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SIMULATION OF THE COMPENSATION OF A HIGH-CURRENT ION
BEAM BY AN ELECTRON BEAM IN A CUSP MAGNETIC SYSTEM
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The results of 2.5D-simulation of the dynamics of particles of a high-current ion beam moving in a magnetic
field of acute-angled geometry (cusp), compensated in charge and current by an electron beam injected along the
radius onto the axis from the periphery, uniformly in azimuth, are presented. The influence of own space charge
fields and polarization fields on the dynamics of ions is clarified. It is shown that at high densities of the electron
and ion beams, the electron beam injected into the cusp together with the ion beam, moving along the magnetic field
lines, drags the ion beam away from the axis to the periphery into the region of zero magnetic field. At the exit from
the cusp, the electron beam injected along the radius onto the axis drifts along the axis in a uniform magnetic field,
while the ion beam performs oscillatory motion by radius in the crossed the electric field of the electron beam space

charge and the longitudinal magnetic field.

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

INTRODUCTION

High-current ion beams are in demand in the prob-
lem of controlled thermonuclear fusion with magnetic
confinement for their injection into magnetic traps, in
particular, acute-angled geometry [1 - 4], which ensures
the hydrodynamic stability of the confined plasma; iner-
tial thermonuclear fusion on heavy ion beams of an in-
duction accelerator [5]; increasing the productivity of
separation and disposal of radioactive waste [6, 7], etc.

The dynamics of ions in the above concepts was
mainly considered in the one-particle approximation,
while at high densities of ion beams, an essential role is
played by the electric fields of the space charge and the
magnetic fields of the ion beams current. HIBs compen-
sation with electrons [8] or electron beams [5], as well
as the use of a plasma flow instead of a high-current ion
beam [9] gives hope to avoid the undesirable influence
of the intrinsic fields of high-current ion beams.

In the present work, in the approximation of axial
symmetry using the 3D code “KARAT” [10], we study
the 2.5D dynamics of an ion beam with charge and cur-
rent compensation by an electron beam (i.e., plasma
flow) and without its compensation at injection into the
first half of the cusp, depending on the density of the
beams. The possibility of compensation an ion beam
moving along the axis at the exit from the cusp in a uni-
form magnetic field, by radially converging to the axis
with an additional circular electron beam uniform in
azimuth, injected from the region of zero magnetic field
of the cusp, has been considered.

The parameters of the electron beam and the topog-
raphy of the cusp magnetic field are chosen in such a
way that when it meets the ion beam, they have the
same densities, axial velocities, and transverse dimen-
sions. The positions of the ion and compensating elec-
tron beams on the (r, z)-plane in the steady state with
stationary beam injection are given.

1. FORMULATION OF THE PROBLEM

The magnetic field is created by two coils with op-
posite currents (the so-called “cusp” [1 - 3]) and a sole-
noid (region of uniform magnetic field By=3.4 T), fol-
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lowed by another cusp in the case of an induction accel-
erator [5]. The system length: z =50 cm, radius:
r.=7 cm. On the left, tubular ion (energy W; = 240 keV)
and main electron beams of the same velocity (vi=v,)
and density (n=n.) are injected, i.e. ; =I,, with external
and internal radii r,,;,= 0.7 cm, r,;,= 1.4 cm (Fig. 1).
From the periphery of the second part of the cusp, radial
injection of the additional circular electron beam with
an energy of W = 2.5 MeV onto the axis is carried
out. The density of particles in the ion beam was chosen
equal to n; = 10°,..10% ecm® , obtained in the experiment

[11].
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Fig. 1. Geometry of the magnetic system and injection
regions of the ion and two electron beams

2. INJECTION OF IONS IN THE CASP.
SINGLE-PARTICLE APPROXIMATION

To reveal the differences between the results of the
dynamics of high-current ion beams injected into the
cusp magnetic field and the results of this dynamic in a
single-particle approximation, we present for compari-
son the results have been obtained in [1, 2] on the injec-
tion of single ions into the cusp through its entrance
along the axis. It is shown that, depending on the injec-
tion radius, the injected ions are divided into three
groups. For the injection radiusQ < » < 0.71p, , where
p, =My, | eB,, ions with velocity v, pass through the
cusp (Fig. 2). At that on left of zero magnetic field
plane, the ion moves along the axis, slightly rotating in
¢, without encircling the axis, and on right, rotation
begins with encircling the axis. The closer the injection
radius is to 0.71 p, , the greater part of the ion energy is
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converted into transverse energy and the denser spiral
formed by the ion in the right half of the cusp.
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Fig. 2. Three types of ion trajectories depending
on the radius of injection into the cusp [3]:

1 -0<r<071p,;2-071p, <r<\rp,;

3—rz\np,

Ions with an injection radius 0.71p, <r<\/r,p, ,

where ri is the radius of the circular slit of the cusp,
having made several reflections from the magnetic walls
of the cusp, leave it through the entrance or circular slit.

Ions with an injection radius » > ./r, p, leave the cusp

without crossing the plane of the zero magnetic field.

In this article, for the taken parameters of simulation
p,=2.08cm, r, 7. <071p, the case of the first
group ions injection is being considered. So obtained
results will be compared with this case.

3. INJECTION OF A HIGH-CURRENT
UNCOMPENSED ION BEAM INTO A CASP

The main difference between a high-current ion
beam is caused by the electric field of its space charge,
which leads to radial repulsion of ions and the beam
radius increasing. As a result, the injected ions gradually
pass from the first group of ions propagating along the
cusp region to the second and third groups of ions re-
flected from the magnetic wall of the cusp and leaving
into the annular slit. This is demonstrated by the picture
of the ion beam particles position on the (r, z)-plane in
Fig. 3,a,b at the time t = 150 ns.

From Fig. 3,a,b, it can be seen that a significant part
of the ions is reflected back to the entrance to the cusp
or goes into the annular slit of the cusp, and only a small
part of them overcomes the cusp magnetic field and is
subsequently transported in a uniform magnetic field
with transverse dimensions several times larger than the
input ones. For an ion beam of higher density (iyy Fig.
3,b), the described dynamics is aggravated by a more
distinct repulsion of ions, so that the number of ions that
have passed through the cusp decreases. The obtained
distribution of the high-current ion beam particles is
radically different from that in a single-particle analysis.
According to it, all particles of the ion beam with the
parameters we have chosen pass the cusp and propagate
in the region of a uniform magnetic field, rotating along
spiral trajectories that encompass the axis (iyy Fig. 2).
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Fig. 3. Ion beam particle arrangement on (r, z)-plane:
n=10" cm™: W; = 240 keV (a);
ni= 10" em™; W, = 240 keV (b)

4. INJECTION OF A HIGH-CURRENT
COMPENSATED ION BEAM INTO CASP

Let us consider the dynamics of particles of a high-
current ion beam, compensated in charge and current by
an electron beam having the same velocity and density
as the ion beam. This situation is equivalent to the injec-
tion of a plasma flow of the corresponding density and
velocity into a magnetic trap of the cusp type [1, 2].

Numerical modeling has been carried out for the
densities of the ion and main electron beams »n; = n,
=10" 10", 1 10" cm™, respectively, of currents J; = J,
=5; 50, and 500 A at their energies and transverse di-
mensions indicated above.

For the lower of the selected densities, the arrange-
ment of the particles of the ion and main electron beams
on the rz-plane is shown in Fig. 4,a. It illustrates, that
the compensation allows avoiding the radial repulsion
of the ion beam until the electrons and ions disperse in
space — electrons with a small Larmor radius will escape
along the magnetic field lines of the cusp, and ions, be-
ing at the selected parameters, particles of the first type
(see Section 2) will pass from the cusp into a uniform
magnetic field. The ions, being uncompensated, acquire
a radial velocity both in the intrinsic space charge field
and in the polarization field of the separated electron
and ion beams. The latter is enhanced in the region of
rotation of the electron beam from the axial direction to
the radial direction. Therewithal due to the rearrange-
ment of the directed velocity of the electrons into the
rotational one, the linear density of the electron beam
and the electric field of its space charge increase. This
leads to the Larmor rotation of ions in the region of a
uniform magnetic field. The difference in their trajecto-
ries, caused by different injection radii at the entrance,
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explains the obtained characteristic picture of different
amplitudes of ion oscillations on the (r, z)-plane in the
region of a uniform magnetic field (see Fig. 4,a).

Note that, in contrast to the single-particle consid-
eration (see Fig. 2), in the high-current case, the ions
rotate practically outside the tubular space of the in-
jected beam, without covering the cusp axis.

The arrangement of the particles of the ionic and
main electron beams on the (r, z)-plane for an average
density n=n~10"" em? is shown in Fig. 4,b. In this
case, the electric fields of the both beams space charge
increased so much that the magnetized electron beam
drags along the main part of the ion beam into the annu-
lar slit of the cusp. The rest of the beam ions passes into
the region of a uniform magnetic field, chaotically mix-
ing their rotational trajectories.

The arrangement of the particles of the ion and main
electron beams on the (r, z)-plane for a high density
n;=n~10"? cm™ is shown in Fig. 4,c. It can be seen that
almost entire ion beam is carried away by the electron
beam and performs several oscillations relative to the
electron beam. Less than 1% of the particles of the ion

beam pass into the region of a uniform magnetic field.
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Fig. 4. Arrangement of particles of ion (red)
and main electron (green) beams on the (r, z)-plane:
n =n, =10" em™, W; =240 keV (a);
n =n, =10" em, W; =240 keV (b);
n = n. =10" em, W; =240 keV (c)
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The results of this section are important for solving
the problem of separation of multicomponent plasma
injected into a curvilinear magnetic field. A theoretical
consideration of the problem [12] shows the preserva-
tion of the direction of the injected plasma flow in a
curvilinear magnetic field for an infinite case. Under
real experimental conditions (90° toroidal pipe section
with a magnetic field [13], axial systems of finite trans-
verse dimensions [1 - 9], etc.) for high density plasma
flows, due to the appearance of significant polarization
fields a plasma flow moves along magnetic force lines.

5. INJECTION OF AN ELECTRON BEAM
INTO THE ANNULAR SLIT OF THE CUSP

Let us consider the possibility of a high-current ion
beam compensation using the magnetic field of the
cusp. For this purpose, an additional electron beam is
injected into the cusp annular slit uniformly along the
entire azimuth, and propagating along the magnetic field
lines of the cusp, fills the tubular region in a uniform
magnetic field, along which the ion beam propagation is
assumed, i.e. in order to carry out their coincidence in
space. In this case, it is necessary to choose the injected
electron beam parameters in such a way to ensure its
density and longitudinal velocity in the region of a uni-
form magnetic field, equal to the density and velocity of
the ion beam. This would make it possible to realize the
charge and current compensation of the ion beam.

In the numerical simulation in the case of the ion
beam high density (n,= 10'* cm™), following parameters
of the additional electron beam have been selected:
n “=10" cm™; W*“=2.5 MeV.

Fig. 5 shows the obtained location of particles of ad-
ditional electron beam on the (r, z)-plane in the steady

state.
|
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Fig. 5. Arrangement of additional electron beam

particles on the (r, z)-plane:
nS =10 em™, W =2.5 MeV

In the area of a uniform magnetic field, it can be seen
the formation of a tubular electron beam aimed to com-
pensate the high-current ion beam. When the electron
beam turns from the radial direction of motion to a slower
longitudinal direction, the resultant increased negative
space charge pushes a small part of the beam electrons
into the region of zero magnetic field of the cusp.

6. COMPENSATION OF ION BEAM IN CUSP
BY AN ANNULAR ELECTRON BEAM

The numerical modeling shows that for the ion beam
low density (7,=10'" cm™), it turned out to be combined
with an additional electron beam in the region of a uni-
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form magnetic field (Fig. 6,a). However, when it en-
counters the electron beam, the ion beam is accelerated
by the space charge field of the electron beam, acquiring
also a radial velocity. In the uniform magnetic field, the
ion beam particles perform radially oscillatory motion
in the crossed radial electric field of the electron beam
space charge and the longitudinal magnetic field.

The ion beam with density of n;= 10" ¢cm™, even be-
fore it meets the electron beam, acquires a significant
radial spread in its intrinsic electric field (Fig. 6,b),
which leads to oscillations of a much larger amplitude
in the region of the uniform magnetic field.
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Fig. 6. Arrangement of particles of the ion (red) and
additional electron (blue) beams on the (r, z)-plane:
n = n =10" em, W= 240 keV, W' = 2.5 MeV (a);

_ o add _qpll . 3 dd _ :
n; =nS " =10" cm”, W; = 240 keV, W*“ = 2.5 MeV (b),
n; = n =10" em, W= 240 keV, W' = 2.5 MeV (c)

For a high density 7,=10'* cm™ (Fig. 6,c), the radial
spread of the ion beam is so great that its significant part
does not reach the region of a uniform magnetic field.
The having passed part of the ion beam is inflated in
transverse dimensions several times, that makes its use
in the sequent cusp of the scheme of induction ion ac-
celeration [5] problematic.

ISSN 1562-6016. BAHT. 2021. Ne4(134)

7. DYNAMICS OF THE ION BEAM
COMPENSATED AT THE INPUT OF THE
CUSP BY THE AXIAL AND AT ITS OUTPUT
BY ANNUAL ELECTRON BEAMS

As shown in Section 6, it is not possible to realize a
charge and current compensated high-current ion beam.
It is also unattainable to use an equivalent flow of neu-
tral plasma with a speed corresponding to an energy of
240 keV. Nevertheless, assuming that the hypothetical
compensation of a high-current ion beam at the entrance
to the cusp is feasible, we will consider the dynamics of
a high-current ion beam, compensated at the entrance
and exit of the cusp, respectively, by a coaxial electron
beam and a radial electron beam from the periphery
along the entire azimuth to the axis. Above, such elec-
tron beams are called main and additional.

The results for low density 7;,=10'° cm™ are shown in
Fig. 7,a (green particles of the main electron beam are
not visible). They coincide with those obtained without
the main electron beam (see Fig. 6,a). This is explained,
firstly, by the weak divergence of the ion beam for low
density and without a compensating electron beam and,
secondly, by the blocking of the main electron beam by
the space charge field at the bend in the additional elec-
tron beam direction.
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Fig. 7. Arrangement of particles of ion (red),
main (green) and additional (blue) electron beams
on the (r, z)-plane:
n = n =10" em, Wy = 240 keV, W' = 2.5 MeV (a);
n; = n" =10" em, Wy = 240 keV, W% = 2.5 MeV (b)

For a high density 7,= 10'* cm™ (Fig. 7,b), the main
electron beam is blocked (green particles), as in the pre-
vious case, and thus does not go along the magnetic
field lines into the annular slit of the cusp and does not
entrain the ion beam with it. In contrast to the case with
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the absence of the main electron beam (see Fig. 6,c), in
its presence (see Fig. 7,b), it compensates for the ion
beam before blocking, reducing its divergence and
losses at the input. The use of the main and additional
electron beams makes it possible to transport a high-
current ion beam through a cusp and a uniform mag-
netic field (see Fig. 7,b). However, the ion beam quality
deteriorates significantly due to the arising radial oscil-
lations — the transverse size of the ion beam increases,
the density inhomogeneity over the cross section arises,
and the emittance increases.

CONCLUSIONS

In 2.5D numerical simulation of the dynamics of
particles of an ion beam in an acute-angled geometry of
a magnetic field and a subsequent uniform magnetic
field, depending on the density of the beams, the follow-
ing features were revealed.

In contrast to the single-particle consideration at
high densities of the uncompensated ion beam (on the
order of 10'* cm™), the division of the injected ions into
three types loses its meaning due to the Coulomb repul-
sion of the beam ions. With an increase in the density of
beam ions injected as ions of the first type, the number
of ions of the second and third types, reflected back or
escaping into the annular gap, increases, and the number
of ions of the first type passing through the cusp de-
creases (see Fig. 3,a,b).

In the case of the ion beam compensation by the
electron beam to densities of 10'' cm?, the ion beam
reaches the middle of the cusp without Coulomb repul-
sion. Then, after the electron beam leaves the field lines
into the annular slit, it completely passes the cusp, mov-
ing in a uniform magnetic field with Larmor rotation. At
a density of 10'2 cm?, the polarization field of the di-
verged beams is so great that practically the entire ion
beam is dragged by the magnetized electron beam into
the annular slit. (Fig. 4,¢).

The high-current ion beam compensation by the
electron beam, radially injected along the entire annular
azimuth, is accompanied by the appearance of radially
oscillatory motion in the crossed radial electric field of
the electron beam space charge and a longitudinal mag-
netic field, significantly degrading the ion beam quality.
Its parameters underperform to those of the initial high-
current ion beam.

A high-current ion beam, hypothetically compen-
sated by an electron beam to the level of a cold plasma
flow, after passing the cusp magnetic field, into the an-
nular slit of which an additional compensating electron
beam is radially injected, instead of the locking initial
electron beam, turns into a flow of rotating ions and
electrons. Such a flow becomes unsuitable for its further
use as a compensated high-current ion beam. It is possi-
ble to improve the compensation of the high-current ion
beam at the exit from the cusp by varying the additional
electron beam parameters and the cusp magnetic field
geometry.
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YUCJEHHOE MOJAEJIUPOBAHUE KOMIIEHCALIMN CUJIBHOTOYHOI'O HOHHOI'O ITYYKA
3JEKTPOHHBIM ITYYKOM B OCTPOYT'OJIbHOI MATHUTHOM CUCTEME

HU.H. Onuwenko, O.B. @edoposckan

[IpencraBnensl pe3ynbTaThl 2,5D-4UCICHHOTO MOJENHUPOBAHUS TUHAMUKHA YaCTHIl CHJIBHOTOYHOI'O HOHHOIO
My4Ka, JABWKYIIETOCS B MATHUTHOM IIOJIE OCTPOYTOJIBHOI reoMeTpur (Kactie), CKOMIIEHCUPOBAHHOT'O 110 3apsiiy U
TOKY DJIEKTPOHHBIM ITYYKOM, WH)KEKTUPOBAHHBIM IO PaJIUycy Ha OCb ¢ nepudepun OJHOPOAHO 110 a3uMyTy. Bbisic-
HEHO BJIMSIHHE COOCTBEHHBIX TOJIEH MPOCTPAHCTBEHHOIO 3apsijia MyYKOB U MOJSPU3ALMOHHBIX MOJNEH Ha IUHAMUKY
noHoB. [TokazaHo, 4TO MpH OONBIINX IIOTHOCTSX 3JIEKTPOHHOTO W MOHHOTO ITyYKOB 3JEKTPOHHBINH MyYOK, HHKEK-
THUPOBAHHBIM B KaCIl BMECTE C MOHHBIM ITYYKOM, JIBUTAsICh IO CUJIOBBIM JIMHUAM MarHUTHOTO IOJIS, YBJIEKAeT 3a Co-
00l MOHHBIH ITy4OK OT OCH Ha NepudepHio B 00J1acTh HYJIEBOI'O MarHUTHOro 1oiisi. Ha BbIXoJie U3 Kacna MHKEKTH-
POBaHHBIN 1O PagUyCy Ha OCh AJIEKTPOHHBIM MYy4OK Jpeiidyer BIOIb OCH B OHOPOJAHOM MAarHUTHOM IIOJIE, TOTA
KaK MHKEKTUPOBAHHBIM MO OCH MOHHBIA MYYOK COBEPIIAET OCLUUIATOPHOE MO PaluyCy ABMKEHHE B CKpEIEeHHBIX
paauaIbHOM AJEKTPUYECKOM I10JI€ MPOCTPAHCTBEHHOTO 3apsja JIEKTPOHHOTO My4yKa M MPOJOJIEHOM MarHUTHOM
Tone.

YU CEJBbHE MOJEJIOBAHHS KOMIIEHCAIIII CHWJIBHOCTPYMOBOI'O IOHHOI'O ITYYKA
EJEKTPOHHUM ITYYKOM Y TOCTPOKYTHIN MATHITHIA CUCTEMI

I.M. Oniwenko, O.B. Dedopiscvka

[pencraBneno pesynbratu 2,5D-4nCceIbHON0 MOJEMIOBAHHS TUHAMIKH YaCTHHOK MOTY)KHOCTPYMOBOT'O 10HHOTO
Iy4Ka, 110 PYXa€ThCS B MArHITHOMY I10JIi TOCTPOKYTHOI TeoMeTpii (Kacri), CKOMIIEHCOBAHOT'O 3a 3apsIJIOM 1 CTPYMOM
€JIEKTPOHHHUM ITYYKOM, IH)KEKTOBAaHHMM 32 PaJilycoM Ha Bich 3 mepudepii 0HOPIIHO MO a3uMyTy. 3'ICOBaHO BILUIHB
MOJSIPU3aLli HHUX TIOMIB Ha TUHaMiKy. [loka3zaHo, 10 MpH BEIMKIK IUIBHOCTI €IEKTPOHHOTO Ta I0HHOTO ITYUKiB eJle-
KTPOHHHUH IMy4OK, IH)KEKTOBaHUH B Kacl pa3oM 3 iOHHHM ITy4YKOM, PYXalO4HCh 32 CHJIOBUMHU JIiHISIMH MarHiTHOTO
TTOJIsI, 3aXOILTIOE 32 COOOO Bifl OCI 1I0HHHIA IMy4OK Ha mepudepiro B 00JIaCTh HYJILOBOI'0O MarHiTHOro nois. Ha Buxoni
3 KacIly iIHKEKTOBaHHUH 3a pajilycoM Ha BiCh €JICKTPOHHHUH ITy4OK JIped(ye y370BXK OCi B OAHOPIAHOMY MarHiTHOMY
TIOJIi, TOMI K 10HHWH IMyYOK 3IIHCHIOE OCIHIIATOPHUN 3a PaliyCcOM PYX Y CXPEIICHHUX EICKTPHUYHOMY IOJI MPOCTO-
POBOTO 3apsay €ICKTPOHHOTO MyYKa i 30BHIITHHOMY MarHiTHOMY IOJTi.
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