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ALFVÉN PLASMA HEATING
IN STELLARATOR URAGAN-2M

A new antenna of the crankshaft type is successfully employed in experiments on Uragan2M. It creates and heats plasma at frequencies below the ion-cyclotron frequency. The discharge
created with the antenna is “hot” during few milliseconds and then fades under strong impurity
influx into plasma. The radial profiles of OV and CV optical emissions are investigated. Both
are concave, especially the OV profile. This can be explained by some burnout of O4+ and
C4+ ions and its transition to O5+ and C5+ ionization states near the magnetic axis. The
magnetic field optimisation and the Alfvén heating allowed burning-out the light impurities
prior to the discharge degradation. The experiments in support of the fusion-fission stellarator
reactor concept are also carried out. The stellarator-mirror machine is modeled by switching
off a toroidal field coil at Uragan-2M. The embedded mirror with lower magnetic field is created
in this way. Plasma is successfully produced and heated in such a combined magnetic trap.
K e y w o r d s: radio frequency heating, stellarator, fusion-fission hybrid.

1. Introduction
Modern fusion experiments use three ways of the
heating of plasma: neutral beam heating, electron cyclotron resonance (ECR) heating, and ion cyclotron
radio-frequency (ICRF) heating. The Alfvén resonance heating is mainly used in small machines, although it has also a prospect to be used in a stellarator fusion reactor [1]. The energy of waves is
transferred to electrons in the bulk via the Landau damping, so that fast particles are not generated. The heating uses frequencies lower than the ion
cyclotron one, and the optimum heating frequency
decreases, as the plasma size increases. For the reactor size machine, the frequency is in the range 1–
10 MHz. The power with such frequencies could be
generated with the efficiency close to 100%. The voltage on the antenna is lower than that in the ICRF
heating, thus the antenna design has fewer technical
problems. The theoretical background for the Alfvén
plasma production and heating is under development
from the 1970s. Here, the efforts of the Lausanne [2]
and Sukhumi [3] groups should be mentioned. The
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experimental studies on the Alfvén resonance plasma
heating were performed on several small devices: on
stellarators Proto-Cleo in Great Britain [5], R-0 [6],
Uragan-2 and Uragan-3M in the former USSR [7], and
on GDT open trap (Russia) [8]. The thorough studies of Alfvén resonance heating mechanisms was performed on a TCA tokamak in Switzerland [9]. These
studies were continued in Brazil on the upgraded version of a TCA tokamak (TCABR) [10]. The Alfvén
resonance plasma heating was used for the plasma
production in many small plasma devices of different
types: It was exploited on TARA (USA) [11] and
HANBIT (S. Korea) [12] open traps, in GAMMA10 (Japan) [13], and in R-0 [6], Uragan-3 [7] and
CHS (Japan) [14] stellarators. The Alfvén resonance
plasma heating is used at Uragan stellarators starting
from the 1970s [15] up to the present time [16].
2. Alfvén Heating
The Alfvén resonance heating is used at frequencies lower than the ion cyclotron one. It is based on
the Alfvén resonance phenomenon [18,19]. In uniform
plasma at low frequencies and in the ideal MHD limit
(infinite plasma conductivity along the magnetic field
lines), two waves can propagate: a fast magneto-sonic
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wave with dispersion
𝑘 2 = 𝑘0 2 𝜀⊥

(1)

(𝑘0 = 𝜔/𝑐) and the shear Alfvén wave
𝑘‖2 = 𝑘0 2 𝜀⊥ .

(2)

2 ^
Here, 𝜀⊥ = k⊥ · 𝜀^ · k⊥ /𝑘⊥
, 𝜀 is the plasma dielectric
tensor, k⊥ = k−𝑘‖ B0 /𝐵0 , 𝑘‖ = k · B0 /𝐵0 , and B0 is
the steady magnetic field.
If plasma is non-uniform in the radial direction, the
shear Alfvén wave is restricted to exist at certain magnetic surfaces (Alfvén resonance surfaces), at which
Eq. (2) is satisfied. Since, for given 𝑘‖ , the frequency
changes continuously in the radial direction, the spectrum of a shear Alfvén wave forms the Alfvén continuum. The fast magnetosonic wave couples to the
shear Alfvén wave at the Alfvén resonance position
and supplies power to it [19]. If the wave energy dissipation is present in plasma, i.e. the dielectric tensor
is non-Hermitian, the electromagnetic field increases
at the resonant point to a finite value, and the radio frequency (RF) power is delivered to plasma. It
is necessary to note that the amount of power delivered does not depend on the character of the damping
processes in an Alfvén resonance vicinity. If there is
no damping, the electromagnetic field diverges on the
Alfvén resonance surfaces.
For Uragan-2M, the Alfvén resonance heating is
theoretically studied in [20].

3. Uragan-2M
Uragan-2M [17] is a stellarator (torsatron) with the
major radius 𝑅 = 170 cm, plasma average minor radius 𝑟𝑝𝑙 < 24 cm, and toroidal magnetic field 𝐵0 <
< 2.4 T. It has 𝑙 = 2 magnetic helical windings with
four periods of a magnetic field 𝑚 = 4 in the toroidal
direction. The additional toroidal magnetic field is
provided by sixteen toroidal magnetic coils. Four correctional coils create a vertical magnetic field for compensation of the vertical field generated by a helical winding and for the plasma column position
control. Every set of coils is powered separately by
the individual direct current generators. The currents
creating the vertical magnetic field are used for the
plasma column position adjustment in the radial direction. An increase of the current in coils creating
the vertical magnetic field moves the plasma column
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outward, and a decrease moves it inward. The vacuum chamber has toroidal shape with a minor radius
of 34 cm.
The poloidal cross-sections of the magnetic surfaces
of the device have elliptic form with the ellipticity up
to 2. There is practical interest in the magnetic configurations with rotational transform of 𝜄/2𝜋 > 1/3
in a region near the magnetic axis and 𝜄/2𝜋 < 1/2
for the last closed magnetic surface. In this case, the
magnetic well depth is 4.3%.
4. Antennas of Uragan-2M
Two antennas are employed in this experimental series. The frame antenna is used for plasma production, and the crankshaft antenna is used for plasma
heating. The RF-generators Kaskad-1 and Kaskad2 power, respectively, the frame and crankshaft antennas. Both antennas are adjusted for the Alfvén
plasma heating according to the plasma density and
the magnetic field. The crankshaft-type antenna was
used for the heating of plasma in a wide range of
densities at Uragan-3M [23], and a similar antenna
was made for the plasma heating experiments at
Uragan-2M.
The antenna shapes are adjusted to the last closed
magnetic surface and situated 1 cm away from it. The
frame sizes are 70 cm in the toroidal direction and
50 cm in the poloidal direction. The crankshaft antenna contains three straps. The central strap is wiggled in order to facilitate the plasma production with
this antenna. Both antennas are made of a stainless non-magnetic steel and are covered with a titanium nitride coating. The frame antenna circumflexes the outer part of the plasma column at the
place, where the elliptic plasma cross-section is horizontally oriented. The crankshaft antenna is in the
place, where the plasma cross-section ellipse is vertical. The frame antenna has a bipolar feed-through,
while the crankshaft antenna is fed unipolarly.
5. Regime of Operation and Diagnostics
The optical measurements are the main diagnostics
used to investigate the plasma parameters. The temporal behavior of H𝛼 (656.2 nm), OII (372.7 nm), CIII
(229.7 nm), OV (278.1 nm), and CV (227.1 nm) optical lines is recorded. All these measurements are
carried out along the central chord of the vacuum
chamber.
ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 4
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The emission intensity of the optical lines of impurities reflects the approximate highest level of the
energy of plasma electrons. The existence of a certain
ionization level for some certain impurity allows one
to estimate the achieved energy.
The O4+ ion characteristics are the following: the
energy necessary for obtaining the O4+ ion from a
lower ionization state is 77.39 eV, the excitation and
ionization thresholds are 72.27 eV and 113.87 eV correspondingly. For this ion, the thresholds are more
than 2 times higher than for C2+ ion. The threshold to create C4+ from the previous ionization state
is 64.48 eV, the excitation and ionization thresholds
are 278.1 eV and 392 eV. Because of the high excitation threshold, this impurity ion can radiate efficiently only in plasma with electron temperatures
higher than 100 eV.
6. Typical Discharge
The Alfvén resonance heating was attempted on
Uragan-2M after its renewal in the year of 2007
[21]. In those experiments, the frame antenna was
used. Some time later, the accident of vacuum oil injection into a vacuumized vessel had happened. This
hampered the plasma heating.
The carried out experimental campaign at Uragan2M torsatron is a first plasma heating campaign
after a series of campaigns for the wall conditioning. The standard operation regime at Uragan-2M
involves the use of the frame antenna for the preionization and the crankshaft antenna for an increase
of the plasma density and for the heating. Only a
low power is required to initiate plasma. The anode voltage of the Kaskad-1 generator is as low as
𝑈K1 = 3.7 kV, and the output power is below 𝑃K1 ∼
∼ 50 kW. The heating frequency is 𝑓K1 = 5.7 MHz.
The antenna is switched-on at the time moment
𝑡K1on = 1 ms and switched-off at the time moment 𝑡K1off = 16 ms. Kaskad-2 powers the crankshaft
antenna at 𝑓K2 = 4.8 MHz from 𝑡K2on = 16 ms
to 𝑡K2off = 19 ms. The anode voltage of Kaskad-2
is as high as 𝑈K2 = 8.5 kV, and the corresponding RF power is about 𝑃K2 ∼ 300 kW. The magnetic
field is tuned to find the optimum regime. In this
regime, the toroidal magnetic field is 𝐵0 = 3.8 kG,
and the current in the coils creating the vertical
field is 𝐼corr = 600 A. The operational magnetic configuration is chosen according to the magnetic surISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 4

Fig. 1. Intensities of optical emission lines (a.u.) during the
40-ms standard impulse, 𝐼corr = 600 A

faces measurements [22]. All operations are provided
with the neutral gas (hydrogen) pressure 𝑃H2 = 1.8 ×
× 10−5 Torr.
The frame antenna produces low-density cold
plasma, which is accompanied by the emission of
H𝛼 and OII lines (Fig. 1). The molecular background
noise is registered at the place of emission of the OV
line. After the pre-ionization stage, the heating begins by means of the crankshaft antenna. Plasma is
turned into the fully ionized state, oxygen is ionized to
O4+ ions, and the carbon C4+ line emission is weak.
7. Vertical Field Influence
The vertical field compensates the parasitic magnetic field created by the helical magnetic coils and
also controls a plasma column position. In the device, the vertical magnetic field is created by two
sets of coils. The first compensating set of coils is fed
by a current proportional to the helical winding current. Another set of correcting coils is used to tune
the vertical magnetic field. An increase of the vertical magnetic field causes shifting the magnetic axes
outward. In the experimental series, the vertical field
is varied to find an optimum plasma column position. Its influence can be seen in Fig. 2. A decrease of
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Fig. 2. Intensities of optical emission lines (a.u.) during the
40-ms impulse with a decreased vertical field, 𝐼corr = 150 A

Fig. 4. Scheme of chord measurements. Arrows show the margins of the chord interval. Dots correspond to the magnetic
surfaces. Vertical lines show the contours of the magnetic field
modulus

Fig. 3. Intensities of optical emission lines (a.u.) during the
40-ms impulse with a disabled toroidal coil, 𝐼corr = 100 A

the vertical field and shifting the plasma column inward improves plasma parameters. There appears the
CV emission and OII burnout during the crankshaft
antenna pulse. This indicates that the plasma temperature increases.
8. Experiments with Single
Disconnected Toroidal Coil
On Uragan-2M, the experiments in support for the
stellarator-mirror fission fusion reactor concept [24]
are carried on. In this concept, a magnetic mirror is
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embedded into a stellarator to provide the magnetic
trapping of energetic sloshing (tritium) ions. The
background (deuterium) plasma is warm (1–2 keV
in temperature) and dense and occupies the whole
plasma column. Such a combined magnetic trap could
be modeled at Uragan-2M. If one toroidal magnetic
field coil is switched-off, a local decrease of the magnetic field under the coil occurs. The mirror ratio of a
resulted open trap is about 1.5, which is sufficient for
the confinement of hot sloshing ions [25]. Under certain conditions, the nested magnetic surfaces could
be arranged in a combined trap [26, 27], which is necessary for the background plasma confinement.
The numerical modeling of the Uragan-2M magnetic field configuration with one disabled toroidal
coil showed the existence of closed magnetic surfaces
at 𝑘𝜙 = 0.34. Here, 𝑘𝜙 is the ratio of toroidal magnetic fields on the geometrical axis induced by the
helical coils to the total toroidal field. The modeling
of the hybrid reactor regime is carried out with the
single toroidal coil turned-off. The chosen coil is situated far from the antennas. The standard magnetic
field of 𝐵0 = 3.7 kG is adjusted to the new regime,
by decreasing the vertical correcting field coil current
down to 𝐼corr = 100 A. Kaskad-1 with the anode voltISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 4
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age 𝑈K1 = 3.7 kV powers the frame antenna, which
provides the stable pre-ionization. The duration of
Kaskad-1 is increased in comparison with the standard regime: 𝑡K1on = 1 ms, 𝑡K1off = 16 ms. Kaskad2 has anode voltage decreased down to 𝑈K2 = 8 kV
to minimize the risk of arcing the crankshaft antenna at the feed-through powers between time moments 𝑡K2on = 16 ms, 𝑡K2off = 24 ms. The neutral
gas pressure is also decreased comparing to the standard regime as a result of the discharge optimization
𝑃H2 = 9.7 × 10−6 Torr.
The plasma production and confinement in such
an arrangement are preliminarily assessed experimentally on Uragan-2M. The light impurity radiation
barrier is passed at the beginning of the discharge
(see Fig. 3). Highly ionized states of impurities, e.g.,
O4+ and C4+ , are created. After few milliseconds, the
discharge fades owing to the contamination by impurities. The highly ionized light impurity emissions are
weaker than in the experiment without switching-off
one coil of the toroidal field. The chord distributions
of CV (see Fig. 5) are peaked, which indicates almost no burnout of O4+ and C4+ . The distributions
are narrower, which could be explained by a smaller
minor radius of the plasma column. The latter is in
agreement with calculations of the magnetic configuration [26]. The comparison with the impulse in Fig. 2
shows some shortening of the high temperature stage
of the discharge (see Fig. 3), which is accompanied
by the O4+ and C4+ emissions.
9. Radial Distributions
Shot-by-shot measurements of chord distributions of
the OV and CV emissions are made. The scheme of
measurements is presented in Fig. 4. The chords cover
only the central area of the plasma column. The results of measurements are presented in Fig. 5. The
distribution of the OV emission is concave. This may
be explained by some burnout of O4+ ions and
their transition to the O5+ ionization state near the
magnetic axis. The CV emission distribution is flattened. This means that the radial profile of the emission is concave only slightly.
10. Conclusion
Fig. 5. Chord disributions timelaps of OV (a), CV in the full
magnetic configuration (b), and CV in the regime with a single
toroidal coil disabled (c)
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A new antenna of the crankshaft type is successfully employed in experiments on Uragan-2M. It creates and heats plasma at frequencies below the ioncyclotron frequency. The discharge sustained by the
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antenna is “hot” during few milliseconds and then
fades under a strong impurity influx into plasma. The
radial profiles of OV and CV optical emissions are investigated. Both are concave, especially the OV profile. This may be explained by some burnout of O4+
and C4+ ions and by their transition to O5+ and C5+
ionization states near the magnetic axis.
The experiments in support of the fusion-fission
stellarator reactor concept are carried out. The
stellarator-mirror machine is modeled by switchingoff the toroidal field coil on Uragan-2M. The embedded mirror with lower magnetic field is created in this
way. Plasma is successfully produced and heated in
such a combined magnetic trap.
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АЛЬФВЕНIВСЬКИЙ НАГРIВ
ПЛАЗМИ В СТЕЛАРАТОРI УРАГАН-2М
Резюме
Нова антена колiнвального типу успiшно застосовується в
експериментах на Ураганi-2М. Вона створює та нагрiває
плазму на частотах, нижчих за iонно-циклотронну частоту.
Антена створює “гарячий” розряд лише на декiлька мiлiсекунд, який згасає разом з сильним потоком домiшок у плазму. Дослiджено радiальнi профiлi оптичного випромiнювання OV та CV. Обидва профiлi впалi, особливо профiль
OV. Це може бути пояснено вигорянням iонiв O4+ i C4+ та
їхнiм переходом до станiв iонiзацiї O5+ i C5+ поблизу магнiтної осi. Оптимiзацiя магнiтного поля й альфвенiвський нагрiв дозволили досягти вигоряння легких домiшок до початку деградацiї розряду. Було проведено експерименти щодо
пiдтримки концепцiї гiбридного реактора на основi стеларатора. Стелараторно-пробкотронний гiбрид моделюється
вимкненням однiєї котушки тороїдального поля Урагана2М. Таким чином створюється вбудований пробкотрон зi
зниженим магнiтним полем. Плазма успiшно створюється
та утримується в такiй комбiнованiй пастцi.
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