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The results of numerical simulation of compensated ion beam (CIB) transport with current density 9 MA/m?
through the drift gap of a linear induction accelerator (LIA) are presented. The CIB stability for the three methods of
compensation in the charge of the ion beam in the absence and presence of an external magnetic field is considered.
It is shown that in the presence of an external magnetic field instabilities development does not lead to a significant
deterioration in the ion beam quality regardless of the compensation way. It is shown, that the most effective addi-
tion compensation of the ion beam in charge is applying of self-consistent injection of additional electrons, which
leads to the conservation of the CIB parameters, sufficient for its use in heavy-ion inertial fusion (HIF).

PACS: 41.75.-1, 52.40.Mj, 52.58. Hm, 52.59.-f, 52.65.Rr

INTRODUCTION

One of the most perspective methods of obtaining
the high-current ion beams for HIF is based on using
LIAs. The method of collective focusing of a high-
current tubular ion beam proposed at the National Sci-
ence Center “Kharkov Institute of Physics and Technol-
ogy” [1 - 3] allows constructing a compact accelerator
that can be used as an efficient driver for HIF and also
as device for other areas of technology applications. The
use of the cusp magnetic field in accelerating gaps of
the linac leads to their effective magnetic insulation
(suppression of electron current, see [1 - 3]) without the
need for an additional central conductor, which greatly
simplifies the linac construction. The advantage of such
a method of magnetic insulation was noted in [4].

The mechanism of space charge neutralization of the
ion beam by an electron beam in the axisymmetric ac-
celerating gap was investigated in [5 - 7].

The possibility of transport and acceleration of a
high-current CIB in 1-6 cusps was demonstrated in [8 -

12] by means of numerical simulation within the frame
of complete set of Vlasov-Maxwell equations with the
help of 2.5-dimensional XOOPIC code [13, 14] that
based on the particle-in-cell (PIC) method.

The quasi-linear stage of the instability of plasma
with an anisotropic electron distribution function was
studied in [15 - 17]. Nonlinear stage of relativistic elec-
tron beams filamentation in dense plasmas was numeri-
cally simulated by the authors of [18 - 24]. It was shown
that, as a rule, the fastest process in the development of
instability was not squeeze of the beam as a whole, but
rather breaking it into thin threads (the first stage), the
scale of which corresponds to the maximum increment
of instability, with following compression of the fila-
ments. In the second stage of instability, the compress-
ing filaments are attracted together and coalesce. Simul-
taneously the transverse temperature increases that ulti-
mately determines the maximum transverse size of the
formed filament.

Filamentation instability of the ion beam in the LIA
with a collective focusing has been studied theoretically
and experimentally in [25 - 30]. It is shown that while
the CIB current density is less than the 10 MA/m’ ion
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beam remains uniform and development of filamenta-
tion instability does not manifest itself.

At current densities in LIA [2, 25] higher 10 MA/m’
ion beam becomes filament inhomogeneous as the result
of the filamentation instability nonlinear stage. In [28 -
30, 31] the development of filamentation instability,
both in the absence and in the presence of an external
magnetic field, and particles collisions was studied. It is
shown that filamentation instability can be suppressed
by a strong longitudinal magnetic field in the absence of
collisions between all particles in the LIA. Filamentary
instability increments were obtained in the presence or
in the absence of a magnetic field and collisions be-
tween all particles.

In this paper we numerically studied filamentation
and high-frequency beam instabilities of CIB in the drift
gap, both in the absence and in the presence of an exter-
nal magnetic field. We examine the cases of CIB trans-
port: in the absence of additional electrons, in the pres-
ence of a stationary additional electron injection, in the
presence of a self-consistent additional electron injection
[32]. It is shown that in the absence of an external longi-
tudinal magnetic field the instabilities development pro-
duce a significant degradation of both a compensating
electron beam and a compensated ion beam regardless of
availability of the additional thermal electrons injection in
the drift gap. The presence of an external magnetic field
leads to the improvement of the CIB quality. It is found
that the self-consistent additional thermal electron injec-
tion give the CIB best quality and allows to make effi-
cient transport of CIB through the drift gap at the pres-
ence of the external longitudinal magnetic field.

THE SIMULATION RESULTS

For the numerical study of instabilities it is required
a powerful code which allows to solve such complex
problems. In this section the instabilities are studied
using a 3-dimensional code KARAT. KARAT is fully
electromagnetic code based on PIC method. It designed
for solving of nonstationary electrodynamics problems
with complex geometry and including dynamics, in gen-
eral, relativistic particles (electrons, ions, neutrals) [32].

A real ion linac contains drift gaps with a homogene-
ous external longitudinal magnetic field alternating with
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the accelerating gaps, the magnetically insulated accel-
erating gaps being much shorter (by a factor of 10 - 20)
than the drift gaps. Therefore, the study of instabilities
in the drift gap makes sense. Consequently, the most
severe restrictions on parameters of the electron and ion
beams, which ensure the required quality of the ion
beam, are expected to be obtained from study of insta-
bilities in the drift gap.

Fig. 1 shows the geometry of the problem, where z
€ [0, z1p), z;p is the length of the drift gap. In the simu-
lation: z;p=0.5m, the transverse dimension of
x,=0.1m. In the computational region between
Xpmin = 0.042 m, x,,, = 0.06 m in the initial time are the
electrons with density 7, = 1.9-10" m™ and the longitu-
dinal speed V5 = 0.99 ¢, where ¢ — speed of light, ions
with density n, = 6.967-10'""m™ and the longitudinal
velocity V)= 0.27 ¢, and thermal electrons with number
density ng,, = 5.067-10" m™ and a temperature of 20 eV.
The conditions ensuring current and charge compensa-
tion were created in the drift gap, i.e., there were not
self-consistent electric and magnetic fields.

During the pulse on the left into the computational
region, that is infinite along the y, electron and ion
beams are continuously injected. The minimum and
maximum dimensions of the beams are same:
Xpin = 0.042 m, x,,..= 0.06 m, velocities of ion and elec-
tron beams are respectively V;y = 0.27 ¢, V, = 0.99 c,
the current densities at the time of injection are equal,
and their magnitudes 9.02 MA/m”. Densities of electron
and ion beams are n,=19107 m> and
n; = 6.967-10"" m”, respectively. And also the injection
of addition electrons with density 7, = 5.067-10" m™
and the longitudinal velocity V. = 0.004 ¢ can be made.

X
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Fig. 1. Area of electron and ion beams (between X,
and X,y injection in the computational region (x; Xz p)

The three cases: 1) the presence of a stationary addi-
tional thermal electron injection, 2) the presence of a
self-consistent additional thermal electron injection,
3) the absence of the additional electron injection into
the system are considered. In all three cases, the trans-
port of the CIB has been studied both in the presence of
the uniform longitudinal external magnetic field
(Ho=0.23 T), and in the absence of it.

In the presence of stationary additional electron injec-
tion (first case) and external magnetic field the ion beam
quality remains quite high, despite the development of
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filamentation and high-frequency instabilities. The CIB
dynamics for this case is detailed in [33]. It is shown
that the development of beam instability of the electron
beam leads to its modulation (focusing and defocusing
regions arise). The arising of transverse magnetic field
B, is because of the electron beam filamentation. The
development of these instabilities leads to a significant
deterioration in quality of the electron beam, as in the
absence (perturbation amplitude is high), and in the
presence of an external magnetic field (perturbation
amplitude is low). In the presence of an external mag-
netic field the ion beam is monoenergetic and keeps its
parameters are close to the initial one.

The presence of the self-consistent injection of addi-
tional thermal electrons in the drift gap (second case)
leads to almost complete charge compensation of the
ion beam even after the seven electron beam transit
times through the system. In this case, unlike the sta-
tionary injection (case one), the fresh thermal electrons
practically replace the initially loaded thermal electrons.

The absence of thermal electrons injection, leads
eventually to a higher CIB undercompensation, than in
the cases of injection presence. That results to CIB
transverse broadening and increasing of the energy
spread of the ion beam. It is clearly seen the difference
between the three cases from dependence of the CIB
kinetic energy on the longitudinal coordinate z after one
time of compensating electron beam flight through the
system (Fig. 2). It is seen that in the absence of thermal
electrons injection and magnetic field, CIB slows down
in the beginning, where the thermal electron density is
already small (see Fig. 2,a). The presence of the external
magnetic field prevents losses of the initially loaded
thermal electrons. As the result, the ion beam energy
losses are not so significant (see Fig. 2,b). The presence
of additional electron injection provides the ion beam
compensation, resulting to the absence of “sagging” of
ion energy at the beginning (see Fig. 2,c,d). The pres-
ence of additional electron self-consistent injection re-
duces the energy spread of the CIB (see Fig. 2,¢,1).

After seven times of compensating electron beam
flight through the system, at the presence of external
magnetic field (Ho = 0.23 T), in all cases there is a slow-
ing down of the ion beam (Fig. 3). In the case of self-
consistent thermal electrons injection, the slowing down
of the ion beam takes place at the end of the drift gap
(see Fig 3,c). The largest energy dispersion and energy
losses occur in the absence of additional thermal elec-
tron injection (see Fig. 3,a). The presence of additional
electron injection reduces ion beam energy spread, as
self-consistent electric fields decrease (see Fig. 3,b).
The presence of the self-consistent injection of addi-
tional thermal electrons, which completely replace the
initially loaded thermal electrons, preserves the CIB is
practically uniform over the cross section for the dura-
tion of its transport due to the almost complete charge
compensation of the ion beam. In this case, the energy
spread of the ion beam was about + 1%, and the energy
losses of the beam did not exceed 0.5 MeV at the exit of
accelerator (see Fig. 3,c).
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Fig. 2. The dependence of the CIB kinetic energy W, versus the longitudinal coordinate z:
(a, b) corresponds to the absence of additional electrons, and (c, d) — presence of additional electrons injection,
(e, f) — the presence of a self-consistent injection of additional electrons, the left column corresponds to absence
of magnetic field, the right — to the magnetic field Hy = 0.23 T
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Fig. 3. The dependence of the kinetic energy of the CIB
W versus the longitudinal coordinate z: (a) corresponds
to the absence of additional electrons,
and (b) — the presence of additional electron injection,
and (c) — the presence of a self-consistent injection
of additional electrons, (a, b, ¢) corresponds
to the presence of external magnetic field Hy= 0.23 T

Fig. 4 shows the (x,z)-space for the ions in the pre-
sence of self-consistent injection of additional electrons

66

in the absence of the external magnetic field (see Fig. 4,a)
and in its presence (see Fig. 4,b).

Fig. 4. The dynamics of the ion beam at its transport
through the drift gap after seven electron beam transit-
time of the calculated region in the space (x, z):

(a) corresponds to the absence of an external magnetic
field, (b) — the magnetic field Hy= 0.23 T

It is seen, that the CIB diverges at the edges as a re-
sult of the self-consistent electromagnetic field effect.
On the other hand, the redistribution of the additional
thermal electrons density and the density of the electron
beam leads to the focusing of the ion beam in the ab-
sence of the external magnetic field. In the presence of
the external magnetic field spread of the ion beam is
much smaller, and its distribution over the cross section as
a result of the electromagnetic field influence is more uni-
form.

In Fig.5 the ion energy distribution function is
shown.

We see that even in the absence of the external mag-
netic field, the ion beam remains almost monoenergetic
(see Fig. 5,a). The presence of the external magnetic
field leads to improving of the ion energy distribution
function quality (see Fig. 5,b).
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presence of electron self-consistent injection:

a) corresponds to the absence of an external magnetic
field, b) — the magnetic field Hy = 0.23 T

CONCLUSIONS

It is shown, that at the transport of ion beam with
current density of about 9 MA/m’ through drift gap
high-frequency beam and filamentation instabilities
develop. The considered cases are: presence of addi-
tional electron injection, the presence of an additional
electron self-consistent injection, the absence of any
injection. In all three studied cases as filamentation and
high frequency beam instabilities take place. But the
behavior of the particles depending on the injection of
additional thermal electrons is somewhat different.

The self-consistent injection of additional thermal
electrons in the drift gap, in the presence of the external
magnetic field, leads both to CIB monochromaticity,
and reduces the ion beam radius. At the same time, de-
spite the development of instabilities compensating
electron and compensated ion beams keep the current
density closed to the initial one.

In all the cases, in the absence of an external mag-
netic field instabilities development significantly re-
duces the quality of the ion beam. In the presence of an
external longitudinal magnetic field CIB quality remains
acceptable even in the absence of additional thermal
electrons, but the injection of additional electrons con-
siderably improves the parameters of the ion beam.
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YCTOMYUBOCTh CUWJIBHOTOYHOI'O HOHHOI'O ITYUYKA
B IPE®OBOM ITPOMEXYTKE JIUHEHHOI'O UHAYKIIMOHHOI'O YCKOPUTEJISI

B.U. Kapace, O.B. Manyiinenxo, B.Il1. Tapakanos, O.B. @edopoeckan

[IpencraBnenHs! pe3ynbTaThl YUCISHHOTO MozaenrpoBaHus TpancnoptupoBku KUII minotHOCTRIO TOKA 9 MA/M
4yepe3 Aper(oBbIli MPOMEKYTOK JIMHEWHOTO MHIYKIIMOHHOTO yckoputens. Paccmorpena ycroitunBocts KUIT st
TPEX METOJOB KOMITEHCALIMH HOHHOTO MyYKa IO 3apsIy B OTCYTCTBHE M IPU HAMYMU BHEITHETO MarHUTHOTO TOJIS.
HOKaSaHO, 4TO IMPU HAJIMYUW BHCIIHETO MArHUTHOI'O IMOJISA pa3BUTHE HCyCTOﬂ‘iHBOCTCﬂ HC NPUBOAMWT K CYHICCTBCH-
HOMY YXyJILIEHHIO Ka4eCTBa HOHHOTO My4YKa HE3aBUCHMO OT crocoba komreHcauu. [TokazaHo, uro Haubomnee 3¢-
(l)eKTHBHOﬁ ﬂOKOMHCHC&HHeﬁ HOHHOTO ITyYKa IO 3apsaay sBJIACTCA NPUMCHCHHUC CcaMOCOTJIaCOBAHHOM WHXKXCKIINHU
JIOTIOJTHUTENBHBIX 3JIEKTPOHOB, YTO MPUBOJUT K coxpaHeHuto napamerpoB KUII, qoctaTOuHBIX AJ1s1 €ro UCIOJIb30-
BaHUS B TSXKEJIOMOHHOM MHEPLUAIBHOM CUHTE3E.

CTIMKICTh CWJIBHOCTPYMOBOI'O IOHHOI'O ITYUKA B IPEU®OBOMY ITPOMIKKY
JIHIMHOI'O IHAYKIIMHOI'O IMPUCKOPIOBAYA

B.I. Kapacs, O.B. Manyiinenko, B.II. Tapaxanos, O.B. @edopisécvka

[IpencraBneni pe3yabTaTH YUCENFHOTO MoAentoBaHHs TpancnopTyBaHHs KIII ryctunoro ctpymy 9 MA/M* gepe3
npeiidoBuil TPOMDKOK JIHIMHOTO 1HAYKIiHOTO npuckoproBaua. Posrmsinyra criiikicts KIIT st Tppox meronis
KOMIIeHCAIlil I0HHOTO My4Ka 3a 3apsAJ0M IIPH BiACYTHOCTI Ta HasIBHOCTI 30BHIIIHHOTO MarHiTHOro mois. [lokasano,
110 TPH HASBHOCTI 30BHIIIHBOTO MarHiTHOTO MOJIsi PO3BUTOK HECTIHKOCTEH HE NMPHU3BO/IE A0 CYTTEBOTO MOTiPIIEHHS
SIKOCT1 10HHOTO TTyYKa HE3aJeKHO BiJ] ciocoOy komrieHcaitii. [lokasano, 1o HaiOuIbI eheKTUBHOK TOKOMIICHCAITI-
€10 10HHOTO ITy4Ka 3a 3apsiJIOM € 3aCTOCYBaHHSI CaMOY3TI0/IXKEHOI 1HXKEKIIT 10JaTKOBHUX €JIEKTPOHIB, 110 MPU3BOAUTD
1o 30epexxenns napametpis KIIT, nocraTHix it HOro BUKOPUCTaHHS y B)KKOIOHHOMY iHEpIiaIbHOMY CHHTESI.
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