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Transportation of a high-current ion beam (HCIB) with various currents was studied in the presence of accom-
panying and additional electron beams' injection in the linear induction accelerator (LIA) section. The investigations
were carried out by means three-dimensional numerical simulation within the framework of the complete Vlasov-
Maxwell system of equations. The parameters of the system and beams have been optimized in so way, that the ion
beam quality remains acceptable for a number of important technological applications at the exit of the LIA section.
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INTRODUCTION

Heavy ion fusion, radiation material science, pro-
cessing of constructional and many other materials are
important technological applications, for the effective
realization of which heavy ion beams can be used [1, 2].
Such beams are able to obtain in LIA. LIA with collec-
tive focusing of a high-current tubular ion beam, pro-
posed in [3, 4], can be used for the above purposes.

The mechanism charge and current compensation of
an ion beam by an electron beam in an axisymmetric
accelerating gap was investigated in [5 - 7]. In paper [7],
the acceleration of the compensated ion beam (CIB) in
two magneto-insulated gaps was considered. It was
shown that the injection of thermal electrons into the
drift gaps allowed compensating charge of the high-
current ion beam, ensuring its high quality.

In paper [8], the HCIB transport dynamics in the
LIA drift gap, where the external magnetic field was
created by coils, has been studied. Several variants of
the ion beam charge compensation have been consid-
ered. It is shown that proposed parameters of the ion
beam compensation allow the ion beam to be the most
effectively compensated for the charge, leading to the
basic CIB parameters’ keeping. It is shown that in the
case of specially chosen parameters for additional elec-
trons’ injection, the ion beam current at the exit from
the drift gap is practically equal to the initial one, and
CIB remains monoenergetic.

The particles dynamics in the LIA section in the
presence of an external magnetic field has been studied.
The ion beam current compensation was carried out by
an electron beam [9]. It is shown that with optimized
electron injection towards the main electron and ion
beams, the HCIB current is almost equal to the initial
one at the exit from the LIA section. At the same time,
CIB, acquiring energy in the accelerating gap, remains
monoenergetic.

In [10], the HCIB dynamics in magneto-isolated and
drift gaps has been studied. It is shown that at a larger
drift gap radius, there are practically no losses, both of
the compensating additional beam electrons, and of the
HCIB ions. It is shown that, both at a smaller and at a
larger drift gap radius, even in the absence of opposite
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directed electrons injection, the CIB quality at the exit
of the system remains acceptable for a lot of technologi-
cal applications.

In this paper we have investigated the HCIB trans-
portation in the presence of compensating basic electron
beam and additional electron beam in the LIA experi-
mental model section. The dynamics of the CIB with
different current has been considered. It is shown that
with a smaller current of the CIB, its quality at the exit
from LIA, due to a smaller space charge, is higher than
in the case of a larger HCIB current. It is shown, that for
chosen parameters of the HCIB and the additional elec-
tron beam, the ion beam remains suitable for scientific
research, ion implantation and radiation material science.

SIMULATIONS RESULTS

The electron and ion beams transport dynamics has
been studied numerically by means a powerful 3-
dimensional code KARAT [11]. KARAT is fully elec-
tromagnetic code on the basis of the macroparticles
method. It is intended for solving non-stationary elec-
trodynamic problems, having complex geometry and
including dynamics, in the general case, of relativistic
particles (electrons, ions, neutrals).

Fig. 1 shows a section through the middle and along
the investigated section (longitudinal coordinate z), con-
sisting of LIA magneto-isolated and drift gaps. The
length of the magneto-isolated gap is z,=0.4 m, the
length of the drift gap is 0.4 m, the length of the system
is z,=0.8 m. The radius of the magneto-isolated gap is
Rm = 0.5 m, and the drift gap radius is Ry = 0.1 m. The
axis of the system symmetry is shown in Fig. 1 by
dashed line, passing through the point x=0.5m,
y=05m.

At the beginning of the magneto-isolated gap (see on
the left, Fig. 1) the ion beam with density ny; =~ 7-10" m
(1, = 13.2 kA) in the first variant, ny; ~ 3.6:10" m> (I, =
6.6 kA) in the second case, and the speed Vy; = 0.27 ¢
and the main electron beam, compensating the HCIB
current, with a density of n,.=2-10*" m™ and a velocity
Vpe = 0.99 ¢, where c is the speed of light, are injected at
the initial time. The direction of both beams motion is
shown in Fig. 1 on the left. The internal beam size ry;, =
0.028 m, outer one Iy, = 0.035 m. The beams are axial-
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ly symmetric relatively the dashed straight line only at
the initial time moment (see Fig. 1). Fig. 1 also shows
the location of the injection along the radius of the addi-

tional electron beam with the velocity V2% = 0.99 ¢ into

the magneto-insulated gap. The additional electron
beam injector has a thickness of 0.003 m. The injection
location has been chosen in the way, that the additional
electron beam, moving along the corresponding force
magnetic lines, would fall on the initial cross-section of
the main electron beam and CIB in the second half of
magneto-isolated gap and would accompany it to the
system end.

The external magnetic field in the magneto-isolated
gap is created by coils with counter currents and has a
cusp configuration. Coils, placed in the magneto-
insolated gap have turns, both in the transverse direction
and in the longitudinal one. In the drift gap, the magnet-
ic field is formed by coils of the same size and radius
with the same current in them, so the magnetic induc-
tion along the gap practically does not change, and the
field is uniform.
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Fig. 1. Cross-section of the LIA experimental model
along z by the xz-plane

The dependence of the longitudinal component of
the magnetic field induction By, on the longitudinal co-
ordinate z is show on Fig. 2. The curves in Fig. 2, are
shown at reference points: x; = 0.465 m, y; = 0.515 m,
Xo=0.47 m, y, = 0.505 m, x3 = 0.47 m, y; = 0.51 m,
2= 0.55 m, which are chosen to illustrate various char-
acteristics of the problem at the center, at the outer and
inner edges of the initial location of the ion and main
electron beams.
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Fig. 2. Dependence of longitudinal component

of external magnetic field induction on the longitudinal
coordinate z in different points on x, y
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In the first variant, when the HCIB density is higher,
the ion beam current along the system remains close to
the initial one practically to the middle of the drift gap
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(Fig. 3,a). In the second half of the drift gap, because of
incomplete charge compensation, the HCIB significant-
ly diverges so that part of the particles goes on the walls,
as a result of that the current strength decreases signifi-
cantly and reaches about 7.5 kA at the exit from the
section.

In the second case, the HCIB density is two times
smaller, so it diverges in the drift gap not as significant-
ly as in the first case, so that the current at the exit from
the system is close to the initial one — about 6.5 kA (Fig.
3,b). Thus, at the exit from the section ion beam current
in the first case decreases almost twofold, and in the
second one — by 100 A.
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Fig. 3. Dependence of the longitudinal component of the
ion beam current on the longitudinal coordinate z:
first variant (a); second variant (b)

The dependence of CIB kinetic energy on the longi-
tudinal coordinate is illustrated on Fig. 4. It is seen, that
in both cases there are areas of acceleration and deceler-
ation of the ion beam, which are associated with the
HCIB incomplete charge compensation.
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Fig. 4. Dependence of the ion beam kinetic energy
on the longitudinal coordinate z:
first variant (a); second variant (b)
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The minimum of the ion beam Kkinetic energy has
appeared at the end of the magneto-isolated gap, where
the system dimensions are quite different — the radius of
the magneto-isolated gap is 5 times larger than the drift
gap radius (Fig. 1). In the case of the higher ion beam
density, the energy minimum reaches 33.5MeV
(Fig. 4,a), whereas in the second one it reaches
35.4 MeV (Fig. 4,b). At the exit from the system, the
HCIB has kinetic energy in the first case 34.6 MeV, and
in the second case it is 35.6 MeV, i.e. the energy losses
of HCIB are: in the first case about 4%, in the second —
no more than 2%.

CONCLUSIONS

In this paper the dynamics of the high-current ion
beam transportation in the presence of an external mag-
netic field in the section of LIA with collective focusing
has been studied.

Two cases of the HCIB transportation, when its den-
sity is: 1) ng=7-10"m?® 2) n,=3.6-10"m? have
been considered. It is shown that HCIB in both cases
noticeably slowed down at the end of the magneto-
insolated gap, and then accelerated to practically the
initial energy, and the HCIB deceleration again occurred
at the end of the drift gap. It is shown that, at the exit
from the system, CIB Kinetic energy in the first case is
less than the initial energy (36.2 MeV) by 1.6 MeV, and
in the second case — by 0.6 MeV. Moreover, HCIB with
higher density because of incomplete charge compensa-
tion diverges significantly in the transverse direction in
the second half of the drift gap, losing particles on the
system walls. Therefore, the HCIB current in the first
case decreases practically twofold, and in the second
case it decreases by 2% (in 1.02 times). Thus, in the
case of HCIB lower density at the chosen parameters of
the compensating electron beams and the system, the
ion beam has the current and the energy close to the
initial ones at the exit from the LIA section. Conse-
quently, HCIB with these parameters remains accepta-

ble for a number of important technological applications.

It should be noted that, in spite of less acceptable pa-
rameters of ion beam with higher density at the exit
from the system, it can be used for ion implantation,
studying and processing structural materials.
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YUCJIEHHOE MOJEJIUPOBAHUE TPAHCIIOPTUPOBKH CHWJIBHOTOYHOI'O HOHHOI'O ITYYKA
NP HAJIMYUHU KOMIEHCUPYIOIIUX DJEKTPOHHBIX TYYKOB B CEKIIUH JINY
B.U. Kapacw, E.A. Kopnunos, O.B. Manyiinenxo, B.Il. Tapakanos, O.B. @edoposckan

N3y4eHa TpaHCIIOPTUPOBKA CUIBHOTOYHOTr0 HOHHOTO myuka (CUII) ¢ pa3auyHbIMU TOKaMH NIPH HATMYUU MHXEKLIUH CONpPO-
BOXK/IAIOIIETr0 U JOTIOJHUTEIBHOTO IEKTPOHHBIX ITyYKOB B CEKIMH JIMHEHHOTO MHAYKIMOHHOTO yckoputens (JINY). Mccneno-
BaHMs IPOBOAMINCH C TIOMOMIBIO TPEXMEPHOI'O YHCICHHOIO MOJEIUPOBAHUS B PaMKaX IOJHOW CHCTeMBl ypaBHeHM BiacoBa-
Makcgemta. [TapameTpsl CHCTEMBI U IIy4KOB ONTHMH3UPOBAHBI TAKKM 00pa3oM, 4TO Ha BbIXoJe u3 cekuun JINY kadecTBo MOH-
HOT'O ITy4YKa OCTA€TCA NPUEMIIEMBIM JIA Psi/ia BaXKHBIX TEXHOJIOTUYCCKUX HpHﬂO)KeHHﬁ.

YUCEJBHE MOJEJIOBAHHSA TPAHCIIOPTYBAHHA CHJIBHOCTPYMOBOTI'O IOHHOI'O ITYUYKA
3A HASSIBHOCTI KOMIIEHCYIOUHX EJJEKTPOHHHUX NYYKIB Y CEKLII JIIII
B.1. Kapacs, €.0. Kopninos, O.B. Manyiinenxo, B.Il. Tapaxanos, O.B. ®edopiecvka

BHBYEHO TpaHCHOPTYBaHHs CHIIbHOCTpYMOBOro ioHHOrO myuka (CIIT) 3 pi3sHUMHU cTpyMaMu HpH HasBHOCTI 1HXEKIT cympo-
BOJDKYIOHOTO Ta J0JIaTKOBOTO EJICKTPOHHUX ITyUKiB y CeKuil JiHiiHOTO iHAyKUiitHOTO mpuckoproBaya (JIIIT). HociimkeHHs mpo-
BOJMJIHCS 32 JOMOMOTOK TPUBUMIPHOTO YHCEIBHOTO MOJIEIIOBAHHS B paMKax IOBHOI CHCTEMH DiBHsSHb BracoBa-MakcBeia.
[Tapamerpu cuctemu i IMy9KiB ONTHMI30BaHi TAKUM YHHOM, 110 Ha BuxOAi 3 cekmii JIIIT sKkicTh i0HHOTO TydYKa 3aIMIIa€ThCs IPHU-
HHATHOIO /U HU3KU B)KIMBHX TEXHOJOTIYHUX 3aCTOCYBaHb.
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