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Abstract—This work is devoted to the project of a new-generation open trap, gas-dynamic multiple-mirror
trap (GDMT), proposed at the Budker Institute of Nuclear Physics, Siberian Branch, Russian Academy of
Sciences. The aim of the project is to substantiate the possibility of using open traps as thermonuclear sys-
tems: a source of neutrons and, in the future, a thermonuclear reactor. The main objectives of the project are
to develop technologies for long-term plasma maintenance in an open trap, optimize neutron source param-
eters based on the gas-dynamic trap, and demonstrate methods for improving plasma confinement. The mag-
netic vacuum system of the facility consists of a central trap, multiple-mirror sections that improve the lon-
gitudinal plasma confinement, and expanders designed to accommodate plasma flux absorbers. The facility
is to be built in several stages. The starting configuration is broadly similar to the GDT facility and includes a
central trap with strong magnetic mirrors and expanders. It solves two main problems: optimization of the
parameters of the neutron source based on the gas-dynamic trap and study of the physics of the transition to
the configuration of a diamagnetic trap with a high relative pressure B = 1, which significantly increases the
efficiency of the system. This work describes the technical design of the starting configuration of the facility
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and outlines the physical principles on which the GDMT project is based.
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1. INTRODUCTION

Open traps [1—4] were an important field of early
research in the physics of magnetic confinement of
high-temperature plasma. The inspiring increase in
plasma parameters demonstrated by several genera-
tions of successive tokamaks has made tokamaks a
mainstream in the fusion research. The physics and
technology of open traps continued to develop as an
alternative direction of research. The continuation of
works on open traps was motivated by the potential
physical and engineering advantages of linear mag-
netic systems for plasma confinement, which needed
to be proved in a real experiment. Fundamentally,
open magnetic traps are steady-state and allow a high
relative plasma pressure to be reached in the confine-

ment region 3 = 8mp, /sz =1 (where p, is the trans-
verse plasma pressure, B, is the vacuum magnetic field
created by coils) and, in the case of axisymmetric con-

figurations, under certain conditions, they may have
transverse diffusion coefficients ten times lower than
those of toroidal systems [5]. We will briefly mention
the possibility of the most efficient use of modern
magnetic technologies, since the magnetic field on the
plasma axis is only slightly less than the field on the
conductors; significantly less stressful working condi-
tions for surfaces in contact with plasma; modularity
of facilities, which makes them maintainable even for
the reactor scale. To date, the field of open traps has
come to an important logical stage in its development.
The main physical problems identified in the early
stages of studies of linear magnetic systems (MHD
stability, anomalous losses due to the development of
microinstabilities) have been successfully solved.

In this work, we discuss the next-generation open
magnetic trap project, which should demonstrate the
possibility of the production and quasi-steady-state
confinement of the plasma with sub-reactor parame-
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ters. This project is a certain compromise, in which the
duration of the existence of the plasma was limited to
a few seconds, which made it possible to significantly
simplify the design of plasma absorbers and limiters,
the magnetic system and the plasma heating system. If
this scientific program succeeds, this compromise can
be removed by gradually modernizing the individual
modules and systems of the facility.

Gas-dynamic multiple-mirror trap (GDMT) is a
new-generation open trap for confining hot plasma,
the concept of which is being developed at the Budker
Institute of Nuclear Physics, Siberian Branch, Rus-
sian Academy of Sciences [6, 7]. The aim of the proj-
ect is to substantiate the possibility of creating a ther-
monuclear system based on an open magnetic trap: a
source of neutrons and, in the future, a thermonuclear
reactor. In addition to the physical principles tested on
previous-generation facilities, the GDMT project
should allow the study of new plasma confinement
methods and demonstrate a significant increase in the
efficiency of open traps [8]. As methods for suppress-
ing losses from traps, we consider diamagnetic con-
finement of the plasma with a relative pressure § = 1
[9, 10], and also the use of multiple-mirror [11, 12]
and helical sections [13, 14].

A neutron source based on a gas-dynamic trap
[15—18] can apparently be considered as the open-
type thermonuclear system closest to the practical
implementation. The main purpose of such a source is
to test the materials of a future thermonuclear reactor
in a fast neutron flux. The plasma in the neutron
source is confined in an axisymmetric solenoid whose
magnetic field is enhanced at the ends. The main
method of heating the plasma in a trap is the oblique
injection of powerful beams of neutral particles (also
called atomic beams), which are ionized in the plasma
and captured in the trap as high-energy ions. As a
result, two ion components are formed in the plasma:
warm ions of the target plasma and an anisotropic
population of fast ions. Fast ions ensure the occur-
rence of thermonuclear reactions in the plasma. Pick-
ing the density of fast ions near the turning points
makes it possible to control the neutron emission pro-
file along the facility creating compact zones with a
high neutron flux. The energy efficiency of the neu-
tron generation is determined by the particle confine-
ment time and energy in the trap. In the basic version,
to limit neutron losses, the technology of the gas-
dynamic confinement of the target plasma is used,
which is based on the use of regions with a strong mag-
netic field—magnetic mirrors—at the ends of the trap
and expanders behind them. The calculations show
that this technology makes it possible to obtain
~10'8 neutrons per second in the D—T fusion reaction
at a plasma heating power of ~50 MW [18]. The
improvement of the longitudinal confinement of
plasma expands the range of its practical application.
Problems such as afterburning of minor actinides, pro-
duction of valuable isotopes or creation of a hybrid fis-
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sion reactor with a thermonuclear driver are consid-
ered [19, 20].

To test the physical foundations of a neutron
source based on a gas-dynamic trap, the GDT facility
was designed and operated at the Budker Institute of
Nuclear Physics, Siberian Branch, Russian Academy
of Sciences [21]. It demonstrated the stable plasma
confinement with a population of fast ions with the
average particle energy of about 10 keV, while the
plasma pressure reaches half the magnetic field pres-
sure [22]. In such systems with the two-component
plasma, the deceleration time of the anisotropic pop-
ulation of fast ions is determined by their collisions
with electrons. Therefore, to increase the lifetime of
fast ions and, thus, to increase the efficiency of the
open trap as a thermonuclear system, the key task is to
increase the electron temperature. The GDT was the
first of open systems where the plasma electron tem-
perature of ~1 keV was obtained under quasi-steady-
state conditions [23—25], which was previously
achieved only in short pulses in the multiple-mirror
trap GOL-3 (Russian acronym of Corrugated Open
Trap) [26]. In recent years, the ALIANCE [18, 27] and
WHAM Neutron Source [28] projects have been pro-
posed worldwide, which involve the construction of a
series of plasma facilities, the ultimate goal of which is
to create a source of thermonuclear neutrons. The
GDMT project allows solving similar problems and
also developing physics and technologies for improv-
ing longitudinal confinement of the plasma in open
traps.

Currently, longitudinal losses are considered to be
the main channel for plasma and particle energy losses
from the GDT trap, and the reduction of which is the
main focus of the GDMT project. At the same time,
plasma turbulence caused by the development of vari-
ous kinds of instabilities, the loss of fast ions as a result
of charge exchange, and recycling in the near-wall
region are also important factors in the degradation of
plasma energy confinement. These problems are
effectively solved in the GDT facility but can become
significant when the design of the facility and plasma
parameters are changed. For example, intense drift
turbulence and significant turbulent plasma transport
across the magnetic field were observed in ambipolar
traps (GAMMA-10, TMX-U) with suppressed longi-
tudinal losses. In the basic GDMT mode similar to the
GDT one, the problem of drift turbulence is not
expected to be so acute, but the new confinement
modes definitely need the experimental verification in
terms of suppressing turbulent transport.

In the future, the suppression of plasma losses
makes it possible to consider open traps as a power
reactor for thermonuclear fusion. In addition to rela-
tive technical simplicity, an open trap has several
attractive advantages: excellent confinement of fast
ions in an axially symmetric magnetic field and the
possibility of achieving a high relative plasma pressure [3.
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An axisymmetric trap with the high-pressure plasma
has many features in common with the field reversed
configuration (FRC) [29] and, along with it, has the
fundamental possibility of using alternative tritium-
free fuels that are inaccessible to toroidal systems. To
achieve this goal, it is necessary to make a big step, in
terms of plasma parameters and in terms of its con-
finement time. One of these steps can be the transition
to the diamagnetic confinement regime [9]. The dis-
placement of the magnetic field by the high-pressure
plasma leads to an increase in the mirror ratio and a
decrease in gas-dynamic losses through the mirror.
The idea of the diamagnetic confinement method is to
achieve an extremely high relative pressure =~ 1, at
which the magnetic field is almost completely ousted
from the plasma. The plasma lifetime in this regime
should be determined by transverse diffusion of the
plasma from the confinement zone [10] and by colli-
sionless losses caused by the violation of the adiabatic
motion of particles [30]. The study of the possibility of
the formation of such a plasma state in a trap, its sta-
bility, equilibrium features and lifetime scalings is a
part of the physical program of the GDMT facility.

As an additional method for the suppression of lon-
gitudinal losses, which is compatible with gas-
dynamic and diamagnetic confinement modes, the
GDMT project provides for the use of special multi-
ple-mirror (or more complex helical [13, 14]) sections.
These sections are to be used instead of single mag-
netic mirrors to limit the plasma flow from the trap
along the magnetic field. The magnetic field in the
multiple-mirror sections forms a sequence of mirror
traps. If the mean free path of the particles is compa-
rable to the distance between the mirrors, the plasma
flow becomes diffusive [11]. At thermonuclear tem-
peratures, pair collisions can provide the required
scattering rate only at a high density » = 10°—108 cm—3;
therefore, for a long time, a multiple-mirror reactor
was considered fundamentally as a pulsed device.
However, it was shown in experiments with the GOL-3
multiple-mirror trap that collective ion scattering can
provide optimal conditions for plasma confinement at
a moderate density [31, 32]. At a trap length of 12 m,
the energy lifetime of a plasma with an ion tempera-
ture of 1-3 keV and a density of about 10 cm™
reached 1 ms, which is almost two orders of magnitude
higher than the classical estimates. A multiple-mirror
system with a length of about 10—20 m can apparently
increase the energy efficiency of a neutron source
based on a gas-dynamic trap by an order of magnitude,
making it possible to achieve a thermonuclear power
gain of Q ~ 0.5. Therefore, the study of the operation
of multiple-mirror sections in the steady-state mode is
an important part of the research program at the
GDMT facility.

The GDMT facility has a modular structure, so the
physical tasks of the project can be solved at different
stages of its construction. In the initial configuration,
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the magneto-vacuum system of the facility includes a
central section with strong magnetic mirrors and
expanders behind the mirrors designed to accommo-
date plasma absorbers. The plasma is to be heated by
oblique injection of powerful beams of neutral parti-
cles and additional input of the microwave power. The
main physical task of the starting configuration is to
simulate the physical processes in a neutron source
based on the gas-dynamic trap. The magnetic system
of the initial configuration of the GDMT facility is
designed in such a way as to provide flexibility in con-
ducting experiments. An important task is a significant
increase in the duration of the existence of the hot
plasma in comparison with experiments on the GDT
facility. In addition to demonstrating the steady-state
parameters of the plasma, the facility should make it
possible to proceed to the study of technologies for
long-term maintenance of the discharge. The effi-
ciency of traps in the basic gas-dynamic operating
mode is determined by the magnitude of the magnetic
field in the mirror (under condition of the suppression
of transverse losses), therefore, in order to achieve the
best plasma parameters for a discharge duration on the
order of a second, it is advisable to use superconduc-
tors to create mirror coils. To simplify the design of the
facility, it is currently proposed to use copper coils to
create a central solenoid in combination with super-
conducting mirrors.

Section 2 of the work describes the design of the
initial configuration of the GDMT facility, its mag-
netic system and the plasma heating system. Section 3
is devoted to the issues of plasma confinement, heat-
ing, and stability in the initial facility configuration.
The results of the numerical simulation for the
selected design and parameters of the GDMT facility
are presented. Section 4 discusses additional methods
to improve hot plasma confinement in a trap.

2. DESCRIPTION OF THE STARTING
CONFIGURATION OF THE GDMT FACILITY

The scientific program of the GDMT project inte-
grates the ideas and technologies that have emerged
during the development of several fields of research on
open traps. Part of the tasks can be performed on a
limited facility configuration, which we further refer to
as the GDMT starting configuration. The allocation
of the starting configuration reduces the time from the
decision to start the project to obtaining the first sig-
nificant scientific results. The initial configuration of
the GDMT facility basically repeats the configuration
of the GDT facility currently operating at the Budker
Institute of Nuclear Physics, Siberian Branch, Rus-
sian Academy of Sciences [33]. The plasma in the
facility is created and held in an axisymmetric mag-
netic solenoid with end sections that serve to suppress
its losses along the magnetic field lines. In the initial
facility configuration such sections are compact sole-
noids with high (magnetic induction higher than 10 T)
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Fig. 1. General view of the starting configuration GDMT facility: (/) atomic beam injector, (2) solenoid and vacuum chamber of
the central section, (3) cryostat of the magnetic mirror module, (4) neutral injection chamber, and (5) chamber and coils of the

expander section.

magnetic field—magnetic mirrors. The GDMT exper-
imental program involves studies in a trap with single
magnetic mirrors and in a full facility configuration
with more complex end sections, which are to be used
to study promising schemes for suppressing longitudi-
nal losses: multiple-mirror [34] and helical [35]
plasma confinement.

An important feature of the facility is the achieve-
ment of a quasi-steady-state regime, in which the
losses of energy and plasma particles are compensated
by systems for heating and replenishing with sub-
stance. The duration of operation of most systems in
the initial GDMT configuration is chosen to be two
seconds, and the duration of operation of the neutral
injection system (beams of hydrogen atoms) at the ini-
tial stage of work is 0.3 s. The chosen time of the exper-
iment exceeds the characteristic time for the establish-
ment of equilibrium energy fluxes between the plasma
components, which is on the order of magnitude of
50 ms (Subsection 3.2). Limiting the pulse duration to
two seconds greatly simplifies the design of electrodes
for plasma heating and stabilization systems due to the
possibility of operating in transient thermal condi-
tions, allows the use of storage power sources for the
solenoid and heating systems, and also simplifies the
vacuum system because of the possibility of using
pumping methods that require regeneration. At the
same time, the experimental complex allows an
increase in the duration of the discharge up to a com-
pletely steady-state mode when the pulse elements of
the magnetic solenoid are replaced by superconduct-

ing ones and the corresponding modernization of
plasma heating systems.

The maintenance of a high-temperature plasma
discharge with a duration of 0.3—2 s occurs due to the
injection of beams of fast neutrals with a total power of
up to 24 MW and an energy of hydrogen atoms of
30 keV, as well as the injection of microwave radiation
with a power of up to 6 MW into the plasma (Subsec-
tion 2.2). In this case, the following plasma parame-
ters averaged over the cross section are expected: the
electron temperature is about 1 keV, the temperature
of warm ions is 1—2 keV, the densities of warm and fast
ions are about 5 x 10" ¢cm™3 (Subsection 3.2). The
neutral injection system includes eight neutral beam
injectors divided into two groups located on both sides
of the facility (Fig. 1). A group of four injectors is con-
nected to a common vacuum chamber of the rectan-
gular cross section (neutral injection chamber), in
which the elements of the beam path are located: a
neutralization gas target, a deflecting magnet, a calo-
rimeter, and titanium sorption pumps. The dimen-
sions of the neutral injection chamber are determined,
to a large extent, by the requirements for the pumping
rate of hydrogen, which accompanies the beams of fast
neutrals. The average beam injection angle is 50.9°
with respect to the facility axis.

During the discharge, a steady-state flow of parti-
clesis established along the magnetic field lines, which
transfers most of the power spent on plasma heating.
The magnetic field is produced by a system of copper
and superconducting coils (Subsection 2.1), which
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Fig. 2. Sectional view of the vacuum chamber and magnetic system of the starting configuration of the facility GDMT facility:
(1) vacuum chamber of the expander section, (2) magnetic mirror module, (3) vacuum chamber of the central section, (4) atomic
beam input ports, (5) central section of the solenoid, and (6) microwave input ports.

have a circular shape. The centers of the coils are
located on an axis coinciding with the axis of the vac-
uum chamber. Mirror coils, which produce a magnetic
field up to 20 T, are used to repeatedly reduce the
steady-state longitudinal flow of particles, which
ensures the required confinement time of the warm
plasma component. After leaving the magnetic mirror,
the plasma flow expands in a decreasing magnetic
field and is absorbed at the plasma absorber in the end
vacuum chamber (Fig. 2). In the radial direction,
the discharge is limited by limiters-electrodes (Sub-
section 2.3) located in the central vacuum chamber.
By applying a potential to the limiter, the plasma rota-
tion profile in crossed fields is controlled, which
implements the plasma “vortex confinement” scheme
(Subsection 3.4) with suppressed transverse magneto-
hydrodynamic (MHD) losses [36]. For additional
control of the potential distribution in the plasma, a
potential is applied to the sections of the plasma
absorber in the end chamber, which is a system of
insulated electrodes that completely intercepts the
plasma flow [37].

2.1. Magnetic System and Vacuum Chamber

In the starting configuration, the magnetic sole-
noid of the GDMT facility consists of copper coils in
the central section (Fig. 2), superconducting coils
located in the magnetic mirror cryostat (magnetic
mirror module) and copper coils in the expansion
section.

The coils of the central section produce an
extended confinement region with a uniform Fig. 3
(curve 1) or smoothly changing Fig. 3 (curve 2) mag-
netic field along the axis of the facility. In the first
case, the magnetic system ensures the maximum devi-
ation of the field from the average value over the
homogeneity region R < 300 mm, zZ.,;, < Z < Zpax NO
more thanl.5%, where z;, and z,,, are longitudinal
boundaries of a homogeneous region. The confine-
ment region ends with magnetic mirrors. For a mono-
tonic increase in the magnetic field from the confine-
ment region to the magnetic mirror and for matching

PLASMA PHYSICS REPORTS  Vol. 49

No.9 2023

the magnetic flux, transition coils are included in the
solenoid, which are a part of the magnetic mirror
cryostat. The maximum length of the fast ion confine-
ment region is achieved in the mode with the uniform
field and can be up to 6 m. An important design fea-
ture of the GDMT solenoid is the possibility of chang-
ing the confinement region length by increasing the
number of solenoid sections and by changing the mag-
netic field profile. In view of this, one of the main
requirements for the magnetic system of the central
section is the possibility of restructuring the magnetic
field distribution, which is ensured by an independent
power supply of all solenoid coils. The possibility of
rearranging the profile makes it possible to carry out
various experiments with a spatial distribution of the
density of fast ions that varies over a wide range.

The maximum magnetic field in the central section
is 1.5 T. The power supply system of the solenoid
makes it possible to implement two types of time
dependences of the magnetic field shown in Fig. 4. In
the “plateau” mode (Fig. 4, top), the distribution of
currents is preliminarily produced in the coils which
provides a magnetic field with a given spatial profile,
after which a transition to the current stabilization
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Fig. 3. Magnetic field distribution along the axis of the
facility: (/) uniform distribution with the magnetic induc-
tion value B = 1.5 T for experiments with high relative
plasma pressure and (2) gradually increasing field distri-
bution.
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Fig. 4. Time dependences of the magnetic field in the cen-
tral section of the solenoid: the standard “plateau” mode
(top), the special “stepped” field rise mode (bottom).
Hatching shows the time periods during which the plasma

experiment is carried out.

mode takes place, in which an experiment lasting up to
2 s is carried out. The second mode (Fig. 4, bottom)
includes two “plateau” stages and is intended for
experiments on diamagnetic plasma confinement
(Subsection 4.1). It is assumed that the transition to
the diamagnetic mode is carried out in a relatively
weak magnetic field, after which the magnetic field
can be increased. At all stages of this experiment, it is
required to maintain the uniformity of the magnetic
field, which is achieved through the implementation
of the programmed time dependence of the currents in
the coils, as well as the use of a feedback system.

In addition to ensuring the required uniformity of
the magnetic field, the cross sections of the windings
and the inner diameter of the coils are determined by
the need to place a vacuum chamber inside the sole-
noid and the location of ports for diagnostics and
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plasma heating systems. Table 1 shows the parameters
of the discussed version of the windings of the central
section. The coils are made of a hollow square copper
conductor, and their design is similar to that recently
used in the windings of the toroidal field of the
T-15MD tokamak [38]. The general parameters of the
central section of the magnetic system are given in
Table 2.

The power supply system for the solenoid coils is
based on supercapacitor energy storage devices. Each
coil is connected to an individual storage device with
an IGBT key operating in the PWM modulation mode
and implementing a programmed time dependence of
the current pulse.

The coils of the expander section (Fig. 2) operate in
a constant mode and are designed to correct the mag-
netic field in the expansion zone of the plasma flow
after leaving the magnetic mirror. Using coils, one can
change the curvature of the field lines to improve the
MHD stability of the plasma, as well as vary the size of
the plasma flow incident on the end electrode system.
An additional function of the coils is the screening of
the magnetic mirror field, which is necessary for the
operation of titanium arc evaporators (see below).

As is shown in Subsection 3.1, the efficiency of
plasma confinement in linear systems depends signifi-
cantly on the magnitude of the magnetic field in the
mirror, so the mirror coil should create the maximum
technically achievable magnetic field. Recent progress
in the field of high-temperature superconductors
(HTSC) [39—42] makes it possible to expect a mag-
netic field of up to 20 T in coils based on an HTSC
tape within this project. The development of such
solenoids for CTF applications and gaining experience
in their operation are an important part of the research
program at the GDMT facility. Taking into account
the risks associated with the creation of mirror coils
with a field of 20 T on the axis and a relatively large
inner aperture of the solenoid, a backup option is pro-
vided: development and manufacture of a mirror coil
based on a low-temperature superconductor (LTSC)
with a magnetic field of 12 T on the axis. In both
HTSC and LTSC versions, the magnetic mirror sole-
noid (Fig. 5, MS) has a significant inductance, which
imposes restrictions on the variation rate of the mag-
netic flux near the winding. In view of this, the coils
closest to the magnetic mirror should operate in a con-

Table 1. Parameters of the coils of the central section and power supplies based on supercapacitors

Coil Zcenters mm | AZ X AR, mm Rinner’ mm N Imaxs kA R: mQ Cs F Us v
Cl 430 250 x 300 1100 120 12.5 32.6 100 1000
C2 1200 200 x 250 700 80 10.5 14.2 80 750
C3 1875 200 x 250 700 80 10.5 14.2 80 750
C4 2550 200 x 250 700 80 13.75 14.2 110 750
C5 3225 200 x 250 700 80 13.75 14.2 110 750
PLASMA PHYSICS REPORTS Vol.49 No.9 2023
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Table 2. Parameters of the central section of the magnetic
system and storage power supplies

Magnetic field energy, MJ 27.5
Energy in storage, MJ 314
Copper mass, t 24
Conductor temperature, °C <60
Repetition period, min 10
Active power, MW 27

tinuous mode and, in the case of transition coils, they
should also be superconducting. Transition coils (Fig.
5, C6, C7) provide a monotonic increase in the mag-
netic field from the central section to the magnetic
mirror, partially shield it from pickups that occur
during the pulse of the central section, and also create
a 3 T constant field region for ECR-heating of the
plasma. The requirements for the magnetic field in the
region of the transition coils make it possible to con-
sider for their manufacture a cable based on the NbTi
niobium—titanium alloy, which allows current adjust-
ment by up to 20% during the increase in the magnetic
field in the central section.

The initial conductor for winding the magnetic
mirror solenoid is a tape with a second- generation
high-temperature superconductor (REBCO) 12 mm
wide, developed and manufactured by SuperOx Ltd.
[41]. Like other high-field solenoids based on HTSCs
[40, 42], the magnetic mirror solenoid is manufac-
tured using the pie winding technology, which ensures
its maximum strength. To further increase the
mechanical strength, a reinforced conductor is used,

C6 C7
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which is obtained by soldering Hastelloy C276 tapes
on both sides of the original HTSC tape. At present,
the most promising is the winding of pies with inter-
turn polymer insulation, as well as partial insulation of
the end surface in contact with copper thermal bridges
located inside double pies. The winding of the mirror
unit has a T-shaped cross section, which can be
obtained by assembling double pies with a variable
inner diameter and by dividing the winding into two
independent solenoids. All double pies are connected
to each other in series using junctions on the outer
turns.

The development of an HTSC magnetic mirror
solenoid requires a separate study to reduce the risks
associated with high requirements for the solenoid and
the specifics of operation under the conditions of the
GDMT. In particular, the key issues are the method of
cooling the solenoid, its resistance to superconductiv-
ity breakdowns and the requirements for the corre-
sponding protection systems, as well as significant
EMF on the winding due to flux linkage with the pulse
coils of the GDMT solenoid. In view of this, within
the draft design, a variant of a magnetic mirror sole-
noid made of LTSC based on an alloy of niobium and
tin (Nb;Sn) is also being developed. The proposed
design of such a solenoid is based on a multicore cable
made of LTSC cores [43]. The magnetic field at the
center of the solenoid is 12 T, and the magnetic flux is
equal to that of the HTSC solenoid. A T-shaped wind-
ing with current gradation is considered, which is an
inner and outer solenoid wound in layers on a single
reel with two different types of cable and connected in
series. The parameters of the LTSP solenoid are given
in Table 3.

T

Fig. 5. Cryostat and magnetic mirror module coils: (/) magnetic field line, (2) transition coil, (3) microwave beam input port,
(4) vacuum chamber of the cryostat, (5) cryostat heat shield, and (6) solenoid of the HTSC-based magnetic mirror.

PLASMA PHYSICS REPORTS Vol.49 No.9 2023
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Table 3. Parameters of GDMT magnetic mirror solenoid. */ is the critical current calculated along the loading straight line
of the solenoid at a temperature of 4.2 K taking into account the anisotropic properties of the superconductor

HTSC; T-type HTSC; 2-section LTSC
Coil length, mm 504 504 493
Inner diameter of a coil, mm 240 240 283
Number of turns (inner/outer section) 12132 5000/7200 2427
Working current (1), A 716 515/887.4 2385
Current supplies (I/1.)* 0.8 0.55/0.62 0.8
Working temperature, K <4.5 <15 <4.5
Inductance, H 26.1 4.26/12 1.24
Stored energy, MJ 6.7 7.3 3.5
Magnetic field in the center, T 20 20 12
Max. magnetic field on a conductor, T 21.6 21.5 12.8

The vacuum chamber of the central section has a
main diameter of 1200 mm, which increases to
2000 mm in the neutral beam injection zone. The
chamber is assembled from cylindrical and conical
sections, the seal between which is made of elasto-
mers. The inner wall of the cryostat, which is attached
to the chamber of the central section, acts as the first
wall for the plasma discharge, and also provides space
for limiters-electrodes, plasma replenishing systems
and various diagnostic equipments. In the gap
between the superconducting transition coils, there
are ports designed to introduce microwave beams into
the plasma perpendicular to the axis. The vacuum
chamber of the expander section has a diameter of
2500 mm and is connected to the magnetic mirror
cryostat through a vacuum gate with a diameter of
900 mm. In addition to various diagnostics, a sec-
tioned plasma absorber (Subsection 2.3) and a tita-
nium sorption pump are located in the vacuum cham-
ber. Main pumping out of the central chamber occurs
through the neutral injection pipes (Subsection 2.2),
in which sorption pumps are also mounted.
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Fig. 6. Titanium sorption pump: (/) aluminum pumping
panel and (2) titanium rod.

The vacuum system of the facility consists of stan-
dard high-vacuum pumps that provide pumping up to
working vacuum before the onset of the experiment,
and a high-performance pumping system that allows
maintaining an acceptable concentration of neutral
hydrogen in the trap during the experiment. The high-
performance hydrogen vacuum pumping systems of
the GDMT facility are built on the basis of sorption
pumps with a sputtered titanium getter. Figure 6 shows
such a pump installed in a neutral injection chamber
(Section 2.2); pumps of a similar design are located in
the beam receiver chamber and chamber of the
expander section. In contrast to the prototype of this
pump at the ASDEX-U facility [44], which is based on
the thermal evaporation of titanium, GDMT plans to
use arc evaporators to renew the titanium film, which
are widely used in experimental facilities at the Budker
Institute of Nuclear Physics, Siberian Branch, Rus-
sian Academy of Sciences [45, 46] and other plasma
facilities [47]. To periodically apply a new titanium
layer on the pumping panels /, an arc discharge occurs
between the titanium rod 2 and the surrounding sur-
faces, which leads to uniform sputtering of the rod
body due to the retrograde motion of the cathode
spots. Aluminum pumping panels Fig. 6 (/) have a
corrugated S-shaped surface with additionally
increased roughness due to sandblasting.

Table 4 shows the values of hydrogen fluxes to var-
ious parts of the vacuum chamber during the pulse of
the facility operation under the conditions of trapping
75% of the power of neutral beams in the plasma and
ionization of 100% of the gas from the gas puffing
system.

2.2. Systems of Plasma Heating

The main means of plasma heating and the forma-
tion of a population of fast ions in the GDMT facility
is the neutral injection system. The Budker Institute of
Nuclear Physics, Siberian Branch, Russian Academy
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Table 4. Leakage rate of atomic hydrogen at a pulse

Flow, s ! Flow, equiv. A
Injection chamber 8.3 x 102! 1330
Receiver chamber 7.7 x 1020 123
Expander chamber 1.7 x 1022 2680
Central chamber 1.1 x 102! 180

of Sciences has extensive experience in the develop-
ment and operation of fast neutral injectors for plasma
heating [29, 33, 47]. An important feature of the
GDMT experiment, as well as thermonuclear applica-
tions of open-type traps [18], is no need for the high
energy of accelerated atoms, which opens up the pos-
sibility of using injectors based on positive ion sources.
Within this project, it is planned to develop an atomic
hydrogen injector with a particle energy of 30 keV, an
ion beam power of 4.8 MW and a pulse duration of at
least 0.3 s. The design of the injector is a development
of the previously developed design of the injector with
ballistic focusing of an atomic beam [48], in which it is
planned to implement several changes: transition to a
slit ion-optical system (IOS) with increased grid thick-
ness and increased accelerating voltage; use of long-
pulse arc generators with active cooling; use of a neu-
tralization chamber of increased length with active
shielding of the magnetic field and a copper liner
cooled to 77 K. Figure 7 shows a sectional view of the
GDMT injector. The injector parameters are given in
Table 5.

The neutral beam injection system of the GDMT
facility (Fig. 8) consists of two identical modules, each
of which includes a beam path chamber and a beam
receiver vacuum chamber located opposite each other.
Each module contains four neutral injectors located in
the same plane and spaced at an angle of 10° with

Fig. 7. Sectional view of the GDMT injector: (/) outer
case/magnetic shield, (2) high-voltage shield, (3) plasma
arc generator, (4) discharge chamber, (5) ion optical sys-
tem, (6) bellows, (7) vacuum gate valve, and (&) neutra-
lizer.
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Table 5. GDMT neutral injector parameters. In addition to

protons, molecular ions H;, H;r, and H,O" are accelerated
in the ion-optical system (IOS), which lead to the appear-
ance after neutralization of hydrogen atoms with energies
E/2, E/3, and E/18, where E is the energy of the main com-
ponent of the neutral beam

I0S electrode diameter, mm 340
Number of IOS electrodes 3
10S type Slit
Mesh curvature radius, mm 6000
Working gas Hydrogen
Accelerating voltage, kV 30
Ion current, A 160
Ion beam power, MW 4.8
Plasma source type Arc
Pulse duration, s 0.3
Energy composition of the beam by 85:10:4:1
current (E:E/2:E/3:E/18)*, %

Angular divergence along slits, mrad 12
Angular divergence across slits, mrad 20

respect to each other. To provide the energy deposition
profile in the plasma most compact in the radial direc-
tion, the 10S slits are directed along the injection
plane. In addition to deflecting magnets and ion
receivers, rotary calorimeters are located in the main
chamber Fig. 8 (6) designed to measure the power of
neutral beams when adjusting the injectors and its
control in the course of experiments. The injection
chamber is connected to the main vacuum chamber of
the facility using a special elongated vacuum gate
Fig. 8 (9) and trapezoidal nozzle Fig. 8 (7) attached to
the conical part of the vacuum chamber of the facility.
Calculations of the trajectories of atomic beams show
that the power losses in the inlet nozzles are negligible,
however, they reach =2% in the outlet nozzles due to
the increased angular divergence along one of the
coordinates.

The axes of neutral beams of one injection module
are located in a vertical plane making an angle with the
facility axis of 50.9° and intersecting it at the point
z=10. The design provides for a change in the impact
parameter of atomic beam injection (displacement of
the beam aiming point from the facility axis in the
radial direction), which can lie in the range from 0 to
150 mm, corresponding to the rotation of the injector
in the vertical plane in the range of angles of 1.5°. In
most operating modes of the GDMT, a partial absorp-
tion of the power of atomic beams by the plasma is
assumed, which is characterized by a “capture” coef-
ficient that takes values up to 95% in the operating
mode. The capture coefficient can change over time
during the operating pulse of the facility. The atomic
beam receiver, located in the corresponding chamber,
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Fig. 8. Sectional view of the neutral injection system of GDMT: (/) ion source, (2) deflecting magnet, (3) receiver of deflected
ions, (4) vacuum chamber of the neutral injection module, (5) titanium sorption pump, (6) rotary calorimeter, (7) neutral injec-
tion pipe, (&) array of titanium arc evaporators, (9) vacuum gate of a neutral injection module, (/0) vacuum chamber of atomic
beam receiver, (/1) gas delay unit, and (/2) atomic beam receiver.

is designed to dissipate the “passed” power of atomic
beams and minimize the flow of hydrogen entering the
main chamber from the receiver.

One of the key elements of the vacuum chamber of
the injection system is a titanium sorption pump,
which occupies the side surfaces of the chamber. The
residual gas pressure in the injection chamber during
the pulse is determined by the leakage of hydrogen
from the neutralizer and from the deflected ion
receiver. To ensure acceptable power losses of the
atomic beam (<3%) during the propagation from the
neutralizer to the outlet nozzle, the pumping rate
in the injection chamber should be higher than
5000 m?/s. Pumps of identical design are also located
in the beam receiver chamber. In this chamber, the
principle of differential pumping is implemented by
using a baffle and a louvered “gas delay,” which mini-

Table 6. Power of atomic and ion beams of particles (kW) at
the outlet of the neutralizer

Total power 4800
Neutrals 30 keV 2940
Neutrals 15 keV 400
Neutrals 10 keV 200
Tons 30 keV 1160
Tons 15 keV 70

Ions 10 keV 30

mally interacts with fast atoms of the beam but effec-
tively traps the gas from the beam receiver.

The particle beam at the neutralizer outlet contains
charged components accompanying the atomic beam
(Table 6). Ions are deflected by a magnet, Fig. 8 (2),
through the windings of which a current is passed,
which is corrected taking into account the scattered
magnetic field from the solenoid of the facility. In
GDMT injection modules, it is proposed to use a
magnet design without a ferromagnetic yoke. This
solution reduces the gas density at the outlet of the
neutralizer but requires an increase in the current in
the magnet windings compared to the design used tra-
ditionally.

Other methods of additional plasma heating are
expected to be used in the GDMT facility in addition
to the injection of beams of fast atoms. First of all, it is
planned to implement resonant cyclotron microwave
heating of electrons. Experiments at the GDT facility
showed that plasma heating on the electron cyclotron
resonance (ECR) frequency, even with a relatively low
power (20% of the neutral injection power), leads to a
significant increase in the plasma electron tempera-
ture and expansion of the experimental capabilities of
the facility [23, 24]. In this regard, the GDMT facility
in the basic configuration is equipped with an elec-
tron-cyclotron microwave plasma heating system with
a power of 2 to 6 MW and a pulse duration of up to 2 s.

The ECR heating scheme with oblique injection of
the extraordinary microwave mode and its absorption
at the first harmonic of the cyclotron resonance (X1)
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was used at the GDT facility. Oblique injection of
radiation in a strong magnetic field through a cryostat
noticeably complicates the design of the facility. In
addition, effective absorption is obtained in a narrow
range of parameters because of the strong refraction of
radiation in the plasma, which greatly limits the possi-
bility of using this method of additional heating. In
this regard, in the GDMT, it is proposed to use the
ECR heating method based on the absorption of an
extraordinary wave at the second harmonic of the
cyclotron resonance (X2), which is well developed on
tokamaks. If the plasma density is noticeably lower
than the density corresponding to the cutoff, this
method is less sensitive to the plasma density distribu-
tion because of weak refraction. However, the effi-
ciency of radiation absorption strongly depends on the
uniformity of the magnetic field in the region of cyclo-
tron resonance. To increase the uniformity of the
magnetic field, two identical superconducting transi-
tion coils are used in the GDMT (Fig. 5), between
which there are ports for the injection of microwave
radiation perpendicular to the facility axis. It is also
possible to use the ECR heating method in the
GDMT based on the absorption of an ordinary wave at
the first harmonic of the cyclotron resonance (O1).
This method is similar to X2 in terms of the required
parameters of the plasma and magnetic field, but has
somewhat lower absorption efficiency and requires the
use of microwave radiation with a frequency less than
in two times. This reduces the maximum plasma
density for ECR heating due to the radiation cutoff
(Bgcg = 3 T) at the plasma density of 17.5 x 10" ¢cm™3

for X2t0 0.9 x 10" cm™3 for O1. The use of ECR heat-
ing at the second harmonic also makes it possible to
use gyrotrons with a frequency of 170 GHz worked out
for ITER. For these reasons, heating at the second
harmonic of the extraordinary wave was chosen for
ECR heating at the GDMT.

The ECR heating system is based on a scheme of
input of a microwave beam into the plasma perpendic-
ular to the facility axis between the transition coils
(Fig. 5). Radiation with a frequency of 170 GHz is
injected with a polarization corresponding to an
extraordinary wave in plasma and is absorbed under
resonance conditions at the second harmonic of the
electron cyclotron frequency in a magnetic field of
~3 T. Adjusting the magnetic field between the trans-
fer coils makes it possible to control the radial profile
of the energy release in the plasma by changing the
position of the resonant surfaces as shown in Fig. 9a.
The plasma boundary in this figure corresponds to the
limiter aperture radius R = 16 cm, which determines
the plasma diameter in the region of the transition
coils. In Fig. 9a, the magnetic field B, at the point
where the microwave beam crosses the facility axis
corresponds to the second harmonic of cyclotron res-
onance for electrons at a frequency of 170 GHz. A
series of constant field surfaces plotted in the range of
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(0.99—1.01) B, shows a strong dependence of the shape
of the “cold” resonant surface on the current in the
coils, therefore, for a reliable implementation of the
heating scheme, it is required to maintain the field in
the ECR zone with an accuracy of £0.05% during the
pulse of the facility.

Due to the high radiation frequency, refraction has
little effect on beam trajectories in the range of oper-
ating plasma densities up to 10 cm™3. The radiation
absorption parameters in this configuration mainly
depend on the magnetic field. At the field value at the
intersection point of B = B,, the resonant surfaces
have the shape shown in Fig. 9b and lead to heating of
the central plasma regions characterized by incom-
plete radiation absorption, which is about 50% for the
above calculation. When the magnetic field increases
(B = 1.001B,, Fig. 9c), in turn, the peripheral annular
region of the plasma is heated, and complete radiation
absorption is also expected. Microwave beam trajecto-
ries in plasma shown in Fig. 9b, ¢ are obtained by geo-
metric-optical calculation of propagation and absorp-
tion of microwave radiation for a flat radial profile of
the plasma density of 3 x 10'® cm ™ and the boundary
corresponding to the limiter radius R = 16 cm. The
electron temperature of the plasma on the axis is
300 eV and drops linearly to zero at the plasma bound-
ary. At a further increase in the magnetic field, the
absorption region moves along the radius following
the resonant surface, and absorption (>50%) is main-
tained as long as the local electron temperature

exceeds ~30 eV at the plasma density of 3 x 1013 cm™3.

2.3. System of Electrodes

For controlled dissipation of longitudinal and
transverse energy flows, two types of electrodes in
direct contact with the plasma are used in the GDMT.
The first type is radial limiters located near magnetic
mirrors (Fig. 10). The limiters are outside the confine-
ment zone of fast ions and are located in the region
with a fixed magnetic field of 3 T (between the point of
the microwave beam input and the mirror). The
adjustment of the plasma diameter in the central sec-
tion is implemented by cooling and absorption of the
plasma on the outermost magnetic surface, which is
projected onto the limiter. In this case, the adjustment
of'the plasma radius is carried out by changing the pas-
sage aperture, which is set from the movable sectors of
the limiter. An alternative approach that provides the
possibility of the discrete adjustment of the diameter
of the limiting magnetic surface is the manufacture of
a set of ring electrodes with different apertures and
their replacement in accordance with the requirements
of the experimental program. To control the plasma
rotation profile, the limiter needs to be supplied with a
potential of ~7,/e [36], which corresponds to a scale
value of 1 kV in accordance with the calculated plasma
parameters in the GDMT (Subsection 3.2).
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Fig. 9. Scheme of electron-cyclotron plasma heating. (a) The position of the resonant surfaces at different magnetic field values
in the region of the transition coils. The orange lines show the plasma boundaries. (b) Beam trajectories in the “central ECR heat-
ing” mode. (¢) Beam trajectories in the “peripheral ECR heating” mode. The color of the beams corresponds to the ratio of the

current beam power to the initial one.

The thermal limiter operating conditions vary
depending on the plasma confinement regime in the
GDMT and the transverse transport coefficients. In
regimes characterized by the suppressed MHD plasma
activity, heating of the limiter surface is uniform in azi-
muth. In the case of the development of a large-scale
MHD instability, a complete loss of plasma can occur
with the release of the stored energy, which is about
200 kJ, in the azimuth-localized region in about 10 us.
The surface of the limiter interacting with the plasma
is made of molybdenum, which is deposited on a heat-
conducting copper alloy base with internal cooling
channels.

The plasma absorber (Fig. 10) is designed to absorb
the power of the plasma flow leaving the central sec-
tion through the magnetic mirror. During the dis-
charge, the absorber surface is bombarded by a flow of
ions with an energy of the main component of up to
5 keV, as well as a small fraction of ions with an energy

of up to 30 keV (which arises in the case of the devel-
opment of instabilities of the anisotropic component
in the central section). For more effective suppression
of the electron flow [49] emitted by the surface of the
absorber, as well as to reduce the surface power den-
sity, it is proposed to consider a design (Fig. 11), in
which the angle between the field line and the surface
is about 45° for all field lines in the expanding plasma
flow. A feature of this scheme is also the presence of
slits between the electrodes, which ensure the pump-
ing out of the gas formed as a result of the neutraliza-
tion of the ion flow. Plasma absorber rings are elec-
trodes isolated from each other, to which a potential of
up to 2 kV with respect to a grounded vacuum chamber
can be applied, which may be necessary for the addi-
tional discharge stabilization under ECR heating con-
ditions [37].

The size of the plasma “imprint” on the absorber
surface is determined by the magnetic flux inside the
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2 3

Fig. 10. Sectional view of a magnetic mirror module, expander section and system of GDMT electrodes: (/) limiter, (2) plasma
absorber, (3) sorption pump, and (4) solenoid of the magnetic mirror.

[ ) [ I

Fig. 11. Electrodes of the GDMT facility in a cross section. Field lines for a uniform magnetic field profile in the central section

are shown with values B=1.5T (top) and B= 0.3 T (bottom).

boundary magnetic surface with plasma, which is con-
trolled by changing the diameter of the limiter aper-
ture. In this case, the maximum magnetic flux is lim-
ited by the vacuum chamber of the magnetic mirror
solenoid. The most stressful thermal modes of the
operation of the plasma absorber are modes with low

PLASMA PHYSICS REPORTS Vol.49 No.9 2023

magnetic flux (small limiter aperture), in which the
power density on the surface of the absorber can reach
10 MW/m? during a pulse duration up to 2 s. The same
as in the case of the limiter, the plasma absorber elec-
trodes are coated with molybdenum and operate in a
transient thermal regime.
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Fig. 12. Comparison of the dynamics of plasma diamagne-
tism using various methods for creating an initial plasma
target: (/) ECR breakdown, (2) electron beam, and (3) gas
discharge source.

2.4. Filling of a Trap with Starting Plasma

The plasma heating methods planned at the
GDMT facility (atomic injection and ECR heating)
require the creation of a sufficiently dense plasma
“target” capable of absorbing a significant fraction of
the injected power in order to achieve the target
plasma parameters during its subsequent heating and
replenishing with neutral gas. The starting plasma is
characterized by the linear density of the ionized com-
ponent in the range from 10 to 10 cm™2, corre-
sponding to the fraction of the trapped power of
atomic beams of at least 10% at the initial stage of the
discharge, which suffices for maintenance and
increase in the stored plasma energy during the pulse.
In this case, it is obvious that the diameter of the start-
ing plasma should significantly exceed the diameter of
the atomic beams at the point of their intersection.
Taking this into account, and also based on the expe-
rience of working on the GDT facility [33], it can be
estimated that this diameter in the GDMT facility
should be 30—60 cm.

The design of the GDMT facility suggests the pos-
sibility of using several methods for producing the
starting plasma. The most common technique in
open-type traps is the axial injection of a plasma jet
from a gas-discharge source through one of the mag-
netic mirrors. Experiments on the GDT facility
demonstrated the high reliability of this method,
which makes it possible to create a starting plasma
with a linear density of higher than 10" ¢cm™2 when
plasma is injected through the mirror from a point
with the magnetic field expansion coefficient K ~ 150
close to K ~ 200 for the GDMT facility. The second
possible method for creating the starting plasma is the
injection of a narrow (~1 cm) electron beam with an
energy of 20—50 keV. In recent experiments at the
GDT facility [50], it was shown that injection of a
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beam with a power of 200 kW or higher and an energy
of 20 keV makes it possible to ionize the gas in the trap
and create a starting plasma with a linear density of
higher than 10'* cm™2 allowing the implementation of
discharge modes similar to those with a gas-discharge
source (Fig. 12). The mechanism of ionization and
energy transfer of beam electrons to the plasma is
based on the excitation of Langmuir turbulence in the
zone of the maximum beam current density [51].

An alternative to the methods described above is
gas ionization using microwave electromagnetic radi-
ation in the ECR plasma heating system. This or a
similar method was previously implemented on open-
type facilities [52, 53] and relatively recently on the
GDT facility [54]. The method is based on the gener-
ation of a population of “overheated” electrons with
an energy of higher than 10 keV during ECR heating,
which ionize the gas. The plasma target obtained in
this manner also allows the initial capture of atomic
beams with the subsequent exit into the stage of a
quasi-steady-state plasma discharge (Fig. 12). The
basic implementation of this method under GDMT
conditions involves the use of a separate gyrotron for
ECR plasma heating at the first harmonic of cyclotron
resonance in the region between the cryostat and the
central section of the solenoid at a frequency of up to
80 GHz. It is also planned to study the possibility of
the breakdown using the main microwave heating sys-
tem at a frequency of 170 GHz under conditions of
electron cyclotron resonance at the second harmonic,
the potential performance of which is indicated by
some experimental data on tokamaks [55].

3. PHYSICAL PROCESSES
IN THE GAS-DYNAMIC TRAP MODE

3.1. Longitudinal Plasma Confinement

The classical open trap is the Budker—Post mirror
cell [1, 2], in which the plasma is confined in the lon-
gitudinal direction between the mirrors. The plasma is
sufficiently rarefied and almost collisionless, so that
the reciprocal collision frequency is much higher than
the time of flight of the particle through the trap.
Separate particles are confined due to the conserva-
tion of the adiabatic invariant—the magnetic moment

u= mvi /2B. When a particle moves into the high-
field region, its energy passes from the longitudinal to
the transverse degrees of freedom. Particles are
reflected from magnetic mirrors with a sufficiently
large pitch angle 0 between the velocity vector and the
direction of the magnetic field (since the pitch angle
depends on the local magnetic field, here, we consider
this quantity in the middle plane of traps, where usu-
ally the magnetic field is minimum). We traditionally
refer to such a population as trapped particles, in con-
trast to transient particles, which immediately leave
the confinement region along the magnetic field. A
PLASMA PHYSICS REPORTS  Vol. 49
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“loss cone” is formed in the velocity space, the
boundary of which is determined by the formula

Sin2 eLC = I/R = Bmin/Bmaxa (1)

where 0, ¢ is the pitch angle at the boundary of the loss
cone in the central plane of the trap, and R is the ratio
of the magnetic field in the mirror B,,,, and in the cen-
ter of the trap B,,;,, (mirror ratio). The trapped particles
can undergo a large number of oscillations in the trap
[56]. In the real plasma, there are a number of pro-
cesses, such as pair collisions and scattering of parti-
cles by waves, leading to an exchange between popula-
tions of trapped and drift particles. Because of the loss
cone, the distribution function of particles in the Bud-
ker—Post mirror cell is anisotropic. Further, we call
processes, in which the anisotropy of the distribution
function is significant, kinetic ones. The opposite lim-
iting case, with the ion distribution in the velocity
space close to the isotropic one, is called gas-dynamic.

Scattering of particles due to pair collisions leads to
diffusion in the velocity space into the loss cone. At a
low collision frequency, it remains almost empty, and
the ion lifetime T, is determined by the following
relation:

Tiin = Ty IN R, 2)

where T; is the time between ion-ion collisions. The
power thermonuclear amplification factor Q in the
simplest mirror trap can reach values on the order of 1
[57]. In fact, the time for the dense plasma to escape
from such a trap is less than T,;, due to scattering of
ions by waves caused by plasma instabilities, the most
dangerous of which is the drift-cone cyclotron insta-
bility (see Section 3.5). It develops because of the
depletion of the distribution function in the loss cone
at low transverse particle energy values.

The solution to the problem of plasma microinsta-
bilities is the transition to the confinement of the col-
lisional plasma in the gas-dynamic regime [58]. If the
facility length satisfies the condition L > A; (InR)/R,
where L is the distance between the trap mirrors, and
A; is the mean free path of ions, then the ion distribu-
tion function in the entire velocity space is close to the
Maxwellian one. In this case, the ion lifetime is deter-
mined by the gas-dynamic plasma outflow through
the magnetic mirror

Tea = RL/vp, (3

where v;; is the thermal velocity of ions. Equation (3)
gives an estimate of the limiting plasma loss rate and
does not depend on the collision frequency. The life-
time increases linearly with the mirror ratio, so it is
advisable to make it sufficiently large, R > 1. The lin-
ear dependence of the plasma lifetime on the facility
length makes it theoretically possible to create a reac-
tor based on the gas-dynamic trap [58], but its length
is large (L > 5 km), and the reactor power, accord-
ingly, is excessively high.
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The creation of a fusion reactor requires the use of
additional methods of plasma confinement in a trap to
be discussed in Section 4. However, a simple gas
dynamic trap is attractive as a basis for creating a
fusion neutron source. To this end, a trap scheme with
the two-component plasma was proposed, which
combines the advantages of kinetic and gas-dynamic
confinement regimes [15]. The trap is an axisymmet-
ric solenoid with strong mirrors filled with the suffi-
ciently dense target plasma, which is confined in the
gas-dynamic regime. By means of oblique injection of
atomic beams, an anisotropic population of fast ions is
produced in the plasma. Fast ions oscillate between
turning points, being confined in the kinetic mode,
and ensure the course of thermonuclear reactions in
the plasma. In addition to beam trapping, “warm”
plasma with a temperature of about 1 keV stabilizes the
drift-cone instability and also determines the MHD
stability of the plasma, providing contact with the
region behind the mirror [36].

Fast ions decelerate due to Coulomb collisions
with the target. At an ion energy above ~157,,, deceler-
ation is determined by friction against electrons with a
slight change in the direction of the velocity vector,
and at a lower energy, they begin to efficiently transfer
energy also to the ion component of the target plasma,
by means of pitch-angle scattering [59]. An anisotro-
pic distribution of fast ions is formed in the trap. Due
to this, the ion density is peaked near the turning
points, which makes it possible to control the spatial
profile of the yield of thermonuclear neutrons. Colli-
sional deceleration of fast ions leads to heating of the
target plasma. At plasma parameters typical for a ther-
monuclear neutron generator, the target plasma elec-
tron temperature should have a scale value of 1 keV for
the deceleration time of fast ions to be acceptable.
Therefore, further we call this component warm
plasma in order to emphasize the difference between
its parameters and those of the initial low-temperature
starting plasma.

The lifetime of fast ions in a neutron source is
determined mainly by electron deceleration

3 m; 3
T, = ———71—AT1, /m,, 4
‘" adon ne'A /

where 1, is the deceleration time, n,, T, is the density
and temperature of plasma electrons, m, and m; are
electron and ion masses, e is the electron charge, A is
the Coulomb logarithm. The ion deceleration time
increases sharply with an increase in the electron tem-
perature, which is determined by the balance between
heating from fast ions and longitudinal energy losses.
A feature of open traps is the direct contact of the hot
plasma along the magnetic field lines with the surfaces
of the plasma absorbers. In this regard, the electron
thermal conductivity is often considered as an obstacle
to achieving a high plasma temperature in an open
trap. The electron heat flux is actually not that high,
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Fig. 13. Thomson scattering spectra measured on a GDT
facility and electron temperatures calculated from them.
The top graph is the spectrum in a single shot (7, = 940 *

130 eV), bottom graph is the spectrum averaged over a
series of shots (7, = 661 £ 51 eV).

since because of the high electron mobility, the ambi-
polarity condition leads to the fact that the plasma is
positively charged. In this case, an electrostatic barrier
is formed, which keeps most of the electrons in the
trap, and the heat flux to the absorbing plate, carried
by the electrons, is strongly suppressed and coincides
in order of magnitude with the ionic one. As they
move towards the wall, the electrons are decelerated by
the electrostatic field, while the ions, on the contrary,
are accelerated. Therefore, the vast majority of the
energy lost to the wall is taken out by ions accelerated
in the ambipolar field, which, in principle, can be used
for the energy recovery.

The losses of hot electrons from the plasma and the
accompanying losses of energy from the confinement
region can greatly increase if there is a counter flow of
cold secondary electrons from the surface of the
absorbers, which freely penetrates into the hot plasma.
The location of the absorbers in an expanding mag-
netic field behind the mirror makes it possible under
certain conditions to almost completely suppress the
recirculation of cold electrons even under conditions
of strong secondary emission from their surface. As
was shown in [60], the plasma in an expander quickly
becomes collisionless as it moves away from the mir-
ror, even if it is in the gas-dynamic mode in the central
section of the trap. Therefore, secondary electrons can
be reflected by the magnetic mirror and absorbed on
the wall surface. In this case, they do not affect the
ambipolar balance of the plasma in the central trap
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and do not cause an increase in the losses of hot elec-
trons. Trapped electrons can oscillate in the volume of
the expander between the trap mirror and the electro-
static barrier near the wall [60]. Scattering of transient
particles leads to the filling of the “well” in Yush-
manov’s effective potential [61]. Ifthe expansion coef-
ficient, which is conveniently called the mirror ratio of
the expander K > (m,/m,)"/?, the negative charge of
trapped electrons leads to the transfer of most of the
potential jump from the wall into the bulk of the
expander. This makes it possible to avoid unipolar arcs
on plasma absorbers at nuclear fusion temperatures in
the central trap. The decrease in the electric field near
the wall also effectively restricts the flow of secondary
electrons from the wall into the hot plasma volume. In
recent years, more accurate theoretical models have
been elaborated, including those based on the rigorous
solution of the kinetic equation for electrons in an
expander [62—65].

A striking example of the suppression of electron
heat conduction behind the mirror of an open trap is
the demonstration of the possibility of heating elec-
trons to a temperature acceptable for a thermonuclear
neutron source. For this purpose, a series of experi-
ments with additional ECR heating with a power of
700 kW was carried out at the GDT facility [23, 24]. In
this case, the electron temperature measured in a
series of pulses was 661 * 51 eV at the density on the
order of 6 X 102 cm™3, moreover, in separate pulses of
this series, the electron temperature of about 1 keV
was measured (Fig. 13).

3.2. Simulation of Plasma Parameters in a Starting
GDMT Configuration by the DOL Code

Oblique injection of high-power atomic beams into
the warm target plasma is assumed as the main
method of heating in the GDMT facility. Injection
leads to the formation of a population of fast “slosh-
ing” (performing longitudinal oscillations between
turning points) ions with a substantially non-Maxwel-
lian distribution function and an average energy much
higher than the temperature of electrons and target
ions. Fast ions are confined in the adiabatic regime
due to the conservation of the magnetic moment.

This section presents the results of the discharge
simulation in the GDMT in the two-component
plasma mode using the DOL code. This code was
originally developed to optimize the parameters of a
thermonuclear neutron source based on a gas-
dynamic trap [66, 67]. The DOL (Russian acronym of
Long Open Traps) code is intended for simulating
axisymmetric linear traps in which powerful neutral
injection is used as the main heating method [68].
Such traps are, e.g., the GDT and GOL-NB facilities
[34] and the first stage of the GDMT project. The
code allows simulating the accumulation of hot ions
and their distribution function, as well as the time evo-
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lution of the temperature and density of electrons and
warm ions by numerically solving the kinetic equation
for hot ions and equations describing the mass and
energy balance in the target plasma. The simulation
results are important for the analysis of the plasma sta-
bility and the choice of stable operating modes (in this
section, stability is not considered, Subsections 3.4
and 3.5 are devoted to the analysis of MHD and
kinetic instabilities), as well as for optimizing such
GDMT parameters as the magnitude and profiles of
the vacuum magnetic field, and the gas blowing rate.

In the DOL code, the plasma is assumed to be
axisymmetric and to have a sharp boundary (the radial
profiles for of all parameters are assumed to be rectan-
gular). Radial losses are considered to be insignificant
and are not taken into account, the dependence of the
plasma radius on the longitudinal coordinate is found
from the condition of the conservation of the magnetic
flux inside the plasma column. In addition, the possi-
bility of the excitation of Kkinetic instabilities is
neglected and longitudinal transport is considered to
be classical. The ion distribution function is divided
into two parts: fast and thermal (target) ions. The
methods for describing these components vary greatly.

To find the distribution function of fast ions, the
non-steady-state kinetic equation is solved numeri-
cally. The following assumptions are made for this
component:

1. collisions are considered to be quite rare, so the
kinetic equation can be averaged over the period of
bounce oscillations (we mean longitudinal oscillations
of ions between turning points);

2. the phase distributions of the Larmor rotation
and longitudinal motion are assumed to be uniform,
which makes it possible to exclude this pair of variables
from consideration;

3. the magnetic moment of the particles is consid-
ered to be conserved, which implies the smallness of
the Larmor radius compared to the gradient dimen-
sions of the magnetic field;

4. the difference in the ambipolar electrostatic
potential is considered to be small compared to the
energies of fast ions, which makes it possible to signifi-
cantly simplify the parametrization of the phase space.

Taking into account these assumptions, the distri-
bution function of fast ions, which depends on six
coordinates, is reduced to the function F(g, Y), where
€ is the energy, and the variable Y = sin?0 is propor-
tional to the ratio of the magnetic moment to the
energy and describes the dependence on the pitch
angle 0 of the particles at the field minimum. The
kinetic equation for ions of the o type is written as

dF,
d—ta = ;Caﬁ +S, - L,

where C, g is the operator of Coulomb scattering of o.-
type particles on B-type particles, the functions S, and
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L describe sources and sinks of particles. The equality
of the distribution function to zero on the boundary of
the loss cone Eq. (1) is used as a boundary condition.
Coulomb collisions are calculated in terms of the
Rosenbluth—Trubnikov potentials, which are calcu-
lated using the particle distribution function averaged
over the pitch angle 0 (the operator C, g conserves the
energy). Sources of fast ions arise from the capture of
atomic beams; in sinks, in addition to the loss cone,
the charge exchange of fast ions on atomic beams is
also taken into account.

Electrons and thermal ions of each type are
described by a pair of parameters—the total energy W/,
and the number of particles N, (o is the type of parti-
cles). It is assumed that confinement of these particles
is close to the equilibrium one, and the spatial distri-
butions obey the Boltzmann law:

Ny, (Z) =Ny, XeXp(_ Ot(p(z)/TOL)a

where n,, is such a constant that the total number of
particles in the trap is equal to N, T, is temperature,
and ¢ is the electrostatic potential determined from
the quasi-neutrality equation. It should be noted that
this formula gives an inaccurate estimate when
approaching mirrors and is inapplicable to regions
behind mirrors. However, the use of this formula is
justified in the main volume of the central cell. The
particle balance and energy equations

dNa = Jsrc,a + Jinj,oc - &7
dt T
aw, EllocNa
=f)srca+1)in'a_—+ R >
dt ’ N T ZB P

take into account the sources of matter and energy
associated with gas puffing and additional heating

(Ve and P, ), charge-exchange losses of matter and

src,ol

energy in beams (J,;, and P, ) longitudinal losses
with the characteristic time T, and average energy
taken out of traps per particle, Ej,, and also energy
exchange powers P, g, due to Coulomb collisions with
warm and fast plasma components. The main problem
in this approach is the determination of the longitudi-
nal loss rate. The analytical solutions are known for
two limiting cases, the “kinetic” one, corresponding
to the “classical” mirror cell in the limit of rare colli-
sions [1] (see Eq. (2), formulas for estimating 1), and
Ej, are taken from [57, 68, 69], and “gas-dynamic”
one, arising in the limit of frequent collisions [58] (see
Eq. (3)). In the intermediate mode, when L ~A;
(InR)/R, we use the approximation:

Tkin a T
— _ 5 gdt,a
Tlloc - Tkin,q + ngt,aa E'Hoc - Ekin,a +

lloc lloc

Egdt,a s

where subscripts “kin” and “gdt” correspond to
kinetic and gas-dynamic limits.
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When calculating the magnetic field, the model
assumes paraxiality: the curvature of the field lines is
considered negligible, and the magnetic field pertur-
bation is found from the balance of radial pressures

2 2
B; + p . — _
81 8n
Note that this expression is inapplicable near magnetic
mirrors. However, this can be neglected, since the
plasma pressure near the mirrors is low compared to
the magnetic field pressure.

Based on this model, a 1D numerical code has
been developed. Typical calculation time using the
DOL code is from several hours to a day.

The configuration of the GDMT plant was simulated
using the DOL code. The magnetic field profile was
determined by the geometry and arrangement of the
coils of the central solenoid C1—CS5, transition and
mirror coils. The currents in the coils of the central
section can vary arbitrarily over a wide range, and
the maximum achievable field in the center (see Sub-
section 2.1) is 1.5 T. The mirror sections have a fixed
current, and the magnetic field on the system axis
reaches a maximum value of about 20 T in them. The
transition coils were chosen so that a region with a
magnetic field of about 3 T was formed between the
transition coils on each side of the facility. In the
future, these regions can be used for ECR heating of
the plasma. In the calculations, the currents in the
coils were selected to obtain a region with a uniform
magnetic field in the central region: the field in the
central cross section had a given B, value, and the
square of the field deviation from B, integrated over a
3.6 m long section at the center of the traps was mini-
mized. The characteristic profiles of the magnetic
field obtained as a result of this procedure are shown
in Fig. 3, Subsection 2.1. The parameters of the atomic
beams injected into the center of the facility were
assumed to be as follows: the particle energy of 30 keV,
the total power of 24 MW, the ratio of ion currents
entering the accelerating system: 70% of the main

component H*, 20% of H; molecular ions and 10% of

H; molecular ions, the angle between the axis of the
injector and the facility axis of 50.9°, the angular
spread of the beam of 1.5°, the radius of the beams in
the plasma region at a level of 0.37 is 8 cm. The plasma
radius in the central cross section a (where it is the
largest one) can vary from 10 to 30 cm; the lower limit
is determined by the transverse size of the atomic
beams, and the upper one is determined by the radius
of the vacuum chamber. In addition, the plasma radius
was limited by the maximum magnetic flux, ®_,, =1

T X 1 (30 cm)?, which passes the mirror without
touching the facility walls.

To search for optimal operating modes, a series of
calculations was carried out, the results of which are
shown in Table 7. Calculations were performed for the
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transition mode between gas-dynamic and Kkinetic
ones: Tyi,/Teqr ~ 3. An important parameter is the ratio
of the plasma radius to the Larmor radius of fast ions
Pinj» for which the energy and pitch angle coincide with
similar values for particles of atomic beams. The ratio
a/py,; affects the fraction of the energy contained in
fast ions which is transferred to the cold peripheral
plasma surrounding the main hot part of the plasma
column in a real facility. We recall that the DOL code
assumes that the plasma parameters are uniform along
the radius. It should be noted that this quantity is
a/piy; = 2.6 for the GDT facility. In order to achieve
agreement between the GDT experimental data and
the DOL code simulation results, it is required to
increase the energy losses of fast ions in calculations by
a factor of two to three compared to the loss rate given
by Coulomb collisions in the main part of the plasma
column. Qualitatively, this can be estimated under the
assumption that all fast ions reaching the plasma
boundary are lost. Then the fraction of fast ions not
lost during the first Larmor revolution lies in the range
from 1 — p;,;/a for a thin beam to (1 — p;,;/a)* for a
wide beam. This range is from 0.38 to 0.62 for the
GDT facility (this agrees with the increase in the losses
of fast ions in 2—3 times). The quantity a/p;,; was not
less than 4 in the simulation of the GDMT facility.
The DOL code apparently overestimates plasma
parameters at the lower limit a/p;,; = 4. When this
parameter increases to a/p;,; = 7, it can be expected
that the losses in the peripheral plasma do not exceed
a quarter of the trapped power. For comparison,
Table 8 presents calculations of the same modes as in
Table 7, but with the reduced trapped power; the high-
est reduction factor (1 — p;,;/a)? is taken.

A typical time dependence of plasma parameters is
shown in Fig. 14. The density of fast ions and electrons
increases, when fast atoms are injected. The energy is
transferred from fast ions to electrons and target ions,
which leads to an increase in their temperature. An
increase in the density and temperature of the target
plasma leads to an increase in the energy loss rate
through mirrors up to a value equal to the input power.
Since the time of the energy exchange through Cou-
lomb collisions exceeds the time of the gas-dynamic
outflow of the target plasma, the temperatures of ions
and electrons in the steady-state state are not equal.
The characteristic time of the transition to the steady-
state state is on the order of the deceleration time of
ions on electrons and is on the order of several tens of
milliseconds at typical parameters.

The characteristic dependence of the density of fast
and target ions on the longitudinal coordinate is
shown in Fig. 15. Density peaks are formed at the
turning point of fast ions. Due to the increase in the
electron density at the turning points, the ambipolar
potential peaks are also formed, which leads to a
decrease in the density of target ions.

PLASMA PHYSICS REPORTS  Vol. 49
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Table 7. Calculated plasma parameters

Relative plasma thickness a/p;y; 4 7

Plasma radius a, cm 15 25 25

Magnetic field in the center By, T 0.52 0.31 0.55

Injection power P;,;, MW 12 24 12 24 12 24 12 24

Ratio of the confinement times of warm 3.07 2.95 3.12 2.95 2.99 3.01 3.14 3.02

ions Tyi/Teqr

Effective confinement time of warm ions 3.0 3.2 5.7 7.3 1.8 1.7 3.0 2.8

Ty, Ms

Substance injection rate J, equiv. kKA 1.15 2 1.25 2 1.35 2.6 1.6 3

Electron temperature 7, keV 0.76 0.94 0.77 0.98 0.58 0.72 0.58 0.71

Temperature of warm ions 7}, keV 1.52 2.07 1.55 2.16 1.01 1.42 1.04 1.39

Relative pressure B = 87tp/BV2 0.39 0.64 0.60 0.84 0.11 0.20 0.18 0.32

Beam fraction trapped by plasma, % 73 91 80 94 61 81 70 88

Density of warm ions in the central plane, 3.1 6.5 2.8 4.0 2.9 5.2 2.2 3.8

108 em™3

Density of fast ions in the central plane, 3.0 4.6 1.6 2.2 2.6 4.6 1.6 2.7

108 em™3

Maximum density of fast ions, 10" cm™> 4.3 6.1 24 3.1 3.9 6.8 2.4 3.8

Table 8. Calculated plasma parameters taking into account the decrease in the power trapped from the heating beams in
(l—pmj/a)2 times caused by energy losses of fast ions in the peripheral plasma

Relative plasma thickness a/p;y;

Plasma radius a, cm
Magnetic field in the center B,, T

Injection power P;;, MW

Ratio of the confinement times of warm
ions Tkin/‘tgdt

Effective confinement time of warm ions
Ty, Ms

Substance injection rate J, equiv. kKA
Electron temperature 7, keV

Temperature of warm ions 7}, keV

Relative pressure § = 8mp/ BV2

Beam fraction trapped by plasma, %
Density of warm ions in the central plane,
108 cm—3

Density of fast ions in the central plane,
108 em™3

Maximum density of fast ions, 10> cm™3

15

0.52
12 24
2.99 2.99
3.0 3.0
0.66 1.3
0.61 0.78
1.1 1.58
0.22 0.42
53 77
2.5 4.5
1.8 3.2
2.6 4.6

4
25
0.31
12 24
.2 | 3.01
5.4 6.8
0.75 | 1.39
062 | 0.79
114 | L6l
0.37 | 0.64
62 83
1.8 3.0
1.1 1.8
1.6 2.5

15

0.91
12 24
3.07 3.01
1.9 1.7
1.35 2.0
0.53 0.66
0.87 1.23
0.08 0.15
50 73
2.2 4.1
2.0 3.6
3.0 54

12
3.01

3.1

1.2
0.52
0.86
0.13

59
1.7

1.2

1.9

25
0.55

24
3.01

2.8

2.3
0.64
1.21
0.25

81
3.0

2.2

3.2

The simulation using the DOL code shows that
discharges with the following characteristic parame-
ters are achievable in the central cell of the first
GDMT stage: the temperature of electrons and target
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ions is about 1 keV, the density of warm ions is several

units per 10® cm ™3, the average energy of fast ions is
about ten kiloelectronvolts, the densities of fast and
target ions are comparable, the pressure of fast ions is
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Fig. 14. Time dependence of the electron temperature
(solid line) and temperature of warm ions (dotted line).
The calculation corresponds to the last column of Table 7.

on the order of the pressure of a vacuum magnetic
field. The target plasma temperature and the ion life-
time increase with a decrease in the blowing rate,
while the confinement of target ions changes from
gas dynamic to kinetic one. However, depletion of the
loss cone during the transition to the kinetic confine-
ment can provoke the drift-cone instability (see Sub-
section 3.5) and/or worsen the electrical coupling of the
plasma with the end electrodes (see Subsection 3.4),
which limits the achievable parameters. Apparently, in
the optimal operating modes of the GDMT, the con-
finement of target ions is transitional between kinetic
and gas-dynamic ones.

Due to the axial symmetry and quasi-one-dimen-
sionality in the simulation using the DOL code, it is
impossible to get answers to a number of important
issues (these issues are discussed in the following sec-
tions):

* In regimes with weak gas blowing (the kinetic
regime of the confinement of warm ions), the electri-
cal coupling with the end plates can be greatly weak-
ened because of the decrease in the longitudinal losses
of the background plasma. Together with high [, this
can worsen the MHD stability of the plasma. MHD
plasma instabilities in the GDMT are discussed in
Subsection 3.4.

* The distribution function of fast ions differs sig-
nificantly from the Maxwellian one, which, in combi-
nation with high B, can provoke the excitation of
kinetic instabilities and anomalous transport. Meth-
ods for suppressing anomalous transport are discussed
in Subsection 3.5.

* In regimes with a small plasma radius and Kinetic
confinement of warm ions, 3 approaches unity, which
actually corresponds to the transition to the diamag-
netic confinement regime. Due to the use of a model
profile for radial dependences, the DOL code
describes the plasma with 3 close to unity incorrectly.
The possibility of the transition to diamagnetic con-
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Fig. 15. Dependence of the concentration of fast ions
(curve 1), target ions (curve 2) and electrons (curve 3) on
the longitudinal coordinate. The calculation corresponds
to the last column of Table 7.

finement of the plasma in the first stage of the GDMT
is analyzed in Subsection 4.1.

Note that the above plasma parameters were
obtained for the configuration without additional con-
finement improovers such as multiple-mirror and
helical sections, as well as without additional ECR
heating. The use of additional methods for suppressing
longitudinal losses, as well as switching to the diamag-
netic confinement regime, lead to a significant change
in the parameters of the target plasma and hot ions.
The expected plasma parameters when using addi-
tional loss suppression methods are discussed in Sub-
sections 4.1 and 4.2.

3.3. Recycling and Gas Conditions in the Facility

3.3.1. Requirements for vacuum conditions in the
central solenoid and expanders. A feature of linear
magnetic traps for plasma confinement is a large cir-
culating gas flow in the system, associated with a con-
stant plasma flow from the confinement region at a
rate of ~1022 s7! and the corresponding flow of matter
from the gas inlet system, which makes it possible to
maintain a steady-state plasma density in the confine-
ment region. In terms of vacuum requirements, this
means that the plasma efficiently transports material
from the central traps to the expander section, and is
the powerful pumping means.

The main means of pumping hydrogen into the
central trap are pumps with sprayed titanium getter
mounted in the chambers of the neutral injection sys-
tem and connected to the confinement chamber
through nozzles with a total gas conductivity of higher
than 500 m?3/s for hydrogen (see Subsection 2.2). In
addition to getter pumps with a total pumping rate to
18000 m?/s, the facility is equipped with a set of turbo-
molecular pumps providing pumping heavier gases
and impurities, as well as keeping vacuum in the
experiment standby mode.
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In the standby mode, the residual gas flow into the
vacuum chamber is determined by degassing from the
walls. It is well known that the main fraction of the
residual gas is water in an unheated vacuum system. A
feature of the GDMT vacuum system are titanium arc
sputtering pumps, which can efficiently pump out
water vapor due to their reduction to titanium oxide
and hydrogen, which is also absorbed by the getter
pumps. Therefore, pumping of water from the central
traps during the operation of titanium arc sputtering
systems in the injection chambers also occurs through
the neutral injection nozzles at a rate of several tens of
m?/s. This feature significantly speeds up the prepara-
tion of the facility chamber for experiments compared
to using only turbomolecular pumps, which have lim-
ited performance due to long branch pipes with the
low gas conductivity.

The impurity ions have a limited effect on plasma
confinement in the GDMT because of the high heat-
ing power and relatively low energy lifetime of about
5 ms. The specific radiation power in the plasma does
not exceed 107%°nn;,, [W/cm’] in the temperature
range up to 10 keV for most chemical elements [70]. It
is possible to estimate the limiting content of impuri-
ties in the plasma on the basis of this specific radiation
power value. For a typical GDMT scenario (column 3
of Table 7) (n, = 4.4 x 108 cm™3, a =25 cm, V =
1.6 m?) the impurity concentration of 2 X 10! ¢cm™3
corresponds to a radiation power of 1.4 MW, which is
15% of the power of the neutral injection system
trapped into the plasma. This estimate seems to be
strongly overestimated for light impurities (such as
oxygen and carbon), since at a plasma temperature
above 100 eV, the specific radiation power of these
impurities decreases in several times with respect to
the maximum value corresponding to a plasma tem-
perature of 15 eV. It should also be noted that, in con-
trast to tokamaks, the mechanisms leading to the
accumulation of impurities in the hot plasma region
are not known in the gas-dynamic trap.

An important issue is the influence of the gas
absorbed on the walls on the plasma behavior in the
GDMT facility. The characteristic number of water
molecules absorbed on the surface is 10> em™2 [71].
These molecules can be desorbed during the discharge
due to the irradiation of the wall with a flow of neutrals
or ultraviolet radiation. The total number of molecules
on the surface (~3.5 X 10%°) is much less than the
amount of substance introduced into the plasma for
replenishment (10?2 s7'), so that the effects of desorp-
tion from the walls can be expected to affect only the
initial stage of the discharge for several tens of milli-
seconds. Despite this, the possibility of preparing the
surface of the chamber is provided for by carrying out
cleaning cycles with a constant low-power discharge
introduced in the form of radio-frequency or micro-
wave waves.
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The input of the neutral gas into the plasma in the
central section can significantly reduce the lifetime of
fast ions due to charge exchange losses. Under a typi-
cal scenario of the facility operation (fast ion density of
102 cm™3, plasma density of 5 x 103 cm™3, electron
temperature of 0.8 keV, and plasma radius of 25 cm),
the energy lifetime of fast ions is about 7 ms. The input
of a hydrogen atom into the plasma leads to its charge
exchange with a fast ion and the exit of the resulting
fast neutral out of the plasma. We assume that thermal
hydrogen molecules get on the plasma boundary,
where they are ionized and partially dissociated with
the formation of suprathermal (Franck—Condon)
neutrals. For estimates, we assume that the flux of epi-
thermal neutrals into the plasma is 10% of the total
flux of molecules to the surface. Assuming the charac-
teristic thickness of the layer on which ions interact
with neutrals to be equal to the free path of Franck—
Condon neutrals with respect to ionization (4 cm), we
find that the characteristic charge-exchange lifetime
of a fast ion becomes equal to its deceleration time in
the plasma at the flux of epithermal neutrals through
the plasma boundary of 8 X 10" cm™2?s™! correspond-
ing to the pressure in the vacuum chamber of 3 X
10~3 Pa. We also note that the small path length of the
thermal molecule with respect to ionization (less than
5 mm at a temperature above 10 eV and a concentra-
tion of 2 x 10" cm™3) prevents gas pumping from
the central section by the plasma flowing into the
expander, since the gas coming to the surface of the
plasma column is ionized with a high probability in
the plasma located in the “shade” of the limiter,
recombines at the limiter, and returns back to the vac-
uum chamber of the central section. The real situation
has to be studied experimentally and, if necessary,
additional measures to reduce the concentration of
neutrals should be used.

3.3.2. Interaction of a plasma flow with a surface.
An ambipolar potential drop of about 57,, which
accelerates the ions leaving the central solenoid,
should occur between the central region and the
plasma absorbers in a GDMT facility. Thus, it is
expected that the plasma absorbers is bombarded with
ions having an energy of about 5 keV.

It is assumed that the surface of the plasma absorb-
ers is made of molybdenum, which is considered to be
most resistant to the formation of unipolar arcs. The
path length of protons with an energy of 5 keV in
molybdenum is about 20 nm. There is a significant
scatter in the data on the diffusion rate of hydrogen in
molybdenum [72], however, for estimates, the diffu-
sion coefficient can be taken as D[m?/s] = 1.7 x
10%xp(—0.84/kT), where the temperature 7T is
expressed in kelvin [73], which gives a characteristic
diffusion depth during the time of the experiment (of
2 s) on the order of 1 um at a surface temperature of
300°C. At a magnetic field expansion coefficient of
200, the relative concentration of hydrogen in the
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metal in 2 s of irradiation reaches ny/Hy,= 0.2 in the
absence of desorption.

Hydrogen implanted in the plasma absorber may
be accumulated in the thickness of the material in the
form of a solid solution or hydride or be desorbed from
the surface of the plasma absorber into the plasma.
The diffusion and desorption rates depend signifi-
cantly on the presence of impurities in the material
and on the surface, the amount of accumulated hydro-
gen and the surface temperature, so it is currently
impossible to accurately predict the backflow of
hydrogen atoms from the surface. In view of this,
absorption and diffusion of hydrogen into the surface,
which temporarily reduce the load on pumping sys-
tems during the pulse [74], and the release of addi-
tional hydrogen from the material due to the high
energy of ions incident on a hydrogen-saturated sur-
face [75] can be expected in experiments.

3.3.3. Processes with neutral hydrogen in the plasma
in the expander. The most important processes involv-
ing molecular hydrogen in the expander plasma are
electron impact ionization, charge exchange and elas-
tic collisions.

The ionization rate of molecular hydrogen (H, +

e — H, + 2e) is about 5 x 1078 cm?/s at plasma tem-
peratures in the range of 50—200 eV expected in an

expander [76]. It should be noted that the H;r mole-
cules formed as a result of ionization dissociate with a
sufficiently high probability in collisions with elec-

trons H; +e — H + H* + e with the formation of a fast

neutral. This reaction rate is about 1077 cm?/s. The
cross section of resonant charge exchange on molecu-
lar hydrogen (H, + H* — H; + H) at the ion energy of
5keVis 1.2 x 1075 cm? that gives the reaction rate of
1.2 X 1077 cm?/s.

In the expected operation scenario, the plasma
density in the mirror is about 5 X 10" cm™3. The out-
flowing plasma expands along the magnetic field lines
and is accelerated by the ambipolar potential, so for
estimates, it can be assumed that the plasma density at
the plasma absorber (at the expansion ratio of 200) is

on order of 10! cm™3.

The mean free path of a thermal hydrogen mole-
cule with respect to ionization is about 20 cm at the
plasma density of 10" cm™3. Thus, the behavior of
neutral hydrogen depends essentially on the energy of
molecules desorbed from the surface: the mean free
path at thermal desorption is much smaller than the
plasma diameter, while these dimensions become
comparable at ion-stimulated desorption. In this case,
there is a certain probability of an uncontrolled
increase in the plasma density on the surface of the
plasma absorber because of a positive feedback over
density (molecular hydrogen desorbed from the sur-
face is ionized, accelerated in the Langmuir layer on
the surface, bombards and heats the surface, which

SKOVORODIN et al.

leads to an increase in desorption and an increase in
the plasma density in the expander).

The plasma temperature in the GDMT is deter-
mined by the balance between energy inflow (when
the energy is transferred from trapped fast ions and the
microwave energy is absorbed during ECR heating)
and its outflow. It can be assumed that the energy lost
from the facility is released in the plasma absorbers
due to the deceleration of the ions accelerated by the
ambipolar electric potential that get into them, as well
as thermal electrons. The presence of a neutral gas
expander in the tank leads to an increase in energy
losses from the plasma due to the formation of an elec-
tron-ion pair in the plasma due to ionization of a
hydrogen molecule by the electron impact.

The energy transferred to the plasma absorber by
such a pair is equal to the temperature of the plasma
electrons in the central section by the order of magni-
tude. Taking the surface area of the plasma as § = 1 m?
and neutral gas density in the expander as ny, =
103 cm™3, we obtain the equivalent flux of atoms get-
ting into the plasma

F = 0.25V31,2m,8 = 1000 equiv. A,

where Vi, is the thermal velocity of hydrogen mole-
cules.

The number of electron-ion pairs formed in the
expander and the additional energy losses associated
with them are comparable to the flow of ions flowing
from the central section of the facility and the energy
carried out by this flow at the specified gas density in
the expander, so that the gas density in the expander
should not exceed 10"* cm™ for the effective plasma
confinement.

It should be pointed out that the ionization path
length of thermal molecules is less than the plasma
radius in almost the entire expander, so that screening
of the paraxial region from the neutral gas flow could
be expected. In this case, however, there are mecha-
nisms for the penetration of neutrals onto the axis of
the plasma column (the formation of Franck—Con-
don atoms during the dissociation of hydrogen mole-
cules, heating of the molecular gas during collisions
with ions, etc.). To estimate the penetration depth of
hydrogen into the plasma and the associated energy
losses from the plasma, the numerical simulation of
the behavior of the neutral gas into the expander is
required.

3.3.4. Methods for replenishing plasma with sub-
stance. Plasma confinement regimes that are of inter-
est for creating a neutron source are assumed to be
studied in the initial configuration of the GDMT facil-
ity. In these regimes, the plasma is two-component,
i.e., it includes the fraction of fast ions formed as a
result of atomic injection and the target plasma with
an ion temperature of about 1—2 keV. The confine-
ment time of warm plasma is much less than the con-
finement time of fast ions and the time of experiment.
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It is determined by gas-dynamic losses and is several
milliseconds. The system of replenishing the plasma
with substance serves to compensate for these losses
and maintain a constant plasma density.

The most developed and simplest plasma replen-
ishment method is the supply of gas (hydrogen) to the
plasma boundary. The characteristic ionization time
of hydrogen atoms penetrating into the plasma is sev-
eral times longer than the characteristic time of their
charge exchange on fast ions for the planned plasma
parameters in the central section of the facility. As a
result, gas puffing into the central region leads to high
charge exchange losses. Based on this, the gas should
be introduced into the plasma in the region between
the turning point of fast ions and the mirror, while it is
necessary to prevent the penetration of gas into the
region of fast ion confinement.

The main difficulty in creating such a replenish-
ment system is that the path length of a thermal hydro-
gen molecule in the plasma with respect to the elec-

tron impact ionization process H, + e — H; + 2e is
less than 1 mm at the planned plasma parameters (n, =
5 x 108 cm™3, T, = 800 eV), i.e., thermal molecules
cannot penetrate into the central regions of the
plasma. Franck—Condon atoms formed during the

dissociation of H, and H; molecules can penetrate
into the plasma somewhat deeper. At an atomic energy
of 2 eV, their path length is determined by the resonant

charge exchange (H, + H" — H; + H) and is about
5 mm. The neutrals formed in this process with ener-
gies on the scale of the ionic temperature of the plasma
have a free path on the scale of 10 cm and can freely
penetrate into the plasma and exit it onto the chamber
wall. An obvious disadvantage of this replenishment
method is a significant energy flux (comparable to the
plasma heating power) carried by neutrals to the wall
of the vacuum chamber in the local region of gas
puffing.

It should be noted that cold nonthermalized ions in
the region near the mirror significantly affect the dis-
tribution of the electric potential along the facility axis
and, accordingly, the confinement time of the thermal
plasma component. In addition, an important issue is
the power of radiation losses associated with the intro-
duction of neutral particles into the plasma. For
atomic hydrogen at a plasma temperature above 10 eV,
the radiation energy per ionized atom is 10 eV and is
almost temperature independent. Based on this, a
simple estimate of the power consumption for ioniza-
tion gives a value of ~100 kW, which, however, can
increase significantly when atoms interact with the
lower temperature plasma due to an increase in the
specific energy of line radiation.

Alternative technologies for replenishing plasma
with substance should also be pointed out. Pellet
injection is one of the main methods of plasma replen-
ishment in tokamaks, which are in operation and
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under construction. Pellet injection systems for toka-
maks are well developed, however, the use of this
method on open traps requires the solution of a num-
ber of fundamental issues. First, due to the short
plasma confinement time, the pellet injection fre-
quency should be at least 1 kHz, while the currently
developed technologies allow the creation of modules
with an injection frequency of up to 50 Hz [77]. In
addition, one should take into account the features of
the application of this method in GDMT related to its
possible impact on confinement of fast ions, the
MHD plasma stability, and the replenishment unifor-
mity over the cross section.

Another frequently discussed replenishment
method is the injection of dense plasma bunches
across the magnetic field. The possibility of injecting a
plasma bunch of 10" particles into a GLOBUS-M
tokamak with a magnetic field of 0.4 T to a depth of up
to 40 cm was shown in [78]. At the same time, how-
ever, the current level of the development of this tech-
nology does not allow it to be considered as the main
method of replenishment with substance but the
development and testing of a prototype of such an
injector is envisaged as part of the GDMT experimen-
tal program.

3.4. MHD Stability of Plasma

Plasma confinement time estimates in the GDMT
are based on the assumption that the plasma is in a
steady-state and axisymmetric equilibrium state. This
can be considered if the plasma configuration is stable.
If there is no MHD stability, flute or ballooning
modes develop. They lead to plasma convection and,
at the sufficiently large amplitude, to a dramatic
decrease in the confinement time. Ensuring the MHD
stability of the plasma in axisymmetric open traps is a
complex problem, which is the subject of numerous
works and constructive proposals summarized in a
review [79]. Without taking special measures, the
plasma in axisymmetric traps is MHD-unstable.
Ensuring stability requires the creation of such zones
in the trap, where the favorable shape of the magnetic
field lines is combined with an increased plasma pres-
sure. If the region of the expander behind the mirror is
used as a stabilizer, then one the stability is compen-
sated by a significant increase in longitudinal losses,
and if this is a specially introduced non-paraxial cell,
then the compensation is the need to reduce the ulti-
mate plasma pressure (and thermonuclear efficiency)
in the entire trap and the complication of the magnetic
system.

Experiments at the GDT facility showed that the
losses in case of refusing the MHD stabilization by
expanders are less than the energy cost of maintaining
sufficient pressure in them, when a special method of
limiting convection is used. This method of limiting
convection was called “vortex confinement” [36, 80]
and has been used in the main operation mode of the
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GDT facility for more than 10 years. Thus, the strug-
gle to ensure the traditionally understood MHD
plasma stability in the GDT was inexpedient. The mir-
ror successfully operates in the regime with plasma
oscillations around an axisymmetric unstable equilib-
rium [81], and no confinement degradation is
observed. According to the project, it is planned to use
the same vortex containment mode in e GDMT. Its
effectiveness at B < 0.6 can be considered proven.

Flute and ballooning instabilities are distinguished
by the limitations of the physical model: “flutes” are
electrostatic, and are characterized by a constant per-
turbation potential along the equilibrium field line,
and the description of ballooning modes is more com-
plete, and takes into account the possibility of bending
magnetic field lines during convection. If the flute
modes are stabilized, then ballooning effects should be
taken into account at high . In reality, this is the same
convective instability, and for any B, the “flutes” are
slightly modulated along the magnetic field, but this
may not have a strong effect on their dynamics. At
high pressures B > 0.6, ballooning effects should
become significant even in paraxial traps of the
GDMT type. In particular, the effectiveness of end-
face stabilization and vortex confinement methods
should decrease. There is no experience of the GDT
operation in such regimes, so we have to focus on the-
ory [82]. For regimes with high B, in particular for the
regime with a “diamagnetic bubble,” a stabilization
method by a conducting wall has been developed,
which can be combined with vortex confinement at
the onset of the discharge.

3.4.1. Vortex confinement at low . The vortex con-
finement regime requires maintenance of biasing
potentials on the plates of radially sectioned endplates
and/or limiters, i.e., the use of these surfaces in con-
tact with the plasma as electrodes. The currents from
the electrodes require a power supply system, i.e., the
vortex confinement also has an energy cost. However,
this cost is not too high: it is much less than the cost of
longitudinal losses, and, in addition, part of the energy
consumption remains in the plasma the same as from
additional resistive heating. The use of electrodes has
its own difficulties: it is necessary to maintain good
contact with the plasma, while simultaneously sup-
pressing electrode erosion and arc discharges to the
chamber elements. To overcome them, the experience
of the GDT operation is useful.

The vortex confinement method [36, 80] is based
on three physical effects:

1. Differential plasma rotation suppresses radial con-
vection and sets the characteristic scale of plasma oscil-
lations near axisymmetric equilibrium. The effect of
suppression of turbulent convective transport by the
differential rotation is well known in tokamaks [83]. Its
essence is that in a differential flow, flutes or convec-
tive cells extended along the radius are deformed and
break up into smaller ones. In contrast to tokamaks, in
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open traps of the GDT and GDMT types, the layer of
the differential rotation in the plasma is not formed in
a self-consistent way as a result of the nonlinear evolu-
tion of turbulence but is produced using boundary
conditions (potentials on the electrodes). Its localiza-
tion (in the flow layer projected onto the electrode
junction) and amplitude are set by the experimentalist.
It should be noted that the differential rotation does
not affect the rigid mode m = 1 (where m is the azi-
muthal wavenumber), which corresponds to the dis-
placement of the plasma as a whole along with the
rotation.

2. Closure of the longitudinal plasma currents to the
endplates through the near-electrode potential jump cre-
ates an effective channel for dissipation of the fluctuation
energy. In the low-temperature plasma, when the
potential jump is small and the potentials of the
plasma and electrode are close, this closing of currents
can be directly used for MHD stabilization (“line-
tying”) [80]. Indeed, the origin of the flute instability
is the polarization of the flux tubes when the axial
symmetry is broken in a nonuniform magnetic field
due to the incomplete closure of the azimuthal dia-
magnetic plasma current. Closing the excess current
through the plasma absorber makes it possible to par-
tially eliminate this polarization. Since the near-elec-
trode potential jump is proportional to the electron
temperature, dissipation is not sufficient for the com-
plete MHD stabilization in the GDT and at the design
parameters of the GDMT but it significantly inhibits
convection. The deceleration of convection strongly
affects the large-scale modes, having almost no effect
on the short-wave flutes. This difference is due to the
fact that the polarization current is inversely propor-
tional to the azimuthal size of the flute. In this case,
the same speed of “ascent” of the flute corresponds to
the same azimuthal electric field, which means a
smaller polarization potential difference and a smaller
closing longitudinal current for flutes of a smaller azi-
muthal size. Thus, the effect of line-tying is propor-
tional to 1/m?. In addition, the diamagnetic current,
polarization, and the cross-field convection velocity
are inversely proportional to the magnetic field in the
trap, so that the line-tying works better in a high field.

3. Stabilization of the MHD instability by the effect of
the finite Larmor radius of ions (FLR effect) suppresses
short-wave flutes in the presence of a significant popula-
tion of injected fast ions [80]. This effect is described by
drift correction to the MHD equations. Its meaning is
that the azimuthal diamagnetic current of ions has
inertia (since its carriers, ions, have mass) and kinetic
energy. The current flows along the constant pressure
contour, and the kinetic energy is proportional to its
length. For a circular contour, it is minimum, and
increases rapidly when distorted by flutes. If the shape
of the pressure profile is not distorted, the same as in
the case of displacement of the plasma as a whole, then
the effect is absent. The FLR effect increases with
increasing the ion pressure fraction (as during the
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beam heating in GDT and GDMT), but does not
affect the rigid mode m = 1 at all.

Although the vortex confinement method is based
on these three well-known effects, it is not limited to
them. Indeed, the effects of the differential rotation
and FLR do not affect the rigid mode m = 1 at all, and
depolarization through the ends can only slow down
the displacement of the plasma from the axis to the
limiter, but not stop it completely. In this regard, the
rigid mode m = 1 was considered the most dangerous
for traps of the GDT type.

The vortex confinement theory [36, 80] predicts
the possibility of the nonlinearly dissipative saturation
of flute modes under the conditions of the above
effects, even if these modes are unstable. The existence
of such quasi-steady-state MHD oscillations in the
gas-dynamic trap plasma may not lead to a noticeable
degradation of confinement, and in the case of a neg-
ative applied potential to the central sections of the
plasma absorber, cause a positive effect: discharge
pinch. Indeed, quasi-steady-state modes m = 1, 2 and
pinch of the population of fast ions are observed in the
vortex confinement regimes in the GDT [81], which
can be considered as a qualitative confirmation of the
theory.

In the vortex confinement theory, four related con-
ditions arise to ensure implementation of the regime
with low convective losses:

1. The layer of the differentially rotating plasma
should separate the inner and outer convection zones
caused by the saturated mode. Plasma confinement is
good enough only in the inner zone. This is imple-
mented at a sufficient depth of the applied potential,
and the radius of the differential rotation zone should
be large enough.

2. The amplitude of the saturated mode with
respect to the applied bias should not lead to the
plasma drift beyond the limiter. This is realized at suf-
ficiently large dissipation in the near-electrode layer
(with a sufficiently strong current coupling of the elec-
trodes with the plasma, i.e., a sufficient current of lon-
gitudinal ion losses).

3. The FLR effect should be sufficient to suppress
higher azimuthal modes. If this condition is not met,
then the convective losses increase due to the connec-
tion of the outer and inner convection zones through
multiple x-points of the separatrix.

4. The created differential rotation of the plasma
should not itself lead to the excitation of new instabil-
ities, in particular, the Kelvin—Helmholtz instability.
To this end, the effective viscosity from the FLR effect
and the near-electrode dissipation should be sufficient
for its stabilization (and the potential for rotation gen-
eration cannot be too large).

These conditions are related, since the width of the
differential rotation layer at a given potential deter-
mines the velocity, and cannot be less than the mode
saturation amplitude with respect to the displacement.
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As a result, with realistic parameters, it turns out to be
comparable with the plasma radius. This hinders the
idea of generating multiple layers of differential rota-
tion to improve confinement. In addition, various
types of possible MHD instabilities in gas-dynamic
traps (flute, centrifugal, temperature-gradient and
Kelvin—Helmholtz ones) at low [ are all “flute” ones
in the spatial structure and differ only in the dominant
type of excitation. Therefore, conditions 1—4 also take
into account convection during their development.

Failure to meet conditions 3 and 4 does not lead to
a complete loss of vortex confinement but reduces its
efficiency (transverse diffusion increases). It is quite
difficult to ensure their implementation during the
entire discharge. Indeed, the relative magnitude of the
FLR effect is determined by the ratio of the drift dia-
magnetic velocity to the velocity £ X B of the drift,
[Vp|/en | Vo |, where p; is the ion pressure, 7 is the
density, ¢ is the plasma potential. In general, the
plasma potential is not equal to the potential applied to
the electrodes but depends on the effective viscosity of
the plasma and the discharge scenario, e.g., angular
momentum injection with atomic beams. In experi-
ments on GDT and in simulations, the FLR efficiency
for fulfilling conditions 3 and 4 in a quasi-steady-state
discharge is sufficient if U = P./en¢ ~ 5, where P; is
the ion pressure on the axis. Such a ratio can be main-
tained using feedback or programming of the applied
potential, but this has not yet been verified in experi-
ments. Below we obtain vortex confinement scalings
based on conditions 1 and 2 for two cases: “with strong
FLR effect,” U > 5, and with “weak FLR effect.”

For discharges with a weak FLR effect, condition 1
is formulated in theory [35, 80] as

K/H <0.2,

where the dimensionless parameters ¥ and H are
responsible for the increment of the flute instability
and the near-clectrode dissipation rate, respectively.
At a parabolic radial pressure profile and paraxial
equilibrium, they can be approximately written as:

2 2 2
)
ed) \px ) \L) \ £,

H= L(Ej(i}ji,

R \ed)\ps ) L,

so the first condition looks like

T.\p<L( P
< |l——++1|<0.1.
for (eqj L. (Pe j

Here, the plasma parameter values are reduced to the
value on the magnetic axis in the central cross section
of the trap, a is the radius of the differential rotation
layer (on the order of the plasma radius), ¢ is the
potential difference across the vortex confinement
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electrodes, p. is the Larmor radius calculated from the
ion mass and electron temperature, L, is the effective
length of the trap from the plasma mass density, L, is
the effective length of the trap calculated from the
mean curvature of the field with the longitudinal pres-

sure distribution weight, R is the effective mirror
ratio of the trap.

In the notations of [35, 80], the effective length of
the trap in terms of the plasma mass density is

(z) By(0)
1, =[PR8,
p(0) By(2)
where density p is taken on the plasma axis, and z =0

is the center of the device; the effective length of the
trap calculated from the mean curvature of the field is:

Ly = 1/{B()U2)g(),

where g(z) = p(2)/p(0) is the pressure weight function,
angle brackets mean averaging along the field line, and
0z) characterizes the paraxial magnetic well in accor-

dance with 1/B =1/By(z) + oc(z)rz. In a vacuum field

o = (2B,By — B;*)/8B;, and o. > 0 corresponds to the
unfavorable curvature of the field lines. The positive

Li values correspond to the linear instability of the
flute modes, which is typical for an axisymmetric mir-
ror cell without special stabilizers and for GDMT. The

system is linearly stable at Li < 0 and should be oper-
able even without the vortex confinement. The
parameter L, depends not only on the configuration of
the magnetic system, which is variable in GDMT, but
also on the operating mode of the facility: the height of
the pressure peak of sloshing ions and the flow regime
in the expanders. The expected L, values vary from 1
to 10 m in the range of design parameters of the first
phase of the GDMT. In a configuration with multiple-
mirror sections, the range is likely to shift towards
lower values, which correspond to more unfavorable
curvature and stronger linear instability.

Another complicated parameter is R.4 The con-
nection of the plasma with the electrodes of the
plasma absorber is characterized by the density of the
ion current on them, and the natural parameter for
normalizing this current is the current of plasma ions
with the thermal velocity. If we refer both to the flux
tube, we get

Ry =y /L,

where v = T,/M;, 7 is the lifetime of ions in terms
of longitudinal losses. In the classical gas-dynamic
regime of longitudinal losses with cold ions,
R« =R=B,,/B.,,- However, the possibility of
moving towards the kinetic regime is considered for
the GDMT, which means a decrease in the loss rate
compared to the gas-dynamic one. This is equivalent
to the increase in R, compared to the magnetic mir-
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ror ratio. Multiple-mirror sections should produce the
same effect. The operation with a wide range of field
values at the center of traps at a constant field in mir-
rors and at different density values is provided for in
the first phase of the GDMT. This means that a trap

has to work in a wide range of R.;; values.

In terms of the first vortex confinement condition,
the higher the applied potential ¢, the better. Never-
theless, the GDT experience shows that the optimal
(in terms of efficiency and experimental feasibility)
vortex confinement potential is of the order of the
electron temperature. A lower one is ineffective, and a
higher one does not improve anything, in particular
due to the reduction of the FLR effect and the gener-
ation of Kelvin—Helmholtz instability but increases
the likelihood of arcing. For further estimates, we
assume that e¢/7, ~ 1. In addition, the ratio of ion and
electron pressures in a trap with injection can be
roughly estimated P./P, ~ 5 that corresponds to the
best GDT regimes.

Taking into account the above, the scaling of the
first vortex confinement condition for GDMT with a
weak FLR effect in the regime of gas-dynamic losses
from a plasma with a fixed field in a magnetic mirror
and with sloshing ions can be represented as
Tel/ B < C, i.e., as the condition limiting the elec-
tron temperature versus the magnetic field at the cen-

ter of the trap 7™ o B*.

The second condition, the constraint on the satu-
ration amplitude of the mode or the width of the vor-

tex layer, is written as A/a = 2§, = 2.34 (f/H)l/3 <1
in the notation of [35, 80], while f = —ZKPO'mzﬁd/3H,
where m is the number of the dominating mode, and
Py = —0.8 is the characteristic of the radial pressure
profile. From here we get £, = —3.2xPm’¢, /3H". If

the FLR effect is insignificant, then the mode corre-
sponding to approximately circular convective cells in

the vortex layer dominates: m ~ /€, (in the opposite

limit m = 1). Now the condition 2&, < 1 can be rewrit-
ten as

2
P\ L P
25R | —| =2 | Z+1|<1/2m
Re“(ajLK (Pe j /

Thus, the second condition, the same as the first con-
dition, gives a constraint on the electron temperature

with a slightly weaker scaling, 7,"* o B’, and, what is
important, determines the minimum plasma radius a.

At the strong FLR effect (£ /end > 5) the first con-
dition of the vortex confinement should be replaced by
a softer one

K/H <2H'",
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Fig. 16. Maximum operating electron temperature values
in GDMT under vortex confinement as a function of the
magnetic field at the center of the trap. Graphs are pre-
sented that take into account both criteria for different

parameter values L,.(which characterizes the length of a
trap according to the curvature of field lines): L, = 1 m

(curve 1), L, = 3 m (curve 2) and L, = 10 m (curve 3).
Dotted line shows the zone of GDMT target parameters.

since the increment of the mode m = 1 is strongly sup-
pressed by the end dissipation. After transformations,
this criterion can be rewritten in the form

3/2 3/4
wli) SGe) =
ed )\ L, a\P,

This corresponds to the limiting temperature scaling
of the form 7)™ o B'"*. The condition on the vortex

layer thickness: m = 1 and é(z, ~ «/H” becomes softer
(by a factor of 21 times) at the strong FLR effect, so
after substitution, we have

YL [P
25R | 22 [y <1.
Re“(aj L, [Pe j

In this case, the temperature scaling is the same as for

the weak FLR effect, 7,"™ o B’.

We use the vortex confinement criteria corre-

sponding to the strong FLR effect and e¢/7, =1 for
the graphical presentation of the results. To estimate
the gas-dynamic losses, we take the magnetic field
value in the mirror as 12 T. The FLR effect corre-
sponds to a large fraction of sloshing ions in the pres-

sure, P/P, = 5. Then it occurs that the criteria deter-
mine the maximum operating values of the electron
temperature depending on the magnetic field in the
center of the trap. The transition to the kinetic mode
of longitudinal confinement at low density and high
temperature of the background plasma reduces the
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threshold of vortex confinement (compared to the
plots presented) in proportion to the decrease in the
longitudinal ion current of losses compared to the gas
dynamic one. The results taking into account both cri-
teria are shown in Fig. 16.

As can be seen from Fig. 16, in accordance with the
theory, the vortex confinement mode is effective in
most cases. Stability problems can arise at the attempts
of the transition to the kinetic longitudinal confine-
ment regime at a low target plasma density and a low
magnetic field at the center of the trap. For a magnetic
field higher than 0.5 T, confinement problems are not
expected. Strong favorable scaling of the vortex
confinement threshold with a magnetic field

(T,"™ o< B**) makes it possible to consider this
method as a potential fusion technology.

There are indications that convection in open traps
can be suppressed by the shear flow beyond the
boundaries of the vortex confinement regime as well,
when the current coupling between the plasma and
end electrodes is negligible [84—86]. This may become
relevant for a complete GDMT version with multiple-
mirror sections and strong longitudinal loss suppres-
sion. To maintain such a regime, the technology of
radially nonuniform ECR heating, as in GAMMA-10,
or other methods of maintaining the shear rotation are
required.

3.4.2. Stabilization of ballooning modes by a con-
ducting wall. An important component of the GDMT
physics program is the implementation of the plasma
confinement regime with maximum pressure = 1, in
which, presumably, the energy confinement time
should increase (see Subsection 4.1). In this mode, as
well as on the way to it at the start of the discharge from
standard low-pressure operation modes, it iS neces-
sary to take into account the possibility of developing
the ballooning instability.

Compared to standard conditions, two important
effects should be taken into account in high-pressure
plasma regimes: (1) the significant change in the equi-
librium magnetic field including the curvature of its
field lines compared to the vacuum configuration;
(2) the possible curvature or modulation of the flutes
during convection. The possibility of the flute modu-
lation along the trap becomes especially pronounced
in the limit of the relative plasma pressure B — 1, so
that any form of the line-tying stabilization, including
the vortex confinement, should lose the effectiveness.
Fortunately, in the same limit, the magnetic interac-
tion of the plasma with the surrounding conductors
becomes effective (through the eddy currents induced
in them during the motion of the plasma). This inter-
action can be effectively used to stabilize large-scale
modes such as the rigid mode m = 1, while the stability
of higher modes is still provided by the FLR effects
[79, 82].

It was shown in [82] that for a sufficiently smooth
magnetic field at the center of a trap and at a suffi-
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Fig. 17. Boundary of the linear MHD stability as a func-
tion of the relative distance from the plasma to the con-
ducting wall at a mirror ratio R = 24 for various radial pres-
sure profiles from [82]. It can be seen that stability can be

ensured for all § at a sufficiently close wall (r,, < 2a).

ciently sharp plasma pressure gradient at the edge of
the discharge, it is possible to ensure the ballooning
stability of the system using a cylindrical conducting
wall including transient regimes. The smooth shape of
the equilibrium field lines provides a low energy gain
during convection, and a large gradient at the edge
contributes to the exit of the diamagnetic plasma field
to the conducting wall.

An example of calculating the stability limit of bal-
looning modes from [82] is shown in Fig. 17. The
dependence of the transverse plasma pressure p on the
magnetic field flux ¥ in the form p(¥) = p,(1 —

lP"/‘I”g) at¥ <W¥,andp=0at¥ >Y¥,isused in the
calculations. The variants of the curves for k= (1, 2, 4,
oo) correspond to an increase in the pressure gradient
towards the edge of the discharge. A sharp gradient at
the edge (o) improves the wall stabilization at high 3
while reducing stability at low pressure. The plasma
stability at small B in the model is ensured by ideal
line-tying, which is not implemented at the GDMT
parameters. However, from the point of view of the
stability of ballooning modes, it can be considered as a
rough equivalent of the “vortex confinement,” since
both are end effects that depend on the electrical con-
tact of the plasma with the plasma absorber.

When designing the GDMT magnetic system, spe-
cial care was taken to ensure that the high-pressure
equilibrium field lines at the center of the trap remain
sufficiently smooth up to the turning point of the fast
ions (see Subsection 4.1). Beyond the turning point,
there is a rapid drop in the plasma pressure, the dis-
charge narrows, so that a large unfavorable curvature
of the field lines becomes inevitable. Fortunately, the
diamagnetic field lines emerge from the plasma in this
zone (similarly to how a radial magnetic field is local-
ized near the ends of a permanent magnet), so that the
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local stabilization of ballooning modes by a conduct-
ing wall is possible exactly where necessary.

A large pressure gradient at the discharge edge in
GDMT is also implemented, while in a natural way
and only at high B. Indeed, it is shown in the calcula-
tions of the diamagnetic confinement regime (at a
limiting pressure) that when the magnetic field is
expelled from the plasma, the radial transport coeffi-
cients increase in the inner zone, so that the pressure
gradient there is small (Subsection 4.1). The entire
pressure drop is concentrated precisely on the bound-
ary of the “diamagnetic bubble.”

It is impossible to provide a complete ideally con-
ducting wall around the discharge as in theory. How-
ever, this is not required. As noted above, in the central
part of the GDMT, the diamagnetic plasma field is
concentrated inside the discharge, and the destabiliza-
tion is small, so that a conducting wall plays no role,
and it is not specifically provided for there. Behind the
turning points of fast ions, where the danger of exciting
ballooning modes is really great, and the plasma field
“falls out” outward, it is planned to install massive
conducting stabilizers with cuts.

It is well known that the stabilization method by a
conductive wall is limited by its resistivity, since the
eddy currents decay with time. Tokamaks have devel-
oped a way to overcome this shortcoming: spinning
the plasma, so that the modes rotating with it become
rapidly variable in terms of the wall conductivity, and
the eddy currents do not decay. The rotation of the
plasma and unstable modes fits very well with the
“vortex confinement” support system. Indeed, in the
case of vortex confinement with the help of electrodes
and external current sources, fast rotation of the
plasma is maintained in the layer located namely at
the edge of the plasma. The flute modes observed in
the GDT and in the simulation are indeed rotating,
with characteristic frequencies between 5 and 20 kHz.
The same frequencies are expected in the GDMT,
which allows the use of copper stabilizers with a thick-
ness of about 1 cm. The thickness and conductivity of
the stabilizers also cannot be too large, since the mag-
netic field should penetrate into them in the charac-
teristic time of the equilibrium pressure evolution on
the order of 10 ms.

The problem of the stabilization of high-pressure
modes similar to the stabilization of the rigid balloon-
ing mode m = 1 in the GDMT by a conducting wall
was previously successfully solved in the FRC C-2W
facility [46]. Active magnetic coils and feedback cir-
cuits were installed as stabilizers there. However, the
system showed operability in the passive mode, with
shorted coils. There is a fundamental possibility of
using similar approaches for the GDMT facility.

3.4.3. Stabilization methods in the GDMT. Thus, in
order to maintain the MHD stability and suppress the
plasma convection, the GDMT design includes a
number of special measures:
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1. The system for generating and maintaining dif-
ferential plasma rotation using end electrodes, limiters
and external current sources, which ensures the imple-
mentation of the “vortex confinement” mode at
B <0.6 and rotation of ballooning perturbations at
higher pressures;

2. Magnetic system that provides a fairly smooth
magnetic field in the central part of the trap, including
at extreme plasma pressures;

3. External passive stabilizers of ballooning modes
with a “conducting wall” function located near the
turning points of sloshing ions.

With this in mind, the available experimental and
theoretical data and their moderate extrapolations
make it possible to hope for the successful operation of
the GDMT facility in the target regimes. Since the
most dangerous is the large-scale mode m = 1, in case
of insufficiency of passive methods for suppressing the
convection, it is possible in the future to develop and
install active feedback stabilizers.

3.5. Kinetic Plasma Instabilities

In the two-component plasma regime, the distri-
bution function of ions noticeably differs from the
Maxwellian one in the central cell of the GDMT. This
can provoke instabilities of relatively high-frequency
and small-scale oscillations (kinetic instabilities). The
interaction of plasma particles with these oscillations
can lead to collisionless scattering and anomalous loss
of particles from traps. Various kinetic instabilities can
be developed in open traps (see, e.g., review [4]); how-
ever, in open traps with injection of powerful neutral
beams, two instabilities are usually observed: Alfvén
ion cyclotron (AICI), drift-cone (Drift-cone) Cyclo-
tron Loss-Cone, DCLC) and double-humped
(Double-Humped, DH) instabilities. It should be
emphasized that this section considers the stability of
a plasma with a finite but moderate relative pressure
B<1.

3.5.1. Alfvén ion-cyclotron instability. AICI is the
electromagnetic instability, the excitation of which
leads to the generation of waves with elliptical polar-
ization propagating along the magnetic field [87]. The
frequency of unstable perturbations  is less than the
cyclotron frequency of ions €,. Since the excitation of
the instability is accompanied by a perturbation of the
magnetic field, AICI can be developed only when the
ratio of the plasma pressure to the magnetic field pres-
sure 3 exceeds the threshold value. Unstable perturba-
tions receive the energy when interacting with reso-
nant ions, the longitudinal velocity v; of which satis-
fies the cyclotron resonance condition

-,
Vi = Vs = L 5
I res k| ‘ ( )
where k; is the longitudinal component of the distur-
bance wave vector.
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A necessary condition for the instability is the pos-
itiveness of the imaginary part of the ion contribution
to the permittivity:

) e
Im(a(f)) ~ %!dvlvi [Vl% +%%J

0, (6
vy kv, 7 0.©

VI =Vres

where s(j) is the contribution of ions to the dielectric
response of the plasma for the circular component of

the electric field in the direction of the cyclotron rota-
tion of ions, the function f; (v,,v,) describes the ion
distribution over the transverse v, and longitudinal v,

. /2.
velocity components, ®,; = (4Ttn,-e,»2 /m,-) is the
plasma frequency of ions. The condition Eq. (6) is the
requirement that the derivative of the distribution
function (inverse population) be positive along the
invariant of motion along the perturbed trajectory

v+ (v — (,O/kH)2 = const for resonant ions. Note that
an increase in the angular width of the ion distribution
function (e.g., due to an increase in the angular spread
of the atomic injection) reduces the derivative of the
distribution function along the trajectory of perturbed
motion, which reduces the destabilizing contribution
of resonant ions and contributes to the stabilization of
AICI [88—91].

The experimental observation of AICI on the TMX
[92, 93], GAMMA-10 [94] and GDT [95—97] facili-
ties shows that a decrease in the ratio of the transverse
to instability anomalous loss of fast ions. Thus, at the
GAMMA-10 facility, the use of ICR heating leads to a
strong anisotropy of the ion distribution function,
which provokes the excitation of AICI [94]. The insta-
bility limits the anisotropy of the hot ions, which
increases the longitudinal losses of the hot ions and
limits the plasma density and pressure. Normal injec-
tion of atomic beams into the end mirror cells was used
at the TMX facility for creating ambipolar barriers.
Due to the high anisotropy of fast ions in the end mir-
ror cells, AICI was excited [92], which led to heating of
ions in the central cell and their loss through ambi-
polar barriers [93]. No AICI was observed on the
TMX-U facility with oblique atomic injection into the
end mirror cells [98]. The AICI-induced anomalous
losses of fast ions in most regimes do not exceed the
classical ones at the GDT facility, in whose plasma a
population of fast ions is created by oblique atomic
injection [96].

The strong influence of the injection angle on the
anomalous loss of ions caused by AICI is apparently
explained by the fact that in the case of oblique injec-
tion, only a small fraction of ions (with the energy
close to the injection energy) can resonantly interact
with an unstable perturbation. On the one hand, this
leads to an increase in the critical 3, at which the insta-
bility develops, and a decrease in the amplitude of
unstable oscillations. On the other hand, as the frac-
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tion of resonant ions in the plasma decreases, and the
fraction of fast ions lost due to interaction with the
wave decreases as well (the theoretical consideration
shows that mainly the ions with a low transverse veloc-
ity and a longitudinal velocity close to the longitudinal
velocity of the injected atoms are lost [99], the fraction
of such ions is small). The main effect of the develop-
ment of AICI in the plasma of open traps with oblique
atomic injection is to increase the angular width of the
ion distribution function, which has little effect on
their confinement but can limit the height and mini-
mum width of the fast ion density peaks (and, accord-
ingly, the density neutron flux) at turning points.

The threshold B value, above which AICI is
excited, depends significantly on the geometry of the
vacuum magnetic field in the two-component plasma
confinement mode at the GDMT facility under the
planned parameters (hydrogen plasma, electron den-
sity n, = 5 x 10"* cm™3). If the bulk of the plasma is in
the region of a long (about 4 m) uniform magnetic
field, then there is no stabilization of the AICI by the
longitudinal nonuniformity, since the wavelength of
the unstable perturbation 2tV /Q,; =2 mis less than the
length of the uniform field section. Direct numerical
calculations using the methods described in [91] pre-
dict the AICI excitation with a frequency on the order
of 0.5Q; and an increment on the order of 1072€; in
most operation modes with a uniform field section
described in Section 3.2. At the same time, a change in
the geometry of the magnetic field (replacement of a
long section with a uniform field by a region with a
magnetic field increasing from the center to the mir-
rors) seems to be an effective way to stabilize AICI if
the characteristic scale of the magnetic field doubling
is comparable with the perturbation wavelength. An
operation mode with an nonuniform field in the main
plasma confinement region is also provided in the
GDMT project, see Fig. 3 in Section 2.1. The decrease
in the density and reduction of the radius of the target
plasma can also be used as stabilization methods.

The issue of the AICI effect on the confinement of
fast ions in GDMT remains open at present. Because
of the strong stabilization of AICI by longitudinal and
transverse inhomogeneities, the B value achieved in
the experiment at the GDT facility is close to the
threshold value. Therefore, AICI is weak: the pertur-
bation is almost monochromatic, and one spatial per-
turbation mode is observed [95]. In addition, the
deceleration time of fast ions in the GDT (on the order
of 1 ms) is relatively short: a fast ion has time to fly
through the central region (where the resonant inter-
action with the wave occurs) only about thousand
times. Under these conditions, many nonlinear effects
have no time to be manifested, and the AICI effect on
confinement of hot ions in the plasma is reduced to an
increase in the angular spread of ions with an energy
close to the injection energy, as well as diffusion along
the pitch angle and anomalous longitudinal losses of
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ions with a high longitudinal velocity and pitch angle
close to the boundary of the loss cone [96, 99]. Since
a higher electron temperature is expected in GDMT,
the planned ratio of the deceleration time of a fast ion
to the period of bounce oscillations is an order of mag-
nitude larger than that in GDT. Under these condi-
tions, AICI can become an important factor limiting
the lifetime of fast ions. The study of anomalous losses
of fast ions, optimization of the magnetic field config-
uration, target plasma parameters and injection are
one of the scientific tasks of the GDMT operation.

The AICI effect on the loss during the transition to
the diamagnetic confinement mode should be dis-
cussed separately in Section 4.1. On the one hand, the
cyclotron resonance condition Eq. (5) cannot be satis-
fied at B = 1, and AICI apparently stabilizes. On the
other hand, at the stage of accumulation of fast ions,
AICI can provoke additional losses of fast ions and
limit the maximum plasma pressure. We note that
strong anomalous losses were one of the factors that
limited the plasma pressure in the experiment with an
attempt to reverse the field at the 2XIIB facility [100].
In addition, the stabilization by a longitudinal inho-
mogeneity is impossible in this regime, since a long
section of a uniform field is important for the forma-
tion of a diamagnetic “bubble.” The need to reduce
the anomalous losses caused by AICI during the tran-
sition to the diamagnetic confinement regime may
require a decrease in the plasma radius to a value close
to the Larmor radius of fast ions, and an increase in
the angular spread of fast ions by varying the injection
angle for different atomic injectors.

3.5.2. Drift-cyclotron-loss-cone and double hump
instabilities. Drift-cyclotron-loss-cone (DCLC) and
double hump (DH) instabilities are quasi-potential
kinetic instabilities, the excitation of which leads to the
generation of potential waves propagating in the azi-
muthal direction [101, 102]. The frequency of such
oscillations  is on the order of the ion-cyclotron fre-
quency €, the transverse wavelength is small com-
pared to the Larmor radius of ions (respectively, the
dependence of the potential perturbation on the azi-
muthal angle is described by the expression exp(im6 —
iwf) with large azimuth numbers |m| ~10—100). Since
the perturbation frequency is small compared to the
electron plasma frequency, the potential perturbation
levels off along the field line and a quasi-flute spatial
structure of unstable oscillations is formed. The linear
stage of DCLC and DH instabilities is described by a
common dispersion relation, and formally they differ
only in the excitation mechanism: DCLC develops
due to the depletion of the distribution of ions in the
low-energy region (e.g., due to the presence of a loss
cone) and transverse plasma nonuniformity, and
DH instability develops due to the difference in the
average transverse velocities of fast and target ions,
similarly to two-stream instability (and therefore can
oscillate even in a uniform plasma).
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If the distribution of fast ions is depleted at low
energies and there are no warm Maxwellian ions, i.e.,
F(v =0) =0, the DCLC instability develops already
at a very weak transverse nonuniformity, when the
plasma radius is equal to several hundred Larmor radii
of ions, and the instability increment can exceed the
cyclotron frequency of the ions. The addition of warm
Maxwellian ions stabilizes the DCLC when their den-
sity reaches a few percent. However, if the temperature
of the warm ions is too low, their addition may provoke
the DH instability. An increase in the temperature of
warm ions “covers up” the dip in the distribution of
ions at low energies and contributes to the stabilization
of the DH instability. In general, at a fraction of warm
Maxwellian ions of a few tenths of the density of fast
ions and at a temperature exceeding a few percent of
the average energy of fast ions, the DCLC and DH
instabilities are stabilized [103, 104].

The effects of finite § make it possible to increase
the critical plasma gradient, at which DCLC develops,
by several times [105]. The longitudinal plasma non-
uniformity reduces the size of the region, in which
unstable perturbations efficiently exchange energy
with ions and contributes to the stabilization of DCLC
and DH instabilities. An additional stabilizing factor
can be absorption of the vibrational energy in the
regions of the trap filled with cold Maxwellian ions,
e.g., in expanders [101, 106]. Since unstable perturba-
tions are extended along field lines, DCLC and DH
instabilities can be stabilized by the shear of the mag-
netic field [101].

In general, the stability limit for DCLC and DH
instabilities is sensitive to the low-energy ion distribu-
tion and, as a consequence, to the spatial distribution
of the electrostatic potential in the plasma. (The
strong dependence of the amplitude of unstable oscil-
lations on the plasma potential was repeatedly noted in
experimental works; see, e.g., [107].) The elongation
of unstable disturbances along the magnetic field lines
leads to the need in the stability analysis to take into
account the plasma parameters along the entire traps,
and not only in the central part. To obtain the suffi-
cient stability conditions, one can use the dispersion
relation for perturbations in a longitudinally uniform
plasma (given, e.g., in [103, 104]).

The excitation of DCLC leads to collisionless scat-
tering of ions, their diffusion along the pitch angle and
radial coordinate. The anomalous longitudinal losses
of ions during DCLC flashes observed at the PR-6
[107, 108] and 2XIIB [100] facilities, exceeded the
classical ones. At the same time, no noticeable anom-
alous losses were observed in the central cell of the
TMX-U facility, where DCLC is developed due to the
displacement of the target plasma from turning points
of the fast ions [98]. Apparently, this was due to the
small amplitude of the unstable oscillations caused by
the smallness of the region of space, in which the
oscillations could effectively exchange energy with fast
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ions. The quasi-linear theory predicts that the exci-
tation of the DCLC instability leads to a partial filling
of the loss cone of ions due to diffusion over the pitch
angle, with the derivative of the distribution function

of ions dF;/dv, decreases in the low-energy region,
which leads to the self-limitation of the amplitude of
unstable oscillations [109].

Calculations using the DOL code (see Subsec-
tion 3.2) and the dispersion relation for waves in the
longitudinally homogeneous plasma show that DH
instability can develop in GDMT in low temperature
target ions due to the nonequilibrium distribution
function of fast ions. However, it stabilizes as the target
plasma temperature increases (such an increase is also
beneficial for increasing the power gain Q). At the
same time, an increase in the temperature of the target
ions leads to the fact that they begin to be contained
not in the gas-dynamic (loss cone is filled) but in the
kinetic (loss cone is empty) mode. An increase in the
electron temperature of the plasma, which is import-
ant for increasing Q, also reduces the fraction of low-
energy ions, because, firstly, it increases the ambipolar
potential at the center of traps and, secondly, it
increases the angular width of the distribution of fast
ions and greatly reduces the peaks of the ambipolar
potential at points stops between which warm ions
might be trapped. An analysis using the dispersion
relation [ 104] shows that the transition to confinement
of target ions in the kinetic regime should be accom-
panied by the excitation of a small-scale (with a wave-
length hundreds of times smaller than the Larmor
radius of fast ions) DCLC instability, which develops
due to emptying of the loss cone of target ions [110].
Such an instability, apparently, does not affect con-
finement of fast ions, but it can increase the loss of
particles and energy from the target plasma in the
kinetic regime to a level corresponding to gas-dynamic
losses.

4. IMPROVING THE PLASMA
CONFINEMENT IN GDMT

4.1. Diamagnetic Plasma Confinement Mode

One of the goals of the GDMT project is to exper-
imentally study the regime of diamagnetic plasma
confinement, also otherwise called diamagnetic bub-
ble [9]. The idea of diamagnetic confinement can be
formulated on the basis of the following reasoning.
Imagine that we can somehow, e.g., by increasing the
input heating power, gradually increase the equilib-
rium energy content of the plasma in a gas-dynamic
trap. The vacuum magnetic field, which is created by
currents in external conductors, is considered to be
fixed. At the initial stage, the increase in the energy
content occurs due to an increase in the plasma pres-
sure in the axial region, and the plasma radius does not
increase significantly, since the transverse transport in
the magnetic field is significantly suppressed in com-
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parison with the longitudinal losses. The relative
plasma pressure is limited by the theoretical equilib-
rium limit 3 < 1. When the plasma pressure reaches the
pressure of the vacuum magnetic field, a region is
formed filled with plasma, from which the magnetic
field is forced out (the so-called diamagnetic bubble).
A transition layer is formed at the boundary of the
diamagnetic bubble, in which the magnetic field
increases and the plasma pressure decreases. The-
oretical estimates [9] show that in the approximation
of single-fluid magnetohydrodynamics (similar to
estimates for the width of a viscous-resistive layer in
cusps [111]), the lifetime of particles in a diamagnetic

bubble is
T, ~ \ITJ_ngtﬁ

where T4 = LR/2v,, is the confinement time in a clas-
sical gas-dynamic trap [33] (see also Subsection 3.1,

Eq. (2)), 1, = a /9 is the characteristic time of
plasma transverse diffusion, 9 is the plasma diffusion
coefficient across the magnetic field. The width of the
transition layer in the MHD approximation is deter-
mined by the balance between diffusion across the
magnetic field and plasma losses along the field,
A ~(Dtyq) "% As a rule, transverse transport in a mag-

netic field is largely suppressed and T, > 1,4, hence,
it can be expected that the particle confinement time
in the bubble T, can increase significantly compared to
the classical gas-dynamic time T,q (more realistic esti-
mates that take into account kinetic effects are given
below).

Plasma confinement with § = 1 in open traps was
previously theoretically considered in [112—117]. Effi-
cient plasma confinement with B = 1 in a gas dynamic
system was experimentally demonstrated on the
2MK-200 test bench [118]. Structures similar to a dia-
magnetic bubble, also called magnetic holes, are
observed in cosmic plasma [119—122]. Regimes with
B = 1 were theoretically and experimentally studied in
antimirror cells (see reviews [111, 123]). It is noted in
[124] that traps with conductors immersed in the
plasma (“Galateas”) make it possible to implement
configurations that the authors called “magnetic bal-
loons” with § = 1.

A steady-state hydrodynamic equilibrium model of
diamagnetic confinement was constructed in the
cylindrical approximation and an equilibrium plasma
pressure profile at the bubble boundary was obtained
(Fig. 18) [9]. The possibility of transition to the dia-
magnetic regime and methods for stabilizing instabili-
ties in a diamagnetic bubble were also discussed.

The hydrodynamic model of plasma equilibrium
constructed in [9] was extended to the case of non-
paraxial axisymmetric traps [125, 126]. In particular,
bubble equilibria were constructed for the GDMT
design configuration (Fig. 19). The effect of magnetic
field corrugation on the plasma equilibrium in the dia-
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Fig. 18. Equilibrium plasma pressure profile at the bound-
ary of the diamagnetic bubble (solid curve) and asymptot-

ics near the boundary ( = T]z/ 12, dotted line) and far from
the boundary (B = 1 — exp(1.03(n + 3.8)), dash-dotted
line). Dimensionless variable 1 = ( — a)/A).

magnetic confinement regime was also studied. An
analytical dependence of the corrugation depth of the
bubble boundary 8a,/a, on the initial corrugation
depth of the vacuum magnetic field at the bubble

boundary 06B,,/B,, and corrugation step A was

obtained
a B, h x° Iy (x) Ky (x)

where /,(x) and K,(x) are modified Bessel functions.
The same dependence was obtained in a series of
numerical calculations. The possibility of the plasma
stabilization in a diamagnetic bubble by a combination
of vortex confinement [22, 36, 127] and conducting
wall [82, 128, 129] is also briefly discussed in [126].

As noted earlier, the magnetic field inside the bub-
ble is close to zero. In this case, the Larmor radius and
mean free path of sufficiently high-energy particles
can be comparable to or larger than the characteristic
scale of magnetic field inhomogeneities. This is espe-
cially true for the GDMT, where the injection of high-
energy neutral beams is planned. Thus, there is a need
for a detailed kinetic model of high-energy particles in
a diamagnetic bubble. A fully kinetic model of the
equilibrium of a diamagnetic bubble in a cylindrical
geometry with a distribution function isotropic in the
transverse plane is presented in [130]. Collisionless
dynamics of individual particles and its effect on the
plasma equilibrium and particle and energy transport
in the diamagnetic confinement regime were studied
in [30, 131]. During the collisionless motion of a par-
ticle in a steady-state axisymmetric field, the energy £
and the azimuthal component of the angular momen-
tum are conserved Py = mrvy + eAg/c, here, Ay(r, 7) is
the azimuthal component of the magnetic field vector
potential. The particle dynamics essentially depends
on the sign and absolute value of the azimuthal

PLASMA PHYSICS REPORTS  Vol. 49

No.9 2023



GAS-DYNAMIC MULTIPLE-MIRROR TRAP GDMT

0 100 500

Z,cm

1071
vy 1
0 <
)
L F
-3

~ 900

Fig. 19. Example of the magnetic field distribution in GDMT in the diamagnetic confinement mode. The magnetic field lines
are shown in black. Vacuum chamber and magnetic system are shown in white. The calculations were carried out by the method

described in [125, 126].

moment Py. Following [124], it is convenient to call
particles with Q Py < 0 co-particles, and particles with
QP,y > 0 counter-particles (here, Q is the cyclotron fre-
quency); for the former, the direction of rotation
around the traps axis coincides with the direction of
cyclotron rotation in a magnetic field outside the bub-
ble, in the latter it is opposite to it. In axisymmetric
magnetic traps with a smooth magnetic field, in the
case of collisionless motion of particles, the adiabatic

invariant /, = q.) p.dr is preserved, which is associated

with the difference in the period of radial and longitu-
dinal oscillations (see, e.g., [124, 132—134]); this
invariant is proportional to the magnetic field flow
through the particle orbit in the reference frame,
where the particle trajectory is closed and when the
particle moves in a uniform magnetic field, this invari-
ant is proportional to the sum of the magnetic moment
and P,. In a diamagnetic trap, the invariant is pre-
served for particles with a sufficiently low longitudinal
velocity (for the conservation of 7,, it is required that
the transverse structure of the electromagnetic field in
the bubble during the longitudinal motion of the par-
ticle changes slightly over time on the order of the
period of radial oscillations). The period of radial
oscillations is the least for counter-particles moving in
a region with a strong magnetic field outside the bub-
ble (the period is approximately equal to the period of
cyclotron oscillations) and for co-particles with low
radial velocity (rotating along betatron orbits near the
bubble boundary); for these groups of particles, the
adiabatic invariant is destroyed last of all. Apparently,
the main role in the destruction of the adiabatic
invariant is played by small-scale corrugation of the
magnetic field, which arises due to the discrete struc-
ture of the magnetic system of the facility; conditions
for the adiabaticity of the motion for several groups of
particles with different types of trajectories were found
in [30]. In general, the adiabaticity condition is
reduced to the fact that the longitudinal component of
the particle velocity should not exceed the threshold
value, which depends on the energy and azimuthal
momentum of the particle, the radius of the diamag-
netic bubble, and the structure of the magnetic field.
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The condition of the confinement of adiabatically
moving particles in a trap has a similar form; in a dia-
magnetic trap with a smooth vacuum field with a cor-
rugation amplitude of less than a percent, ions with a
ratio of the longitudinal to the transverse velocity
component on the order of a hundred can be confined
in the adiabatic regime.

It is important to note that most of the co-particles
are confined in an axisymmetric trap absolutely, even
if they move along chaotic trajectories. The mecha-
nism of absolute confinement is associated with cen-
trifugal force, which throws co-particles rotating
around the axis along the radius and prevents particles
from penetrating into regions with a smaller transition
layer radius near the mirrors. Chaotically moving par-
ticles that are not absolutely confined leave the trap in
a time on the order of [30, 131]

a
T, ~— ngtﬂ

14
where p, is the Larmor radius of particles calculated
from the vacuum field at the center.

When considering the plasma lifetime in a diamag-
netic trap, it should be taken into account that due to
the conservation of the azimuthal moment and the
huge difference in the masses of ions and electrons in
the mirrors and in the transition layer, the regions can
be formed where ions but not electrons from the dia-
magnetic bubble can enter. To maintain plasma quasi-
neutrality, electrostatic potentials are formed in these
regions, which suppress the flow of ions. In the sim-
plest case of the plasma outflow with a Maxwellian
distribution, the outflow time is on the order T, =
To@/Ar, where Ar is the transition layer width [30].
The width of the transition layer certainly cannot be
less than the Larmor radius of the electron; various
processes, e.g., instabilities, in the transition layer lead
to its smearing. The smearing of the transition layer in
cusps has been studied experimentally and theoreti-
cally in detail [111, 123]. In particular, it was shown on
the ATOLL magnetoelectrostatic trap [123] that, due
to the transverse electric field introduced into the layer
(the potential drop across the layer width is about
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1 kV), kinetic instabilities are excited in the plasma
(including the long-wavelength ion-acoustic instabil-
ity [135, 136]), the source of energy for which is the
difference in the drift velocities of ions and electrons.
These instabilities determined the structure of the
transition layer and led to anomalous losses hundreds
of times higher than the classical ones (those that
would be in a magnetoelectrostatic trap if only Cou-
lomb collisions were taken into account) [123]. The
excitation of kinetic instabilities in the plasma at the
ATOLL facility led to the broadening of the transition
layer to a value on the order of the Larmor radius of
the ion.

Systematic experimental data on the structure of
the transition plasma layer in open traps with 3 = 1 are
currently lacking. For estimates of the lifetime of warm
plasma in GDMT, the “pessimistic” estimate is fur-
ther used, when the width of the transition layer is on
the order of the Larmor radius of warm ions p;, while
there is no electrostatic potential blocking the flow of
ions in the transition layer and in the mirrors (unlike
magnetoelectrostatic traps). In fact, we neglect the
possibility of additional blocking of the plasma flow by
the electrostatic potential, which played an important
role in the ATOLL facility. This estimate agrees with
the experimentally measured layer width in cusps
[123].

In the case when the transverse transport of warm
plasma outside the bubble is determined by Coulomb
collisions (and is small compared to the longitudinal
transport), and the Larmor radius of warm ions is
small, a simple zero-dimensional model of the plasma
energy balance in the GDMT in the diamagnetic con-
finement regime can be constructed. The energy is
introduced into the diamagnetic bubble by means of
neutral injection, fast ions transfer their energy to the
target plasma during the time on the order of the
deceleration time of fast ions on electrons t,; Eq. (4),
the target plasma is lost from the trap in a time on the
order of T, and each ion-electron pair carries out an
energy on the order of 87,, where 7, is the electron
temperature of the target plasma. The temperature of
the target plasma is determined by the balance
between the input power P,; and the power carried by
the outflowing target plasma 87,J ., where J, is the
rate of the input of warm atoms into the bubble (as a
result of gas injection or pellet injection). The density
of'target ions is determined by the balance between the
input J,.. and losses ma?Ln,/T,,. The temperature and
density of target ions are on the order of

o 1 Kini P
i e . )

8 J.

src

~ 1 eBnn e
on ¢ Ta

where B,,., is the magnetic field in the mirror, a is the
radius of the diamagnetic bubble, k;,; is the beam cap-
ture efficiency factor. Estimation Eq. (7) neglects
losses due to ionization and heating of the introduced

)
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atoms and it is assumed that the target ions and elec-
trons have the same temperature. The ratio of the total
energy of the target plasma to the total energy of fast
ions is on the order of 7, /T, <« 1.

The plasma energy density inside the bubble is

BV2 /81 and approximately coincides with the pressure
of fast ions. On the other hand, the total energy con-
tent of fast ions is determined by the balance between
the input power k;,;P,,; and transfer of energy to the
target plasma via deceleration of ions on electrons

2

B>
ST L~ Kt

®)

where L is the distance between mirrors and B, is the
vacuum magnetic field. Combining Egs. (7) and (8),
one can estimate the diamagnetic bubble radius for a
given magnetic field, injection power and gas injection

3/2 3 ) 7/2
o (o) ()2

AL B, \m, eB ) & o\ m,
_ ]kianinj
8 J

src
Here, A is the Coulomb logarithm. We note that
e?/m,c*= 3 x 10713 cm is the classical electron radius.

The capture efficiency satisfies the equation

By 844
ki, =1—exp(-oma) ~1—ex — O Pmax e ,
' Pl ) p( m c kianinjj

where 6 = 6., + oV, /v, + 0;;, here, O, is the resonant
charge exchange cross section of fast neutrals on target
ions, ov, is the electron impact ionization rate con-
stant, G, is the ionization cross section in ion-ion col-

lisions, v, is the velocity of injected neutral atoms.

Figure 20 shows an example of the dependence of
the diamagnetic bubble radius and target ion density
on the target plasma injection rate for a given injection
power. There is a strong dependence of the bubble
radius and target plasma density on the puffing power.
As J,,. increases, the density of the target plasma
increases, while the deceleration of fast ions on elec-
trons increases and the longitudinal losses increase, so
the total energy content decreases. Note that when
B, =0.5T and the injection energy of 30 keV, the den-
sity of fast ions in the diamagnetic confinement mode
is on the order of 5 x 1083 cm™3, and the Larmor radius
of fast ions is approximately 4 cm. In this case, the
assumptions of the zero-dimensional model that the
density of target ions is much higher than the density
of fast ions and the bubble radius is larger than the
Larmor radius of a fast ion are obviously violated at
n; <10 cm™>and a < 4 cm.

In the transition layer at the plasma—vacuum inter-
face, the average velocities of ions and electrons are
different (since the diamagnetic current flows), and
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Fig. 20. Example of the dependence of the diamagnetic bubble radius, target plasma density and electron temperature, and cap-
ture efficiency on the target ion injection rate. Parameters: magnetic field in the mirror and central section B,,,, = 20 T and
B, =0.5T, distance between the mirrors L = 8 m, neutral injection power ij =24 MW (solid curves) and 12 MW (dashed line),
injection energy 30 keV. When calculating the capture coefficient, the following cross sections were used [76]: G, = 2.79 X

10716 cm?, ov, /v, = 107'¢ cm?, 6;~107"%cm?, 6;~5x 107 cm

there are significant density and pressure gradients of
the plasma. In addition, the ion distribution function
in the GDMT differs significantly from the Maxwel-
lian one due to the use of atomic injection to create
and maintain a discharge. All this can provoke the
excitation of kinetic instabilities and anomalous losses
in addition to the “classical” losses described above.
Systematic data on kinetic instabilities in axisym-
metric open traps with powerful atomic injection and
B = 1 are not currently available; the main data were
obtained at the C-2W facility. At this facility, off-axis
injection of atomic beams with an energy of 15—40 keV
and a total power of 13 MW into a plasma is performed
in a preliminarily created configuration with a
reversed field [47]. Basically, small-scale drift instabil-
ities with a wide spatial spectrum, concentrated near
the separatrix and traveling in the azimuthal direction,
are observed in the plasma at this facility. It is noted
that drift instabilities do not affect the dynamics of fast
ions, since the orbital radius of ions significantly
exceeds the azimuthal wavelength of the instabilities.
In addition, at the C2-W facility, electromagnetic
instabilities are observed in the plasma with a fre-
quency on the order of the ion-cyclotron, presumably
associated with the excitation of Alfvén [137] or Bern-
stein [138] waves, while these waves do not affect the
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energy content of the fast ions population. The
absence of anomalous losses of fast ions in the plasma
may be due to the fact that, when using off-axis atomic
injection, most of the fast ions are confined absolutely,
while the angular scattering should have little effect on
their loss rate (in contrast to the experiment on an
attempt to reverse the field at the 2XIIB facility [100],
where there was no axial symmetry due to the use of
quadrupole MHD stabilizers). The currently available
data suggest that, in an axisymmetric diamagnetic
trap, the anomalous losses associated with plasma
microinstabilities can be reduced to an acceptable
level. A detailed study of kinetic instabilities in plasma
with B ~1 and methods for their stabilization is
planned during supporting experiments at the GDT
and CAT facilities [8].

An experimental study of the diamagnetic confine-
ment regime is one of the tasks of the first stage of the
GDMT. The DOL code calculations show (see Sub-
section 3.2) the possibility of achieving B > 0.7 in
modes with low gas injection and moderate magnetic
field (about 0.3 T), which can be interpreted as a tran-
sition to diamagnetic confinement. To increase the
power density of the neutral injection into plasma, it is
possible to rotate the injectors in the vertical plane (see
Subsection 2.2) to perform off-axis injection, when
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the center of the Larmor orbit of a fast ion approxi-
mately coincides with the traps axis. The GDMT also
provides for a stepwise magnetic field rise mode (see
Subsection 2.1), in which it is planned to switch to the
diamagnetic confinement mode at a moderate mag-
netic field (about 0.3 T) followed by a field rise to
1.5 T; as the field rises, an increase in the energy stored
in the plasma is expected. The transition to the dia-
magnetic confinement mode, apparently, requires
solving the problems associated with MHD stability
and anomalous transport in the transition layer. For
MHD stabilization, it is planned to use a combination
of vortex confinement and line-tying of the magnetic
field into a conducting wall (see Subsection 3.4). The
suppression of anomalous transport probably requires
the control of the vacuum magnetic field profile,
potential distribution in the transition plasma layer
and gas puffing. Estimates show that upon transition
to the diamagnetic confinement regime of the plasma,
one can expect an increase in the particle lifetime
(and the energy stored in the plasma) by an order of
magnitude.

4.2. Multiple- Mirror and Helical Plasma Confinement

The modular design of open plasma traps allows
the use of additional sections of the magnetic system
specially designed to reduce longitudinal losses. This
section considers proposals for using sections with a
periodic magnetic field to suppress longitudinal parti-
cle and energy losses in a new generation open traps
project. In this case, the central part (gas-dynamic or
diamagnetic trap, in which the plasma is heated)
remains unchanged. Thus, it is expected that the
plasma parameters in a trap gradually improve as the
magnetic system is developed and new specialized
modules are added.

In this section, for simplicity, we assume that a
quasi-neutral flow of thermodynamically equilibrium
plasma flies out into the mirrors of the central traps.
Such an assumption is valid for the regime of a purely
gas-dynamic plasma outflow. With an increase in the
plasma temperature and a corresponding increase in
the mean free path of ions (transition to the kinetic
confinement regime), depopulation of the distribu-
tion function in the region of low transverse velocities
is observed, since the exit of particles from traps corre-
sponds to weak diffusion inside the loss cone in the
velocity space.

When considering the operation of the central trap
in the mode of simulating a neutron source with a two-
component plasma, we assume that fast ions have time
to thermalize before they are scattered before they
escape into the loss cone. Further in this section, fast
ions in the central trap is ignored; accordingly, only
the value related to the warm plasma flow is taken into
account as the relative pressure parameter . An
increase in the anisotropy of the ion distribution func-
tion in the velocity space upon transition to the Kinetic
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confinement regime in the central trap undoubtedly
affects the efficiency of the longitudinal loss suppres-
sion. An accurate prediction of the magnitude of such
an effect in a magnetic system of finite length is possi-
ble only as a result of numerical simulation using a
specialized code that has yet to be developed. There-
fore, in this section we restrict ourselves to simple
numerical estimates for understanding the physics of
the operation of multiple-mirror and helical magnetic
sections.

4.2.1. Principles of multiple-mirror confinement
plasma. The multiple-mirror scheme of plasma mag-
netic confinement as applied to the problem of con-
trolled thermonuclear fusion was first proposed in
early 1970s [11, 12]. A detailed review of the multiple-
mirror confinement research, experimental results
and proposals for reactors based on this scheme is
given in reviews [34, 139]. In a multiple-mirror trap,
the magnetic field periodically changes along the axis,
forming a kind of chain of elementary mirror cells
(multiple-mirror traps cells). We introduce the field
corrugation value (the mirror ratio of multiple-mirror
traps cells) as R, = Byax/Bmin» Where B, and B,
are the maximum and minimum magnetic induction
in each cell. Depending on the corrugation depth,
traps with weak corrugation R,,,, — 1 < 1, traps with
moderate corrugation R, — 1 ~ 1, and traps with
strong corrugation R, = 1 are conventionally distin-
guished. Note that for the purposes of this work, only
the last two cases are of interest.

In each cell of the multiple-mirror plasma trap,
there are two ion populations: transient, in which the
pitch angle with respect to the magnetic field is small,
and locked in local mirror cells, in which the pitch
angle is large enough. Transient particles become
trapped during scattering and begin to oscillate being
reflected from magnetic mirrors. By the time of the
next scattering, they fly out with equal probability in
both directions. As a result, the longitudinal motion of
ions becomes diffusion instead of a simple expansion
along the magnetic field, and the lifetime of particles
under optimal conditions increases significantly com-
pared to the free expansion time of the plasma along
the solenoid

2
=~ (R = 1) = N (R =1,

1

)

where v;; is the thermal velocity of ions, / is the period
of the multiple-mirror system, N is the number of
periods of the multiple-mirror system, and T, is the
time of flight of the system with the thermal velocity.

The multiple-mirror trap works effectively in a rel-
atively small space of plasma parameters. The optimal
condition is the proportionality of the effective length
of the elementary mirror cell and the free path of the
ion. For the case of moderate corrugation, this reduces
to a simple condition A =/ (for the transition of a tran-
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sient particle to trapped ones and its temporary cap-
ture in some cell of the multiple-mirror system, scat-
tering by an angle on the order of units is required), for
the case of strong corrugation, to the condition A =
R,/ (scattering per angle on the order of the loss cone
angle is sufficient for trapping a transient particle).

A feature of the multiple-mirror confinement
scheme is that the useful effect (friction of transient
ions against locally trapped ones) is determined by the
ion scattering rate over the pitch angle. Any process
leading to an increase in the frequency of collisions of
ions in the plasma is beneficial from the point of view
of the feasibility of a multiple-mirror thermonuclear
reactor. This topic is discussed in more detail in Sec-
tion 4.2.3.

4.2.2. Choice of parameters of the multiple-mirror
system. A significant complication of the facility
design when sections with a multiple-mirror magnetic
field are added to its composition can be justified if
such sections can reduce the longitudinal losses of
particles and plasma energy by a factor of 3—10 com-
pared to the lifetime provided by the central trap itself.
Considering that in a finite length system, only a part
of the corrugated field cells can operate under condi-
tions close to optimal, it is reasonable to consider the
total number of corrugation periods in each section
N = 10-20. In this case, the total length of sections of
the corrugated field should be commensurate with the
length of the central traps. From these two require-
ments, indicative parameters of multiple-mirror sec-
tions are obtained: the corrugation period /= 1 m, and
the total length L, ,, = 15 m. These parameters should
be specified during the direct design of multiple-mir-
ror sections.

The list of physical problems solved at different
stages of the development of a new generation of a
modular open trap suggests the possibility of varying
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the plasma parameters over a wide range. Figure 21
shows the temperature dependences of the plasma
density (Fig. 21a) and the classical free path of ions
(Fig. 21b) calculated for a plasma with a fixed relative
pressure P held in a central trap in a leading magnetic
field of 1.5 T. Therefore, the parameter 3 in this figure
applies only to the pressure of the warm component,
the pressure of fast ions here is not taken into account.
The calculation was carried out according to formulas
from [140]. At the first stage of operation, the GDMT
magnetic field in the central trap may be smaller. Plots
for B = 0.01 at B = 1.5 T correspond to B = 0.1 at
B=10.5Tand B = 0.3 at B= 0.3 T; respectively, and
dependences for other parameters can be recalculated.

An analysis (Fig. 21) shows that the benefit of using
sections with a multiple-mirror magnetic field
depends significantly on the experimental scenario. In
the main scenario for simulating the parameters of a
neutron source with a two-component plasma, it is
assumed to work with the warm plasma parameters of
n~3x10%cm3and T~1 keV (corresponds to the rel-
ative pressure of the warm component § ~0.3 at B =
0.3 T). The classical ion scattering length in this mode
is hundreds of meters. Thus, deceleration of the flow
by a multiple-mirror section at moderate (R, — 1 ~
1) and strong (R,,,, = 5) corrugation requires anoma-
lous ion scattering.

From the point of view of reactor prospects for an
open plasma trap operating in the diamagnetic con-
finement mode, it is important to ensure the transition
from gas dynamic confinement with § ~ 0.3 to the dia-
magnetic bubble mode with B ~ 1 at a reasonable
injection power. A possible scenario for this case is the
creation of a dense one-component plasma, the
parameters of which fall within the range of effective
operation of multiple-mirror sections (e.g., n ~3 X
10“cm™3 and 7 ~200 eV at B = 0.3 T), in the first
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phase of the experiment. Then, in the second phase,
there is a synchronous increase in the density and tem-
perature of the plasma in the central trap until the dia-
magnetic plasma expansion is completed, and only
after that, in the third phase, the transition to the con-
finement of two-component plasma occurs with a
gradual synchronous decrease in density and increase
in temperature at a constant § value. Without taking
into account the anomalous collision in the third
phase, the multiple-mirror sections gradually lose
efficiency due to an increase in the mean free path of
warm plasma ions, however, the longitudinal losses
already have an acceptable value without multiple-
mirror sections due to the increased effective mirror
ratio in the diamagnetic trap. The emerging issue of
the need for a system to accurately control the balance
between the supply of matter and the power deposited
in the plasma, in any case, should be resolved for the
successful implementation of the idea of the diamag-
netic trap.

The physics of the operation of multiple-mirror
sections is to temporarily capture the transient particle
in the local mirror cell due to ion scattering in a small
angle, and return it with a 50% probability towards the
central trap at the next collision. An important techni-
cal requirement follows from this: the magnetic induc-
tion in the mirrors of the multiple-mirror system
should be no less than that in the main mirrors of the
central traps. The mirror ratio in the corrugated part
should be chosen as high as possible (taking into
account the negative impact on stability) in order to
extend the performance of multiple-mirror sections to
the region of high plasma temperatures for a given cor-
rugation period. In this case, the natural minimum of
the field is the same induction as in the center of the
main trap. This solution, however, may not be optimal
in a real design due to the degradation of the plasma
stability (see Subsection 4.2.4).

The specified requirements for the magnetic field
make it possible to use coils with a design close to the
design of the central trap mirror units in multiple-mir-
ror sections with a fixed mirror ratio, which are to be
created at the first stage of construction of a new
facility.

4.2.3. Ways to expand the available range of plasma
parameters. In the previous section, we discussed the
prospects for using multiple-mirror sections in classi-
cal scattering of plasma particles. When the plasma
temperature rises to several hundreds of electron-volts
for the condition A = R,/ to be satisfied, the cell
length of the multiple-mirror system becomes unac-
ceptably large. However, it is possible to make multi-
ple-mirror sections efficient enough for rare hot
plasma. To this end, it should be done so that ion scat-
tering in these sections is faster compared to that in
Fig. 21. Scattering can occur due to Coulomb colli-
sions in a plasma with changed parameters, and due to
the interaction of transient ions with electromagnetic
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waves in a plasma. The frequency of Coulomb colli-
sions can be changed as follows:

1. Gas outlet at the end of the multiple-mirror sec-
tion. Forcibly the plasma density is increased and
the plasma temperature is decreased on the part of the
multiple-mirror system. The disadvantage of the
method is cooling of the plasma electrons in the
central part and, thereby, the decrease in the plasma
gain Q.

2. Injection of a small amount of impurities with an
average atomic number Z (neon, silicon) into the mul-
tiple-mirror section. In this case, the frequency of col-

lisions increases as v ~ nzZl-z, where n, and Z, are
densities and charge numbers of the respective impu-
rities. The decrease in the mean free path A from
~300 to ~1—5 m requires an increase in the collision
frequency by a factor of 60—300 compared to pure
hydrogen plasma. At the impurity ion charge number
Z = 14 (fully ionized silicon), the local relative density
of the impurity should reach n/ny = 0.3. Such a pro-
posal was numerically studied in [141] as applied to a
multiple-mirror reactor. There is no experimental
confirmation. The disadvantage of the method is also
cooling of the plasma electrons in the central part and,
thereby, the decrease in the plasma gain Q.

Anomalous scattering of particles is possible when
turbulence develops in the plasma with a sufficiently
high root-mean-square value of the electric field.
Experimental observations of anomalous scattering of
particles were carried out only for certain types of
waves and sources of their excitation. In previous
experiments, anomalous collisions were studied in
detail only at extremely high levels of turbulence
pumping power. It follows that an important experi-
mental task of the multiple-mirror GDMT program is
to study the mechanisms of anomalous ion scattering
at a moderate pump power.

For the maximum efficiency of multiple-mirror
sections, a collision rate is needed to ensure that the
length of the free path and the period of the multiple-
mirror field are

Vetr = Vri/!.

Here, v, is the effective collision rate, vy; is the ther-
mal velocity of ions.

This ion scattering frequency is small compared to
the ion cyclotron frequency ;: for T=1keV,/=1m
the scattering frequency is v = 5 X 10° s < 1072 ;.
The average power transferred to one scattered ion can
be estimated as:
P ~m(l-

1

(%a)
here, K is the fraction of trapped particles in the mul-
tiple-mirror field.

Formally, the power Eq. (9a) can be large, on the
order of the power of longitudinal losses from the cen-

K) VerrViOv ~ m; (1 - %) Veffviz"ia
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tral section. However, this power is used to heat the
ions and, in the case of the effective loss suppression
by the multiple-mirror sections, is returned to the cen-
tral section. It is useful to compare the power Eq. (9a)
with the characteristic pump power of the oscillations
leading to ion scattering. Since the mechanisms of
these fluctuations may be different, let us dwell for
definiteness on the case of a helical trap (see Subsec-
tion 4.2.4). The main difference between “running”
corrugation and systems with a steady-state magnetic
field is a fraction of trapped particles moving towards
the plasma flow at a velocity v_. In the case of a helical
trap, this speed is proportional to the pitch / and the
rotational speed in crossed fields: v, = I0E X B/2x. In
general, this speed can be chosen arbitrarily.

For a rotating plasma in a helical magnetic field,
the energy source is a radial electric field that causes
rotation. The energy of an external source is trans-
ferred to the scattered ions through trapped ions and
an alternating electric field. The energy contained in
trapped particles is proportional to their fraction and
the kinetic energy of an ion moving at the velocity of
the motion of magnetic disturbances

I/Vtrappecl - szz'

Then the inverse characteristic time during which
the energy should be transferred from the trapped ions
to the wave is

2

- I/Vlrapped - -1 K V.
T P Veff 1 _2.

i —Kvy

Let us make this time dimensionless with respect to
the ion cyclotron frequency
2
. 14
T, ~ &L—g.
Veff 1 - KVT[

This quantity has the meaning of the number of ion
cyclotron periods during which the trapped ion should
give energy to the wave. A reasonable estimate for the
square of the ratio of velocities is

sz/vi,» ~ 5-10.

Thus, the energy transfer should be rather slow,
and scattering is not forbidden from the energetic
point of view at the fraction of trapped particles of
k ~ 1072. Anomalous scattering leads to an increase in
the fraction of trapped particles and increase its own
efficiency, which forms a positive feedback for this
process.

It should be noted that for the effective transfer of
energy to the transverse component of the velocity of
transient ions, the growth rate and the spatial spec-
trum of the most unstable oscillation are important for
the chosen anomalous scattering mechanism. These
issues require an experimental answer obtained under
conditions relevant to the GDMT parameters.
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To date, two methods for the excitation of anoma-
lous collisions have been experimentally shown:

1. Excitation of the small-scale Langmuir turbu-
lence during electron beam injection. As was shown in
[142, 143], such a process results in the turbulent sup-
pression of the longitudinal electron heat conduction.
This means, in addition to high-frequency Langmuir
oscillations, the presence of rather low-frequency
electric fields, which are most likely caused by density
fluctuations arising during turbulence. These fields
can lead to additional ion scattering. There are two dif-
ficulties in this method. First, this method of the exci-
tation of strong Langmuir turbulence was demon-
strated for sufficiently powerful pulsed electron
beams. An experimental study of the possibility of
achieving intense beam-plasma interaction at a rea-
sonable power of quasi-steady-state electron beams is
required. Secondly, it is necessary to search for such a
beam injection regime, in which the beam-plasma
interaction would be localized only in multiple-mirror
sections, without capturing the central trap, in which
additional ion scattering is unacceptable. Thirdly, the
creation of a technology for generating electron beams
that is operable under conditions of a powerful
oncoming plasma flow is a separate and non-obvious
scientific and technical task.

2. Excitation of large-scale bounce instability on
weakly trapped ions in the multiple-mirror section
cells. Such an instability was first discovered experi-
mentally at the GOL-3 facility [31] and then studied
theoretically in [144]. A spontaneous occurrence of
bounce instability was observed in regions with a large
plasma pressure gradient at the GOL-3 facility. In this
case, the plasma expansion rate apparently exceeded
the instability development threshold, and the insta-
bility was maintained during the entire time that a suf-
ficiently large longitudinal plasma flow existed. It is
possible that the threshold of the spontaneous devel-
opment of the bounce instability is too high for this
effect to be used in the form, in which it was observed
at the GOL-3 facility. However, there is the possibility
of forced buildup of bounce oscillations at the reso-
nant frequency using an antenna. To this end, not only
the creation of an appropriate experimental technique
is required, but also a sufficiently accurate control of
the plasma parameters in multiple-mirror sections for
their transfer to the automatic tuning system of the RF
generator.

Thus, methods for reducing the effective mean free
path of ions exist, but none of them is currently fully
confirmed. An experimental study of these methods is
required, which should be one of the scientific objec-
tives of the GDMT project.

4.2.4. Effect of multiple-mirror sections on the
plasma stability. In addition to a positive effect on the
longitudinal confinement time of the plasma, sections
with a multiple-mirror magnetic field simultaneously
worsen the overall MHD stability of the plasma in the
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Fig. 22. Plot of function Eq. (12).

trap. Each multiple-mirror section is a set of a large
number of elementary simplest mirror cells, which are
known to be MHD unstable [145]. Moreover, with
strong corrugation with R, > 1, approaching the
value of the mirror ratio in the central trap, the average
curvature of the field line in the multiple-mirror sec-
tion and, consequently, the negative contribution of
these sections to the overall stability integral is signifi-
cantly larger than the contribution from the central
trap.

To estimate the MHD stability of the confinement
region, we use the Rosenbluth—Longmeyer criterion
[145]

K(p +p 1
I(l—z”)d/ = L[ (/r) (B +By)al > 0.
rB 81
In the paraxial approximation r = ry(B,/B)"/? and
¥ = d?r/dz?, in this case, x/r= (3/4)((B'/B)* — 2B"/B).

Thus, in the paraxial approximation, the criterion can
be rewritten as

1(23(B')
“ual Tpallg) B ep
=$H§(1/J§)"(BL+B“)CJ1>0.

(10)

The field in the multiple-mirror section is approx-
imated by the function B(z) = (B, + Bmin)/2 +
(Bax — Bmin)cos(2mz/L)/2. Then the integral Eq. (10)
in the multiple-mirror section can be written in the
form (we assume that the pressure is constant)

'[K(pL+p|\)dl

rB’

_L+p|\ \/_1\/_.. dl
I NE) =0

max

(1)

max

szsz”

max 0

M(l/ﬁ)"b(xazléﬂ 7
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here, N is the number of cells, / is the cell length,
Rim = Bmax/Bmin 18 the mirror ratio, b(x, R) = (1 +
1/R)/2 + (1 — 1/R)cos(2nx)/2. At R, — 1 < 1 the
integral is approximately —(31%/32)(R,,,, — 1)*> =
—(R,, — 1), so it is convenient to introduce the
function
1
R=- 2 R

0 X,

(12)

The graph of the functlon F(R)is shown in Fig. 22.
It can be seen that this function is on the order of unity
and changes slightly when changing the mirror ratio.

Finally, integral Eq. (11) can be written as

I (P¢+P||)dl Mﬂﬁ(}gmm—l)zF(R)
rB’ Sm [ 32 (13)
~ _¥M(Rmm -1)*.
Tt

To take into account the contribution of the second
multiple-mirror section, its value should be multiple-
mirror by two. Since the purpose of creating multiple-
mirror sections of the magnetic system is to suppress
the plasma flow along the magnetic field, the estimate
Eq. (13) is obviously overestimated and can be used as
a pessimistic guideline. The origin is that the plasma
pressure gradually decreases from the center to the end
of the facility and, thus, the contribution of the end
sections to the stability integral is significantly less
than that accepted for Eq. (13). Under the optimal
operation mode of the multiple-mirror system, the
expected pressure distribution along the length is sim-
ilar to a ladder, in which the plasma pressure varies
slightly within each period of corrugation, and jumps
in density and ambipolar potential are localized near
the mirrors [146, 147].

We estimate the length of multiple-mirror sections
at which their destabilizing contribution to integral
Eq. (13) becomes equal to the contribution from the
central section of the trap. At a gas injection rate with
an equivalent current of 2.4 kA, a relative plasma pres-
sure B = 0.1, and a warm plasma density in the mirror
of 6 X 10" m™3 the integral Eq. (10) is 3 < 1073 cm™".
With a mirror ratio R, = 2 and a distance between the
mirrors of 1 m, the contribution of multiple-mirror
sections Eq. (13) is compared with the contribution of
the confinement region with the number of cells N =
400. Even with strong corrugation R,,,, = 5, the allow-
able number of multiple-mirror cells is N = 25, which
seems sufficient for pilot program objectives.

4.2.5. Confinement with helical mirrors. The helical
confinement scheme involves the creation of a leading
magnetic field with helical symmetry. In such a geom-
etry, periodic maxima of the magnetic field appear
along each field line forming a multiple-mirror sys-
tem. As noted earlier, when using the vortex confine-
ment technique to limit lateral losses, the plasma
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rotates around an axis in crossed electric and magnetic
fields. The use of multiple-mirror sections with helical
magnetic field symmetry makes it possible to increase
the confinement efficiency by creating an additional
force depending on the mutual direction of plasma
rotation and magnetic field helicity. Similarly to clas-
sical multiple-mirror confinement, a population of
trapped particles appears between the magnetic field
maxima. The magnetic mirrors are displaced along the
longitudinal coordinate on neighboring field lines. In
the reference frame rotating synchronously with the
plasma, the magnetic field maxima move along the
axis of the facility at a velocity that depends on the
helix pitch [35, 148]
hcE

p— r
¢ 2naB, ’

where 4 is the helix pitch, FE, is the radial electric field,
a is the radius of the plasma column, B, is the leading
magnetic field. At reasonable geometric parameters
and electric field E,. ~T,/a the velocity of the motion
of magnetic disturbances can be comparable with the
ion-sound speed. Ifthe length of the free path of a par-
ticle with respect to scattering into the loss cone is
small compared to the length of the system, the loss
cone of each individual cell of the multiple-mirror
field is filled. Field variations impart momentum to
trapped particles; these, in turn, produce a decelera-
tion force acting on the plasma as a whole.

The direction of the force is determined by three
independent parameters: the directions of the leading
magnetic and radial electric fields and the right or left
symmetry of the helical field. Thus, the choice of sym-
metry allows the plasma to be pumped towards the
central trap in both end sections.

The corrugation depth of the magnetic field in a
system with helical symmetry is variable over the
radius. There is no corrugation on the magnetic axis
and increases squared with the radius in the optimal
case [149].

The trap length required for the loss suppression in
the multiple-mirror trap by moving mirrors in e times
is estimated in [13] as

D _ Mvy(4nd®
kv, xv;\ph)

e
where D is the effective diffusion coefficient for the
longitudinal propagation of the plasma in a multiple-

A =

mirror trap, K o< 4/ R, is the fraction of trapped par-
ticles, R, is the corrugation depth, A is the mean free
path, p, is the Larmor radius calculated from the
applied radial stress.

An analytical model of longitudinal and radial
transport of particles is presented in [13]. An estimate
of the radial electric field required for the required
efficiency of suppression of the longitudinal plasma
flow is given in [150]. The above estimates show that
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the required electric field value is E, ~ (3—4)7,/ea for
practically significant parameters for ¥ # 0. The
potential difference between the plasma axis and
periphery U~ 4T, appears feasible under GDMT con-
ditions and compatible with the vortex confinement
mode.

It was also shown in [13] that, a neoclassical trans-
port of ions occurs at a negative potential on the axis of
the plasma column, which is necessary for closing cur-
rents leading to a decrease in the average radius of the
plasma column (plasma pinching). The nonunifor-
mity of the corrugation depth over the plasma cross
section is manifested similarly. These effects make it
possible to counteract plasma expansion due to trans-
verse diffusion. At the same time, plasma contraction
to the center, where there is no population of trapped
particles, limits the maximum achievable efficiency of
this scheme and may require additional measures to
improve the longitudinal confinement.

The results of an experimental verification of the
helical confinement theory are given in [14, 151, 152].
The suppression of the longitudinal plasma flow in the
section with a helical magnetic field is experimentally
shown, which corresponds to the effective mirror ratio
R,y > 10. The observed plasma density distribution
corresponds to the calculations performed on the basis
of the model of longitudinal and transverse transport
[13]. A decrease in the maximum density and the
above-described decrease in the average radius of the
plasma jet were found. At the maximum rotation
speed and corrugation depth, the formation of a
reverse (i.e., moving in the direction of the density
gradient) flux of ions in the paraxial region of the
plasma column was detected.

The analytical estimate given in [35] predicts a
higher efficiency of helical confinement compared to
classical multiple-mirror confinement for any length
of the section. At the same time, this estimate is not
applicable for comparing systems with similar engi-
neering parameters, since it assumes the equality of
cross-section-averaged mirror ratios. Since the local
mirror ratio in a magnetic system with helical symme-
try falls off towards the axis, a more practical compar-
ison would be a comparison of systems with an equal
local mirror ratio at the boundary of the plasma col-
umn. Figure 23 compares the efficiency of the multi-
ple-mirror confinement calculated from Eq. (9) and
the efficiency of helical confinement calculated based
on the transport equations from [13]. The electron
temperature is taken as 7, = 1 keV, the leading mag-
netic field B, = 10 T, the angular velocity of plasma
rotation in the helical system is assumed to be constant
along the radius and corresponds to the potential dif-
ference between the axis and the periphery U = 4T,
The local mirror ratio at the plasma periphery is
assumed to be R(a) = 2 or R(a) = 5, that corresponds
to Rym = 2 or R, = 5 in a multiple-mirror system and



1080

N L
(9]

SKOVORODIN et al.

=
(93]
1

=
(==

e
W

R.g(helical)/R g(multimirror)

(==

Fig. 23. (a): Calculated dependence of the effective mirror ratio of (/) multiple-mirror and (2) helical sections on the number of
periods of the magnetic field at the depth of corrugation at the edge R(a) = 2. (b) Dependence of the efficiency ratio of helical
and multiple-mirror sections on the number of periods of the magnetic field at the depth of corrugation at the edge R(a) = (3) 2

and (4) 5.

Rocan = 1.5 0r R,.,, = 3 in a helical system. The mean
free path was assumed to be equal to the period of the
magnetic field (Subsection 4.2.3). For small-length
systems, multiple-mirror sections are more efficient
due to the larger mirror ratio; for larger lengths, helical
sections are more efficient. Equal system efficiency
corresponds to the length L = 10—20 /, where / is the
length of the period of the multiple-mirror system.

The fulfillment of the condition of smallness of the
mean free path in comparison with the length of the
system due to only paired Coulomb collisions, simi-
larly to the classical multiple-mirror confinement, is
impossible. At the same time, if the relative velocity of
trapped and passing particles in a system with moving
mirrors exceeds the speed of sound c,, conditions arise
for the excitation of the two-flow instability, which
can be a way to reduce the effective mean free path to
the required values [13]. This anomalous collision
mechanism is currently being studied at the SMOLA
facility [152]. An indirect sign of its presence can be
the effective confinement observed in experiments at a
classical mean free path with respect to Coulomb col-
lisions, which is comparable to the facility length
[152]. Another theoretical possibility of reducing the
effective mean free path is the stochastization of the
motion of ions proposed in [153]. This method is also
supposed to be verified in the experiment.

4.2.6. Conclusions on the multiple-mirror and heli-
cal plasma confinement in GDMT. In this section, two
methods have been considered to improve longitudi-
nal plasma confinement in a trap using additional sec-
tions of the magnetic system. Both of the technologies
discussed, multiple-mirror confinement and helical
confinement, use a magnetic field that varies periodi-
cally along the axis of the system. In a multiple-mirror
system, this field is axially symmetrical; such a system
is completely passive, i.e., it does not require addi-
tional action on the plasma. In a helical system, the
magnetic field has helical symmetry with a spatial axis.
The field modulation depth is maximum at the

periphery and tends to zero on the magnetic axis.
Therefore, such a system has a stronger efficiency of
suppressing the longitudinal plasma flow at the
periphery. In addition, for helical confinement to
function, it is required to ensure the rotation of the
plasma. It is assumed that the same electrodes and
power systems are to be used for this as those needed
to stabilize the plasma in the trap by the vortex con-
finement method. An additional bonus of the helical
system is that it should provide plasma pinching to the
axis, i.e., it is a way to counteract the diffusion expan-
sion of the plasma.

From a technical point of view, the classic multi-
ple-mirror magnet system uses simple axisymmetric
coils, which can be manufactured using almost the
same technologies as the main mirror coils of the cen-
tral trap. The multiple-mirror system is easily modu-
larized. Sections with a helical field are more complex
in terms of the production technology and operating
conditions of current-carrying windings. In principle,
sections with a helical field can be considered as part
of the magnetic system of a straightened stellarator,
e.g., having two helical windings similar to the LHD
stellarator. The production of sections with a helical
field with magnetic induction about 5 T with a length
of several meters seems to be a feasible task.

Considering features of the operation and parame-
ters of the magnetic systems of multiple-mirror and
helical traps, it seems appropriate to consider the fol-
lowing facility structure. The main trap of the gas-
dynamic or diamagnetic type, in which the plasma is
heated, is in the center. The leading field in this trap
can vary within 0.3—1.5 T. Sections with a helical field
are located between the central trap and the first mag-
netic mirrors; the magnetic induction in them is cho-
sen to be the maximum possible according to the avail-
able technology so that the turning points of fast ions
remain in the central trap until the transition to the
helical section. Then the mirror unit is located fol-
lowed by a regular multiple-mirror structure, after
which a magnetic flux expander and plasma absorbers
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are located. In this scheme, the section with a helical
field most strongly decelerates the plasma losses from
the transition layers of the diamagnetic bubble (in
which the main longitudinal losses occur) and shift the
reverse plasma flow closer to the axis, and the multi-
ple-mirror sections additionally reduce the longitudi-
nal losses, returning back some particles ejected into
mirrors.

The physics of the operation of sections with clas-
sical multiple-mirror and helical magnetic fields is
developed quite well theoretically. At the same time,
for a number of reasons, there is still no independent
experimental verification in the range of dimension-
less parameters corresponding to the expected operat-
ing modes of new-generation open traps. Therefore,
parallel experimental programs are being performed at
the Budker Institute of Nuclear Physics, Siberian
Branch, Russian Academy of Sciences aimed at devel-
oping an appropriate physical knowledge base and
new plasma confinement technologies.

The physics of multiple-mirror confinement in a
magnetic configuration, for the first time consisting of
a central gas-dynamic trap with multiple-mirror sec-
tions to reduce longitudinal losses, is to be studied at
the GOL-NB facility. Heating using plasma with the
density of about #n ~ 3 x 10" m™3 is carried out by the
atomic injection method with a total power of two
beams of up to 1.5 MW. The description of the physi-
cal tasks of the project, achievable parameters and
design of the facility is given in [ 154—156]. The predic-
tion of the theory [159] that there are no significant
differences in the transport of a highly collisional
plasma flow through a strong field section in solenoi-
dal and multiple-mirror configurations was first
experimentally confirmed in [157, 158]. At present,
plasma accumulation, heating, and confinement in
the central trap are being studied in the case of sole-
noidal switching on of strong field sections [160, 161].
The work program at the GOL-NB facility provides
for testing the ideas outlined in Subsection 4.2.3.

The helical confinement concept is being tested at
the SMOLA facility launched at the Budker Institute
of Nuclear Physics, Siberian Branch, Russian Acad-
emy of Sciences in 2017 [149, 150]. Experiments have
shown the helical confinement effect, which is mani-
fested in a significant decrease in the integral flux and
a decrease in the average radius of the rotating plasma
along the section with the helical field [151]. It has
been shown that the efficiency of the helical section
increases with increasing magnetic field, average cor-
rugation depth and rotation speed [14], which is con-
sistent with theoretical assumptions. The suppression
of the longitudinal plasma flow in the section with a
helical magnetic field is shown experimentally, which
corresponds to the effective mirror ratio R > 10 [152].
The observed plasma density distribution is in good
agreement with the theory.

PLASMA PHYSICS REPORTS  Vol. 49

No.9 2023

1081

5. CONCLUSIONS

The new-generation GDMT trap described in this
work is a natural next step in the program of linear
magnetic traps being developed at the Budker Institute
of Nuclear Physics, Siberian Branch, Russian Acad-
emy of Sciences. The GDMT is based on the princi-
ples of fusion plasma confinement successfully imple-
mented at the GDT and GOL-3 facilities.

Being close to the existing GDT facility in terms of
design and a number of parameters (such as linear
dimensions and energy of fast ions), the starting
GDMT configuration differs dramatically in the dis-
charge duration (1—2 s versus 10 ms in GDT), atomic
injection power (24 MW versus 5.4 MW) and mag-
netic field strength in the central section (up to 1.5 T
versus 0.35 T in GDT). A relatively long discharge
duration allows studying steady-state regimes (unlike
GDT, where the energy stored in the plasma increases
monotonically during the shot). The higher field
strength and the power of atomic injection make it
possible to count on plasma confinement with a stored
energy on the order of 200 kJ, which is hundreds of
times higher than the stored energy in the GDT
plasma even in regimes with moderate parameters.
The plasma parameters in GDMT in these modes are
close to the plasma parameters in a fusion neutron
source suitable for testing structural materials.

At the GDMT facility, it is planned to test a num-
ber of thermonuclear technologies, such as methods
for replenishing the plasma with matter, MHD plasma
stabilization with a high relative pressure, and the cre-
ation of strong constant magnetic fields using coils
based on modern HTSC tapes. A radical increase in
the energy stored in the plasma and the discharge
duration leads to a significant heat flux to the surfaces
in contact with the plasma (thus, according to esti-
mates made on the basis of the DOL code, power den-
sities of about 10 MW/m? are expected in certain
modes on the surface of the plasma absorber), which
makes it possible to study in detail the issues related to
the plasma—surface interaction.

In the case of the successful development of addi-
tional methods for suppressing longitudinal losses,
such as multiple-mirror end sections and diamagnetic
confinement in the central cell, it is expected to
increase the particle confinement time and energy in
the trap by at least an order of magnitude. This makes
it possible to simulate a neutron source suitable for use
as a driver of a subcritical nuclear reactor and to con-
sider the prospects for creating a fusion reactor based
on linear magnetic traps.
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