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2.5D numerical simulation was carried out of the process of ions isolation from electrons of a compensated ion
beam by the cusp magnetic field of the before entering the accelerating gap located in the region of zero magnetic
field of the cusp, followed by the compensation of the accelerated ion beam with new electrons and transportation of
the compensated ion beam to the next section of the linear induction ion accelerator. In contrast to the previously
simulated compensated high-current ion beam with an energy of 250 keV (now non-existent), the equivalent plasma
flow of a traditional coaxial plasma gun with real parameters: density 10%°...10"? ecm™ and velocity 10’ cm/s was

considered as an injected compensated ion beam.
PACS: 41.75.-i, 52.40.Mj, 52.65.Rr

INTRODUCTION

High-current ion beams are widely used in many ap-
plications, including materials science [1, 2] and inertial
heavy ion fusion [3, 4]. Their production is based on the
use of high-density plasma flows [5], the ion component
of which, before entering the accelerating gap, gets rid
of the electronic component by isolating the electrons
with a transverse magnetic field.

For materials science purposes, electrons are isolated
by a transverse magnetic field in a device called an ion
diode with external magnetic insulation [6-8]. To
transport dense plasma flows, clean them from impuri-
ties and inject them into magnetic traps, a curvilinear
magnetic field in the form of a 90° segment of a toroidal
solenoid is used [9, 10]. The same magnetic system is
used for implanting intense ion flows, charge-
compensated by magnetized electrons [1].

Of particular interest is the interaction of dense
plasma flows with an acute-angled cusp-type magnetic
system, consisting of opposing magnetic fields of two
coils with oppositely directed currents. In such systems,
the transverse component of the magnetic field depends
on the geometry of the cusp and the radius of ion injec-
tion. For traps with a cusp magnetic field, so-called
traps with min B, devoid of a number of hydrodynamic
instabilities, the problem of determining the location of
ion injection and the parameters that ensure their cap-
ture in the trap was studied in [11] in the single-particle
approximation. Three radial regions are found that de-
pend on the Larmor radius of the ion, determined by the
ion velocity and the total magnetic field. lons injected
into the paraxial region pass through the cusp, into the
middle region they are captured in the trap, and into the
peripheral region they go into the slot plane of the trap.

For a dense plasma flow equivalent to a high-current
ion beam, compensated for current and charge by an
electron beam, the same problem was studied in [12]
taking into account both the spatial charge of the beams
and the polarization fields that arise during the spatial
separation of the electron and ion components. In this
case, the dynamics of the ion and electron components
is determined by the ratio of the forces exerted on them
by both the magnetic field and the polarization electric
field. For the set of parameters [13] used in studying the

possibility of accelerating a high-current ion beam in
sectional linear ion induction accelerators with periodic
isolation of electrons by the magnetic field of the cusp in
front of the accelerating gap and its subsequent compen-
sation by an electron beam for transportation to the next
section, there are radical differences in the dynamics of
the ion beam from the single-particle considerations arise
starting from an ion beam density of 10 cm™. In the
specified set, however, an as yet unrealized ion beam,
compensated for current and charge (i.e., plasma flow),
with an energy of 250 keV, was selected as the initial
injection.

In this work, a numerical simulation of the injection
of a dense plasma flow with a density of more than
10%cm™ and a speed of about 10’ cm/s, obtained on
existing plasma accelerators [5], into the magnetic field
of the cusp is carried out. The positions of electrons and
ions in space obtained over time during the injection
pulse make it possible to judge the isolation of electrons
by the magnetic field of the cusp and the change in the
parameters of the ion beam that passed the cusp into the
accelerated gap, which are of great importance in the
problem of inertial thermonuclear fusion [13]. In addi-
tion, the details of the process of electron isolation and
the dynamics of passing cusp ions in space, obtained in
the problem posed, are also of interest in the other stud-
ies listed above.

1. PROBLEM STATEMENT

The studies were carried out using 2.5-dimensional
numerical modeling in rz-geometry using the KARAT
code [14]. The model under consideration consists of an
accelerating and drift gap (Fig. 1). A magnetically insu-
lated gap (cusp) is created by two coils with opposing
currents. The drift gap is a region of uniform magnetic
field (Bo= 0.05 T) created by the solenoid. In a chamber
with length L = 47 cm, radius R = 7 cm, a tubular plas-
ma flow of conventional coaxial plasma gun is injected
on the left with a velocity of 10’ cm/s and a density of
102 cm?®, internal and external radii ry, = 0.7 cm,
Mmax = 1.4 cm.

It represents an equivalent beam of ions, compen-
sated by an electron beam with equal speeds and densi-
ties. To ensure the possibility of separating electron and
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ion beams in the cusp, tubular beams are considered to
provide interaction of particles with nonzero radial
magnetic field of cusp. An electric field with an intensi-
ty of 125 keV/cm at a length of 1 cm, located in the cen-
ter of the cusp, accelerates ions without electrons isolat-
ed by the cusp. The radii of the beams satisfy the condi-
tion for ions to pass through the cusp, and the beam
density and magnetic field are chosen so that the elec-
trons are magnetized and the ions freely pass through
the magnetically insulated gap [11].
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Fig. 1. Geometry of the magnetic system
and the injection region of Ar* and electron beams

2. DISTRIBUTION OF AN ELECTRON BEAM
ON THE (r,z) PLANE IN THE MAGNETIC
FIELD OF CUSP

To verify electron magnetization, facilitating their
isolation from the ion beam, the dynamics of a single
electron beam with a density of 10° cm™ in the cusp
magnetic field was analyzed. In the case of axial sym-
metry, the distribution of particles in the (r,z) plane de-
scribes their distribution in the configuration space
(r,p,2). Fig. 2,a,b,c depict the distribution of the electron
beam on the (r,z) plane at three moments in time after
the start of injection.

It can be seen that the injected electrons follow on
the magnetic field lines towards the periphery of the
cusp. Staying between the magnetic surfaces where the
beam is confined at the entrance, and they do not cross
the plane of zero magnetic field. The distribution of the
electron beam in the (v,z) phase space (Fig. 2,d,e,f)
reveals the presence of reflected electrons. The two-
stream behavior of electrons indicates the emergence of
a virtual cathode analogue within the given beam and
chamber parameters and geometry (see Fig. 2, f). How-
ever, this does not hinder electron isolation; instead, it
leads to the accumulation of additional volume charge at
the entrance, altering the polarization field.
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Fig. 2. The distribution of electrons on the (r,z) plane (a, b, c). The longitudinal velocity of electrons vs
the longitudinal coordinate z at different moments in time. (b, ¢, f). 0.03 us (a, d); 0.09 us (b, €); 1 us (c, f).
The electron density 10° cm™

3. ISOLATION, ACCELERATION
AND CONFIGURATION SPACE
OF ARGON IONS IN A CUSP

The dynamics of the distribution of Ar+ ions on the
(r,z) plane at a beam density of 10%cm™ is shown in
Fig. 3,a,b,c. A beam of argon ions passes through half
of the cusp, acquires energy in the accelerating gap and
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slightly expands along the angle in the field of its own
space charge in the absence of compensation by elec-
trons (see Fig. 3,a,b,c). In the case of electron compen-
sation, i.e. at injecting ion and electron beams
(Fig. 3,d,e,f), the angular spread of the ion beam is re-
duced due to its compensation in the area before the
electron beam is isolated.
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Fig. 3. Beam distribution of Ar* ions on surface (r,z) (a, b, ), beam distribution of Ar* ions (red) and a compensat-
ing electron beam (green) on the plane (r,z) (d, e, f) at different times. 0.25 s (a, d); 0.5 s (b, €); 1 w5 (c, ).
Density of ions and electrons equals 10%cm™

Distribution of Ar” ions is presented in Fig. 4 for
value of beam density 10°cm™ at different times with-
out injection of compensating electron beam (see
Fig. 4,a,b,c) and with joint injection of ion and electron
beams (see Fig. 4,d,e,f). One can see (see Fig. 4,a,b,c)
that the ion beam without compensation diverges signif-
icantly more in the transverse direction compared to the
density 10% cm™ (see Fig. 3,a,b,c). The transverse size of
a tubular beam of argon ions, which makes an azimuthal

system axis, is determined by the radius of the ion mo-
tion cycloid. This radius grows at increasing space
charge field of a denser ion beam. Because the Larmor
radius of the argon ion for the selected parameters is
greater than the chamber radius; it makes a slight rota-
tion during the passage of the chamber and moves away
from the axis in the radial direction under the effect of
the space charge field in almost the same way as with-
out a magnetic field.
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Fig. 4. Beam distribution of Ar* ions on surface (r,z) (a, b, c), beam distribution of Ar” ions (red) and a compensat-
ing electron beam (green) on the plane (r,z) (d, e, f) at different times. 0.25 x5 (a, d); 0.5 us (b, €); 1 x5 (c, ).
Plasma density equals 10°cm

At injection of ion and electron beams (see
Fig. 4,d,e,f), the space charge fields of both beams form
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a polarization field of the beams, separated by the mag-
netic field of the cusp — the electron beam goes along
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the magnetic field lines to the periphery, and the ion
beam passes the cusp along the axis. The crossed polari-
zation field and the cusp magnetic field lead to azimuth-
al drift of the beams, which does not interfere with the
isolation of the electron beam and the longitudinal
movement of the ion beam into the accelerating gap.
However, the above-mentioned reflection of electrons
from the virtual cathode already at densities above
10°cm™ and their return along magnetic field lines and
accumulation in the injection region lead to a large neg-
ative space charge. As a result, the ion flow to the ac-
celerating gap significantly decreases and its radius in-
creases.

This is more clearly observed for high densities. In
Fig. 5 the dynamics of the ion beam shows in the pres-
ence of a compensating electron beam, when their den-

sity is equal to 10™°cm™. In this case, the polarization
field increases so much that both beams hold each other
near the injection plane and only a small part (smaller
for higher density) of the electron beam goes radially
along the magnetic field lines to the periphery and the
ion beam along the z axis to the accelerating gap. In this
case, the accumulated charge of electrons significantly
shifts the ion beam along the radius. The accelerated
part of the displaced ion beam in the region of a uniform
magnetic field expands due to the space charge field.

A typical dependence of the achieved kinetic energy
of an ion beam on the longitudinal coordinate z is illus-
trated in Fig. 6 for a beam density of 108cm™. It corre-
sponds to an electric field of 125 kV/cm at an accelerat-
ing gap length of 1 cm.
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Fig. 5. Beam distribution of Ar* ions (red) and a compensating electron beam (green) on the r,z plane (a, b, ¢)
at different times. 0.25 s (a); 0.5 1 (b); 1 45 (c). Density of ions and electrons equals 10*° cm™
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Fig. 6. Dependence of beam kinetic energy of Ar* ions
on longitudinal coordinate at time 1 5

CONCLUSIONS

2.5D numerical simulation of electron isolation in a
dense plasma flow of existing plasma guns, as an equiv-
alent of a high-current ion beam, compensated for cur-
rent and charge by an electron beam, to accelerate the
ion component using the cusp magnetic field showed
that such a scheme for accelerating a high-current ion
beam is more complex than currently being interpreted.

For low beam densities (under taken parameters
n,<10® cm™) the electron beam follows the cusp mag-
netic field lines to the periphery and thus becomes iso-
lated from the ion beam. Meanwhile, the Ar+ ion beam
passes through cusp and gains energy in the accelerating
gap.

For higher densities, this scheme is modified due to
the appearance of the electric field of spatially separated
ion and electron beams (so-called polarization field,
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composed of the space charge fields of the beams). At
that the electron beam following the magnetic field lines
to the periphery can be reflected and return along the
same magnetic field lines to the injection region, lead-
ing to the accumulation of a space charge and an in-
crease in the polarization field. In turn, the ion beam,
under the influence of the polarization field, is being
held in the injection region, leading to a reduce in the
ion beam current arriving to the accelerating gap and to
an increase in its transverse dimensions. The negative
effect of reducing the beam current (electron beam to
the periphery and ion beam along the axis) increases
with increasing beam density.

The application of the cusp magnetic field for the
acceleration of high-current ion beams used in materials
science and technological applications can be enhanced
by minimizing the distance from the injection plane to
the accelerating gap, thus reducing the divergence of
uncompensated ion beams. However, utilizing this
method in a multi-sectional induction accelerator for
inertial fusion appears problematic due to the accumula-
tion of existing ion beam expansion and the reduction of
its current on each section.
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I30JIS11I51 ETEKTPOHIB MATHITHUM ITOJIEM KACIHA JJIS1 IPUCKOPEHHSI IOHHOI'O TYYKA
BEJIUKOi 'YCTUHHA

O.B. ®@eoopiscvka, B.I. Macnoe, I.M. Oniwenko

[Tposeneno 2.5D yncenbHE MOETIOBAHHS [IPOLIECY 130JIA1IiT I0HIB Bijl €IEKTPOHIB KOMIIEHCOBAHOTO 10HHOTO ITY-
YKa MarHiTHUM [OJIEM Kacla JI0 BXOJY B MPHCKOPIOBAJIbHUI IPOMIKOK, pO3TAIIOBaHHMI B 00JIaCTI HYJILOBOTO Mar-
HITHOTO TI0JIs1 Kacma, 3 HaCTYITHOI KOMIICHCAII€0 MMPUCKOPEHOr0 I0HHOTO My4Ka HOBUMH €JIEKTPOHAMH Ta TpaHC-
MOPTYBaHHsS KOMIIEHCOBAHOTO 10HHOTO ITy4YKa JI0 HACTYIHOI CEeKIii JIiHIHHOro 1HIYKIIHHOTO NPUCKOPIOBAYa 10HIB.
Ha BigmiHy Bix paHiiie 3MOA€Ib0BaHOI0 KOMIICHCOBAHOTO CHJIBHOCTPYMOBOIO Mydka ioHIB 3 eHeprier 250 keB
(Takoro 3apa3 He iCHYE), PO3IIISAHYTHH K 1HKEKTOBAHUN KOMIIEHCOBAHMI MTyYOK 10HIB €KBIBAJICHTHHI TOTIK IJ1a3MHU
Tp%nnuiﬁHo'l' KOAKCiaTbHOI TUIa3MOBOI TApMaTH 3 pealbHuMH mapamerpamu: mimsaicts 10%...10" cm™® i mBmakicTs
10" em/c.
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