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Formation of a high-beta plasma in a mirror magnetic field is studied for the first
time using three-dimensional semi-implicit particle-in-cell simulations providing a fully
kinetic description of not only ions but also electrons. It is shown that, in addition to the
longitudinal jump in electric potential between the centre of the trap and the wall, a radial
electric field appears in the plasma. Due to this radial field, almost all of the azimuthal
electric current required for equilibrium is created by electrons. It was also found that
continuous model injection of plasma into the centre of the trap does not result in reach-
ing the magnetohydrodynamic pressure limit (8 = 1) due to the development of the flute
instability with an azimuthal number m = 1. The instability growth rate in such a com-
pact system is found to be comparable to the ion-cyclotron frequency. No stabilising effect
is observed either from conducting ends or from the perfectly conducting sidewall. The
probable reason for that is fast fluctuations of electric field localised inside the injection
region that prevent electrons from being frozen into the field lines.
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1. Introduction

Formation of a compact plasma bunch with the pressure P comparable to the
pressure of the vacuum magnetic field B?/(87) in open-field-line configurations, as
well as the stability of the resulting equilibria of the field-reversed configuration type
(Tuszewski 1988) and the diamagnetic bubble (Beklemishev 2016) are of consider-
able interest today for fusion experiments on open magnetic traps (Bagryansky et al.
2016; Gota et al. 2021; Asai et al. 2024; Roche et al. 2025). Indeed, the formation
of a compact toroid with closed field lines inside the trap or the transition to the
diamagnetic bubble regime with a zero magnetic field in the main plasma volume
should be accompanied by a significant reduction in the longitudinal losses of parti-
cles and energy through magnetic mirrors, since the mirror ratio increases formally
up to infinity. Simple estimates show that even if the gas-dynamic nature of the
plasma outflow is preserved, the localisation of losses in a thin (compared with the
plasma radius a) transition layer with a thickness A ~ p; (Kotelnikov 2020) makes it

https://doi.org/10.1017/5002237782610141X Published online by Cambridge University Press


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S002237782610141X
https://orcid.org/0009-0001-1737-3298
https://orcid.org/0000-0001-5083-9777
https://doi.org/10.1017/S002237782610141X

2 E. Berendeev, V. Kurshakov and I. Timofeev

possible to increase the plasma lifetime by a factor of a/A (Beklemishev 2016;
Chernoshtanov 2022; Khristo & Beklemishev 2022), where p; is the characteris-
tic ion gyroradius. A significant reduction in longitudinal losses, however, should
have a negative impact on the quality of the electrical contact of the plasma with
the end plasma receivers and the efficiency of stabilising various magnetohydro-
dynamic instabilities using vortex confinement (Beklemishev ez al. 2010). Thus, a
pressing task is not only to study the efficiency of particle and energy confinement
in a high-pressure plasmoid in the new diamagnetic regime, but also to explore ways
to stabilise the most dangerous flute and balloon modes using alternative methods
avoiding the control of plasma rotation through end electrodes. One such alternative
is stabilisation by a conductive sidewall (Zeng & Kotelnikov 2024; Kotelnikov 2025).

Thus, for modelling high-beta plasma confinement regimes in mirror traps, it is
critical to correctly reproduce both the physics that determines the width of the
transition layer (Park ef al. 2019; Kotelnikov 2020; Kurshakov & Timofeev 2023;
Timofeev, Kurshakov & Berendeev 2024) in a diamagnetic bubble and the pro-
cesses that affect electron transport in the expander and the associated electrical
contact of the plasma with the wall. This formulation of the problem leads to the
need to significantly complicate the numerical model, since it requires a detailed
kinetic description not only for ions, but also for electrons. Currently, numerical
models aimed at studying the confinement of high-beta plasma in open systems are
generally based on hybrid approaches in which a full kinetic description is applied
only to ions (Boronina et al. 2019; Groenewald et al. 2025; Urano et al. 2025) (in
addition, a division into populations of hot ions described kinetically and cold ions
of background plasma with a simplified magnetohydrodynamic description is often
used (Onofri, Galeotti & Dettrick 2025)). Electrons are usually assumed to have
a Boltzmann distribution with uniform temperature along the field lines, and their
equation of motion is replaced by Ohm’s law. Because the electron density in Ohm’s
law cannot approach zero, and the assumption of isothermal and isotropic electron
distribution in open-field-line configurations is generally not satisfied, such models
cannot correctly reproduce the physics of the expander. To reproduce transport pro-
cesses in the expander one should use at least a drift-kinetic description for electrons
(Francisquez et al. 2023; Tyushev et al. 2025), but the transition to gyrokinetic (or
drift-kinetic) electrons also does not help in the problem of bubble formation, since
this simplification does not allow us to consider regions with zero magnetic field,
which should form in a plasmoid with an extremely high 8. The only acceptable sim-
plification of the full kinetics is the ability to disregard the rapid electron oscillations
at the plasma frequency and the spatial scale at which quasi-neutrality is violated
(the Debye radius). Only particle-in-cell (PIC) models with implicit discretisation of
the Vlasov—Maxwell system can remain stable under these conditions. Since plasma
confinement times are many orders of magnitude greater than the period of electron
cyclotron rotation, which must be resolved in this problem, implicit PIC models that
allow for the exact conservation of energy are of particular value. In recent years,
several semi-implicit (Lapenta 2017, 2023) and fully implicit (Markidis & Lapenta
2011; Chen & Chacon 2023) PIC models with exact energy conservation have been
proposed. In this paper, for a fully kinetic description of all particle species, we use
a recently proposed modification of the semi-implicit ECSIM model (Berendeev,
Timofeev & Kurshakov 2024), in which not only the global energy but also the local
charge is exactly conserved. A parallel implementation of this model in the three-
dimensional electromagnetic code Beren3D is described in Berendeev & Timofeev
(2024).
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Our interest in the problem of equilibrium and stability of a high-pressure plasma
in an open trap is related to experiments at the Compact Axisymmetric Toroid
(CAT) facility (Bagryansky et al. 2016) at the Budker Institute of Nuclear Physics
SB RAS, in which high-beta equilibrium is planned to be achieved through powerful
neutral injection into a compact mirror trap. Leaving aside for now the features
associated with the injection of high-energy neutrals into the plasma, in this work
we limit ourselves to a model injection of Maxwellian plasma into the centre of the
trap and investigate whether a perfectly conducting wall has a stabilising effect on
the flute instability under conditions where the instability growth time is comparable
with the period of cyclotron rotation of ions.

2. Numerical model

In this work, we use a semi-implicit electromagnetic 3D3V PIC model with exact
conservation of global energy and local charge (Berendeev ef al. 2024). The model
may not resolve the electron plasma frequency w,, =/4mwe?ny/m, and the Debye
radius, but it requires resolution of the cyclotron rotation of electrons, Ar < £,
(here e is the absolute value of charge for ions and electrons, m, is the mass of
an electron, n, is the characteristic plasma density, §2, = eB/(m.c) is the cyclotron
frequency of electrons in a magnetic field B and At is the time step). Thus, the tem-
poral step is chosen equal to At =1.5 a);e1 ~0.362;". The grid step must resolve the
transition layer that can be less than the ion gyroradius, and the use of the value
Ax =0.5¢c/w,, is justified for this purpose by our recent quasi-two-dimensional
simulations (Timofeev et al. 2024). In order to qualitatively reproduce the process
of continuous growth of plasma pressure, which in the CAT experiment is pro-
vided by constant injection of high-energy hydrogen atoms with energy of 15keV,
we use a simplified injection model, in which electron-ion pairs with Maxwellian
velocity distribution are uniformly thrown into a selected cylindrical region with
radius 10c/w,. and length 30c/w,, (c is the speed of light), located in the cen-
tre of the mirror trap (figure 1). The temperatures of injected particles are chosen
lower (T, =T; =1 keV) for reasons of saving computing time. The injection-induced
growth rate of plasma density (dn/df =ny/7) is determined by the characteristic
time 7, which is much shorter than the experimental time scale, but large enough
to ensure that a quasi-stationary equilibrium is established at each moment of time.
This is achieved if the injection time exceeds the period of ion Larmor rotation
T =15000 a);(} ~1.5(27/$2;). Coulomb collisions are not taken into account. By the
end of the simulations, the number of macroparticles per cell in the plasma centre
reaches 3000, and their full number exceeds 10°. To reduce the simulation time,
we use a reduced ion mass m;/m, =100 and a smaller distance between the plugs
L=80c/w,, (at np=10" cm™ it is 13.6 cm), but we maintain the same relationship
between the flute instability growth rate and the ion-cyclotron frequency (I7/£2; ~ 1),
which should be realised in the experiment. The regime of such rapid development
of instability, when plasma ions cease to be frozen into the magnetic field lines, is
the main subject of our research.

The vacuum magnetic field B,(r) in our simulations is calculated as a field from
two infinitely thin current coils and is characterised by the same mirror ratio R =2
that is created in the compact mirror cell of the CAT facility. The simulation starts
from a state when there are no particles in the computational domain, therefore
E(0,r)=0, and B(0,r)= B,(r). As for the boundary conditions, along the trap
axis at z =0 and z =200 c¢/w,, we always place perfectly conducting walls on which
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FIGURE 1. The layout of the simulation box.

the tangential components of the electric field and the normal component of the
magnetic field vanish (E, (¢, x, y) = B.(t, x, y) = 0), and in the transverse directions
we consider three different options. In the first case, on the lateral cylindrical surface
with a radius of 30c/w,. we place an absorbing layer (as shown in the figure 1),
inside which all disturbances of electromagnetic fields are multiplied by a decreasing
coefficient and gradually attenuate with distance from the boundary. The second
option assumes that the same cylindrical surface is perfectly conductive. In this case,
all electric fields and magnetic field perturbations are precisely zero at all Cartesian
grid nodes whose distance from the system axis exceeds a given radius. In the third
case, the conductive boundaries coincide with the square lateral boundaries of the
computational domain.

3. Quasi-stationary equilibrium

Let us initially consider the first case, which corresponds to the absence of a side-
wall. At the initial stage of injection ¢ < 4t the plasma remains axially symmetric,
which can be seen from the spatial distributions of the ion density and electron cur-
rent density shown in figure 2(a-d) in the (x, z) and (x, y) planes. These planes
represent the longitudinal (y =0) and transverse (z =100c/w,,) cross-sections of
the formed plasma. Small-scale ripples at the plasma periphery are the result of
the development of drift ion-cyclotron instability, which we studied in detail in
two-dimensional simulations with a uniform vacuum magnetic field (Kurshakov &
Timofeev 2023; Timofeev et al. 2024). Averaging over the azimuthal angle in the
central cross-section, we obtain radial profiles of various quantities shown in fig-
ure 2(f-h). It can be seen that at this stage, the continuous injection of particles
leads to a constant increase in plasma density (figure 2g). Since the pressure also
increases with density, this process is accompanied by the displacement of the mag-
netic field from the volume occupied by the plasma (figure 24). It is interesting
to note that the three-dimensional simulations with conducting ends presented here
demonstrate the formation of the same type of equilibrium that was observed in the
quasi-two-dimensional simulations (Timofeev er al. 2024) with periodic boundary
conditions assuming an infinite length of the plasma column. The main feature of
this equilibrium is that the azimuthal current is created almost entirely by electrons.
The comparison of the radial profiles of electron and ion azimuthal current densi-
ties shown in figure 2(f) confirms the complete dominance of electrons. Figure 2(e)
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FIGURE 2. Initial stage of injection: (a) map of the ion density n; (x, z) in the longitudinal sec-
tion of the plasmoid (y = 0) at time t = 4t; (b) map of the ion density 7;(x, y) in the central
cross-section of the plasmoid (z = 100 ¢/w),) at time ¢ = 47; (c) map of the electron azimuthal
current density J d‘j (x,z) at y =0 at time r = 471; (d) map of the electron azimuthal current den-
sity J, qf (x,y) at z=100c/wp, at time t =47; (¢) map of the longitudinal ion current density
Jzi (x, z) at y =0 and time t = 47; (f) ¢-averaged radial profiles of the electron J(g (r), ion J;; (r)

and total current J, (g +J (; at z=100c/wpe; (g) ¢p-averaged radial profiles of the ion density
ni(r) at z=100c/wp, at times t =0, 7, 27, 37, 47; (h) averaged over ¢ radial profiles of the
magnetic field B, (r) at z =100 ¢c/w,, at times t =0, 7, 27, 37, 47.

shows the spatial distribution of the longitudinal current of ions accelerated by the
ambipolar potential and confirms the presence of plasma contact with the end walls.
This current, of course, is completely compensated by the electron current J¥.

At equal temperatures, ions and electrons should create equal diamagnetic cur-
rents. The reason for the dominance of the electron azimuthal current is the
formation of a transverse jump in electric potential at the centre of the trap. This
jump is produced by ions having greater Larmor orbits and creating an excess
positive charge on the plasma periphery. In real traps this positive charge can
be completely or partly compensated by cold secondary electrons emitted from
plasma receivers. In our simulations, secondary emission is not yet realised, so
the observed potential jump in the transverse direction is apparently greater than
in reality. Further we specify the main peculiarities of the observed equilibrium.
Figure 3(a) shows a map of the longitudinal electric field E,(x, z) = (E - B)/B. To
obtain the potential ¢(&, z), we must integrate E; along the magnetic field lines,
each of which we will characterise by the transverse coordinate & = x(z = 100) in
the central cross-section of the plasma. The result of this integration is shown in
figure 3(b). Let us now select two flux tubes, one of which encircles the axis of the
system (solid blue lines in figure 3a), and the second one passes along the periphery
of the plasma (solid orange lines in figure 3a). In figure 3(b), these tubes become
straight. Averaging over them, we obtain the longitudinal profiles of the electric
potential ¢(z) shown in figure 3(c). The blue curve here corresponds to the central
flux tube, and the orange one to the peripheral flux tube. It is evident that the radial
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FIGURE 3. (a) Map of the longitudinal electric field £ (x, z) (blue and orange lines distinguish
two magnetic flux tubes); (b) map of the electric potential ¢(&, z), where £ is the x coordinate
of the field line at z =100 c/w).; (c) longitudinal profiles of the potential ¢(z) averaged over
the central (blue) and peripheral (orange) field tubes; (d) map of the longitudinal ion velocity
vﬁ (x, z) in units of the speed of sound cy; (e) longitudinal profiles of the ion velocity vﬁ (2)/cs,
averaged over the central (blue) and peripheral (orange) flux tubes (green lines are the theoretical
predictions from Smolyakov et al. (2021)); (f) axial profiles of the transverse and longitudinal
electron temperatures T||/mec2 =2I1¢,/n, and T\ /mec? = I;. /ne.

potential jump in the central cross-section of the plasma A ;¢ ~1.5T,/e has the
same magnitude as the longitudinal drop in the ambipolar potential A9 ~1.5T,/e
between the wall and the centre of the plasma on the trap axis. Since this radial jump
is comparable to the ion temperature A, ¢ ~ T;/e, one should expect that the ion
confinement in the transverse direction should be largely electrostatic. Figure 3(d,e)
shows maps of the longitudinal ion velocity vli| = (v; - B)/B in the (x, z) plane and
the axial profiles vfl (z) averaged over the same flux tubes in units of the speed of

sound ¢, = +/T,/m;. It can be seen that when moving from the central tube to the
peripheral one, the speed of ions accelerated by the ambipolar potential increases
from 2.4c¢, to 2.9¢,. It is also interesting to demonstrate how the obtained results
agree with the simplified theoretical model of plasma acceleration by a magnetic
nozzle, constructed in Smolyakov et al. (2021) for cold ions and an isothermal
Boltzmann electron distribution. In figures 3(c) and 3(e), the predictions of this
theory for the central field line (» = 0) are shown by the green curves. In agreement
with this theory, the ion flow velocity in our simulations reaches the speed of sound
precisely in magnetic plugs. In contrast to the theoretical assumption, the electron
temperature significantly decreases in expanders and becomes not only non-uniform,
but also anisotropic in our simulations (figure 3f), so that the observed axial drop
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FIGURE 4. (a) Balance of longitudinal forces from the equilibrium equation (3.1); (b) transverse
equilibrium for ions (different curves show the relative contribution of different terms in (3.7));
(c) similar transverse equilibrium for electrons (all panels are drawn for time ¢ = 47).

in potential (blue curve) turns out to be smaller than in theory. The lower potential
drop results in the lower flow velocity of ions.

To confirm the important role played by the radial electric field in the formation
of the observed equilibrium, we compare the relative contributions of the different
forces to the overall balance. Before this, let us make sure that the plasma is in
longitudinal equilibrium. After summing the contributions of electrons and ions, the
balance of longitudinal forces at r = 0 can be written as

oM. | M. —11, 9B, _

=0, 3.1
0z B, 0z G-1)
where I1,4 1s the tensor of the total momentum flux carried by the particles:
M=) I, II.= / m,v2 f, dv, (3.2)
m,=Y I, II,= / m,v? £, dv. (3.3)

From figure 4(a), it is clear that the two terms in (3.1) do indeed cancel each other
out. But if we consider the same balance separately for electrons,

oIT, N IT:, —II¢, 9B,
0z B, 0z

we find that it is satisfied only on average (figure 5) because of a strongly fluc-
tuating electric field. Figure 5 shows how instantaneous field profiles, measured
during 20 time steps and sweeping the orange area, can deviate from that averaged
over the same interval. These fluctuations are localised inside the injection region
and are apparently excited by the injected particles, since fast Langmuir oscillations
as proper plasma modes are still resolved in our model (27 /w,, ~ 4.2At). Strong
instantaneous violation of the force balance means that electron inertia cannot be
neglected, and electrons must not be frozen into magnetic field lines.

As for radial equilibrium in the central cross-section (z=100c/w,.), we also
examine it separately for each type of particle using the same time averaging:

=enE,, (3.4)

QI1e! Hrer,i —JI¢t T — Hfl Jo'B
_ o v “rr F4 :FeneiEr + p Tz —=0. (3‘5)
ar r R ’ c
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FIGURE 5. Longitudinal force balance for electrons. The blue curve shows the z dependence of
forces from the left-hand side of (3.4), and the orange curve corresponds to the electric force
from the right-hand side of (3.4) averaged over 20 time steps. The orange stripe is a region swept
out by instantaneous profiles of electric force in these 20 moments of time.

Here, in addition to the non-gyrotropic effect (/1,, # I14,), which begins to play an
important role at large 8 (Kotelnikov 2020; Timofeev et al. 2024), we also take
into account the curvature of the magnetic field lines. We calculate the radius of
this curvature R in the paraxial approximation using the known dependence of the
magnetic field modulus on the axis B = B.(0, z):

1 d*r r 3(B')?
—=——=— B - =) 3.6
R dz> 2B ( 2B ) (36)

To show the contributions of individual terms more clearly, we integrate (3.5) over
the radius and represent it as a pressure balance:

. [ JB A
Hfr"(r):/ szdr':F/ene_,vE, dr’

Hre’:i _ He,i He,i _ Hf,i
—/—Wdr/—/gdr/. (3.7
r’ R

o0 oo

From figures 4(b) and 4(c) it is evident that the contribution of the radial elec-
tric force (red solid line) is approximately half of the pressures I1,. created by
ions and electrons (blue lines). The appearance of this force decreases the Lorentz
force for ions and increases the Lorentz force for electrons by the same amount. In
other words, the E x B drift arising from the radial electric field slows down the
azimuthal motion of ions and accelerates the azimuthal motion of electrons, leading
to the observed dominance of the electron current. At the stage under consideration
(t =4r), the non-gyrotropic effect All,, described by the third term on the right-
hand side of (3.7), turns out to be negligibly small (orange curves in the figure), which
cannot be said about the effect of finite curvature A1y (the last term on the right-
hand side of (3.7)). Without the curvature term, the observed agreement between
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(g) transverse profiles of the magnetic field B, (0, y) at the same times; () transverse profiles of
the relative plasma pressure S(y) = 211, (0, y)/ BS.

the left (blue lines) and right (red dashed lines) parts of the equation could not have
been achieved. Thus, despite the high plasma injection rate, after averaging over fast
space-charge oscillations, the spatial distributions of fields and particles observed in
the simulations satisfy the stationary equilibrium equations at each moment of time.
This agreement is violated at the stage of the flute instability development.

4. Flute-like instability

As the relative pressure increases (at S > 0.5), the plasma becomes unstable with
respect to flute perturbations that disrupt the axial symmetry of the plasma column.
According to the criterion of Ryutov ef al. (2011), the effects of a finite Larmor
radius should lead to the stabilisation of all flute perturbations whose azimuthal

numbers exceed the value
ajpi
m>2—~1. 4.1
L/a
In figure 7, we show the growth of the first five azimuthal harmonics of ion den-
sity perturbations measured at a fixed radius r = 10 ¢/w,.. It is evident that, unlike
higher modes, the stage of long-term exponential growth is observed only for the
m =1 mode. Its development leads to the displacement of the plasma bunch from
its original position, followed by the ejection of plasma onto the wall. The dynamics
of this process on the maps of plasma density n;(x, y) and longitudinal magnetic
field B.(x, y) in the central cross-section of the plasma is shown in figure 6. It is
also seen from the figure 6(4) that due to the development of this instability, the
parameter 8 does not reach its magnetohydrodynamic limit 8 = 1. The growth rate
of the m =1 mode can be determined either from the exponential stage of the har-
monic amplitude growth measured at a fixed radius or from the dynamics of the
radial displacement of the point at which the maximum value of the plasma density
is reached. Figure 8 shows that the shift of the point of maximum density does really
grow exponentially, and the rate of this growth is in good agreement with the known
estimate of the inverse time that is needed for ions to move half the distance between
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Damping, circle
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FIGURE 7. Amplitudes of the harmonics of ion density perturbations at a radius of ¥ = 10 ¢/wp.
with different azimuthal numbers m as functions of time (the blue dashed line corresponds to
the exponential function with an increment of I" =1.07 I'fy).

Instability increment
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FIGURE 8. The dependence of the radial shift of the maximal ion density on time, measured
in simulations (blue curve), and the exponential function el inscribed in this curve (orange
curve).

the mirrors Iy =vr;/(L/2), where vr; =+/T;/m; is the thermal velocity of the
ions.

Based on the nature of the plasma displacement in the (y, z) plane, shown on the
n.(y, z) and Jg(y, z) maps in figure 9, one can conclude that there is no plasma
freezing into the magnetic field lines. Indeed, despite the line-tying to the end walls,
the movement of plasma from the axis to the periphery occurs along the entire length
of the trap. In our opinion, this behaviour is explained by the fact that ions are not
tied to magnetic field lines, since they do not have time to complete Larmor rotation
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FIGURE 9. Simulation results for the absorbing sidewall. (a,b) Spatial distributions of the elec-
tron density n.(y, z) and the density of their longitudinal current J¢(y, z) in the longitudinal
cross-section of the plasma at the moment of time ¢ = 4t when the plasma still remains axially
symmetric, and (d,e) after the growth of the flute mode m =1 at the time ¢ = 107; (¢) superpo-
sition of magnetic field lines in the longitudinal (y, z) cross-section of plasma measured before
(t = 4r, blue) and after (f = 107, orange) the development of instability; (f) magnetic field lines
at r = 10t superimposed on the map |B(y, z)| at the same cross-section.

during the development of such a fast instability, and electrons cease to be frozen
into the magnetic field due to high level of electrostatic fluctuations excited inside
the injection region. So the plasma can quickly diffuse in the central part of the trap
across the magnetic field, then flowing out to the ends along the peripheral field
lines. This picture is confirmed by figure 9 showing the tension of magnetic field
lines that accompanies the displacement of the plasma bunch during the instability.
In figure 9(c), we superimpose the orange magnetic field lines constructed from
B distribution (figure 9f) at the stage of developed flute instability (/T = 10) on
the blue magnetic field lines realised in the stable plasma (z/7t =4). It can be seen
that these field lines are slightly deformed and stretched in the direction of plasma
movement, but their displacement is much less than the displacement of the centre
of the plasma bunch shown in figure 8.

5. Effect of conducting wall

Let us now explore the possibility of stabilising this instability using perfectly con-
ducting sidewalls. We consider both cylindrical and square sidewalls. The radius of
the circular wall is 30c/w,., and the square wall coincides with the boundaries of
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FIGURE 10. Development of the flute instability in the presence of conducting cylindrical (left)
and square (right) sidewalls (maps of the longitudinal magnetic field B,(x, y) and ion density
n;(x, y) at three instants are shown). The dashed line shows the boundaries of the injection
region. Growth of various azimuthal harmonics of plasma density perturbations at a radius of
10c/wpe with time for different wall shapes (bottom panels).

the computational domain with dimensions 70c/w,.x 70c/w,.. Maps of the longi-
tudinal magnetic field and ion density (figure 10), shown at the same moments of
time as in the case of the absorbing sidewall, demonstrate similar dynamics of the
development of the flute instability. An analysis of the amplitudes of the density
perturbation harmonics with different azimuthal numbers at a radius of 10c/w,,
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(bottom row in figure 10) shows that in the case of a cylindrical conducting wall,
the most unstable mode is initially the m =2 mode. Then its growth quickly sta-
bilises, so that, as before, the dominant role in the unstable spectrum passes to the
m =1 mode. The square shape of the wall, contrary to intuitive expectations, does
not create additional preferences for the development of higher modes (m = 4), and
the displacement of the column as a whole from the equilibrium position increases
exponentially with the same growth rate.

We attribute the absence of a stabilising effect from the conducting walls in the
presented simulations to the fact that the growth rate of flute instability turns out
to be comparable to the ion-cyclotron frequency (I” ~ £2;), due to which the ions,
with such rapid transverse displacements, cease to be tied to the magnetic field
lines. Electrons also cannot be considered frozen in the magnetic field in our simu-
lations due to rapid electrostatic oscillations at the plasma frequency excited in the
injection region. This means that the displacement of the plasma under these con-
ditions occurs without noticeable tension of the magnetic field lines frozen into the
ends and without the generation of a sufficiently strong longitudinal current, which
should increase the magnetic pressure as the plasma gradually approaches the wall
due to generating an azimuthal component of the field B,.

6. Summary

The formation of a compact high-beta plasma in the central part of an open mag-
netic trap is modelled for the first time in three-dimensional geometry using a full
kinetic description of both ions and electrons. It is shown that in the process of
continuous injection of particles into the centre of the trap, a quasi-stationary equi-
librium is formed, in which the radial electric field leads to the dominance of the
electron azimuthal current. The numerical model is found to correctly reproduce the
development of flute instability with azimuthal number m = 1 and demonstrates sta-
bilisation of higher azimuthal modes at relatively low saturation levels. Simulations
revealed no stabilising effect on this instability from either the end or side conductive
walls. We attribute this to (i) the very small longitudinal size of the formed plasma,
which makes the flute instability growth rate comparable to the ion-cyclotron fre-
quency, and to (ii) the high level of space-charge oscillations excited inside the
injection region. Under these conditions, both ions and electrons are no longer
frozen into the field lines, and the transverse displacement of the plasma is not
accompanied by a large perturbation of the magnetic field. Although we cannot yet
directly extrapolate our results to the CAT experiment due to a disregarding of the
injected currents, we note that a similar relationship between I';; and £2; can be
achieved at the CAT facility, where, upon accumulation of hot ions with a charac-
teristic energy of 10keV, the flute instability in a mirror cell with a length of 60 cm
should develop in a time of ~2 x 1077 s, not exceeding the period of the Larmor
rotation of ions 27/82; ~ 3.6 x 1077 s in a central magnetic field of 2kG.

Further steps towards achieving a stable plasma equilibrium with 8=1 will
include implementation of another stabilisation technique (edge biasing) in the
numerical model and a more detailed study of electrostatic noise affecting electron
diffusion. It should be studied whether this noise can be reduced by (i) reducing
the rate of particle injection, by (ii) increasing the gap between w,. and §2,, when
Langmuir oscillations cannot be resolved as proper plasma modes, or by (iii) using
the realistic model of neutral beam injection. The regime of slower development
of the flute instability with frozen ions will also be of interest after the increase in
performance of the code.
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