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1. INTRODUCTION
The study of plasma rotation is of current interest for various magnetic confinement systems.
The aim of this work is to analyze the rotation velocity in the GOL-3 multimirror trap [1].
When a high-current relativistic electron beam is used for fast collective heating of plasma in
the GOL-3 facility, the properties of the plasma change sharply at transition from the beam
heating stage to the confinement stage. At the heating stage, the beam excites small-scale
Langmuir turbulence in the plasma. In this turbulent plasma, a specific radial structure of the
longitudinal current appears and forms an azimuthal magnetic field with strong shear [2]. At
the cooling stage, the mentioned current structure creating the azimuthal magnetic field holds
for a certain time and, then, decays gradually as the plasma is cooled.
There are only the data obtained in [3] from chord measurements of the luminosity of the
plasma in the VUV range at a plasma density of (0.7-0.8)×1021 m-3. The structures
corresponding to the modes with the azimuthal numbers m = 2 and 6 were observed.
In this work, we used two diagnostics: an array of Mirnov coils and a CCD camera operating
in the slit scan regime at 2.5×105 fps. More details including mathematical procedures
employed will be published in [4].
2. FACILITY AND OPERATING REGIMES
The device itself is an 11-m-long solenoid with axially-periodical (corrugated) magnetic field
[1]. In the basic operation regime the solenoid consists of 52 magnetic corrugation cells with
Bmax/Bmin = 4.8/3.2 T (the mirror ratio R = 1.5). Deuterium plasma of 1020÷1022 m-3 density is
heated up to ~2 keV ion temperature (at ~1021 m-3 density and τE ~ 1 ms) by a high power
relativistic electron beam. Typical beam parameters in the standard configuration are ~0.8
MeV, ~20 kA, ~12 µs, ~120 kJ.
Below, we discuss the results obtained in shots PL10630 and PL10647 that are considered as
typical of regimes with low and high plasma densities. In the former shot, a bell-shaped

39th EPS Conference & 16th Int. Congress on Plasma Physics
PL10630

0.5

Ud, MV

1019 eV/cm

0.5

density was nc = 0.45×1021 m-3, but an additional 1-m-

0
dB/dt, j = 0o
mT/s

longitudinal distribution of the D2 with a maximum of
nc = 1.6×1021 m-3 was created. In PL10647, the central

0
WD,

P1.074

long bunch with nmax ~ 3×1021 m-3 was formed near the

0.5
0

coordinate z = 1.15 m. Here we characterize the facility

1
dB/dt, j = 180o
0.5
mT/s

operation regime by the initial deuterium density n0

0

measured at z = 83 cm in the maximum energy release

-0.5
50

60

70

80
t, μs

region. The density is n0 = 7×1020 and 2.6×1021 m-3 for

Fig. 1. Waveforms for typical shot no. shots PL10630 and PL10647.
PL10630. The voltage on the beam
generator diode Ud, diamagnetic energy Wd 3. EXPERIMENTAL RESULTS
at z = 264 cm, and signals from two Typical waveforms including signals of two Mirnov
Mirnov coils at angles of 0° and 180° are channels spaced by 180° are shown in Fig. 1. The beam
shown from top to bottom.
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Fig. 2. Normalized amplitudes of the first

Figure 2 shows the spatial spectra at several moments.

azimuthal modes in 3, 9, and 17 μs after Expected rotation velocity of the plasma owing to E×B
the beginning of electron beam injection.
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drift can be estimated as ω ~ 105 s-1. Typical results are
presented in Fig. 3, which shows maps of magnetic
perturbations for two shots; black color grades 0 and
255 (maximum negative and positive displacements)
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correspond to Δr ≈ 4 mm. The amplitudes and phases
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of the first two modes occurs with a low angular
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Fig. 3. Distortion of the magnetic surface.

negative plasma potential. Then, after the termination
of the beam injection, the rotation direction changes
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Fig. 4. Time dependences of the amplitude

(Figs. 3b, 4b). The amplitude of the first two modes
increases more rapidly, and the angular frequency of
the plasma increases to ~106 s-1 in the direction
corresponding to a negative potential. Rotation in this

Am and phase φm for the (1) first and (2) direction continues for a noticeable time (to 15-25 μs)

after the termination of electron beam injection.
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Fig. 5. Angular velocity of the rotation of observed (see, e.g., the interval of 63-67 μs in Fig. 4b).
the current boundary of the plasma vs. n0.

This can be due to different radial localization of these
perturbations.

The periphery of the plasma, which emits in the optical range, rotates for most time with an
angular velocity of about 5×104 s-1. At the same time the rotation velocity of the paraxial
region of the plasma is much lower. Thus, during and immediately after the injection of the
relativistic electron beam, the shear rotation of the plasma is possible, which is characterized
by the relative shift of different layers at an angle up to 4π.
The rotation direction and velocity of the plasma are shown in Fig. 5 as functions of the initial
density of deuterium in the trap. This figure shows the average angular rotation velocity of
magnetic perturbations calculated for 12.5 μs from the beginning of electron beam injection.
As can be seen in the figure, at densities of about 3×1020 m-3 or higher, the initial rotation
velocity is almost independent of the density (taking into account the indicated statistical error
of the measurements). At the same time, at densities below 2×1020 m-3, the average angular
rotation velocity first changes sign and, then, increases to about 2×106 s-1. The cooling of the
plasma is accompanied by a decrease in the observed angular rotation frequency of the outer
layer of the plasma, which rotates during the experiment by an angle of up to 4π.
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4. DISCUSSION AND SUMMARY
In the experiments on plasma heating by the relativistic electron beam in GOL-3, plasma
rotation has been revealed. The rotation velocity corresponds to the E×B drift at the electric
field corresponding to Te ~ 1 keV. In the experiments with the low-density plasma, plasma
rotation in the opposite direction has been observed in 15-25 μs after the beginning of the
beam injection. Signs of the differential rotation of the plasma have also been revealed.
The ratio of the electron density in the relativistic beam to the electron density in the plasma
is about 10-4-10-3. Thus the injection of an additional charge can be easily compensated by
longitudinal currents. The direct introduction of the potential in the presence of an electric
contact of the plasma with biased end electrodes could also be proposed, but is not compatible
with the dependence on density.
The known density dependence of the beam-plasma interaction efficiency can be a possible
reason for the appearance of a negative potential. With an increase in the beam/plasma
density ratio the anomalous electron collision frequency (see, e.g., [6]) can increase in the
resistivity of the plasma to values at which the longitudinal current leads to the appearance of
the observed potential even in a quite hot plasma. Another possible consequence of a more
intense beam-plasma interaction at low densities can be stronger scattering and capture of
relativistic electrons. Such a mechanism can exist, but even with optimistic estimates of the
ratio of the densities of the plasma and captured electrons is much smaller than unity;
consequently, the plasma can easily ensure the required compensating current.
More definite analysis of the reasons for a change in the sign of rotation at beam injection into
the low-density plasma requires additional experimental data.
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