving on the
respective magnetic lines of force, met with the front of
the HCIB on the initial cross-section of the beams at the
end of the drift gap (see Fig. 1,a).
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Fig. 1. Section by the plane xz of the drift gap center along z (a). Cross-section of the drift gap (b).
1 —point coordinates: X, (Y;, z;); 2 — point coordinates: x, (Y, Z); 3 — point coordinates: X.(y, z.)

The external longitudinal electric field E,, applied in
the center of the accelerating gap (see Fig. 1,a), corre-
sponds to the energy of 1.6 MeV and equal E, = 5.4-10°
V/m in the first variant, (Vpe = 0.98 c), in the second
variant, (Ve = 0.99 ¢) it corresponds to the energy of 2.5
MeV, E, = 8.3:10" V/m. This electric field accelerates
ions and decelerates electrons. The external magnetic
field is formed by the coils in such way, that magnetic
induction practically does not change in the drift gap,
and the field itself is uniform, in the magneto-isolated
accelerating gap two coils form the magnetic field of
cusp configuration. Induction of the longitudinal com-
ponent of the external magnetic field in the first drift
gap is B; = 0.25 T (Fig. 2).

In this work the junction of the drift gaps with accel-
erating gap is performed, so problem is not only in that
to carry out a qualitative compensation of the ion beam,
minimize the development of instabilities in the drift
gaps but provide the conditions of the HCIB accelera-
tion in the accelerating gap. The special choice of pa-
rameters of the beams and section are related with these
conditions.

Previously, it was shown that for HCIB compensation,
as in the drift gap [7], as in the accelerating gap [3] it is
necessary the injection of an electron beam. The current
density and the cross-section of electron and ion beams
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should be equal. The accompanying electron beam pro-
vides a charge compensation of the ion beam in the drift
gap during almost one time of ion flight through the drift
gap. But since the electron beam cannot provide full
charge compensation of the ion beam, after one time of
ion flight of drift gap, the additional electron beam (with
a density 3-10"" m®) is injected toward the main beams.
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Fig. 2. The dependence of the external longitudinal
magnetic field on the longitudinal coordinate z
at different points x, y

Additional electron beam compensates the charge of
the ion beam, but inhibits of further passing of the main
electron beam to the end of the LIA section. As a result,
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ion beam is undercompensated in the accelerating gap,
thus the transverse dimensions of the HCIB increase,
and its density is two times less than initial density of
the ion beam even after three times of ion flight (37,
where 1 is one time of ion flight) of section.

In that the main electron beam is accelerated in the
first drift gap, then it slows down in the accelerating
gap, and in the second drift gap: in the first variant (a) it
is accelerated (Fig. 3,a), in the second variant (b) it
slows down (Fig. 3,b). This difference in the behavior of
the electron beam for different variants is related with
different initial velocity of the beam. In the first variant
(Ve = 0.98 ¢) because of the lower initial velocity of the
electron beam it passes through the second half of the
section and loads the HCIB, leading to slowing of the
ion beam and acceleration of electron beam at the end of
the section. This is connected with uncompensated posi-
tive charge of ion beam in the end of system (see
Fig. 3,a). In the second variant (V. = 0.99 c) the Kinetic
energy of the electron beam is larger and it does not
loads HCIB so hard, as in first case. Electron beam de-
celerates in the accelerating gap and moves practically
with a constant speed in the end of LIA section (see
Fig. 3,b).
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Fig. 3. Kinetic energy of an electron beam depending on
the longitudinal coordinate after 3 times of ion flight ¢

In turn, the kinetic energy of the HCIB in the first var-
iant rises along the system, increasing almost on 1 MeV,
then ion beam loses about 2 MeV in the end of the first
drift gap and acquires ~ 1.5 MeV in accelerating gap,
HCIB slows, again losing ~ 2 MeV in the second drift
gap (Fig. 4,a). In a second variant HCIB moves along the
drift gap with energy close to the initial, then, ion beam
slows down in the end of the first drift gap, losing about
1 MeV, and acquires about 2 MeV in an accelerating
gap, then the HCIB kinetic energy practically does not
change, although ion beam has a significant energy
spread in the end of LIA section (Fig. 4,b).

From Fig. 4,b it is seen, that HCIB gets to 2 MeV in
the accelerating gap while it should acquire 2.5 MeV.
This occurs because of the violation of high-current
conditions [3]. The density of HCIB is proportional to
its self-consistent transverse magnetic B, and transverse
electric E, and E, fields, in which electron beam drifts in
the accelerating gap. Since in accelerating gap because
of HCIB undercompensation its transversal dimensions
increase, consequently, ion beam density has decreased,
self-fields are not high (Figs. 5 and 6) for both variants,
i. e. of the density of HCIB in the accelerating gap is not
enough to provide electron drift. For example, in the
first variant, the maximum transverse electric field E, in
the accelerating gap is equal to =~ 0.7-10" V/m, in the
second variant E, ~ 2.8 10" V/m (see Figs. 5,a,b).

It should be noted that in the accelerating gap trans-
verse electric field E, is less than the external electric
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field, although due to the large transverse separation of
the ion and electron beams it is sufficiently significant,
unlike the self-consistent magnetic field By, which in the
first variant is equal to about 0.005 T, and in the second
variant about 0.02 T (see Figs. 6,a,b). It is seen that the
self-consistent fields, which provide drift of electrons in
the accelerating gap is several times greater in the sec-
ond variant than in the first, which results in more effi-
cient acceleration and lower deceleration in the end sec-
tion in the second variant (see Fig. 4,b).
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Fig. 4. Kinetic energy of the ion beam depending on the
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Fig. 5. A transversal component of the electric field
depending on the longitudinal coordinate after 3 times
of ion flight
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Fig. 6. A transversal component of the magnetic field
depending on the longitudinal coordinate after 3 times
of ion flight t
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Fig. 7. A longitudinal component of the ion beam
current depending on the longitudinal coordinate
after 3 times of ion flight t

From Fig. 7 it is seen, that in both variants of the
HCIB current because of non-uniform compensation has
oscillations in the second half of LIA section, but it is
close to initial in the end of the system. Thus, maximal
ion current in the first variant is higher the initial on
~ 1 kA and minimal ion current is lower on = 1 KA, ion
beam current is practically equal to the initial at the exit
from the section, i.e. I; = 13.2 kA. In the second variant
the maximal ion current is higher than initial on = 1 kA,
and a minimal current — on = 0.8 kA, and HCIB current
is lower than the initial 3%. i.e. I,; = 12.8 kA at the exit
of section (see Figs. 7,a,b).

ISSN 1562-6016. BAHT. 2015. N26(100)



CONCLUSIONS

In this paper we have studied the dynamics of the
transport and acceleration of the compensated ion beam
in an external magnetic field in the LIA section. Two
variants of HCIB compensation by means accompany-
ing electron beam are considered. It is shown that at the
chosen value and configuration of the magnetic field, by
means a programmed injection of the additional electron
beam towards the main electron and ion beams the qual-
ity of HCIB retains high enough. It was found that the
injection of an additional electron beam on one hand
performs the charge HCIB compensation, on the other
hand inhibits the passage of the main electron beam,
required for effective acceleration of ion beam. This
leads to violation of HCIB high-current conditions, re-
spectively, to ineffective acceleration of the ion beam
for case, when speed of the main electron beam Vy, =
0.98 c. In this case the ion beam drags the main electron
beam in the end of first drift gap and in accelerating gap,
that leads to deceleration of HCIB. At a higher speed of
the main electron beam (V,e = 0.99 c), the drift of the
electrons is realized due to higher self-consistent fields,
thus ion beam acceleration is more efficient (HCIB ac-
quires 2 of 2.5 MeV). But in both cases at the end of the
drift gap the ion beam decelerates because of its under-
compensation. At the same time in the second half LIA
section the electron beam, having the initial velocity Vp,
=0.98 c loads the ion beam more than the electron beam,
having an initial velocity Vp, = 0.99 c.

It should be noted, that at the exit of the section the
current of the ion beam in both cases is close to initial,
and the ion energy spread does not exceed 3% in the
second variant.

Thus, at the presence: the magnetic field, the injec-
tion of the accompanying electron beam with speed
0.99 ¢ and programmed injection of additional electron
beam; the parameters of the HCIB at the exit from LIA

section are acceptable for a number of important techno-
logical applications.
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JAHAMHUKA CUJIBHOTOYHOT'O MOHHOT'O ITYYKA B CEKIIAY IMHEMHOT'O
NHAYKIMOHHOT' O YCKOPHUTEJIA

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

HccnenoBana nnHAMHUKA CHIIBHOTOYHOTO HOHHOTO Iyuka (CUII) B cexiuu THHEHHOTO HHAYKIIMOHHOTO YCKOPH-
tens (JINY), cocrosimieii W3 MarHUTOW30JIMPOBAHHOTO YCKOPSIOMIETO 3a30pa M ABYX ApeH(OBBIX IPOMEKYTKOB. B
HanOounee npremiieMoM BapranTe komreHcaru CUIT conpoBokaalommM 1 BCTPEUHBIM ITyYKaMH 3JIEKTPOHOB, TOK
MOHHOTO ITy4YKa Ha BBIXOJE U3 IIEPBOTrO Apei(hoBOro mMpomexyTKka OJM30K K IepBOHa4YaJbHOMY TOKY. IIpoBeneHa
ONTUMU3AIMS apaMeTPOB CHUCTEMBI (BETMUMHA MAarHUTHOTO MOJS, CO3JaHHOTO KAaTyIIKaMU CO BCTPEUHBIMHU TOKa-
MU, pa3Mephl CUCTEMBI, TapaMeTphl IIYYKOB), IPU KOTOPBIX JOCTUTaeTcs paBHOMepHoe yckopernue CUII mo amune
3a3opa. IIpu 3TOM KayecTBO MOHHOIO IIy4yKa Ha BbIxoJe M3 cexuuu JIMY coxpaHsercs npUeMIEMbIM I UHEPLIU-
AJIBHOTO TEPMOSIIEPHOTO CHHTE3a Ha TSAXKEJIBIX HOHAX.

JAHAMIKA CWJIBHOCTPYMOBOI'O IOHHOT' O ITYYKA B CEKIIIT JTHIMHOT'O THAYKIIMHOT O
INPUCKOPIOBAYA

B.I. Kapacs, €.0. Kopninos, O.B. Manyiinenko, B.Il. Tapaxanos, O.B. @edopiecvka

Hocnimkena quHamika cuiibHOCTpyMoBoro ionHoro myuka (CIIT) B cekuii siHiiiHOrO 1HAYKIIHHOTO TPHCKOPIO-
Bauda (JIIIT), mo ckiagaeTbes i3 MarHiTOI30JIbOBAHOTO MPUCKOPIOIOYOTo 3a30py Ta ABOX JApel(OBUX MPOMIXKIB. B
OinbIm npuiHATHOMY BapianTi komneHcauii CIIT cynpoBoaKy04nM 1 3yCTpiYHUM My4YKaMHu eJIEKTPOHIB, CTPYM 10H-
HOTO IyYKa Ha BHXOJI i3 MEPIIOro Aper(hOBOro MPOMIXKKY OJIM3BKHI 1O MOYaTKOBOrO. I[IpoBencHa onmTHMi3allis
napaMeTpiB CUCTEMH (BEJIMYWHA MArHITHOTO TIOJIsS, SIKE CTBOPEHO KOTYIIKAMH 13 3yCTPIYHUMH CTPyMaMH, pO3MipH
CHCTEMH, ITapaMeTPH MyYKiB), P SKHUX TOcATacThes piBHOMipHe npuckoperns CIIT mo nowxusi 3a3opy. [Ipu mpo-
My SKICTh I0HHOTO Iy4ka Ha Buxoi i3 cekuii JIIIT 30epiraeThcs IpUHHATHOO IS iHEPIIIIHOTO TEPMOSICPHOTO CH-
HTEe3y Ha BaXKKHX i0HaX.
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