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Abstract—The magnetic system of an open trap usually includes expansion sections located between high-
field magnetic mirrors and end surfaces that receive plasma. In the GOL-NB device, an arc plasma gun is
located in one of the expanders, which creates a low-temperature starting plasma in the confinement area.
The parameters of the surface plasma sheath affect the electrical connection of the confinement area with the
walls and, thereby, affect the contribution of the line-tying effect to the plasma stability and the longitudinal
energy losses from the trap. The experiments with additional hydrogen injection into the plasma gun were
carried out at GOL-NB. We observed a radiating plasma formation detached from the surface, which visually
corresponds to that in radiating divertors in tokamaks. In both standard and detached modes, decaying
plasma existed near the receiving electrodes during the entire observation time after the discharge current was
terminated. In the central trap of GOL-NB, some structures in the Fourier spectrogram of magnetic fluctu-
ations manifest earlier in the detachment mode than in the standard mode and have lower frequencies. We
associate these structures with the onset of interchange-like modes due to the loss of plasma stabilization by
the line-tying to the conducting ends. The observed plasma response to the additional gas supply confirmed
our understanding of the line-tying effect as the main factor stabilizing the plasma core in the initial phase of

density accumulation in the central trap.
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1. INTRODUCTION

Studies of detached plasma properties are import-
ant parts of research programs in many fusion-related
experimental devices (see, e.g., the review [1] and
recent papers [2—14]). In this text, we will use the defi-
nition of “detached plasma” [15] as “the state in which
large gradients in total plasma pressure (static plus
dynamic) are observed parallel to the magnetic field
with consequent reductions in the plasma power and
ion fluxes to the limiting surfaces.” The primary goal
of those studies is to develop the physics and technol-
ogy of a radiating divertor that will ensure the safe
operation of plasma-receiving divertor plates in fusion
reactors. For linear confinement systems (different
kinds of magnetic mirror traps), the problem of power
load to the receiving endplates is less severe. Designs
of existing [16—20] or proposed [21—24] mirror con-
finement systems usually include special end sections
where the magnetic field gradually decreases towards
the wall. These sections are usually called magnetic
expanders. In an expander, the diameter of a magnetic
flux tube increases towards the wall, and the power
density in the outflowing plasma stream correspond-
ingly decreases. The linear topology of a mirror system
allows one to design quite simple expanders with the
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expansion ratio of up to several hundred and an effi-
cient pumping.

In addition to the task of handling the power flow,
expanders perform two other important functions in a
mirror trap. Plasma there has a direct electrical con-
tact with conducting receiving endplates. On the one
hand, this contributes to plasma stability in the trap
due to line-tying effects (see, e.g., [25, 26]). On the
other hand, cold electrons from the surface plasma can
be accelerated by an ambipolar electric field towards
the confinement zone, which usually has a positive
potential. The flow of cold electrons from the end can
lead to increased longitudinal energy losses and degra-
dation of confinement. To eliminate this effect,
expanders with a sufficiently high expansion coeffi-
cient of the magnetic field K > (m;/m.)"/? are used.
‘When this condition is satisfied, the flow of cold elec-
trons into the trap can be suppressed (see, e.g., [27—
29]). The transition to the detached mode means a sig-
nificant change in the role of these factors.

Our interest in studying the detachment mode is
related to ensuring the stability and thermal insulation
of the plasma in the GOL-NB multiple-mirror trap
[18, 30]. The main scenario of the experiment consists
in the initial filling of the GOL-NB central trap with
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Fig. 1. Layouts of a typical plasma-surface interaction
experiment (a) and of two phases of the GOL-NB detach-
ment experiments: the plasma gun operation (b) followed
by the detachment (c). PFC is a plasma-facing compo-
nent, PG is a plasma gun, wavy arrows show a radiating
zone, solid lines schematically show magnetic force lines.
Plasma and neutral hydrogen differ in color.

a low-temperature starting plasma and its following
heating with neutral beams. The starting plasma is cre-
ated using an arc plasma gun located on the axis in one
ofthe expanders. During the heating stage, the electri-
cal connection between the plasma gun and the
plasma must be broken in order to reduce the flow of
cold electrons into the confinement region. In this
paper, the detachment was provided by an additional
gas supply directly into the plasma gun. Figure 1 shows
the differences between a typical plasma-surface inter-
action experiment and our research. Usually, a plasma
stream arrives to a plasma-facing surface from an
external source like a confinement zone or a dedicated
plasma source—see Fig. 1a. Figures 1b and Ic show
two successive steps in the reported GOL-NB experi-
ments. Initially, the plasma gun fills the central trap
through a strong magnetic mirror, so the magnetic
force lines converge in the figure. At the same time,
there is also a back plasma flow to the receiving end-
plates from the strong field side; it is shown by the
arrow with less bright color. The resulting plasma foot-
print on the receiver is larger than the exit aperture of
the plasma gun. The second step of the experiment
begins with the termination of the current in the
plasma gun. In order to achieve the detachment, we
varied the duration of hydrogen gas injection into the
gun. The back plasma flow from the trap still exists
during this step.

In the paper, the details of the experiment and
diagnostics are described in Section 2. The plasma
properties in the expander section are described in
Section 3. Section 4 provides the available data on the
Vol. 50 No.2
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Fig. 2. The expander section of GOL-NB with the plasma
gun. (/) The vacuum vessel, (2) the arc plasma gun,
(3) and (7) the expander coils, (4) the plasma gun coils,
(5) the sectioned plasma receiver, (6) and (&) the expander
shaping coils, (9) the limiter unit, (/0) the last coil of the
high-field section, (/) the high-field section, (/2) loca-
tion of the Langmuir probe at z = 0.54 m. The axial coor-
dinate z is measured from the plasma gun anode.

stability change in the detached mode. The last section
is a discussion and summary.

2. EXPERIMENTAL DEVICE
AND DIAGNOSTICS

The GOL-NB facility is the device built for studies
of physics of the multiple-mirror confinement [18,
30]. In full configuration, it consists of a central trap of
the gasdynamic type with the length of 2.5 m and the
magnetic field of B = 0.3 T at the center, a 3-m-long
sections of the high magnetic field (B = 4.5 T)
attached to it, and the end magnetic flux expanders.
Inside the expanders, there are plasma receiving end-
plates and the plasma gun with the arc source of
hydrogen plasma [31]. The facility design is described
in more detail in [32, 33].

In the paper, we focus on the processes in the input
expander near the plasma gun. The layout of this part
of GOL-NB is shown in Fig. 2. The vacuum vessel,
which houses the plasma gun, the plasma receiving
endplates, the input limiter assembly as well as several
magnetic coils, has a diameter of 1 meter. The plasma
gun usually operates in 0.1-0.2 T magnetic field.
Then, the plasma flow propagates towards the high-
field section and later, after passing it, fills the central
trap. The plasma flow is collisional with the free path
length smaller than a typical spatial scale. Most of the
plasma from the gun is reflected from the growing
magnetic field [34]. The final plasma profile in the
input expander looks like a dense central core with a
diameter approximately corresponding to the hole in
the first electrode of the receiver, surrounded by a less
dense halo of reflected plasma, which extends to con-
tact with the limiter [31, 33].
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Fig. 3. The axial profiles of the magnetic field in the start
(A) and full (B) configurations of GOL-NB. The arrow
labeled PG is the plasma gun location.

The experiments were performed in two different
configurations of GOL-NB. The coresponding axial
profiles of the magnetic field are shown in Fig. 3. In
the next section we will present the results of the
detachment studies in the input expander. Those
experiments were carried out in the start configuration
of GOL-NB (the solid line in Fig. 3) that included
both expanders and a single high-field section
between them [34]. Due to hardware limitations of the
start configuration, the magnetic field in the high-
field section was limited to 1.8 T. The second series of
experiments was devoted to the effect of detachment
on the plasma stability in the central trap. It was car-
ried out in the full design configuration of GOL-NB
[32, 33] at 4.5 T in the high-field section (the dashed
line in Fig. 3). Configurations A and B differ also in
the duration of the discharge current in the plasma gun
(2.0 and 2.7 ms, correspondingly).

The main diagnostic tools in our experiments were
two movable asymmetric double Langmuir probes.
The probes were located at z = 0.20 and 0.54 m, see
Fig. 4. The probes were connected to a compact bat-
tery-fed control and data acquisition module; they
operated at a floating potential. We should note two
features of probes operation near the plasma gun. The
first one is damage to the probe wires by high current
in the electron branch of /—V characteristics (VAC) in
these particular locations. The second one is a deep
high-frequency modulation of probe wires currents
caused by £ X B rotating current filaments in the dis-
charge; this modulation prevents reliable measure-
ments of VAC. This forced us to simplify the probe
heads comparing with the original four-electrode
design [35], which is used for plasma properties mea-
surements in other parts of GOL-NB. Only the ion
saturation current at a fixed bias and the plasma
potential were measured. Therefore, we had no direct
data on the dynamics of the plasma temperature.
Instead, we used the temperature data from the four-
electrode probe placed in a more remote location as
the approximate estimate. Further in the text, the
measured ion saturation current will be recalculated
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Fig. 4. The photo of the plasma glow in the gun area taken
with a wide-angle lens during an initial cleaning of Lang-
muir probes by the discharge. Labels are: (/) side-on view
of five rings of the input plasma receiver with the discharge
channel seen in gaps, (2) and (3) Langmuir probes at
z=10.20 and 0.54 m, (4) transition to the high-field sec-
tion. Other objects with a regular geometric shape are ele-
ments of the hardware.

into plasma density using the simple model based on
[36] under the assumption that at the plasma decay the
temperature is 2 eV. In the test experiments discussed
in [35], we validated the suitability of the model [36]
for measurements of the plasma parameters during the
main part of the discharge when the plasma gun was
active and for some time after its termination during
the plasma decay. The additional gas injection in the
experiments with plasma detachment discussed in this
paper strongly changes the conditions of the probe
operation, including the temperature and the neutral
gas density, which are not known. This makes the the-
oretical model used formally unsuitable. However, for
the purpose of this paper we decided to use the same
model for all probe signals in order to eliminate the
uncertainty associated with the wrong choice of a dif-
ferent theoretical model for poorly known experimen-
tal conditions. With this understanding, we will use
the plasma density values after the end of the discharge
in the plasma gun to visualize the differences in the
signals dynamics instead of presenting the raw probe
signals. In order to avoid confusion, we will call this
quantity the model density.

3. PROPERTIES OF DETACHED PLASMA

In this section, we will present the experimental
results obtained in the start configuration of GOL-NB
(the solid line in Fig. 3). In this configuration, the
plasma stream from the gun passes through the high-
field section and dissipates at the exit plasma receiver;
no density accumulation in any part of GOL-NB
occurs. Figure 5 shows a typical experimental scenario
in the standard mode of with the optimized gas supply
into the plasma gun. The hydrogen supply starts at
t=—2.0 ms; it lasts for #,,, = 2.0 ms (the solid line in

PLASMA PHYSICS REPORTS  Vol. 50 No.2 2024
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Fig. 5. The experimental scenario and typical waveforms in
the experiment NB4333 in the start configuration of
GOL-NB (the case A in Fig. 3), top to bottom: the dia-
gram of the gas valve opening time with the standard oper-
ation with 75, = 2 ms shown by the solid line and an addi-

tional gas feed shown by the dashed line, the plasma gun
current Jg,,, the current to the central plasma receiving

endplate in the opposite magnetic expander J,4, the gas
pressure in the plasma gun expander P, the ion saturation
current of the Langmuir probe /,,, the photodiode signal

in the high-field section U.

Fig. 5a). The duration of the gas supply corresponds to
the duration of the discharge current. We use the gas
valve [37] with the opening time 0.25 ms. In this case,
almost no extra gas stays in the plasma gun volume
after the discharge. In the reported experiments on the
detachment, we increased the duration of the gas
injection 7y, using the same gas valve and other related
hardware. The dashed line in Fig. 5a schematically
shows the increased gas supply.

The shape and duration of the waveform of the dis-
charge current J,,, is determined by the parameters of
the high-voltage forming line that feeds the gun. It is
almost independent on the gas supply parameters, if
there is enough gas for the initial breakdown. The cur-
rent to the central plasma receiving endplate in the
opposite magnetic expander J,, 4 begins with the time-
of-flight delay. The gas pressure in the input expander
P, measured at the wall of the vacuum vessel, steadily
No.2 2024
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Fig. 6. A high-frequency modulation of the ion saturation
current of the Langmuir probe /g, and of the magnetic
pickup coil signal dB(p/dt at z= 2.68 m in two fragments of
waveforms from the experiment NB4333 (the same as in
Fig. 5).

grows during the gun operation. The ion saturation
current of the Langmuir probe [, demonstrates the
mentioned feature of the discharge. It has strong mod-
ulation throughout the discharge duration. This
means that local plasma parameters in the discharge
are modulated. However, with the exception of this
modulation, the plasma flow is stable. In [35], we
measured the series-averaged plasma parameters for
the peaks 7, = 13 eV and for the background 7, = 7 eV
at ¢ = 1.5 ms. The modulation of local plasma param-
eters is most probably caused by a spatial non-unifor-
mity of the current density in the discharge, that
causes a spatial non-uniformity of the plasma stream.
Due to £ X Brotation of plasma, the probe senses that
spatial non-uniformity as the periodical modulation of
the measured current. One can note that modulation
of the probe signal disappears after termination of the
discharge current; the decaying plasma is quieter. The
last signal in Fig. 5 is the optical radiation of the
plasma column in the high-field section measured
with a calorimetric XUV-to-NIR photodiode. Its
dynamics is consistent with the steady growth of neu-
trals pressure at the stable plasma density and tem-
perature.
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Fig. 7. The dynamics of plasma emission in three dis-
charges with varying gas supply duration 7, at 0.5 MPa
initial pressure in the valve. The case with 75, =2 ms is the

standard operation mode shown by the solid line in
Fig. 5a. The beginning of each frame is shown on the left;
the exposure was 7 s.

Figure 6 shows the comparison of the fast modula-
tion of signals from the Langmuir probe and from a
magnetic pickup coil that measured dB,/df and was
located near the wall at z = 2.68 m in the high-field
section. The important difference in the interpretation
of this pair of signals is that the probe provides local-
ized measurements of the plasma parameters and the
coil detects variations of the azimuthal magnetic field
generated by axial currents, which has some spatial
structure in the plasma column. One can see that the
lowest-frequency modulation of the ion saturation
current is not visible in the magnetic signal that is
determined by time-dependent higher-frequency pro-
cesses, which are most probably localized in the
periphery. We can conclude from Fig. 6 that fluctua-
tions measured by the magnetic probe are caused by
processes in plasma and not by the initial modulation
of the plasma stream.

Figure 7 shows three sets of frames from high-
speed videos made in the standard mode (the left col-
umn) and in the detachment mode (the central and
right columns). The field of view is similar to that
shown in Fig. 4. In all three cases, the discharge cur-
rent in the gun terminated in 7= 2.0 ms. The plasma is
attached to the receiver plates in the standard mode.

POSTUPAEV et al.
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Fig. 8. Brightness intensity profiles measured along the
magnetic axis for selected frames from Fig. 7. Thick lines
correspond to the detached mode with 7,,; = 3.5 ms (the
central column in Fig. 7); thin lines correspond to the
standard mode with #,,; = 2 ms. The beginning of each

frame is shown by labels.

The middle column corresponds to the case when the
gas supply terminates at + = 1.5 ms during the gun
operation. One can see the decaying discharge chan-
nel in the gaps between the receiver electrodes at ¢ =
2.4 ms. Then, the bright radiating zone detaches from
the endplates; the radiating plasma is sustained by the
return plasma flow from the high-field section for
some time. The right column shows the case with even
longer gas supply and earlier plasma detachment. In
the detached mode, a dark zone between the endplates
and the radiating plasma is clearly visible. Later in this
section of the text we will discuss the plasma properties
for two modes with 7,,; = 2 and 3.5 ms.

The brightness profiles along the magnetic axis for
the standard and detached operation modes are com-
pared in Fig. 8 for four pairs of frames from Fig. 7
taken at 7,,; = 2 and 3.5 ms. Due to the wide-angle

lens, the x coordinate along the axis is non-linear;
therefore, we present the column numbers of the CCD
camera as the x coordinate. The light is collected along
the lines of sight that have different angles to the axis.
We should also note that sharp signal changes are
caused by changes in the reflectivity of the opposite
wall of the vacuum chamber and by the receiving end-
plates at x < 600. The dark frames were subtracted
PLASMA PHYSICS REPORTS 2024
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Fig. 9. The dynamics of plasma parameters in the detached and normal operation modes measured at z=0.20 m (left) and 0.54 m
(right). Top to bottom: the model density from the probe measurements #, the plasma brightness at the probe location B, and the

plasma potential U. Solid dots and thick lines correspond to the detached mode with

fgas = 3.5 ms (the central column in Fig. 7);

open circles and thin lines correspond to the standard mode with 7,,; = 2 ms. The experimental data obtained on different days

differ in the color intensity.

from the images. After that, values of four adjacent
CCD rows were averaged in order to decrease the dig-
itization noise. No other image processing was per-
formed.

At the moment of the termination of the plasma
gun current at £ = 2.0 ms the brightness profiles for
both modes are almost identical at x > 600, i.e., in the
free space after the receiving endplates. At the same
time, one can see lower brightness in the discharge
channel at x < 600 in the standard operation mode.
That is naturally explained by the pre-programmed
hydrogen depletion at the time. In the detachment
mode, the continuing gas feed provides higher density
inside the gun during the current termination. The
detachment of the bright plasmoid from the endplates
occurs in ¢ = 2.4 ms at f,,, = 3.5 ms. After that, the
detached plasma moves towards the high-field mag-
netic mirror. One can see that two modes differ in
brightness in about an order of magnitude near the
endplate.

The high-speed videos show the significant
decrease in plasma brightness near the wall in the
detached mode. Here, the plasma emits mostly hydro-
gen lines in the visible spectrum. At low temperatures,
both the electron-impact excitation and the recombi-
nation contribute to the radiating power. A possible
explanation of the observed decrease in local bright-
ness could be a decrease in the local plasma density
when the additionally supplied gas arrives to the obser-
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vation point. In a weakly ionized dark region, neutrals
provide the pressure balance. However, the probe
measurements reveal a more complicated evolution of
plasma properties. Figure 9 shows the dynamics of
plasma parameters at two locations of the Langmuir
probes at z = 0.20 and 0.54 m in two modes, which
correspond to the left and central columns in Fig. 7. In
this figure, we have shown the data obtained on differ-
ent experimental days using color intensity variations
in order to demonstrate the reproducibility. Just like in
the video images, these graphs show the arrival of
additional hydrogen at the observation point.

Before the termination of the discharge current,
which reaches J,,, = 10 kA, the plasma has a large neg-
ative potential that is determined by a good electrical
connection to the plasma gun cathode. Following
that, the plasma in the expander section acquires a
natural positive potential of the order of the electron
temperature that is about 2 eV in the decaying plasma
(panels (c) and (f) in Fig. 9). In the standard mode,
that positive potential lasts all the time of plasma
decay. We should note that the termination of the cur-
rent in the power supply circuit of the plasma gun does
not mean the instantaneous termination of all currents
in the plasma; some loop-like current structures may
exist for some time. Residual currents provide the
leakage of electric charge to the electrodes and the
observed variations of the plasma potential. In the
detached mode, the arrival of the dense gas to the
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observation point at z = 0.54 m (Fig. 9¢) results in the
reverse change of the polarity to negative. At a closer
coordinate z=0.20 m, a similar effect of the gas on the
potential begins at a later moment 7 = 3.4 ms (Fig. 9f).
However, before that we observe some increase in the
positive potential comparing with the standard mode.

The high-speed video correlated in general with
measurements of the potential (panels (b) and (e) in
Fig. 9). All significant changes in the dynamics of the
potential have corresponding changes in the dynamics
of brightness, with a caveat regarding the light collec-
tion along the inclined line of view of the video cam-
era. At first, the brightness increases when the gas
comes to the observation point. Then the density of
exciting electrons decreases and a decrease in bright-
ness is observed.

The Langmuir probe data is shown in panels (a)
and (d) in Fig. 9. We observed a decrease in the ion
saturation current by an order of magnitude when at
t= 2.3 ms the gas entered the probe location at 7 =
0.20 m (Fig. 9a, the measured current was recalculated
to the model density). Shortly before this, the energy
flow from the gun was blocked by the dense gas. The
difference between the standard and the detached
mode is maximum at 7= 2.5 ms, and then there is some
probe signal recovery. At the second probe measure-
ments location z = 0.54 m, similar processes occur
with a time delay.

Comparison of waveforms in Fig. 9 demonstrates
that the change in plasma brightness is more pro-
nounced than the change in ion saturation current
(two vs. one order of magnitude, correspondingly).
This can be explained by the assumption that electrons
from the distribution tail, which have sufficient energy
to excite a hydrogen atom at the Langmuir probe loca-
tion, have already been previously slowed down in the
radiating detached plasma.

The reason for the observed partial recovery of the
probe signal after the significant initial drop at 7 =
2.5 ms in Fig. 9a is not clear at the moment. The sys-
tem has no external power applied to plasma during
this period. The usual theory of Langmuir probes
approximates the ion saturation current as follows

I, ~ oneAJT,/M, (1)

where o. = 0.6 (see, e.g., [38]), A is the probe area, #n, e,
T, and M are number density, elementary charge, elec-
tron temperature and ion mass, correspondingly. The
set of video frames in Fig, 7 shows that the detached
radiating plasma still moves forward during this time.
Consequently, a simple growth of local plasma param-
eters due to energy flux from the main plasma column
is unlikely; the absence of a simultaneous increase in
local brightness does not support such assumption.
Probably, here we met the instrumental feature of the
probe operation at varying conditions. A Langmuir
probe collects the ion saturation current from some
plasma sheath, the properties of which vary depending
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on local plasma and neutral population parameters.
The plasma sheath properties are hidden in the o
parameter in (1). Supposedly, a change in the sheath
parameters due to the fast increase of the gas density
can lead to the observed effect.

The Langmuir probe measurements show that
some significant population of charged particles exists
even behind the radiating detached plasma. The elec-
trical conductivity in this region is determined by col-
lisions of electrons with neutral particles whose den-
sity exceeds the plasma density. However, some longi-
tudinal electrical conductivity persists throughout the
observation time. The existing theory of plasma MHD
stabilization by the line-tying effect suggests that a
dense enough plasma exists near the receiving end
walls. The line-tying does not provide the true stabili-
zation; it reduces the instability growth rate instead.
The stabilizing plasma density n, should be high
enough comparing with the confined plasma density
n. [25, 26]:

2
n, _ Am'c,v;
PR T
n, ,

circ

()

where A > 10 is the required reduction of the instability
growth rate, m is the azimuthal mode number, r, is the
radius of the confined plasma, and other designations
are standard. In the standard mode of the plasma gun
operation, the gradual loss of the stabilizing effect of
the end plasma occurs as a result of a decrease in its
density. In the detachment mode, the loss of stabiliz-
ing qualities can occur faster due to the deterioration
of longitudinal conductivity because of collisions with
neutral particles.

4. MAGNETIC ACTIVITY
IN THE CENTRAL TRAP OF GOL-NB

A limited series of experiments with the detached
mode of the plasma gun operation was carried out in
the full design configuration of GOL-NB. The config-
uration differed from the one discussed in previous
section by the presence of the central trap and the sec-
ond solenoidal section after it, as well as an increased
magnetic field in the solenoids to 4.5 T—see line B in
Fig. 3. In general, the operating regime of the plasma
gun was close to that shown in Fig. 5, except for the
increased duration of the discharge current from 2.0 to
2.7 ms and a similar increase in the duration of the gas
supply in the standard mode. The remaining parame-
ters of the experiment were the same as discussed in
the previous section. No neutral beams injection was
used in the central trap. The magnetic activity of the
plasma was studied using two sensors. The first one
measured all three components of the magnetic field
near the middle plane of the central trap at z=5.00 m.
The second sensor measured the azimuthal compo-
nent of the magnetic field in the solenoidal section at
z = 2.35 m. Both sensors have multi-turn pickup coils
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Fig. 10. Magnetic fluctuations spectra at z = 5.00 m. (a) is a typical raw signal of the azimuthal coil, (b) is the decimal logarithm
of the normalized Fourier spectrogram in the standard operation mode with 75, = 2.8 ms, (¢) is the same in the detachment mode

with 7y,

= 5.8 ms, (d) is the difference between (b) and (c). Here, the difference of 1 corresponds to the difference in the ampli-

tudes of normalized Fourier harmonics by 10 times; blue color—amplitude is higher in the standard mode, red color—amplitude

is higher in the detached mode.

protected by grounded electrostatic screens made of
20-um stainless foil.

Figure 10 shows the data from the azimuthal coil
located at z = 5.00 m in the central trap. The data from
the radial and axial coils look similar, but contain
more digital noise due to smaller signal amplitudes.
Part (a) of the figure shows a typical signal dB,/dt
measured in the standard mode. It starts when plasma
arrives to the central trap and has large amplitude until
the discharge current in the plasma gun begins to
decrease significantly. During this high-current part of
the discharge, the magnetic signal is modulated simi-
lar to that shown in Fig. 6. After that, the signal
decreases significantly in amplitude, but it is still suit-
able for Fourier analysis.

Parts (b) and (c) of Fig. 10 show the Fourier spectra
of the dB,/dt signals in the standard and detached
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modes. For the purposes of this article, we have cho-
sen a special form for presenting the results of the Fou-
rier analysis, which allows us to plot the spectral com-
position of the signal with equal quality during the
main phase of the discharge and after its termination.
The complete data set of 32 K measurements was
divided into 63 intervals of 1024 points, sequentially
shifted in time by 512 points. Then, the Fourier analy-
sis was performed for each data set with the Hann
weighing function, which has the form

3)

where N = 1023 in our case. After that, the Fourier
spectra are normalized as follows

o(n) = sin’ (%) 0<n<N,

Fonorm = 1l D i (4)

k=1
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where f,, is the amplitude of nth Fourier harmonics.
Then, a decimal logarithm of the normalized harmon-
ics was plotted in Fig. 10. With this definition, the case

of f;mrm = 1 corresponds to a single frequency har-
monic in the signal, regardless of its actual amplitude.

Part (d) of Fig. 10 shows the difference in the mag-
netic fluctuations in two operating modes. One can
see that fluctuations of the highest physical amplitude
with frequencies in the ranges of 0.1-0.2 and 0.6—
0.7 MHz, associated with the peculiarities of the
plasma gun operation, practically disappear in the dif-
ference spectrogram. The most pronounced feature of
the difference spectrum is the fluctuation modes with
frequencies in the range from 0.1 to 0.9 MHz, which
occur at the phase of decreasing discharge current in
the gun. The frequency of these modes gradually
decreases with time, and there is a transition of the
maximum amplitude to the modes with the lowest fre-
quency. These modes correspond, most likely, to
interchange-like perturbations with different azi-
muthal mode numbers, which rotate together with the
plasma due to £ X B drift. Such identification is based
on the following. The plasma imaging with a frame
duration of 7 us shows a typical pattern of brighter and
darker stripes aligned along the magnetic field, which
begin to form at the end of the discharge current. At
longer frame durations, the pattern is blurred due to
plasma rotation. The radial electric field is specially
created by a system of biased limiters and end plasma
receivers (see [32, 33] for details); it was directly mea-
sured in [34] in the same configuration and operation
regime as that presented in Section 3. In the detach-
ment mode, the discussed magnetic fluctuations
occur earlier and have a lower frequency, which may
be due to a worse translation of the electric potential
along the magnetic field with the additional gas supply
at the end of the discharge.

During the main part of the discharge in the plasma
gun, a gradual accumulation of plasma occurs in the
central trap, see Fig. 6 in [32]. The density growth
stops approximately at the same time when the signs of
interchanges appear in the magnetic signals. The line-
tying stabilization condition (2) is violated at one
point with a gradual decrease in plasma density in the
standard mode. In the detached mode, plasma desta-
bilization occurs earlier due to worse electrical con-
ductivity of the expander plasma.

5. SUMMARY

Two series of experiments with additional hydrogen
injection into the plasma gun were carried out at dif-
ferent configurations of the GOL-NB magnetic mir-
ror trap. Near the plasma gun, we observed the
appearance of a radiating plasma formation detached
from the surface, which visually corresponds to that in
radiating divertors in tokamaks. Direct in situ probe
measurements showed that changes in the dynamics of
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the ion saturation current of the probe are less than
changes in the visible brightness of this area when
switching to the detachment mode. In both the stan-
dard and the detached modes, decaying plasma
existed near the receiving electrodes for the entire
observation time after the termination of the discharge
current.

Measurements of the magnetic fluctuations spec-
trum in the central trap of GOL-NB have shown that
in the detachment mode, some structures in the Fou-
rier spectrogram of magnetic fluctuations with fre-
quencies in the range of 0.1—0.9 M Hz manifest earlier
than in the standard mode and have lower frequencies.
We associate these structures in magnetic fluctuations
with the onset of interchange modes due to the loss of
plasma stabilization by the line-tying to the conduct-
ing ends. On the whole, the observed plasma behavior
in the detached mode confirmed our understanding of
the line-tying effect as the main factor stabilizing the
plasma core in the initial phase of density accumula-
tion in the central trap. In the GOL-NB physical proj-
ect, it is assumed that the vortex confinement tech-
nique [38] will be used to stabilize the neutral-beam
heated plasma during the main phase of the experi-
ment, see details in [18, 39].
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