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Abstract

A gas dynamic trap (GDT) is a version of a magnetic mirror whose characteristic features are a
long mirror-to-mirror distance, which exceeds the effective mean free path of ion scattering
into a loss cone, a large mirror ratio (R ~ 100) and axial symmetry. Under these conditions,
the plasma confined in a GDT is isotropic and Maxwellian. The rate at which it is lost out of

the ends is governed by a set of simple gas-dynamic equations, hence the name of the device.
Plasma magnetohydrodynamic stability is achieved through a plasma outflow through the end
mirrors into regions, where the magnetic-field lines’ curvature is favorable for this stability. A
high flux volumetric neutron source based on a GDT is proposed, which benefits from the
high g8 achievable in magnetic mirrors. Axial symmetry also makes the GDT neutron source
more maintainable and reliable, and technically simpler. This review discusses the results of a
conceptual design of the GDT-based neutron source for fusion materials development and
fission—fusion hybrids. The main physics issues related to plasma confinement and heating in
a GDT are addressed by the experiments performed with the GDT device in Novosibirsk. The

review concludes by updating the experimental results obtained, a discussion about the
limiting factors in the current experiments and a brief description of the design of a future
experimental device for more comprehensive modeling of the GDT-based neutron source.

(Some figures may appear in colour only in the online journal)

1. Introduction

The gas-dynamic trap (GDT) concept [1-3] was proposed for
a fusion reactor and a 14 MeV neutron source (NS) [3, 4] for
fusion materials testing and evaluation. The original geometry
of the plasma-confinement system, shown in figure 1, was
proposed as an alternative to the concepts of standard magnetic
Mirrors.

The concept embodies a long, axially symmetric, high-8,
magnetic solenoid terminated at both ends by high-field mirror
magnets. The plasma confined in the solenoid is supposed
to be sufficiently dense so that the mirror-to-mirror length L
exceeds the effective ion mean free path of scattering into a
loss cone [1,2]:

L > Xji-In(R)/R, (D

0741-3335/13/063001+31$33.00

where Aj is the ion—ion mean free path and R is the mirror
ratio. Then, the plasma confined in the solenoid is isotropic and
Maxwellian, and the rate at which ions are lost out of the ends is
on the order of the ion-acoustic speed V7. The resulting plasma
lifetime t can then be roughly estimated as a ratio between the
total number of particles in the solenoid N to their flux out of
the ends n - Sp, - Vi, where n is the plasma density and Sy, is
the plasma cross section in the mirrors. Taking into account
the fact that the area of the flux tube occupied by the plasma
scales as 1/R in the mirror throat from where the particles are
lost, then [1,2] N ~n-Sy-R-Landt ~ R-L/Vy. Inthe
GDT, the lifetime appropriate for fusion applications can be
achieved by increasing both the mirror ratio and the machine
length. A fusion reactor based on GDT would, however, be
quite long (e.g. L ~ 1km).

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. GDT: 1—central solenoid, 2—mirror coils, 3—plasma
dumps, 4—fast ions.

It is now widely recognized that the realization of
controlled fusion in reality requires a dedicated NS. This source
is necessary to develop materials with long lifetimes (at least
10-15 MW yr m~2, which corresponds to ~100 displacements
of every atom (dpa)) and minimal activation under neutron
bombardment, and to develop components that will be needed
in a fusion power plant. The GDT concept with modest
electron temperature (7, < 1keV) is envisioned as an
attractive D-T NS [3, 4] for material tests. Such a device of
much shorter length than the reactor, operating at high beta,
would provide Q &~ 0.05. A neutron flux of ~2 MW m™2
applied to an area of ~1 m? is well suited for materials testing.
It has a fusion neutron spectrum and operates with low tritium
consumption at efficiencies equaling or exceeding other non-
fusion spectrum options [4-6].

To produce high neutron flux, energetic D and T ions
with anisotropic angular distribution are produced by angled
injection of ~100keV deuterium and tritium neutral beams at
the center of the solenoid of a GDT. At a given temperature of
the warm plasma and energy of the beams, slowing down of
the fast deuterons and tritons via electron drag is far superior
to the angular scattering of these ions. Accordingly, the fast
ion angular distribution remains quite narrow, and is centered
on the initial value of the pitch angle while slowing down to
considerably lower energies. This results in the formation of
sharp fast ion density peaks near the turning points where the
ions spend a sufficiently large fraction of the bounce time. The
ratio between fast ion density at the turning points and at the
mid-plane varies with the injection angle 6 and the angular
spread of the ion distribution 80 as ~(sin9)~3/% . =12, It
increases for shallower angles, but in practice, injection angles
less than 20°-30° are not technically feasible. For the adopted
energy of neutral beams, neutrons are produced mainly in
collisions between fast ions. Accordingly, the neutron flux
density is also strongly peaked in the same regions that house
the testing zones. In contrast to the GDT-based reactor, in
this case a quite moderate electron temperature of 0.5-1 keV
is sufficient to generate a neutron flux as high as 2MW m~2
A GDT has the advantage of confining high-8 plasmas, and
the power density of fusion reactions scales as 82. Therefore,
it would be capable of producing a higher 14 MeV neutron
flux density (up to 4 MW m~?) than would other plasma-based
sources. Note that for a magnetic mirror with quadruple min-B
field, magnetohydrodynamic (MHD) stable confinement of a
plasma with 8 > 1 has already been demonstrated [7].

In general, MHD stability is a major concern for
axisymmetric mirrors, as is GDT. However, a number
of methods for achieving MHD stability, while retaining
the property of axial symmetry, have been proposed and
explored experimentally [8—17]. Notable examples are
the Phaedrus experiment at the University of Wisconsin,
USA, which achieved 30% plasma beta using ponderomotive
RF stabilization [18] and the AMBAL-U experiment in
Novosibirsk in which 30% beta was also achieved with partial
line tying to the gas-discharge plasma inside a gun placed at
the end wall [19].

Originally, it was shown theoretically that MHD stability
in a GDT can be achieved by a contribution to pressure-
weighted curvature from the expander regions beyond the end
mirrors. In these regions, the curvature of the magnetic-
field lines is favorable and large enough to overcome the
destabilizing effect of the axisymmetric central solenoid. This
is possible because in the expander regions, beyond the end
mirrors, collisional losses from the central cell sustain a non-
negligible plasma pressure. On the other hand, unfavorable
field-line curvature in the solenoid region can render the
plasma unstable to ballooning interchange modes [20,21].
However, a theoretical analysis indicated that 8 =~ 1 could
be reached without encountering the ballooning instability
limit. It is worthwhile to note that the GDT retains the
basic advantages of a mirror system—high beta, intrinsically
steady-state operation, natural ash and impurity removal, no
disruptions associated with the release of magnetic energy
of axial currents, as in a tokamak, low thermal and particle
wall loading, etc. Additional information about the physics
of mirror confinement systems can be found in the excellent
survey [22]. The main advantage of the GDT is the very
reliable physics of axial confinement. In contrast to other
mirror systems, axial confinement physics are not sensitive to
excitations of instabilities that may result in enhanced angular
scattering of ions.

In the following sections, we will review the current
understanding of the physics of a GDT, as derived from theory
and experiment. This review begins with a discussion of the
GDT-based NS concept in section 2. The experimental GDT
device and the set of diagnostics are described in section 3.
Several methods of achieving plasma MHD stability in a GDT,
which were studied experimentally, are considered in section 4.
Confinement of fast ions and bulk plasma are described in
sections 5 and 6, respectively. In section 7, we summarize the
main findings from the experiments on the GDT device and
consider an option for a future device that should bridge the
gap between the existing GDT device and a GDT-based NS.

2. GDT-based NS

Initially, as was mentioned above, the GDT [1, 2] was proposed
as a possible approach to an open-ended fusion reactor. It
would produce power in a long, axially symmetric, high-5,
magnetic solenoid.

However, a more near-term application of the GDT
concept is a 14 MeV NS for fusion materials development [3,
4] (see figure 2). In the NS, the neutron flux density
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Figure 2. A GDT-based NS: 1—neutral beam injector, 2—beam
dump, 3—coils, 4—plasma, 5—zone of permanent access, 6—zone
of end-of-life tests, 7—expander tank. Asymmetry in the neutron
flux profile is due to different gradients of the magnetic field near
the turning points.

strongly peaked near the turning points of the fast anisotropic
ions (figure 2, bottom). Except for these two narrow test
zones, all the plasma-facing components will not suffer
from intense neutron damage, and therefore will survive
without replacement for a long period of time. Note that
the GDT concept assumes no significant role of electrostatic
plugging of the end losses, as in tandem mirrors [23,
24], and does not incorporate complex thermal barrier
physics [25]. The GDT plasma contains a large fraction of
collisional warm plasma to provide both MHD and micro-
stability to the plasma. The initial approach [1, 2] suggested
plasma stabilization against flute modes using external cells.
Here, the magnetic field has favorable curvature and non-
negligible plasma pressure is sustained by axial losses from
the central solenoid. Other stabilization mechanisms that
have emerged in the past and in recent years would be
applicable for the GDT [12, 13]—including end cusp [26],
non-paraxial mirror cell [16], magnetic divertor [14,27],
kinetic stabilizer [28—-30], line tying [15], tail-waving feedback
stabilization [31], etc. If the MHD modes are stabilized, radial
transportin GDT is imperceptible, as expected in axisymmetric
configurations. Then, the higher frequency wave—particle-type
modes called microinstabilities, although considerably slower
than the gross MHD losses, may severely limit confinement.
Stimulated by the non-Maxwellian characteristic of the fastion
distribution, these modes cause particle diffusion in velocity
space, with eventual loss through the mirror ‘loss cone’ or
spontaneous redistribution of their density profile. The two
microinstabilities currently predicted by theory are known to
be the most dangerous for mirror-type confinement schemes.
Both were observed and carefully studied in the previous
mirror experiments [22]. The first is the Alfvén ion-cyclotron

(AIC) mode, which is driven by anisotropy of ion pressure
P, # Pj. It develops if plasma beta exceeds a threshold
that depends on the pressure anisotropy. Another instability is
related to the excitation of a drift cyclotron loss-cone (DCLC)
mode. This microinstability is caused by velocity space
asymmetries resulting from the loss of ions having constituent
velocities within the angle of the magnetic-mirror ‘loss cone.’
It develops in inhomogeneous plasmas under the condition
that the radial density gradient is sufficiently large. The GDT
plasma is supposed to be more micro-stable against excitation
of the AIC mode because the beams inject ions at an angle to the
magnetic field, which reduces anisotropy of ion distribution.
Additionally, their angular spread appears to be sufficiently
large, especially increasing near the turning points, which is
favorable for micro-stability. In addition, the beam-injected
sloshing ions are imbedded in a warm plasma that also provides
better micro-stability against both AIC and DCLC modes. The
basic parameters for different versions of the GDT-NS are
givenin table 1. The electron temperature is set to be about 1%
of the injection energy or less as most of the previous mirror
experiments suggested. This constraint, which is based on the
existing database gained for certain experimental conditions,
is adopted only because of practical considerations. It is
not imposed by a theory for magnetics mirrors and rather
connected to quite limited available database. However,
note that this limitation far exceeds what one might expect
considering high possible electron heat losses to the end wall
in mirrors.

In the case of GDT electron energy end loss is inhibited
by the large (=100 fold) magnetic expansion from the mirror
to the end wall [6]. As a result, the electron temperature is
determined by ion confinement and far exceeds that which
would result from electron thermal losses to the end walls (this
topic is discussed in section 6). With further improvements
in the efficiency of neutron production that suggest higher
electron temperature, GDT-NS would form an attractive driver
of a fusion—fission system. At a longer length and with further
reduction of end losses this can be envisioned. The potential
of the GDT-based 14 MeV NS as the driver of a major actinide
(MA) burner was explored in [32]. The ‘basic version’ of
the GDT-based NS, which has been proposed as an irradiation
facility for fusion material research, turns out to deliver about
one order of magnitude less neutrons than would be necessary
for a burner of commercial scale used to burn toxic nuclear
waste, produce fission fuel, or electricity. The hybrid concept
application requires a plasma Q of 2-5 [33, 34].

The power balance of the MA burner and its efficiency
in the destruction of trans-uranium isotopes by fission for the
basic version of GDT-NS appeared to be considerably less
competitive than the spallation and tokamak-based burners.
An increase in the electron temperature of the GDT plasma
up to 1.5-3keV would result in an efficiency of the GDT-
based MA burner that is comparable to that offered by a
tokamak-based and exceeds that of a spallation source. The
realization of this possibility demands further plasma physics
research. In addition to this, the GDT-NS offers the possibility
of longitudinally stretching its neutron production volumes.
In this way, the total strength and the energetic efficiency of
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Table 1. Parameters of GDT-based NS [35].

Parameter Beam-plasma version ~Beam-beam version  Fully SC version
Tritium beam energy (keV) 240 94 65
Deuterium beam energy (keV) — 80 65
Tritium beam power (MW) 20 6.5 20
Deuterium beam power (MW) — 8.5 20
Electron temperature (keV) 0.6 1.1 0.65
Plasma density at the mid-plane (m=?) 2 x 10% 2 x 10% 2 x 10%
Plasma radius at the mid-plane (m) 0.06 0.08 0.06
Mirror ratio 20 15 10
Magnetic field at the mid-plane (T) 1.25 1.8 1.3
Injection angle (°) 20 40 30

Max. neutron flux (MW m~2) 3.9 1.8 1.8
Power consumption (MW) 50 60 47

the source can be substantially increased. Encouraging results
were obtained from the study [32] of a longitudinally extended
burner. Both measures together would greatly improve the
characteristics of the GDT-based sub-critical MA burner and
make it fully compatible with other proposed schemes.

Accordingly, the physical issues to be studied for the
GDT-NS include demonstration of adequately high electron
temperature, steady-state operation, ballooning instability
threshold, plasma equilibrium at high 8, effect of ambipolar
fields on confinement, effect of plasma rotation on confinement
and radial transport, etc. The efficiency of different MHD
stabilizers at relevant plasma temperatures and densities,
as well as the applicability of auxiliary plasma heating
(ion-cyclotron resonance heating (ICRH), electron-cyclotron
resonance heating (ECRH), axial injection of electron beams)
methods should be studied in addition. Moving from physics
to engineering issues, first note that engineering design
constraints for GDT-NS are eased due to its axial symmetry
and the lack of considerable axial plasma currents, which
otherwise could result in catastrophic plasma disruptions, as
it happens in tokamaks. Then, a high-pressure plasma can
be sustained with steady exhaust power beyond the magnet
system, which does not undergo large variations. Design of
axially symmetric magnetic coils utilizes already demonstrated
technologies except for the versions with very high magnetic
field in the end mirrors. The remaining major issues are
development of continuous neutral beams with 65keV or
higher energy and 40 MW power with small divergence and
focusing (prototypes already exist [36]), handling plasma
exhaust (~10?? particles s™'), neutron shielding of sensitive
elements and a high-frequency (~1kHz) pellet injector for
sustainment of warm plasma that has a lifetime on the order of
milliseconds.

The problems of the neutron shield for the GDT-NS
equipment that are critically sensitive to irradiation were
considered in [37]. Starting from a crude, non-optimized
over-shielding placed everywhere between the plasma and
the coils leaving only space for injected neutral beams (to
check the feasibility of survival protection), simulations were
run to establish the damage on the sensitive components. It
was shown that due to neutron streaming along the neutral
beam lines, the extreme local dose of neutrons on the exposed
ion-head insulating alumina and that on the bending magnet

insulator allows a survival of the parts beyond the natural
service life of the ion source once a local adequate shield is
inserted. Thus, the protection is such as to make replacement
interventions determined by the natural consumption of the
ion source, not by radiation damage. Among the magnets, the
most critical ones are those in direct contact with the injector
ducts that hinder good shielding. The central one, and the most
critical one, was shown to be at the limit of tolerance of the
displacement per atom (dpa), while safe for other parameters.
Its shield has been redesigned and the coil is now expected
to outlive the GDT-NS 10-year operation period. Although
the above results were derived from the non-optimized crude
shield, simulations already show that the GDT-NS operation at
the current level of concept of design and shielding is viable.
Several design modifications have been suggested to improve
GDT-NS properties, and some of these suggestions have been
evaluated.

In order to cope with the steep gradients in the testing
zones of the GDT-NS, the use of miniaturized specimens
was suggested [38], already a common practice in the
fusion materials community. The ‘small specimen test
technology’ (SSTT) is an ongoing, facility-independent
activity aimed at developing suitable miniaturized specimens
and testing techniques for qualifying irradiated structural
materials [39,40]. The proposed GDT-NS tubular test
assembly (TTA) must be capable of accommodating a variety
of materials ranging from metals to non-metals, and must be
capable of adjusting and controlling specimen temperatures.
The design principles of the adopted TTA design follow safety,
reliability and maintainability criteria previously developed for
the IFMIF project [41] and include simplicity, fail-safe and
fault-tolerant design, structural integrity and compatibility, as
well as testability.

Helium gas is adopted as a coolant as it is inherently
safe, has good compatibility with structural materials, some
of which will be at elevated temperatures, does not become
activated and significantly simplifies any remote handling
manipulations. The helium-cooled TTA is a vessel-type
hollow cylinder with 10 irradiation rigs of 2 m length. Each of
the eight rigs dedicated to structural materials contains eight
specimen capsules at the desired irradiation temperature, while
two or three specimen capsules might be sufficient for the two
rigs reserved for ceramic breeder materials. Figure 3 shows a
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Figure 3. Schematic cross-sectional view of the TTA: 1—He gas
coolant, 2—cover tube, 3—vacuum chamber, 4—miniaturized
specimens, S—plasma.

cross section of the TTA with the plasma tube surrounded by
the helium gas cooled rigs, and the cover tube. The interior of
the rigs closely follows a coolant concept developed recently
for IFMIF [40—42]. Individual irradiation temperatures can be
achieved using gas gaps between the specimens and capsules
as well as between the capsules and rig walls, a common
procedure in materials test reactors. This keeps the structural
materials (capsules, rigs and TTA structure) at moderate
temperatures well below the specimen temperature during
irradiation.

The use of gas gaps to rise the specimen temperatures
means that the entire irradiation window (300-1000°C) is
independently available not only for each rig but even for
each individual specimen capsule. Apart from the passive
temperature control with individual gas gaps and the tuning
of the He-gas coolant, during normal operation it might
be desirable to adjust the individual capsule temperature.
Therefore, it is planned to integrate an ohmic heating system
into each of the 20 cm long specimen capsules. This system
would also be used for temperature control during plasma-
instability and plasma-off periods. Although one type of
specimen is currently foreseen for each capsule, the capsules
could also be assembled with different specimen geometries.

The two rigs dedicated to tritium release experiments can
be assembled with a few capsules that would be filled with
different types of ceramic specimens. Tritium released by the
specimens in the capsules will be swept away by helium gas,
which will flow continuously through the capsules, and will be
then carried through very thin pipes to the analyzing equipment
located in the vicinity of the mirror machine.

The design of the completely assembled TTA capable of
accommodating as many as 8000 miniaturized specimens in
a volume of 201 is illustrated in figure 4. Test samples are
located outside of the vacuum wall, so that samples can be
changed without an air cycle, and mechanical and electrical
stresses can be applied and measured more conveniently.

The MCNP model of the GDT-NS was used to simulate the
neutron conditions in the helium-cooled TTA in the material
test irradiation zone. The TTA is backed in the radial
direction by a 12cm thick steel reflector and a 28 cm thick
shield (90 vol% tungsten, 10 vol% water). Calculations were

to midplane 4

Figure 4. Elevation view of the TTA: 1—vacuum chamber,
2—sliding support, 3—rig, 4—rig attachment, S—cover tube,
6—He gas coolant.

performed with the MCNP Monte Carlo code, taking into
account about 7 million source neutron histories and resulting
in statistical errors well below 1% for each of the calculated
responses.

Radial-axial profiles were calculated for the neutron
fluxes, the dpa and the gas production rates in the TTA region.
The maximum dpa rate in the TTA is at about 15 dpa/full-
power year (FPY) and the largest fraction of the TTA volume
will be at the dpa level of 1015 dpa/FPY that is sufficient for
materials testing. The variation in dpa/FPY, resulting from the
neutron flux gradient, is about 15% cm~!in radius, 0.5% cm™!
along the axis, and zero in azimuth, better than the 20% cm™!
requirement for materials irradiation testing.

Studies in Russia and the US [43-45] have produced
several conceptual designs of 14MeV fusion NSs based
on the GDT concept. The physical sizes are similar to
GDT but typically use four times higher magnetic fields and
neutral beam injection (NBI) energies. The required power,
typically 40 MW, is dependent on the electron temperature.
Simulations [46] indicate an approximate 14 MeV neutron
power flux dependence of

P/A =2.5T, (keV) MW m 2. )

Equation (1) is satisfactory for neutral beam energies in
the range 65-105keV. Note that for the 0.2keV electron
temperature achieved in the GDT experiment, equation (2)
predicts a neutron flux of 0.5 MW m~2, comparable to that
projected for ITER.

Compared with accelerator-type NSs, GDT-NS would
provide a 100-fold larger test volume and would produce a
14 MeV fusion energy spectrum. Tokamak sources would also
provide a 100-fold larger test volume but need to breed tritium
due to the high rate of tritium burn-up.

There are issues with the GDT-NS concept. The
main physics issues are scaling of electron energy transport,
axisymmetric MHD and micro-stability. While theoretical
analysis is positive, experimental confirmation needs to be
demonstrated. The key technology issues are truly steady-
state neutral beams, tritium reprocessing and retention, and
vacuum pumping. While challenging, these technology issues
are common to all magnetic-field concepts.
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One of the advantages of the GDT-NS is a relatively
low tritium consumption (about 150 g per year), in addition
to a relatively low tritium inventory in the GDT-NS device
(less than 500g). To simplify technically the system of
deuterium—tritium gas processing, the two-component atomic
beam injectors used for the D-T mixture are being further
developed. In this case, there is no need to carefully separate
deuterium and tritium, and one can use cryogenic panels with
different temperatures as a sufficient separation scheme. The
experiments were conducted in Novosibirsk with a 40keV,
1MW, 1s neutral beam to support this idea [47]. The ion
source was operated with a D-H mixture, which was supplied
directly to the plasma box through a pulse valve. The relative
concentration of deuterium in the mixture was varied from 0%
to 100%. The results of perveance scans indicated that at an
optimized level the extracted ion current corresponded to an
effective mass of plasma ions in agreement with the Child—
Langmiur law, as expected.

Other applications of the GDT approach, requiring an
intermediate performance between a NS for materials testing
O = Ppusion/ Pinpue ~ 0.05 and pure fusion Q > 10, are the
fusion—fission hybrids. For this application Q ~ 1 would be
sufficient, which can be realized [34] at relatively low electron
temperatures in the range of 3keV, with a plasma diameter
of 1 m and mirror-to-mirror length of 40 m. Studying the Q
required for economical burning of fission reactor wastes by
fissioning transuranics with multiplication of fusion’s neutron
energy by a factor of ~10 or more indicated that a Q less
than 2 would be sufficient. For a minor actinide burner with
multiplication over 50, an even smaller Q ~ 0.2 would be
sufficient [34, 48].

It is worth noting that capabilities of the GDT-based
NS can be additionally extended if the neutron flux can be
modulated with a desired frequency. The modulation may be
an enabling tool for the assessment of the role of non-steady-
state effects in fusion devices as well as for high-precision,
low-signal basic science experiments favoring the use of the
synchronous detection technique. In[49] aconclusionis drawn
that a modulation frequency of up to 1 kHz and a modulation
amplitude of a few percent are achievable. Limitations on
the amplitude of modulations at higher frequencies are also
discussed in [49]. A specific approach to modulation of
the neutron flux by producing periodic short-lived density
peaks near a turning point if the injection energy is properly
modulated in time is considered in [50]. It is shown that the
bunching of deuterium and tritium ions can produce periodic
short bursts of neutron radiation with intensity 1.5 times higher
than the average level.

Summarizing this section, it is worthwhile stressing again
the advantages of the proposed NS for materials development.
The neutron flux of ~2MWm™ to an area of ~1m?
is well suited for material testing. The device produces
a fusion neutron spectrum and operates with low tritium
consumption at efficiencies equaling or exceeding other non-
fusion spectrum options. The characteristics of a GDT-based
NS, as a magnetic-mirror plasma-confinement device, make it

particularly appropriate [43,51-54]:

e Inherently steady-state operation, but can be modulated
at a few kHz if desired. An extensive international
database has been developed for pulsed magnetic mirrors.
The needed steady-state database could be generated
during hydrogen operation of a NS, before completing the
shielding and nuclear technology portions of the facility,
or in a separate facility.

e High beta confinement, 8 ~ 1 (i.e. the plasma pressure is
equal to the magnetic-field pressure). This enables a high
flux of neutrons to be created in small volumes of a few
liters.

e It can also provide a 1-2MW m~2 neutron flux over
the larger volumes (~1001) needed to develop tritium-
breeding blankets.

e Electron temperatures can now reach classical values,
using techniques that are understood theoretically, and
demonstrated experimentally, to suppress secondary
emission [55,56]. This reduces the heating power for a
given neutron production.

e Low tritium consumption (<0.2 kg yr~! so that tritium can
be purchased and is not required to be bred in situ) and a
low tritium inventory for safety. Tritium breeding can be
developed in this facility.

e High neutron flux (>2MW m™2) in test zones allows
accelerated testing of materials in volumes exceeding 1 1.

e Significantly lower neutron flux at the facility walls
(<0.1MWm™2) and low heat (<0.6MWm™2), so the
facility is not being ‘tested’.

e The primary neutron spectrum is that of deuterium—
tritium, with no high-energy tail, as in accelerator-based
NSs (spallation or D-LI IFMIF type).

e Simple, therefore inexpensive, magnets.

e Can use well-tested positive-ion neutral beams, extended
from current operation to steady state.

e The flaring of the magnetic field in the end tanks allows
one to reduce the heat flux on the plasma dumps to a
manageable level of I MW m~2 or less.

e Only fusion-relevant technologies used: neutral beam or
possibly RF heating, superconducting magnets, tritium
handling, steady-state power plant operation (with
0<1).

e Costis ~10% of ITER.

e Hydrogen operation allows commissioning without
radiation issues.

3. Experimental setup and diagnostics

The experiments in support of development of a GDT-based
NS are carried out in Novosibirsk, in the GDT device. The
GDT magnet and neutral beam systems are shown in figure 5.
The vacuum chamber consists of a cylindrical central cell 7 m
long and 1 m in diameter and two expander tanks attached to
the central cell at both ends. A set of coils mounted on the
vacuum chambers produces an axisymmetric magnetic field
with a variable mirror ratio ranging from 12.5 to 30 when the
central magnetic field is set to 0.3 T. In some experiments,
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Figure 5. Cutaway view of the GDT device: 1—fast ions turning
points, 2—neutral beam injector, 3—beam dump, 4—warm plasma,
5—coils of the central solenoid, 6—mirror coil, 7—plasma gun, 8,
9—expander tanks.

Table 2. Parameters of the GDT device.

Parameter Value

Mirror-to-mirror distance 7m

Magnetic field at the mid-plane Upto0.35T
in mirrors 2.5-15T

Bulk plasma density at the mid-plane (1-6) x 10 m™3

Bulk plasma radius at the mid-plane 6—7cm

Electron temperature Up to 250eV

Energies of deuterium/hydrogen 20-25keV
neutral beams

Neutral beams’ pulse duration 5ms

Total injection power Up to 5.4 MW

Injection angle 45°

Fast ion density in turning point regions ~ ~5 x 10" m~3
Mean energy of fast ions ~10keV
Maximal local plasma Upto 0.6

this configuration was modified by adding compact mirror
cells at both ends of the GDT central solenoid. The basic
parameters of this device and the plasma parameters typical
for the operational regime are listed in table 2. Typical time
evolution of some parameters is presented in figure 6.

MHD stability of the finite-8 plasma in the central
solenoid, within certain limits set by the experimental scenario,
was achieved by using the axially symmetric end cells where
magnetic-field lines have favorable curvature. Remote anchor
cells of two different types were experimentally tested. The
first is an expander end cell in which the plasma from the
mirror throat freely expands along the gradually decreasing
magnetic field up to the end walls. The field inside the expander
end cells is formed by a combination of the stray field of the
solenoid and the field of a large radius expander coil mounted
on the end tanks (see figure 5). The current in this coil was
normally opposite to that of the solenoid coils. In this case,
the field lines in the expander curve away from the axis, which
is favorable for stability. An additional coil set in one of the
end tanks formed a cusp end cell where there is a magnetic
field null on the axis. By energizing the proper coils of the end
tank, we were able to perform experimental runs that switched
between expander and cusp end cell configurations without
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Figure 6. Time evolution of representative shot parameters:

(a) injected (1) and trapped (2) power, (b) diamagnetic flux at the
turning point, (¢) neutron yield density.

opening the device to air. A sufficiently high plasma density
was maintained in the end cells by collisional losses of the
warm plasma from the central solenoid. In the expander end
cells, the plasma flowed during one transit and dumped on the
end plates, whereas in the cusp end cell, plasma stayed for
several transits and accumulated during a shot. The ring cusp
was 53.5 cm in radius, and the magnetic field in the cusp was
maximally set to 1.76 T. The outboard point cusp magnetic
field was 2 T.

In separate experiments, we employed a set of biased
radial limiters and radially segmented end walls to control the
electric field in the plasma. While varying the electric field, a
maximum in plasma energy and diamagnetism was observed.
Later on, it was understood that radial plasma losses in the
regimes with biasing of the end plates and radial limiters could
be reasonably small even if the MHD stabilizing end cells were
not engaged. This happens when the radial limiter and the
outer ring of the end plates were biased at ~150 V, while the
inner segments of the end plates were electrically floated. In
this regime of operation, which is considered in further detail
in this section, the radial extent of the warm target plasma
remained almost unchanged during NBI. This indicates that
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Table 3. Characteristics of the GDT neutral beams.

Parameter

spread Total
Extractedion current (A) 35-45 330
Beam energy (keV) 23-24
Ion beam power (MW) 0.81-1.1 7.7
Angular divergence (mrad) 18-21
Beam neutralization efficiency 0.85-0.86
Beam line acceptance 0.73-0.95
NB power incident on the plasma (MW)  0.51-0.83  about 5.4

no enhanced radial transport precludes the production of high-
B, multi-component plasmas in a GDT configuration.

In the experiments, the GDT plasma was heated and fast
ions were produced by injection of 6-8 deuterium/hydrogen
neutral beams [57]. Neutral beam currents in excess of
maximally 320 equivalent atomic amperes were injected with
an accelerating voltage of 23-24kV. The maximum beam
duration of each injector is set to 4-5ms. Under the typical
conditions of experimentation, about 2.6 MW were trapped by
the solenoid plasmas. The characteristics of the GDT neutral
beams are presented in table 3.

The initial plasma is produced by a &3 ms pulse from a
washer stack hydrogen-fed plasma gun. The gun is located
in one of the end tanks beyond the mirror throat. Under
standard conditions, within ~3 ms, the plasma density reached
(5-7) x 10" m™3, after that the gun current was terminated
and the plasma began to decay. The electron temperature of the
gun-produced plasma (3—10 eV) was nearly constant across the
radius. The radial density profile was well fitted by a Gaussian
distribution with a characteristic scale length of 67 cm, which
slightly changed with the magnetic-field strength in the gun.
During beam injection, significant broadening of the density
profile was observed.

In order to decrease the charge-exchange losses of fast
ions it is essential to reduce the neutral gas recycling at
the chamber wall. For that purpose, an array of electric-
arc Ti-evaporators was installed inside the central cell of the
device. The arrangement of the evaporators and the application
procedure were optimized to allow fast and homogeneous
coating of the wall surface just before a plasma shot. To
improve the adhesion of the film to the wall, the inner surface of
the chamber was covered by stainless-steel panels, which have
undergone several special treatments including sand blasting of
the plasma-facing surface and baking out at a high (~800 °C)
temperature. Application of the installed evaporation system
increased the mean charge-exchange lifetime of the fast ions
from 1 ms up to 10 ms and made it much longer than the fast
ion particle confinement time and their slowing down time.
This was mainly achieved by a drastic reduction of the fast
neutral recycling at the Ti-coated first wall. Thus, the base
pressure in the central cell during the shots was sustained at
a level of (0.5-1.1) x 107> Pa. A detailed description of the
vacuum system, Ti-evaporation system, wall preconditioning
procedure and the experiments concerning the dynamics of the
neutral gas in the GDT during the NB injection is presented
in [58].

The plasma parameters at the solenoid were measured with
a number of diagnostics [59]. The density profile is derived
from the measured attenuation of neutral beams and from
Thomson scattering data near the mid-plane. The Thomson
scattering system also measured the electron temperature in
the plasma core. These data were combined with those from
the probes installed in a radial limiter shadow to provide the
electron temperature profile. Temporal variation of the ion
temperature of the target plasma was measured by Rutherford
scattering of a diagnostic neutral beam (DNB) [60-62]. At the
end of the beam injection pulse, the ion temperature was close
to that of the electrons [63].

In order to measure the radial profile of plasma beta in
the turning point region we applied a motional Stark effect
(MSE) diagnostic [64]. It utilizes the effect of the Lorentz
electric field E = [v x B] appearing in the frame of reference
of a fast atom moving in a transverse magnetic field. For a
hydrogen atom, the resulting Stark splitting is linear in the
magnetic field. Therefore, it provides a robust method of
local magnetic-field measurements. By measurements of the
absolute value of the magnetic field in plasma shots and in
vacuum shots, one can calculate the plasma diamagnetism as
AB/B = (Byac — Bplasma)/ Bvac- Ideal (single-fluid) MHD in
paraxial approximation (negligible field line curvature) gives
perpendicular pressure balance equation of the form

B /87 = B

plasma

/87 + P..

Using this equation one can further estimate the plasma beta as
B = P,/(B./87) =2AB/B — (AB/B)*

The MSE diagnostic on the GDT comprised of a DNB
injector [65] and a registration system. The spatial resolution
was determined by the diagnostic beam size and by the viewing
angle of the observation system. It was 4.5 and 1.5 cm along
the viewing chord and in the perpendicular plane, respectively.
The temporal resolution was 200 us, as it was set up by the
duration of the diagnostic beam.

Neutral beam attenuation detectors are used to measure
the trapped power of the heating beams. The target plasma-
energy content and that of the fast ions were inferred from
the diamagnetic loop data. One of those loops was located
at the mid-plane and another beyond the turning points of the
fast ions. The charge exchange and radiation losses from the
plasma were measured by a set of pyro-bolometers having a
time resolution of 10 us. Near the mid-plane, the fast ions are
partially neutralized by charge exchange with the neutral gas
components and leave the plasma within rather a small interval
of pitch angles near the injection angle of 45°. A bolometer
located at the mid-plane is used in conjunction with a movable
collimating tube aimed to separate the charge exchange of
fast ions and the radiative losses from the plasma column. A
detailed description of these diagnostics is given in [58, 66].

To monitor the time evolution of the radial density profile
a diagnostic based on the charge exchange of a 25keV D°
beam was developed [67]. Its spatial resolution was 1.5-2.0 cm
and its time resolution was 50 us. Fast inverse magnetron
ionization gauges were used for the measurements of the
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Figure 7. Layout of the diagnostic to measure the local energy
distribution function of fast ions: 1—plasma, 2—collimator,
3—stripping cell, 4—electrostatic 45° analyzer; 5—12-channel
detector.

time evolution and spatial distribution of neutral gas density
inside the central cell [58]. The parameters of the fast
ions were measured using an artificial target method, neutral
particle analyzers, and an array of diamagnetic loops and
magnetic probes installed at different axial locations inside
the solenoid [68].

The local energy distribution function of fast ions was
measured by means of an artificial target method [69,70].
For that a diagnostic hydrogen neutral beam injector was
installed in the central plane of the device at a distance of
1.2 m from the axis (figure 7). The energy of the neutral beam
was 13—15keV in a different series of experiments, the beam
current was up to 25 atom amperes and the pulse duration
was 120 us. In order to increase the neutral beam density in
the plasma an ion optic system which provides beam focusing
was used [70]. Because of this the beam radius at the focal
point was about 2 cm, and the current density up to 0.5 atom
A/cm?. The neutral beam was employed as a charge-exchange
target for the fast ions. The charge-exchange neutrals escaping
from the plasma near the mid-plane were analyzed by a 45°
electrostatic charge-exchange particle analyzer (CXA). The
energy analyzer consists of a helium stripping cell, a 90°
deflection parallel plate energy analyzer and a 12-channel
detector based on a microchannel plate. The CXA scans
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Figure 8. Time evolution of the total neutral particle flux (a) and
the neutral beam current of the diagnostic injector () in two
experiments.

the energy range from 2.8 to 20 keV. Shifting the analyzer to
different positions along the machine axis from shot to shot
and/or varying the inclination angle allow measurement of the
angular distribution of fast ions. The limits within which the
inclination angle can be varied at the mid-plane were 45 + 5°.
The angular resolution of the analyzer varied at different axial
positions in the range 0.35°-0.8° and its energy resolution
within the range 0.4—1.3keV. Figure 7 shows the layout of
the diagnostics.

The local measurements were rather complicated because
of the presence of the heating neutral beams, which are
injected at the same place and provide a high charge-exchange
background. A typical time evolution of the total neutral
particle flux measured by the CXA along with the time
evolution of the DNB current is shown in figure 8 for
measurements before and after switching off the main neutral
beams. The background observed is associated with the
charge exchange of fast ions on the neutral components: warm
neutral atoms generated by charge exchange of neutral beams,
peripheral cold neutrals and heating neutral beams. Since the
neutral particle fluxes resulting from fast ion charge exchange
on the diagnostic beam were relatively small, the fluctuations
of the background neutral fluxes played an important role.
Therefore, the required accuracy of the measurements of the
distribution function (£10%) was reached by averaging the
data over several experimental shots. The relationship between
the current in a registration channel of the CXA, J(E), and the
energy distribution function of the fast ions, fr(E,r, 6), can
be written as

J(E) ~ Kye Koy fr(E, 1, 0)n,0x v AGAEV,
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where nyp is the diagnostic beam particle density, oev is
the charge-exchange rate of fast ions with energy E on the
target gas, V is the plasma volume seen by the analyzer
(typically 8 x 6 x 2.5cm?), A6 and AE are its angular and
energy resolutions, K, is the factor accounting for fast neutral
attenuation in the plasma and Ky is the stripping efficiency in
the CXA helium cell. This relationship was used to calculate
the fast ion distributions from CXA data.

The diagnostic hydrogen neutral beam injector and the
electrostatic analyzer were also used to measure the effective
ion drag time in the target plasma (see section 5). Radial
profiles of charge-exchange fluxes were measured by a
modified electrostatic analyzer [71] (see section 5).

The plasma parameters in the end tank opposite to that
where the plasma gun is placed were measured using the
following diagnostics:

e a movable emissive (flashing) probe which measures the
plasma potential,

e a movable gridded probe which measures the ion flux
density,

e amovable bolometer for measurements of the energy flux
density,

e an electrostatic end-loss analyzer (ELA) for measure-
ments of the ion energy distribution function,

e amovable Langmiur probe for measurements of the mean
electron energy and the plasma potential.

The probes and the bolometer were installed at a movable
support at an axial stroke of 120 cm that allows their insertion
directly into the mirror in one of the extreme positions. The
ELA could be installed at the end wall on the axis of the
expander instead of the support.

Additionally to the probes, the method of a local gas target
with the use of ELA was employed to measure the plasma
potential along the expander axis. The target was produced
by a pulsed gas supply through a glass capillary, which was
moved along the device axis from shot to shot. The cold ions
produced due to charge exchange and ionization of the particles
of a gas cloud were accelerated by the ambipolar electric field.
The energy of accelerated ions, which was measured at the
end wall by ELA, corresponded to the potential at the point at
which charge exchange occurred.

4. MHD stability and radial plasma losses in the
GDT

In this section, the results of the study of MHD plasma stability
in a GDT will be reviewed. In the initial experiments, the
stability of a gun-produced plasma in the configuration with the
expander end cells was studied. Regardless of the magnetic-
field configuration, whether it was favorable for stability or not,
there were no indications of instability growth and enhanced
plasma losses within certain limits during the plasma build-up.
We attribute that to the line-tying mechanism [72]. Namely,
it was suggested that azimuthally directed charge separations
due to flute instability growth are inhibited by currents flowing
along the field lines from the gas-discharge plasma inside the
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Figure 9. Plasma decay time versus mirror ratio.

gun, which is supposed to be highly conductive across the
magnetic field.

While the gun was turned on, the plasma density
increased approximately linearly in time. After the discharge
current was terminated, the behavior of the decaying plasma
became sensitive to the curvature of the field lines inside
the expanders. The decay time and amplitudes of density
fluctuations measured by the probes indicate whether the
plasma is stable or not. While the ‘expander’ coils were
not energized and the field lines in the expander were almost
straight lines with negligible curvature, it resulted in growth
of flute-like perturbations and enhanced plasma losses. It
should be emphasized that strong alterations of the curvature
inside the expander caused negligible changes of the field in
the central cell. In fact, switching the current on and off in
the expander coil produced relative changes of the order of
1073 of the central cell field. On the other hand, parameters
of decay in the case of a favorable averaged curvature agree
well with theoretical estimates of axial plasma losses through
the mirrors [51,73]. One can conclude from these data
that the axial plasma flow into the external region with a
sufficiently large favorable curvature stabilizes the internal
cell. Reducing the external curvature resulted in reduction
of particle confinement time of the internal cell. Thus, the
mechanism of stabilization by an expander end cell was vividly
displayed [73].

Stability limits relative to other essential parameters of
the plasma and magnetic field were also studied. The results
are presented in figures 9 and 10. Longitudinal plasma losses
from the central cell provided the plasma to the expander for
the suppression of MHD instability. As increasing the mirror
ratio decreased the plasma loss, the plasma pressure inside the
expander was reduced, allowing the instability to develop in the
whole system. Figure 9 demonstrates the transition from stable
to unstable regimes of confinement due to reducing the plasma
pressure in the expander when the mirror ratio was varied
from 12.5 to 70. The expected linear relationship of lifetime
versus mirror ratio was valid for mirror ratios smaller than the
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Figure 10. Plasma decay time versus averaged curvature in the
central cell.

stability boundary at R;, ~ 40. Plasma lifetimes at higher
mirror ratios, in contrast to those expected by particle balance
considerations, decreased even as plasma loss rates through
the mirrors were reduced. Beyond the stability boundary, fast
growth of large-scale perturbations of the plasma column was
registered by all diagnostics used. Measured growth rates
and longitudinal wave numbers of unstable modes were in
reasonable agreement with theoretical estimates. In addition,
we observed a similar transition when the instability drive in
the central cell was increased at fixed expander parameters
(see figure 10). To show this, we varied the curvature in
the central cell by changing the current in the coils located
near the mid-plane. Below a particular additional curvature
in the central cell the plasma decay was quiescent. Above
this level, flute-like low-frequency fluctuations developed in
the plasma. This behavior can be interpreted as evidence
of a stability boundary. The data presented in figures 9 and
10 are in reasonable qualitative agreement with the theory of
Rosenbluth and Longmire [74] that uses pressure-weighted
curvature criterion, somewhat modified to take into account
the plasma directed velocity in the expanders:

(Pl + PH)K

ds
BZr

>0,

for stability. Here s is a coordinate along the field line, P,
and P are the components of the pressure tensor, and « is
the normal curvature. For paraxial (long-thin) axisymmetric
mirror systems s = z and this stability criterion can be
rewritten in a particularly simple form [75]:

,d%a
(PL+ Ppa’——dz >0, 3)
dz?
where a(z) is a radius of the plasma boundary that lies on
one of the flux surfaces. This criterion is written for the case
of a radially uniform plasma with a sharp boundary, but it
contains all the substantial features of a general criterion. Note
that larger plasma radii (i.e. smaller magnetic fields, as in the
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expander region) zones make a stronger contribution to the
integral (3). Thus, the plasma pressure in the expander can
stabilize the system. Of course, this plasma exhaust is of
relatively low pressure, but due to the a® weighting of the
stability integral, the contribution to stability is significant. To
assess the plasma stability, these integrals were calculated for
the field line corresponding to the maximum pressure gradient.
In fact, if here the integral is positive, the plasma is to be stable
against excitation of the small-scale flute modes, which are
localized in this region. Note that a higher positive value
of the integral, or a favorable pressure-weighed curvature,
is better. In a state with a higher averaged curvature, the
plasma equilibrium acquires more ‘rigidity’ against external
disturbances, e.g. azimuthal asymmetry in heating and fueling,
multipole disturbances of the magnetic field, which, in
particular, was confirmed by special experiments [76]. The
calculated contribution to the pressure-weighted curvature
of the expanders, and the contribution estimated from the
experimentally observed stability limit were found to have
a quantitative difference of ~5. The reason for this is
still unclear. The observed quantitative difference with
predictions of the ideal MHD theory might be connected
with some additional effects in the expander. Those induced
by the finite resistivity of the end plates were considered
in [77]. The finite plasma resistivity may also account for the
discrepancy, especially at the lowest plasma temperatures [78].
Calculations of the expander’s contribution to stability were
performed through the use of adiabatic and isothermal models
of plasma flow in the expander. Experiments [79, 80] indicated
that the regime of plasma flow significantly differed from both
and approached the flow predicted by the adiabatic model only
for regimes with auxiliary heating. Additional effects may
also arise from the finite ion Larmor radii in the expander
when they become comparable to the curvature radius or the
plasma radius in the expander. Finite 8 and non-paraxiality
may also contribute to the observed quantitative difference.
This stability criterion was also quantitatively tested in tandem
mirror experiments [81,82]. In [81], a considerable (factor
of 6) quantitative difference was also noted. A more detailed
description of the experiments to study stability of the gun-
produced plasma is given in [51].

When the plasma crossed the stability boundary,
large-amplitude, low-frequency (6-25 kHz) fluctuations were
observed to have features similar to MHD flute modes. We
investigated the axial variations of these fluctuations. At
electron temperatures of 5eV or higher, they were well
correlated along the machine and their longitudinal wavelength
substantially exceeded the mirror-to-mirror distance (k; <
10~3cm™"). In the experiments at lower temperatures and
larger mirror ratios, the measurements in the central and
end cells often displayed a decreased coherency of the low-
frequency fluctuations. Insufficient measurements were made
to determine the nature of these fluctuations. Since these
were observed at lower electron temperatures one could
expect a resistive ballooning mode [78] to be relevant to
these observations rather than the electrostatic trapped particle
mode [83].

A typical sample of the data on azimuthal mode
amplitudes obtained during an unstable decay is shown in
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Figure 11. Time evolution of mode amplitudes.

figure 11. These data were obtained without any power on
the expander coils while the curvature of the field lines in the
expanders was negligible, thus giving an unfavorable averaged
pressure-weighted curvature in the entire trap. It was observed
that growth rates of the azimuthal harmonics were different
for different averaged curvatures and ion temperatures in the
trap. A change of the averaged curvature was performed using
a separate coil with 16 cm radius located inside the central
cell. When energized, this coil strongly increased the local
curvature. This increase resulted in a considerable broadening
of the unstable spectra. The same alteration of the mode spectra
was achieved when we switched off one of the central cell coils.
The former approach turned out to be preferable because in this
case the paraxial limit provided a better fit for the geometry of
the field lines allowing a more relevant comparison of the data
with existing theory. The averaged ion Larmor radius and ion
pressure were varied by application of auxiliary ICRF heating
in the central cell. For ion-cyclotron heating, we used a slot
antenna [18] located at z = 235 cm in a position with mirror
ratio R = 3. Absorbed power of about S0kW for ~1 ms
was sufficient to increase the ion transverse pressure a few
times without a change in the plasma radius, density or electron
temperature. The use of ICRH was a rather suitable method
to vary the averaged ion Larmor radius and ion pressure in the
central solenoid. The pressure-weighted curvature was varied
along with the frequency of the heating and the magnitude
of the magnetic field in the trap. In particular, when the
resonance zone was located near the mid-plane, where the
unfavorable curvature attains its maximum, the result was a
considerable increase in the calculated unfavorable curvature
in the central cell. The axial pressure profile of the heated
bulk ions with strong anisotropy was measured by making use
of diamagnetic loops. By changing the averaged curvature of
the field lines and transverse ion pressure by the application
of ICRH, we were able to observe the transition from the
regime with a relatively wide spectrum of unstable modes to
regimes where the rigid shift mode m = 1 strongly dominates.
These data reasonably correlate with the theory that includes
finite Larmor radius (FLR) terms and considers the existence
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Figure 12. Width of unstable azimuthal harmonic spectra—theory
(filled dots) and experiment (empty dots).

of a conductive radial limiter. In these experiments, the
influence of the limiter on characteristics of the flute modes
was significant, as we used a limiter of 11 cm inner radius that
was comparable to the plasma radius. Figure 12 shows the
dependence of spectral width on the effective p;/ /a” parameter
(p; is the ion Larmor radius, [ and a are the plasma length
and radius, respectively) that determines the significance of
FLR effects [84,85]. Experimentally measured growth rates
agree rather well with the values calculated using the theory
that includes the FLR effect. More details about these
measurements and a quantitative comparison of the measured
growth rates with the theory can be found in [84].

The experiments described above demonstrated success-
ful stabilization (which was set up by the expander end cells)
of the flute instability of a relatively cold collisional plasma in
the long axisymmetric gas-dynamic trap. Further experiments
were performed with the application of NBI into the central
solenoid. The difference between these and the experiments
without injection of the beams is twofold. Accumulation of
anisotropic fast ions and subsequent heating of the bulk plasma
electrons emphasize the FLR effects, which strongly modify
the small-scale mode stability, so that ideal MHD approxima-
tion is not valid anymore. Therefore, in the comparison of the
observed stability limit with the theory, we applied an energy
principle that takes the kinetic effects into proper account [51].
Since only large-scale modes survive under the influence of
strong FLR effects, we assumed that the stability boundary
would be determined by the most dangerous m = 1 mode.
Another difference relates to finite beta effects, which became
significant with increases in the heating power and extensions
of the injection pulse.

In experiments without neutral beam heating [79], the
measured stabilizing contribution of expanders to equation (1)
exceeds the destabilizing contribution from the central
solenoid by approximately 3 times (for Ry, 25 and
T. ~ 5eV). At the same time, these experiments revealed a
disadvantage of this stabilizer, which was presumably caused
by a strong reduction in the magnetic field toward the end
wall. As a consequence of this, the averaged curvature of
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field lines in the expander is essentially determined by the
small magnetic-field region near the end wall. If the magnetic
field here is very small and ion energies are sufficiently
high (because of acceleration in the ambipolar potential drop
between the central cell and the end wall), the curvature radius
would become comparable to the ion Larmor radius. If this
happens, the ideal MHD approximation is not valid anymore.
Therefore, one could expect that this small-field region does
not contribute to the overall MHD stability. Whenever this
occurs, the stabilizing contribution of the expanders is reduced.
Presumably due to this effect, the experimental data [51]
showed a 2-3 times smaller contribution of the expander to
equation (1) compared with the theory. In experiments with
neutral beam heating it was observed that with increases in
the injected power and pulse duration the plasma temperature
tends to saturate at a relatively small level (15-20eV). This
indicates a transition to an unstable regime. This observation
initiated the interest in alternative MHD anchors with a larger
stabilizing property, which could be envisaged for use in a
technically and economically viable NS.

A magnetic cusp would be a good candidate for the
purpose of MHD stabilization due to a simple coil set and
good MHD properties. The use of axisymmetric cusps, rather
than employing simple mirror coils to plug the center cell, was
described in [12]. A NS that consisted of an axisymmetric
central cell bounded by a cusp anchor cell (i.e. with no
plugging) was considered in [13]. MHD stability is derived
from the good curvature of the cusp in combination with
compressibility in the vicinity of the cusp-field null.

In the GDT cusp, the plasma outside a non-adiabatic
region near the magnetic field null would be confined
longitudinally in the strongly collisional regime. This contrasts
with the use of cusps as end cells on tandem mirrors [86, 87]
or other open confinement devices with cusp end cells such
as the RFC-XX machine [88], inside of which the plasma is
collisionless. The condition for this may be expressed in the
form similar to equation (1): Leysp > Aii - In(Reusp)/ Reusp-
Here L is the characteristic cusp length, A;; is the ion mean
free path and Reysp = H;/ Hpia is the mirror ratio on the field
line in a cusp (H; is the field in the ring cusp, Hpy, is the
minimum field on the field line). Under this condition, the
plasma could readily be contained for about Rcyp ion transits
through the cusp. That is, the plasma lifetime in the cusp
would exceed that in an expander of the same length by a
factor of Reysp. This, in turn, leads to a corresponding increase
in plasma density in the cusp end cell relative to the expander.
Therefore, for the same minimum magnetic-field magnitude
that is limited by the requirement of adiabaticity of ion motion,
the cusp end cell would be capable of providing significantly
higher safety factor values than an expander. In contrast to
the expander, auxiliary plasma heating in the cusp is feasible,
allowing a further increase in its stabilizing capability. In this
case, instead of the adiabaticity requirement, characteristics of
the heated plasma would be limited by finite beta effects that
are not taken into account.

The measurement results obtained with the cusp end cell
were found to be in reasonable agreement with the simulations.
In these simulations, the plasma build-up and confinement in
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the cusp were determined by particle balance equations with
collisional losses apart from a non-adiabatic region near the
cusp null. For comparison of the experimentally observed
stability boundary with the theory, we calculated the energy
perturbation caused by the development of large-scale flute
modes in the cusp. Details of these calculations can be
found in [26].

Initial observation showed that the maximum electron
temperature and the density of energetic ions achieved during
NBI were very sensitive to the plasma pressure in the cusp
end cell. When the pressure was small enough, the electron
temperature appeared to be nearly constant and small (%15 eV)
for injection power varied by the order of magnitude.In contrast
to this, for higher pressures the central cell electron temperature
significantly increased, exceeding 100eV under optimized
conditions. At the same time, the plasma beta reached about
20% near the fast ion turning points. Also note that when
the pressure was small all diagnostics indicated a higher
level of MHD plasma activity. This observation provided
the evidence of transition across the MHD stability boundary.
The plasma parameters in the central solenoid and in the cusp
were measured at the stability boundary and were found to
be consistent with the theoretical estimates. A more detailed
description of the experiments and the theoretical model used
can be found in [51].

Study of vortex plasma confinement in the GDT experiment.
Further experiments aimed at studying the mechanisms
of radial plasma transport of MHD stable plasmas in
GDT were motivated to some extent by the results of
experiments on the HIEI single mirror device [89,90]. In
these experiments, a transition from low to high radial
confinement mode was observed with positive dc biasing of
a limiter. HIEI had a completely axisymmetric configuration
and the ponderomotive force produced by launching ICRF
waves stabilized the plasma macroscopically against the flute
instability. In these experiments, significant radial rotational
shear was observed at the periphery, leading to suppression of
the edge turbulence and related radial plasma transport. The
effect observed in the experiments on the GDT device with
the biasing of the radial limiter inside the central solenoid (see
figure 13) appeared to be more substantial. It was observed
that if the biasing voltage exceeded a certain value, at about
the electron temperature, radial plasma losses appeared to be
reasonably small even if the stabilizing end cells were not
engaged. The effect of biasing is illustrated in figure 14,
which shows a typical diamagnetic signal measured by a loop
installed near the fast ion turning point. Stored plasma energy
varies in time in a similar way to the diamagnetic signal.
During the NBI pulse both the stored plasma energy and the
diamagnetic signal increased in time as a result of plasma
heating by neutral beams and fast ion build-up. Suddenly the
plasma energy collapsed, presumably due to instability growth.
This was expected because the pressure-weighted curvature
was unfavorable. However, when an electric potential ~T,
was applied to the radial limiter, we observed a transition from
this regime with large radial plasma losses due to curvature-
driven instability growth to the regime (figure 14) without
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Figure 13. End tank with end plate and part of central cell of GDT
device: 1—magnetic-field line, 2—coils of central solenoid,
3—mirror coil, 4—segmented plasma dump, 5S—limiter, 6—pump.
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Figure 14. Plasma diamagnetism versus time: 1—with and
2—without dc bias of the limiter.

considerable radial losses. This corresponded to a maximum
in plasma energy and diamagnetism. Therefore, further
experiments were continued without energizing the cusp coils,
so that the magnetic-field lines in the end tank were almost
straight, e.g. having negligible curvature and the pressure-
weighted curvature was unfavorable to stability. Plasma
heating and confinement in this configuration were studied
with NBI with a pulse duration extended up to 5 ms pulse, beam
energies 23-24keV, and beam power incident onto plasma
in the range 3.5-5.4 MW (see table 4). Thus, the external
min-B cells that provided MHD stability of the plasma in the
solenoid were not engaged, and the radial plasma transport
was controlled by biasing the segments of the end plate and
the radial plasma limiter in the solenoid (see figure 13).
Sheared plasma rotation was predicted to stabilize
unstable MHD modes. In particular, the PSP series of
experiments [91] in Novosibirsk explored this technique for
several years and reached ion temperatures of ~10keV at
a plasma density of ~10"¥ m=3. More recently, the MCX
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experiment [92] at the University of Maryland has shown that
stability is achieved when the shearing rate of the £ x B
rotation exceeds the MHD growth rate. In addition, the
Gamma-10 experiment has shown that with sufficient shear
(generated by end electrodes, ECH, or spontaneously) vortex
structures and drift-type modes are suppressed [93]. These
experiments demonstrate the important role that rotation can
play as an axisymmetric stabilizer. In the experiments [94], a
strong radial electric field was generated in the plasma core,
which caused the whole plasma to rotate. However, if the
plasma density decreases with radius, MHD theory generally
predicts plasma destabilization by rotation. This excludes
some specific boundary conditions for which eigenmodes of
flute instability do not exist [95]. A distinctive feature of the
experiments on the GDT device is shown by the concentration
of the plasma rotation in a relatively narrow zone with width
Ar < a at the outmost plasma periphery near the edge of
the biased limiter. This produces a vortex (sheared £ x B
flow) at the periphery. The presence of large gyro-radius
ions also introduces FLR stabilization effects, so that only
large-scale modes with m = 1 survive. Then, as shown
in [96], the inherently unstable flute modes growing in the core
would nonlinearly saturate due to the line-tying mechanism
and generation of transverse currents in the vortex region.
As a result, the plasma resides in the vortex interior without
considerable radial excursions and losses. However, this
theory cannot be directly applied to the experiments at a
GDT since it assumes (p;) < a when the real experimental
conditions correspond to (p;) =~ a. So, further efforts are
required to develop a more adequate theoretical explanation
for the observed plasma behavior. Significance of the end wall
segments and limiter biasing is illustrated by figure 15, which
shows temporal variation of the plasma line density in different
regimes.

The experimentally measured profile of the plasma
floating potential is shown in figure 16. While obtaining these
results the limiter and the outmost segment of the end plate
were set to about 130V, the other internal segments of the end
plate were grounded. It is seen from figure 16 that the profile
has a finite width, which is thought to be set by the development
of the Kelvin—Helmbholtz instability [96].

Plasma activity was monitored through measurements
of the signals from the azimuthal and axial arrays of
magnetic coils installed at the vacuum chamber walls.
Typical waveforms of the signals corresponding to flute-like
perturbations of the plasma with different azimuthal numbers
are shown in figure 17.

It is seen that the mode with small azimuthal numbers
dominates. This was expected by considering the significance
of the effects of FLR radius. The presence of the mode with
m = 0 is connected mainly to plasma heating during NB
injection. Higher modes with m = 3, 4 are considerably
smaller in amplitude compared with the modes withm = 1, 2.
These are connected to plasma offset and elliptical distortion
of the plasma cross section. Another observation is that during
a shot, the mode amplitudes do not grow exponentially as one
might expect because the magnetic-field lines have unfavorable
curvature everywhere. Rather, the mode amplitudes are
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Table 4. Parameters of the GDT achieved with different MHD stabilizers.

Expander end Cusp end Induced sheared
Parameter cells [79, 80] cell [26] plasma rotation [97]
Magnetic field at mid-plane Upto0.22T Upto0.22T Upto03T
in mirrors 2.5-15T 25-15T 2.5-15T
Bulk plasma density (1.5-7) x 10 m=® 4.5 x 10°m™? (3-6) x 10 m™3
Radius at the mid-plane ~6.5cm 5-10cm 6—7cm
Electron temperature Upto25eV Upto70eV Up to 250eV
Energies of deuterium/hydrogen neutral beams 15 keV 15-16keV 24-25keV
NB pulse duration 1.2ms 1.2ms 5Sms
Total injection power Up to 4 MW Up to 5.7MW
Injection angle 45° 45° 45°
Fast ion density in turning point regions ~1 x 10 m™3 ~0.4 x 10°m™3  ~5x10"m™3
Averaged curvature 1.5-2 ~8 for R =25
in the MHD anchor relative
to that in the central cell
without contribution of fast ions
Mean energy of fast ions 5-8keV ~10keV
Maximal local plasma ~0.07 ~0.1 Upto 0.6
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Figure 15. Plasma line density versus time: 1—with and
2—without dc bias of the limiter.

limited indicating that the sheared plasma rotation at the
periphery precluded from non-limited growth of the flute-
like perturbations. An interesting feature of the amplitudes’
behavior is the significance of the m = 2 mode, which almost
always has a several times larger amplitude than the m = 1
mode. Note that the mode with m = 1 is predicted by a linear
theory to have a higher growth rate. Therefore, the transition to
the dominance of the m = 2 mode in the course of time might
indicate a considerable role of non-linear mechanisms [96].
The frequency spectra of the modes with m = 1, 2 were
found to be quite wide, and their maxima lay in the range 15—
50kHz. Both modes have approximately the same frequency,
which began at about 40 kHz and subsequently dropped down
to ~20kHz or lower frequency at about 2ms after the start
of NBI. For the shot which is represented by figure 17, this
frequency drop from ~40 to ~20 kHz occurred at about 5.7 ms
when the amplitude of the m = 2 mode increased stepwise and
became larger than that of the m = 1 mode.

It is worthwhile to compare the measured frequencies of
the observed flute-like perturbations with the characteristic
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Figure 16. Profile of floating plasma potential (dots). Bottom of
the chart shows regions corresponding to the limiter and sections of
plasma dump.

growth rate of MHD instability and plasma rotation frequency
in this case. The growth rate of an unstable flute mode in
a field with unfavorable curvature, as in the GDT with the
stabilizing end cell not engaged, can be estimated to be on
the order of y o = 2rxf ~ Vi/@R)"* ~ Vi/ L.
This represents a rate given by the ion thermal speed V7
divided by the length of the plasma L. For the current GDT
experiments, the ion speed can be estimated by assuming the
ion mean energy to be 10keV and by taking L =~ 6-7m,
which gives fyup & 30kHz. The plasma rotation frequency
is determined by a drift velocity Vi = cE/H and the
plasma radius a &~ 10 cm. Taking E = 30-50 Vcm™!, which
corresponds to the potential profile shown in figure 16, we
obtain fiomion ~ 15-30kHz. These estimates are quite close
to the perturbation frequencies observed in the experiments
(15-50kHz). Since the rotation frequency is quite close to the
estimated frequency and growth rate of the flute instability, one
can conclude that the plasma rotation would have a significant
effect in these experiments.

~
~



Plasma Phys. Control. Fusion 55 (2013) 063001

Topical Review

2 m=3

1

0 st oyt i i P empan s M st W it
- 2 m=2
1 WWWM
20 Juwr‘w ™
._’,3 2 m=1
s 1

2 m=0

1

0 Ex” WMWN

4 5 8 9

t, ms

Figure 17. Amplitude of flute-like perturbations with different
azimuthal numbers versus time. NB injection started at 3.7—4 ms.
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Figure 18. Magnetic-field depression (dots) and local plasma
diamagnetism (line) versus time.

The stored plasma energy in the regime with sheared
plasma rotation at the periphery increases, as shown in
figure 18, during the entire duration of beam injection. Thus,
one can conclude that the transverse energy losses are quite
negligible in the plasma-energy balance. The density of the fast
ions with a mean energy of 10-12keV reached ~5 x 10! m~3
in the turning point regions and substantially exceeded that
of the target plasma ((1.5-3) x 10" m™3 at the mid-plane).
This resulted in the development of peaks of the ambipolar
potential and a considerable reduction in plasma axial losses
in the region near the plasma axis.

The local plasma beta in the turning point region was
determined from a MSE diagnostic. Relative to the vacuum
field the local depression of the magnetic field reaches about
0.35 (see figure 18), i.e. the plasma beta reaches about 0.6.

The radial profile of AB/B mapped onto the mid-plane
of the GDT is shown in figure 19 along with the plasma
density profile in [98]. These data were taken in a series
of shots with the magnetic field at the mid-plane at 0.25T.
According to the data presented in figure 19, the magnetic-
field depletion amounts to >0.2 on the plasma axis. It allows
for the conclusion that the perpendicular plasma 8 under these
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Figure 19. Radial profiles: 1—magnetic-field depletion,
2—plasma density.

experimental conditions exceeds 0.4. The distinctive feature
of the radial profile is its quite small width. It amounts to
about 7 cm at the 1/e level mapped onto the GDT mid-plane.
This is only slightly larger than the fast deuteron gyro-radius
(pi = 5.6cm) calculated for the magnetic field of 0.25 T and
for 10keV, an energy that is close to the fast ion mean energy.

Note that according to the measured axial profiles of the
fast ions and target plasma parameters [98] the total plasma
beta exhibits only slight 30-40% variations within the 3.8 m
between the fast ion turning points. Beyond the turning points
the plasma beta drops down very significantly.

A study of the plasma-energy balance with NBI has shown
that the high-beta plasma in the GDT experiment does not
exhibit any indication of increased transverse losses for the
maximum plasma beta reached so far (8 = 0.6) [97].

However, at plasma beta exceeding ~0.4, some plasma
perturbations appeared, which can be divided into two
categories: relatively slow with a frequency of about 10 kHz
and relatively fast with frequency in the MHz range. An
example of the low-frequency perturbation is a spontaneous
redistribution of plasma pressure along the central solenoid
and distortions of plasma shape in the transverse cross section.
These effects were observed in some high-beta shots [99]. In
these cases, plasma behavior is illustrated in figures 20 and 21.
Figure 20 shows signals from diamagnetic loops installed at the
mid-plane (mirror ratio R = 1) and at the turning point of fast
ions (mirror ratio R = 2). In this shot, as plasma beta rose, the
signal from the loop installed near the fast ion turning point
dropped considerably between 4.1 and 4.2ms. At the same
time, the axial profile of magnetic-field disturbance measured
by the magnetic probes changed considerably, indicating a
broadening of the plasma pressure profile along the device.

Another example of spontaneous low-frequency perturba-
tion of a high-beta plasma in the GDT is shown in figure 21,
which shows signals from the neutral beam attenuation detec-
tors in a high-performance shot with beta close to 0.6. It can
be seen that at some moment all the signals started to oscillate
with high amplitude, indicating an elliptical distortion of the
plasma cross section and an azimuthal rotation of the plasma
column. Note that during these events no considerable plasma
losses were measured along the magnetic field or in the trans-
verse direction. It is believed that these would occur above a
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Figure 20. Signals from diamagnetic loops versus time: (a) at the
mid-plane and (b) at the fast ions turning point.
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Figure 21. Signals from attenuation beam detectors.

plasma beta of about 0.6, which in accordance with this theory
is a threshold for plasma ballooning.

With an increase in injection power, plasma diamagnetism
exhibited several ‘saw-teeth’ relaxations (see figure 22(b)) that
were accompanied by bursts of RF noise at a characteristic
frequency of about 1 MHz. As seen from figure 22(b),
intervals between the relaxations become shorter as the plasma
pressure rises. Measurements of the characteristics of the
fast plasma perturbations, which appear in these saw-teeth
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relaxations, show that they are similar to Alfvén ion-cyclotron
electromagnetic waves that could become unstable at a
sufficiently high plasma beta. A discussion of these results, as
well as possible theoretical explanations, is presented below
in section 5. Additional measurements are still required in
order to establish a correlation of these events with an increase
in plasma beta and other plasma parameters. Nevertheless,
the observed phenomena indicate that the plasma in the
GDT approaches a beta threshold. This might be a factor
preventing further increase in the plasma parameters in the
GDT experiment.

5. Fast ion relaxation and confinement

One of the key features of the GDT-based NS is the presence
of fast sloshing ions, the effects of which were first examined
theoretically in [100]. These ions have a spatially skewed
distribution function created principally by angled NBI.
‘Sloshing’ refers to the axial bouncing motion of ions within
the confining magnetic field. The ions spend more time near
their turning point, where they axially move more slowly than
they do at the solenoid mid-plane. This peaks the fast ion
density and pressure, as well as the neutron reaction yield near
the turning points, in contrast to a conventional mirror plasma
distribution that peaks at the mid-plane. At the same time, the
sloshing-ion distribution provides better ion micro-stability.
In particular, it is true near the turning points where the
sloshing-ion distribution is practically isotropic. After upgrade
of the GDT neutral beams [97], six or in some experiments
eight beams inject sloshing ions into the solenoid of the GDT
delivering up to 5.4 MW of power. The trapped ions remain
peaked near their injection angle of 45° to the magnetic-field
lines. The fast ion density varies up to 5 x 10" m~3 in the
turning points and the lifetime varies between 0.1 and about
3 ms, depending on the experimental conditions. The mean
ion energy is about 10keV in high-performance shots. The
ions are localized within a 14 cm radial extent projected at
the mid-plane and a 4m length. A density at the turning
points (B ~ 6kGs) of approximately thrice the mid-plane
(B ~ 3kGs) density is evaluated.

This section presents the results of experimental and
numerical studies of fast ion relaxation and confinement in the
GDT. A comparison of the experimental results with the data
obtained with numerical simulations allowed us to demonstrate
that sloshing ions remain peaked near the injection angle,
thereby producing fast ion density peaked off the solenoid
mid-plane, and that their angular spreading and slowing down
are determined by classical Coulomb collisions. The ion
distribution function was calculated using a bounce-averaged
one-dimensional Fokker—Planck model (FPM) and Monte
Carlo (named FIT) codes [101, 102] with input parameters
derived from numerical simulations of the warm plasma
parameters, which were performed using a set of equations
including gas-dynamic particle and energy losses through the
ends, temperature exchange between the bulk plasma electrons
and ions, and electron heating introduced by the fast ions [2].
The spatial and temporal evolutions of the neutral gas during
a shot were calculated using Monte Carlo codes [102]. The
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Figure 22. (a) Axial broadening of fast ion reflection region; (b) saw-teeth relaxations during fast ion density/pressure build-up.

major sources of the neutral gas were a gas puff from the beam
lines of the injection system and plasma recombination on the
radial limiters inside the central solenoid of the GDT.

Below we will present the results of a detailed comparison
of the results of numerical simulations and experimental
data [103], which was performed for the regime of GDT with
duration of NB injection pulse of 1 ms, when the electron
temperature reached about 100eV and plasma beta was in
the range 0.1-0.2. The plasma was stabilized by the cusp
end cell attached at one end of the central solenoid, whereas
at the opposite end an expander end cell was attached. The
injection energies for different beams in these experiments
were in the range 12.5-17.5keV. All the conclusions about
fast ion relaxation and confinement for this particular regime
remain valid for the regimes with longer 5 ms beams and higher
electron temperatures.

Figure 23(a) illustrates the global energy balance of the
fast ions in this regime. The total power P, injected by
the neutral beams was inferred from the ion current and
acceleration voltage data of each injector considering their
measured neutralization efficiencies, which vary in the range
0.82-0.85 for different injectors according to the data given
in table 3. The trapped power P, was then experimentally
determined using the beam attenuation measurements. The
fast ion energy content Wr was measured by the diamagnetic
loops and the power of the charge-exchange losses P.x was
measured by an array of pyro-bolometers. Subsequently, the
electron drag power Pg. was evaluated using the energy balance
equation, which does not account for the direct radial losses of
the fast ions to the limiters and their axial losses through the
mirrors. Both of these effects are considered to be negligible
compared with the other terms in the energy balance equation

dWg
dt

Pre = Py — ex
In figure 24 we compare measurements of fast ion energy
content with results from the Fokker-Planck and Monte
Carlo codes. Considering the accuracy of the experimental
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Figure 23. Fast ion power balance data (a) and characteristic times
(b) in 1 ms neutral beam pulse: 1— Py, 2— Py, 3—Pre, 4—Pey,
5—dWg/dt, 6—charge-exchange time, 7—electron drag time.

data (about 15%) one can see a quite good agreement.
This indicates that the fast ion energy relaxation rate in
the warm plasma background is dominated essentially by
Coulomb collisions with the bulk plasma particles and by
charge exchange with the neutral gas. Note that the charge-
exchange losses did not significantly contribute to the fast ion
energy balance in the regime under consideration, shown by
figure 23(a).

The times of electron drag tg.and charge exchange 7.,
(global characteristic) of fast ions are depicted in figure 23(b).
They were calculated using the energy balance data through
the following relationships: tge = Wg/ Pre; Tex = Wg/ Pex.

Initially, when the neutral beams started up, the electron
drag time was several tens of microseconds only. Later,
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Figure 24. Fast ion energy content versus time with 1 ms NB
injection: 1—MC FIT calculation (Monte Carlo), 2—FPM
calculation (kinetic), 3—experiment.

the electron temperature increased up to 100eV in these
experiments, causing the electron drag time to rise to ~0.8 ms
(at the highest electron temperatures achieved so far it is about
3ms). Note that in our case, the value of the electron drag
time was close to the total energy confinement time of fast
ions. The charge-exchange losses were measured and found
to be considerably small during NBI (zex ~ 10 ms).

In order to double check the drag time tp., a special
experiment was carried out. The DNB installed near the
mid-plane served as a source for the build-up of fast test
ions. They were injected at 0.61-0.74 ms after the start of
the main neutral beams. Since the DNB was not directed
exactly along the radius, but under a pitch angle of 85°, the
resulting test ions were sloshing within an ~100 cm long region
near the GDT mid-plane. Because of their different pitch
angles, the fast test ions could be experimentally separated
from the main fast ions. Note that the energy of DNB particles
(13.6keV) was close to the energy of the main neutral beams
(12.5-17.5keV) in these experiments. Figure 25(a), which
presents the time evolution of the neutral fluxes to different
channels of the energy analyzer, demonstrates the dynamics
of test ion relaxation. The energy distributions of the test
charge-exchange particles at different time points are shown
in figure 26. The global time of energy losses of test ions
in the given background was calculated using the temporal
behavior of the test ion mean energy. At 0.65-1.0ms after
the start of the main neutral beams the measured energy
relaxation time was about 0.7 ms, as shown in figure 25(b).
This value is close to the value determined through the analysis
of the global energy balance for the main hot ion population
(figure 23(b)).

The measured energy distributions of fast ions exhibit
the kinetics of energy transfer from the hot ion population to
the bulk plasma. This may be assumed to be more sensitive
to possible anomalies in the fast ion relaxation than global
parameters. The fast ion energy and angular distributions
were inferred from the energy spectrum of charge-exchange
particles. In accordance with the results of [103], the major
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Figure 25. (a) Time evolution of the fluxes of test charge-exchange
neutral particles: 1—13.6keV, 2—10.1 keV, 3—7.4keV. (b) Mean
energy of the test ion population versus time: 4—experimental data,
5—fit with drag time T = 0.75 4= 0.04 ms.
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Figure 26. Test ion distribution over energies: 1—0.7 ms,
2—0.85 ms and 3—1.0 ms after injection of test ions.

sources of the charge-exchange neutrals in the GDT are
interactions of the fast ions as follows:

e with the cold peripheral neutral gas, which includes

residual gas and neutrals from plasma limiters;

with the warm neutral atoms, which are generated by

charge exchange of the main neutral beams with the warm

ions of the target plasma;

e with the main neutral beams;

e with the artificial charge-exchange target produced by the
separate DNB.
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Figure 27. Local energy distribution functions of the fast ions in
the range of pitch angles 45 + 0.35°: (a) at 0.625 0.725 ms and (b)
at 1.225 1.325 ms after the start of NBI. Curves 1 and 2 represents
the measurements in the radial intervals 0—4 cm and 6.5-10.5 cm
respectively. Dots 3 and 4 show the results of MC FIT calculation
for these positions.

In contrast to the first three sets of interactions, the artificial
target enables one to measure the local energy distributions
with a reasonable spatial resolution. In figure 27, the local
energy distribution functions of the fast ions at the vertical
mid-plane of the GDT are presented at different points in time
after the NBI start, for a near-axis region and for a radius
of about 8.5cm. The distribution functions were measured
with a spatial resolution of 4 cm for a pitch angle interval of
45 £ 0.35°.The energy analyzer and diagnostic beam injector
were located near the mid-plane. For comparison, the results of
the FIT code simulation are also shown. As seen in figure 27, at
the stage of NBI (0.6-0.7 ms) the maximum of the distribution
function is close to the NBI energy. The depletion of low-
energy particles is explained, in this case, by the ion angular
scattering.

The data from the plasma periphery exhibit a relatively
smaller number of particles in the energy range 3-6keV. A
reasonable explanation of this fact is that the ratio of electron
drag time to charge-exchange time at the plasma periphery is
larger compared with that in the plasma core. Therefore, at the
periphery, fast ions are lost with a higher probability before
they slow down to the low-energy range.

The fast ion near-axis energy distributions for pitch angles
40°—48° were also measured. In this case, the available range
of pivoting angles of the CXA and the DNB limited the pitch
angle interval. The distributions for other pitch angles were
measured by the CXA being shifted to different positions along
the machine axis. The view line of the energy analyzer at

20

Figure 28. Energy distribution functions of fast ions for a pitch
angle of 47° (a), 45° (b) and 42° (¢) at 0.625 0.725 ms after the start
of NBI: 1—experimental data at the axis, 2—results of MC FIT
calculations.

these positions was perpendicular to the axis, allowing the
measurement of the energy distribution function of the fast
ions whose turning points were close to the CXA location.
The corresponding pitch angles mapped onto the mid-plane
were 46.7°, 38.2° and 31.7° each with an angular resolution
of ~1°.

The fast neutrals result from the fast ion charge exchange
with the background neutrals. The injection of the DNB
to produce the artificial target was not effective here due to
problems with separation of the charge-exchange flux from
the main population of fast ions, as well as the additional
population produced by the trapped DNB particles. The
energy distribution functions for a set of pitch angles at 0.625—
0.725 ms after the start of NBI are shown in figures 28 and
29. The difference in the measured and calculated energy
distributions at 31.7° for high (8-18keV) energies can be
explained by the presence of a small fast ion fraction with
a large angular spread (figure 29(c)), which results from the
neutral beam halo particles with large angular divergence. The
number of ions with a large angular spread was estimated to
be ~3-5% of the entire population.

The fast ion angular distributions were inferred from
the energy spectrum measurements at different pitch angles.
Experimentally measured and modeled angular distributions
for a set of energy intervals are shown in figure 30. Note that the
angular spread at high energies (14-18 keV) is close to that in
the injected neutral beams. The angular spread of the ions with
energies 3—5keV was approximately three times larger than
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Figure 29. Energy distribution functions of fast ions for a pitch
angle of 47° (a), 38° (b) and 32° (¢) at 0.6-0.9 ms after the start of
NBI: 1—experimental data at the periphery, 2—results of MC FIT
calculation.

that for the injection energy. The angular spread (A#) gained
for the ions with current energy E; can be estimated from a
relationship that follows from the Fokker—Planck equation for
an ion beam, which is slowed down and scattered by a given

uniform background plasma [103]:
(%)
-/ =,
Eo

T

E;

2 2 3 m;
A@(E):A90+§ —(
where Ey and A8, are the energy and angular spreads of
neutrals in the injected neutral beams, respectively. The
experimental data and estimated values of the fast ion angular
spread for the given experimental conditions are presented in
figure 31 as functions of ion energy. The results refer to a time
interval of 0.6-0.8 ms after the NBI start when the electron
temperature was ~70 eV. From this picture one can conclude
that the measured angular spread of the ions is explained
quite well by their Coulomb interaction with the bulk plasma
particles. From this observation, it can be further concluded
that within the measurement accuracy microinstabilities that
could cause significant additional scattering of fast ions have
not yetbeen observed. Nevertheless, more recent data obtained
at higher plasma parameters when the neutral beam duration
was extended to 5Sms indicate the presence of sloshing-ion
instability, which, however, does not considerably change the
fast ion distribution except of a relatively small fraction of ions
resonant with the wave. This observation is discussed below
in this section.

The global energy distribution functions of the fast ions
obtained through the integration of experimentally measured
functions over pitch angles and spatial co-ordinates are shown

ne
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Figure 30. Angular distribution of fast ions for energy interval of
16-18keV (a), 12-14keV (b), 8-10keV (c) and 4-6keV (d) at
0.6-0.9 ms after the start of NBI: 1 and 2—experimental data at the
axis and on the periphery; 3 and 4—results of MC FIT calculations
for these positions.
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Figure 31. Angular spread of fast ions versus energy at 0.6 0.9 ms
after the start of NBI: 1—experiment, 2—MC FIT calculation,
3—analytic estimate.

in figure 32 for time intervals during and after NBIL It is
seen that the distribution evolves over time, causing ions to
accumulate in the low-energy range. One would expect this
provided the dominant process is speed reduction without
significant particle losses. One can determine the mean
energy of the ions through the integration of the global energy
distribution functions. For example, this mean energy was
estimated to be 8.5 keV for the time interval 0.6—0.9 ms, which
corresponds to the maximum of the fast ion density and 8.

Fast ion density profiles. The radial sloshing-ion density
profile is determined with a number of diagnostics including
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Figure 32. Global energy distribution functions: 1—0-0.3 ms,
2—0.3-0.6 ms, 3—0.6-0.9 ms, 4—0.9-1.2 ms and 5—1.2-1.5ms
after the start of NBIL
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Figure 33. Radial profile of fusion proton yield: dots—experiment,
curve—Gaussian fit with the width at half-maximum of d = 12 cm.

active charge-exchange, spatially resolved fusion product
measurement and MSE measurements of the field depletion at
the turning point, which is mainly determined by their pressure
profile. Figure 33 shows a plot of the radial data from a DD
fusion proton detector [104]. The profile is rather narrow,
which also indicates that the fast ion density profile is narrow.

This observation was confirmed by measurements of the
charge-exchange neutrals from the plasma (figure 34). Radial
profiles of the neutral flux were obtained by the neutral particle
analyzer [105] similar to that described in section 3 (see
figure 7). It is seen that the CX profiles are shifted left by
approximately the Larmor radius of the fast ions. Profile
width at half-maximum is less than 10 cm for particles with
energies 16keV and lower. The profile of charge-exchange
neutrals at energies close to the injection energy (20keV in
figure 34) is 1.5 times wider and reasonably agree with the
results of numerical simulations of neutral beam trapping and
further motion of the fast ions in the warm plasma. The
mechanism that causes the formation of the narrow radial
profile of fast ions is still not clear enough, but it should be
noted that this is not a result of enhanced losses of fast ions
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Figure 34. Radial profiles of charge-exchange flux: 1—20keV,
2—16keV and 3—13 keV particles.
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Figure 35. Profiles of the magnetic-field depletion for positive
(filled circles) and negative (open circles) limiter bias at the
periphery.

at the periphery [105]. An additional insight into the problem
provides the experiments with reversed plasma rotation at the
periphery. Then, the plasma also resides inside the region
of the reversed vortex resembling small cross-field transport,
but the radial profile of the fast ion density is considerably
wider in this case, thus indicating the role of plasma rotation
on the formation of the fast ion density profile. The effect
of the rotation direction on the radial transport of the fast
ions is illustrated in figure 35, which shows the magnetic-field
depletion for shots with positive and negative limiter bias that
produces left-hand and right-hand rotation.

The measurements indicate that the fast ions have a
relatively narrow angular spread. Therefore, the longitudinal
fast ion density profile is peaked near the turning points.
This circumstance is very important for the GDT-based
NS [3,4]. To experimentally prove this peaking effect, special
measurements of DD fusion products were carried out [106].
Deuterium neutral beams with the energy 13—17 keV and total
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Figure 36. Axial profile of DD reaction yield as measured from the
mid-plane (z = 0): dots—experiment, 1—analytical, normal
scattering, 2—analytical, 25% reduced scattering, 3—analytical,
25% enhanced scattering, 4—calculated by MC FIT.

power up to 3 MW were injected into the GDT plasma instead
of H-beams. From the decay time of accumulated fast ion
energy content, it was calculated that the global energy lifetime
of fast D*-ions is ~1.5 time longer than for H" ones. The
longitudinal profiles of the fusion products (2.45 MeV neutrons
and 3.02 MeV protons) emission were measured using an array
of scintillation detectors. The detectors were used with and
without special collimators. Without the collimator they see
~27 solid angle.

When collimated by a slit array oriented perpendicularly
to the machine axis, the detector essentially measures the DD
proton linear specific yield with a spatial resolution of ~20 cm.
The experimental results of proton flux measurements are
presented in [106]. The scintillation detector data show
a higher fusion reaction yield near the turning points than
at the mid-plane, in agreement with the codes. Figure 36
also shows how the peak of neutron yield is sensitive to
enhancement in ion—ion scattering compared with the classical
one represented by the curves calculated using the MCFIT
code [101]. As seen from figure 36, the experimental data
reasonably agree with the simulation results. The experimental
points (circles) lie reasonably close to the curve, which
represents the simulation with classical ion—ion scattering,
thus indicating that, indeed, no substantial additional scattering
occurs. This is considered to be another important argument
supporting the main conclusions about the classical character
of fast ion relaxation in the GDT experiment with a high-f3
plasma. For the measured parameters of the warm bulk plasma,
its contribution to beta at the center of the device can be
estimated as 0.03, and is negligible near the turning points. In
contrast, the fast ion density has strong peaks near the turning
points because their angular distribution is anisotropic. This
can be seen from the measured axial profile of a specific yield
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Figure 37. Time evolution of plasma diamagnetism at the turning
point (a) and envelope of oscillations with frequency 1.15 MHz (b).

of DD fusion reaction (see figure 36), where Q is the flux per
cm of the plasma column length that is proportional to fast
ion density squared multiplied by the plasma cross section
area. Near the center, a reduction in fast ion density and
transverse kinetic energy results in about a 40% smaller fastion
contribution to the total 8. Accordingly, taking into account the
small contribution from the target plasma, one could conclude
that total B has a shallow dip <40% at the mid-plane.

Fast ion kinetic stability at high beta. The micro-stability of
the central solenoid has not been a problem for GDT, as it
was not in the previous experiments with skew injection of
neutral beams, like TMX-U [107]. In the recent experiments
with deuterium plasma and neutral beams, a distinct mode
at 1.15MHz (close to 0.5 f; at the mid-plane) was detected,
as shown in figure 37. Axial wave length was measured to
be Ay = 104 &£ 4cm. At present, these fluctuations are
relatively weak and do not affect confinement, except that
they correlate with some ‘saw-teeth’ oscillations observed in
the measurements of plasma diamagnetism at the fast ion
turning points (see figure 22(b)). In GDT, we generally find
only a weak heating of the end-loss ions correlated with the
onset of fluctuations. For comparison in a regime without
fluctuations the mean energy of end-loss ions is measured to
be (E) = 1 +£0.03keV and increases to 1.1 = 0.03 keV when
the fluctuations appear [108].

Because these fluctuations have frequencies less than the
minimum ion-cyclotron frequency, this mode may be the AIC
mode [109] rather than that of a higher frequency loss-cone
instability [110]. The AIC mode is driven by an anisotropic
ion energy distribution (P, /P > 1) as would be generated
by NBI. However, in the GDT conditions for instability
development are generally more unfavorable considering less
anisotropy provided with skew injection of the beams and
steep gradients of the plasma parameters. The corresponding
modification of the instability threshold and the characteristics
of the unstable perturbations are considered in [111]. It
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suggests that instability is driven by the newly trapped fast
ions at the mid-plane, where their anisotropy is maximal
and energy spread is small. The instability is convective
and the waves propagate to the ends of the solenoid and
dump. These theoretical results were found to be in agreement
with experimental observations that suggest that a polarization
vector of the oscillations rotates in the direction of ion rotation
in the magnetic field and the wave propagates from the center
of the solenoid to the ends. Then, the observed ‘saw-teeth’
relaxations in plasma diamagnetism at the turning points can
be explained by axial redistribution of plasma pressure due
to an increase in the angular spread of the ions that are in
resonance with the unstable wave.

6. Bulk plasma energy and particle losses

Very large electron heat losses to the end wall have been a
longstanding past concern about the viability of magnetic-
mirror systems. However, the experimental results and theory
reviewed in [55] show that there is no fundamental limitation
on the electron temperature imposed by the parallel heat losses
unless there is strong secondary emission from the end wall.
Simple estimates indicate that for the conditions of the GDT
experiment, sufficiently strong electron emission from the end
wall and substitution of hot electrons by cold secondary ones
would, in contradiction with the experimental results, hold
electron temperatures below 100 eV and rapidly cool energetic
ions by electron drag. The large expansion of the plasma
exhaust beyond the end mirrors, as has been predicted by
theory [55, 112], decoupled hot electrons confined in the mirror
cell from the end walls. As a result, the electron temperature
routinely exceeded 200 eV during the shots with 3.5-4 MW of
neutral beams and gas puff at the plasma periphery. Higher
electron temperatures, approaching 260 eV, were obtained in
the regime with a smaller plasma density ((1-2) x 10! m~3),
which was realized by the corresponding reduction in the gas
puff [97]. These values are well above the range expected
if electron thermal losses to the end walls are dominant. In
contrast, the electron temperature (see figure 38) in the GDT
experiment is consistent with the modeling, some details of
which are given below, which does not suggest this mechanism
of energy losses. The longitudinal plasma-energy confinement
is of fundamental importance when analyzing the viability
of fusion reactors or NSs based on GDT or other open
confinement systems. Therefore, the idea of suppressing the
electron heat flux by means of a magnetic expander needs direct
experimental proof. This section is mainly devoted to such
experiments. A review of the theoretical ideas regarding the
mechanisms of axial plasma losses is also given. Note that
under typical conditions of the GDT experiment and the GDT-
based NS the mean free path of electrons leaving the device
is much larger than the distance between the mirror and the
end wall, i.e. the hot electrons are in a more deeper kinetic
regime, at least in the end tank. In the following, we will
assume that this approximation is always valid. In the opposite
limit, the two-fluid transport equations can be applied for the
analysis [113].
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Figure 38. Electron temperature in GDT (a) versus trapped power
of neutral beams and () versus time. (c) Comparison of the
estimated and the experimentally measured electron temperature;
the solid line shows T, = 7.5

As was mentioned above, the possibility of fast cooling
due to direct plasma contact to the end wall is sometimes
considered as an inevitable problem related to plasma
confinement in magnetic-mirror devices. The mechanism
of cooling essentially involves the replacement of the hot
electrons leaving the central region of the device along the
magnetic-field lines through the magnetic mirror with the
secondary cold electrons emitted from the wall. However,
in the GDT there is a magnetic nozzle (an expander) designed
to allow the plasma flowing out from the device to gradually
expand. Let H;, and H, denote the magnetic fields in the
mirror and on the wall, respectively. In the GDT, their ratio
Hn/H,, is typically in the range 100-1000. Neglecting the
relatively small effect of ion acceleration in the region beyond
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the mirror throat, in the rough approximation, one can consider
the flow velocity as a constant. Then, from the continuity
equation it follows that during the expansion plasma density
reduces following to the increasing area of the magnetic flux
tubes. Therefore, the plasma density in the expander decreases
near the end wall as ny/fmiwor = Hw/Hm, and becomes
substantially less than that inside the trap. This gives rise to an
ambipolar potential in the expander, which forms a potential
well for the electrons whose depth increases when the magnetic
field at the end wall reduces. Accounting for ion acceleration
makes the potential well even deeper.

The theory [2,55, 112] suggests a strong reduction in the
energy loss if the magnetic field to the wall reduces more than
(M/m)'/? times (M and m are the ion and electron masses,
respectively), i.e. the expansion is high enough. Formally, if
the expansion ratio H,,/H, substantially exceeds (M /m)'/?
the hot central cell electrons become essentially trapped in
the deep potential well, and the electron loss becomes much
less than the ion loss, in contradiction to the charge neutrality
of the confined plasma. At smaller expansion ratios, the
electron flux is equalized to the ion flux by the potential jump
in the Debye sheath near the wall. At very large expansion
ratios, the potential variation between the point where Hy,/ Hy
exceeds (M/m)'/? and the end wall becomes small compared
with T./e and the distribution function of electrons here
significantly differs from the Maxwellian with temperature 7.
The electron distribution function in this region is formed by
the scattered transiting electrons and the secondary electrons
emitted by the wall. If the number of secondary low-
energy electrons, which can be characterized by the secondary
emission coefficient n, becomes large enough, which happens
then n > 0.5, the situation drastically deteriorates. In this
case, the quasineutrality constraint is not applicable anymore
and, in fact, all the hot electrons are replaced by the secondary
ones. Moreover, the accumulation of cold secondary electrons
would lead to a reduction in the potential drop in the expander,
thereby leading to an uninhibited electron heat loss. In [55],
a number of methods to reduce the secondary electron flux
are considered including the application of a suppressor grid
and end plate tilting. Both these methods utilize the flatness
of the profile of the electrostatic potential inside the large part
of the expander and the corresponding absence of a strong
electric field that would pull the secondary electrons to the
main plasma. In [112], it is also mentioned that even there
may be no need to apply any active suppression methods since
the secondary electrons would be subjected to the fast beam—
plasma instability, which may lead to their effective angular
scattering and reflection back to the end wall. Herein, the
role of the non-steady-state effects is also emphasized, which
may play a significant role in pulse experiments, such as the
GDT experiment, if the particle collision time and the times
of neutral ionization and charge exchange in the end tank are
comparable to or much longer than the pulse duration. Details
of these considerations can be found in [2].

In the case if the secondary electrons are effectively
scattered, the influx of cold secondary electrons through the
mirror is determined by the drop of the magnetic field in
the expander. Of all the secondary electrons only those can
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penetrate into the device that fall in the loss cone with a pitch
angle © satisfying the condition sin(®) < (H,, /Hy)'?. If
the electron velocity distribution is isotropic, the fraction of the
secondary-electron flux penetrating into the device is about
Hy,/Hy, (the ratio of the loss-cone solid angle to the total
solid angle in velocity space) of their primary flux near the
wall. Let J; be the ion flux density on the wall. Assuming
as a worst case infinitely large emissivity of the end wall,
the flux densities of primary hot electrons J. and secondary
electrons JJ can be estimated as J)' ~ J. ~ J; - (M/m)'/2.
Then, the influx of secondary electrons penetrating into the
device does not exceed the ion flux from the device, JJ -
Hy/Hw = Ji - (M/m)'? . (M/m)'?Hy/Hyn < Ji, if
H,/H, > (M/m)"?. Thus, if there are sufficiently strong
mechanisms for electron scattering in the expander that make
the electron velocity distribution isotropic, the expansion ratio
H,/H, = (M/m)"/? is sufficient to prevent fast cooling of
the plasma in the central cell.

The experimentally measured electron temperature was
compared with a value predicted by a quantitative theory
describing the longitudinal losses of particles and energy from
aGDT developed in [55, 114]. Of mostinterest is the regime of
a collisionless (Knudsen) plasma flow, when the ion mean free
path exceeds the characteristic scale of the transient region
near the mirrors. Note that the plasma in the central cell
is still assumed to be collisional, i.e. inequality (1) holds.
Under these conditions, the calculation of particles and energy
losses reduces to an integration of the Maxwellian distribution
function over the velocity-space domain corresponding to
the particles leaving the device. In the case of equal ion
and electron temperatures 7, = T; = T, the problem of
collisionless ion flow through the GDT mirror was considered
in [2, 55, 114]. For this model, the total drop in the ambipolar
potential between the center of the device and the end wall is
eUy, = 5T and the particle flux through the mirroris g = g.
g = 1.53-n0-(T /27rm;)/?. The energy flux through the mirror
isevaluatedas Q = Qi+ Q. = (1.7-¢; - T;+6.19-¢g. - T) =
7.89-¢q - T. Given the trapped neutral beam power we applied
this model to evaluate the electron temperature in the GDT
experiment. Note that in the calculations we did not take into
account spatial profiles of the plasma parameters. The results
of calculations are compared with the experimentally measured
electron temperature in figure 38(c).

Plasma parameters in the GDT expander such as the mean
electron energy, the plasma potential, the fluxes of particles
and energy through the mirror, and the energy spectrum of
the ions leaving the device were measured to evaluate axial
energy losses. The results of the measurements are compared
with theoretical predictions [114] for the case of a collisionless
plasma flow through the mirrors. In experiments, the plasma
parameters (7. > 20eV and n. ~ 10" m—3) were chosen
to provide the regime of collisionless (Knudsen) ion flow
through the GDT magnetic mirrors. Such a regime is of
most interest, because it is expected to occur at the plasma
parameters required for GDT fusion applications.

The plasma parameters beyond the mirror were measured
during both the operation of the plasma gun and with the NBI
(after the plasma gun was switched off), which corresponded
to different plasma temperatures in the central cell.
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Figure 39. Normalized densities of the energy flux Q and ion flux
g in the expander as functions of the expansion ratio.

In experiments aimed at studying the effect of the expander
on suppression of the electron heat flux, we used an oxide
cathode, 120 mm in diameter, as an emitting wall. The cathode
was mounted on a movable support in the expander [115].
The cathode surface was covered with carbonate composition
[BaCO3 (50-55%), SrCOs (40-50%) and CaCO; (5-8%)]
and pressed under a stress of 1000kgfcm™2. Before the
beginning of the experiments, the cathode was baked out
for 24 h at a temperature of approximately 500 °C; then the
temperature was raised to 950-970 °C in order to decompose
the carbonates. In order to monitor the thermo-emission
current, an annular molybdenum electrode 2 mm in diameter
was mounted around the cathode edge. A 1kV positive voltage
pulse with duration of 20ms was applied to the electrode.
The measured current through the electrode was 7 A; this
corresponded to the emission current density j;r ~ 2 Acm™2.
Consequently, in our experiments, the current density from
the surface of the plasma absorber exceeded the current density
produced by the electron flow arriving at the plasma dump from
the device; thus, the emissivity of the surface of the plasma
absorber could be considered to be infinitely large.

Figure 39 shows the normalized ion current density g; and
energy flux Qi on the expander axis for two values of the
expansion ratio K = H,,/H(z) corresponding to two points
on the z-axis. Theion current density measured by the movable
grid probe is normalized to n - (T.)!/?/K, where T, and n are
the electron temperature and plasma density in the central cell,
respectively. In these units, the average value of the normalized
ion flux density in the expander is 0.45+0.1. The energy flux
density measured by a movable bolometer is normalized to
n-(T)Y2/K.

By dividing the average value of the energy flux density
in the expander by the ion flux density, it is possible to obtain
the average energy (per one electron—ion pair) carried away
from the device. Taking into account the reflection coefficient
of the bolometer surface (which is [116] ~0.2-0.4), we obtain
that this energy is (8.7 &= 1.8) - T, where T is the electron
temperature at the center of the device (in energy units).

The ion distribution functions in longitudinal energy,
which were measured by the ELA on the end wall on the
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Figure 40. The ion energy distribution function: 1—the region
corresponding to the measured distribution functions for different
plasma parameters in the central solenoid and 2—a model
distribution function.

expander axis, are shown in figure 40. The shaded region
presents the experimental data for different values of the
electron temperature. For comparison, in the same figure, we
show the distribution function calculated by the collisionless-
flow model [117]. Itis seen that the calculated curve is in good
agreement with the measured distributions. From analysis
of these data, a conclusion can be drawn that, for a plasma
temperature above 20 eV, the ion flow through the mirror is
collisionless. This statement is confirmed by an estimate for
the mean free path of ions A;. For the experimental parameters
mentioned above, we have A; &~ 120 cm, which exceeds the
characteristic size of the magnetic-mirror region.

It should be noted that the longitudinal energy of ions in the
analyzer differs only slightly from their total energy, because
the magnetic field near the analyzer is more than 100-fold less
than the field in the mirror (from where the ions come out).
Therefore, we can assume that the analyzer measures the total
ion energy.

By processing the ion energy distribution function, we
obtained the value of the mean energy of ions arriving at the
plasma absorber to be (6.5 & 0.1) - T;. The value of the total
drop in the ambipolar potential between the center of the device
and the end wall, which was also obtained by processing the
ion distribution functions, was (4.8 & 0.1) - Ts.

The potential profile in the expander beyond the mirror,
measured with the use of a local gas target, is presented
in figure 41. The closed square presents the value of the
potential in the central cell of the GDT, which was obtained
by processing the ion distribution function. For comparison,
in the same figure, we present the plasma potential profile in
the expander calculated from the position of the inflection
point in the current—voltage characteristics measured by a
movable single probe. Qualitatively, the profile of the potential
obtained from probe measurements is similar to that measured
with the use of a local gas target: the potential sharply
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Figure 41. The profile of the electric potential in the expander:
1—energy analyzer data, 2—local gas target data, 3—probe
measurements.
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Figure 42. The mean electron energy in the expander as a function
of the expansion ratio.

decreases near the mirror and then varies slightly. However,
the value of the potential obtained from probe measurements
is systematically less by (1-2)-T; than that measured with
the use of a local target (figure 41). Presumably, this is
due to plasma perturbations introduced by the probe. These
perturbations must be especially large near the mirror, where
the transverse size of the plasma is the smallest. The presence
of these perturbations was indirectly confirmed by the fact that,
with heating (other parameters being the same), the maximum
plasma temperature in the device was significantly lower when
the probe was introduced in the plasma near the mirror.

The mean electron energy in the expander as a function
of the expansion ratio is presented in figure 42. The data are
obtained by processing the current—voltage characteristic of a
Langmuir probe located in the expander. The mean energy
and potential are normalized to the electron temperature in the
central cell of the device.
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Figure 43. The emissive-probe potential in the central cell of the
GDT for different positions of the emissive plasma dump.

The suppression of the electron heat flux from the
magnetic-mirror device in the region of an expanding magnetic
field beyond the mirrors was confirmed as follows. The heated
cathode described above was used as a plasma absorber whose
emissivity was assumed to be infinitely large. The magnetic-
field expansion ratio at the point at which the plasma receiver
was located could be varied in the range 18-20 by moving the
receiver along the expander axis (in this case, H (z) was varied)
or by changing the magnetic field in the mirror (in this case, H,
was varied). To measure the ambipolar potential in the GDT,
we used an emissive probe. Note that an emissive probe cannot
be used to measure the plasma potential precisely, because the
floating potential of the probe is less than the actual plasma
potential by a value close to the electron temperature [118]. In
these experiments, the emissive probe was used only to record
the sign of the potential and monitor the change in the plasma
ambipolar potential on the axis of the device. The projection
(along magnetic-field lines) of the emissive plasma absorber
on the region where the probe was located was much greater
than both the measuring element of the probe and the average
error with which the probe was positioned on the axis.

We also studied the dependence of plasma potential in
the central solenoid on the magnetic-field expansion ratio in
the region where the plasma dump was located. Figure 43
presents the potential of the emissive (flashing) probe in the
central cell of the GDT for different positions of the emitting
wall. The potential is normalized to the potential of the same
probe in the absence of the emitting plasma absorber and is
averaged over a series of shots. The positions of the wall
along the expander axis are given in units of the expansion
ratio K. As is seen in figure 43, for large expansion ratios
(>50), the probe potential in the central cell is almost non-
sensitive to the position of the emitting wall and its emissivity.
As the expansion ratio decreases (K < 40-50), the ambipolar
potential drop decreases. This is confirmed by a substantial
decrease in the floating potential of the emissive probe and,
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consequently, in the plasma potential in the central cell of
the GDT. As the ambipolar potential drop between the device
and the plasma absorber decreases, the axial energy loss from
the device increases because of the increase in the electron
heat flux.

The longitudinal thermal flux and profile of the
electrostatic potential in the case of a wall, which emits
electrons, were considered in [118]. It was shown that, if
the secondary-emission coefficient I" exceeds a certain critical
value, the emitted flux is limited to the value . by the
intrinsic space charge. For a hydrogen plasma this theory
predicts a critical secondary-emission coefficient of 'y =
0.81, a potential drop of eU,, = 1.02- T, and an energy flux of
Q = 0.5nv. T, F(I"), where V, = (8T, /mm.)"/? and F(I') is a
function that describes the flux limitation by the space charge
of secondary electrons. According to [118], for I' > Ty,
F(T¢i) = 0.38 and the anomalous heat flux from the device
must exceed the directly measured heat flux by a factor of
5. As is seen, the potential drop U, becomes very small,
which was observed in experiments with a thermal cathode
near the magnetic mirror in the case of a small expansion ratio
(figure 43). In the case of a large expansion ratio (>50), the
potential drop is almost independent of the position of the
emitting wall and is equal to the potential drop obtained in
experiments with an ordinary stainless-steel plasma absorber
at room temperature. This is considered as evidence of the
suppression of the electron heat flux to the end wall.

As was noted at the beginning of this section, the
mechanism for this suppression can be associated with both
the tendency of the electron distribution function to become
isotropic due to intense scattering by electromagnetic-field
microfluctuations in the case of a developed turbulence and
the accumulation of trapped electrons in the well of the
effective Yushmanov’s potential in the expander [112, 114].
The population of cold trapped electrons can be produced, e.g.,
in the course of the filling of the device with a plasma before the
beginning of NBI heating, when the electron temperature is still
low (~5 eV) and the plasma flow is collisional. Another reason
for the production of cold trapped electrons is a weak electron
scattering in the collisionless plasma flow in the expander.
The space charge of the accumulated electrons can prevent
the penetration of the secondary electrons into the central cell
and, thus, suppress the anomalous electron heat flux [118]. The
presence of cold trapped electrons in the expander is confirmed
by the measured potential profiles and the value of the mean
electron energy (figures 41 and 42). According to the discussed
collisionless-flow model [114], if there are no trapped cold
electrons in the expander, the mean electron energy should not
change along the magnetic-field line. In our experiments (in
contrast to the OGRA-4 experiments [119]), because of good
vacuum conditions, cooling of electrons beyond the mirrors
due to additional ionization of a residual gas in the expander is
low. Without electron scattering, the electric potential should
be almost constant along the expander, and only drops in
a narrow Debye layer. However, the experiments show a
monotonic decrease in the mean electron energy and potential
along the expander. This clearly indicates that cold electrons
trapped in the expander between the mirror and the wall play
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an important role in the formation of the potential profile in
the expander.

The results obtained in these experiments can be
summarized as follows.

e The energy flux onto the plasma absorber in the expander
is mainly determined by the ions; the electron heat flux is
relatively small.

The experimentally measured ion energy distribution
functions in the expander agree well with the calculations
based on the model of a collisionless plasma flow.

The energy carried away by a single ion—electron pair
is, on average, larger than the plasma temperature in the
central cell by a factor of 8.7 £ 1.8; the average energy
carried away by anionis (6.5£0.1) - T;; and the measured
total potential drop of the ambipolar potential is (4.8 £
0.1) - T.. These values agree well with the calculations
based on the model of a collisionless plasma flow.

The measured profiles of the electrostatic potential and
the mean electron energy indicate the presence of trapped
electrons in the expander.

It is shown that, if the ratio between the magnetic field
in the mirror and that at the wall of the plasma absorber
is higher than 40-50, the suppression of the electron heat
flux from the device occurs independently of the emissive
properties of the wall.

7. Conclusions

On the basis of the experimental results presented in this paper
the following conclusions can be drawn:

(1) Plasma in the axisymmetric solenoid of the GDT device
is successfully stabilized against excitation of MHD
instability by the application of external MHD anchors,
in which the plasma is fed by particle exhaust through
the mirrors. In particular, an expander or cusp end cells
were used to stabilize the plasma. Confinement with
suppressed transverse losses is also demonstrated in the
regime with an unfavorable pressure-weighted curvature
when a sheared plasma rotation (vortex) is produced at the
periphery by biasing of radial limiters and segments of the
end plate.

(2) In the GDT, electron heat losses are inhibited by strong
flaring of the magnetic field in the end tank. A drop in
plasma density in the decreasing magnetic field beyond
the mirrors results in the formation of a deep electrostatic
potential well for electrons in the central solenoid, which
prevents the majority of them from reaching the end plate.
This also flattens the potential profile in the outer part
of the end tank. Under these conditions, the secondary
cold electrons emitted by the end wall cannot penetrate
into the central solenoid and drain the energy from it.
Therefore, the axial heat losses from the GDT are not
dominated by the electron heat losses, but rather by the
plasma exhaust through the end mirrors. It was found
that the axial particle and energy losses are consistent
with the model of gas-dynamic flow of the collisional
plasma through the mirrors. The axial losses through the
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end mirrors dominate in the energy balance of the plasma
heated by neutral beam injection. The transverse losses
do not exceed 15%.

(3) The relaxation of fast ions produced in the GDT by
injection of skew neutral beams near the mid-plane of the
central solenoid is governed by classical mechanisms of
slowing down of plasma electrons and ion—ion scattering.
Only at the highest plasma betas was excitation of AIC
instability detected, which however did not induce either
enhanced fast ion losses or axial broadening of fast ion
density peaks near their turning points.

The successful operation with 8 < 60%, classical ions and
electrons with T; up to 260 eV of the GDT device extrapolates
to a2 MW m~2 D-T neutron source, which burns only ~0.1kg
of tritium per full power year. The GDT-based neutron source
has no serious physics, engineering or technology constraints.
It provides a neutron spectrum similar to that of ITER and
DEMO and satisfies the missions specified by the materials
community to test fusion materials.

In addition to the application of the GDT as a neutron
source, the collisional GDT solenoid with high-field mirror
coils is well suited for plasma—wall interaction studies. The
plasma exhaust through the ends can be controlled by varying
the beam injection power and gas fueling rate over a wide range
of interests for tokamak divertor studies. When the plasma is
terminated at the mirror throats by a material wall, the power
flux through electron heat conduction in this region would be
in the range of several 100 MW m~2. In this case, the electron
and ion energies would be 100-200 eV. Studies with hydrogen,
deuterium and tritium can be carried out. This possibility has
been demonstrated by the measurements of power density onto
atungsten target placed in the GDT plasma near the end mirror
which exceeds 160 MW m~2 with an electron temperature in
the central cell of 140eV.

The plasma electron temperature in the GDT experiment
is determined by a balance of energy transfer from fast
injected ions and plasma exhaust through the mirrors. In high-
performance shots when the temperature exceeds 150 eV, the
electron temperature and plasma density pulses did not reach
a steady state within 5ms. Further extension of the pulse
duration (to at least 20 ms for 7, = 200¢eV) is still required to
reach steady-state conditions in the experiments. Therefore,
the electron temperature in the GDT can be increased by the
extension of the NB pulse, which should be accompanied by
an increase in the magnetic field to keep the plasma below the
ballooning instability threshold. This is planned to realize in
subsequent upgrades of the GDT device. Application of ECR
heating near the end mirrors is also planned to increase the
electron temperature in the GDT [120].

Longer term plans in development of mirror devices in
the Budker Institute are connected with the concept of a gas-
dynamic multiple-mirror trap (GDMT) [121]. The GDMT is
proposed to combine the GDT properties with good plugging
capability of multi-mirror traps. The primary aim of the project
is to prove the concept of a steady-state multiple-mirror fusion
reactor, and obtain confinement scaling, while going to longer
pulses and higher electron temperatures than those available in
a GDT. The secondary mission of GDMT is to be a prototype
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of an energy-effective neutron source to replace the unrealized
project of the ‘Hydrogen Prototype’ [122].
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