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ALFVEN PLASMA HEATING
IN STELLARATOR URAGAN-2M

A new antenna of the crankshaft type is successfully employed in experiments on Uragan-
2M. 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
influz 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 O*T and
C' ions and its transition to O°T and C°T ionization states mear 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.

Keywords: radio frequency heating, stellarator, fusion-fission hybrid.

1. Introduction

Modern fusion experiments use three ways of the
heating of plasma: neutral beam heating, electron cy-
clotron resonance (ECR) heating, and ion cyclotron
radio-frequency (ICRF) heating. The Alfvén reso-
nance heating is mainly used in small machines, al-
though it has also a prospect to be used in a stel-
larator fusion reactor [1]. The energy of waves is
transferred to electrons in the bulk via the Lan-
dau damping, so that fast particles are not gener-
ated. The heating uses frequencies lower than the ion
cyclotron one, and the optimum heating frequency
decreases, as the plasma size increases. For the re-
actor 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 volt-
age 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 stud-
ies of Alfvén resonance heating mechanisms was per-
formed on a TCA tokamak in Switzerland [9]. These
studies were continued in Brazil on the upgraded ver-
sion 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 GAMMA-
10 (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 frequen-
cies 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= ko’e1 (1)
(ko = w/c) and the shear Alfvén wave

k‘ﬁ = k‘o2€J_. (2)

Here, e, =k, -€-k, /k?%, € is the plasma dielectric
tensor, k| = k—k Bo/Bo, k| = k-Bo/By, and By is
the steady magnetic field.

If plasma is non-uniform in the radial direction, the
shear Alfvén wave is restricted to exist at certain mag-
netic surfaces (Alfvén resonance surfaces), at which
Eq. (2) is satisfied. Since, for given kj, the frequency
changes continuously in the radial direction, the spec-
trum of a shear Alfvén wave forms the Alfvén con-
tinuum. 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 dis-
sipation 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 ra-
dio frequency (RF) power is delivered to plasma. It
is necessary to note that the amount of power deliv-
ered 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 ra-
dius r,; < 24cm, and toroidal magnetic field By <
< 24T. It has | = 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 cor-
rectional coils create a vertical magnetic field for com-
pensation of the vertical field generated by a he-
lical 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 di-
rection. 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 vac-
uum 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 con-
figurations with rotational transform of ¢/27 > 1/3
in a region near the magnetic axis and ¢/2r < 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 se-
ries. The frame antenna is used for plasma produc-
tion, and the crankshaft antenna is used for plasma
heating. The RF-generators Kaskad-1 and Kaskad-
2 power, respectively, the frame and crankshaft an-
tennas. 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 70cm in the toroidal direction and
50cm in the poloidal direction. The crankshaft an-
tenna contains three straps. The central strap is wig-
gled in order to facilitate the plasma production with
this antenna. Both antennas are made of a stain-
less non-magnetic steel and are covered with a ti-
tanium nitride coating. The frame antenna circum-
flexes the outer part of the plasma column at the
place, where the elliptic plasma cross-section is hor-
izontally oriented. The crankshaft antenna is in the
place, where the plasma cross-section ellipse is ver-
tical. 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 tem-
poral behavior of H, (656.2nm), OIT (372.7 nm), CIII
(229.7nm), OV (278.1nm), and CV (227.1 nm) op-
tical lines is recorded. All these measurements are
carried out along the central chord of the vacuum
chamber.
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The emission intensity of the optical lines of im-
purities 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 O** ion characteristics are the following: the
energy necessary for obtaining the O*t ion from a
lower ionization state is 77.39 eV, the excitation and
ionization thresholds are 72.27eV and 113.87¢€V cor-
respondingly. For this ion, the thresholds are more
than 2 times higher than for C?* ion. The thresh-
old to create C** from the previous ionization state
is 64.48 eV, the excitation and ionization thresholds
are 278.1eV and 392¢V. Because of the high exci-
tation threshold, this impurity ion can radiate ef-
ficiently only in plasma with electron temperatures
higher than 100eV.

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 in-
jection into a vacuumized vessel had happened. This
hampered the plasma heating.

The carried out experimental campaign at Uragan-
2M torsatron is a first plasma heating campaign
after a series of campaigns for the wall condition-
ing. The standard operation regime at Uragan-2M
involves the use of the frame antenna for the pre-
ionization 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 an-
ode voltage of the Kaskad-1 generator is as low as
Uki = 3.7kV, and the output power is below Pgi ~
~ 50kW. The heating frequency is fxi1 = 5.7 MHz.
The antenna is switched-on at the time moment
tkion = 1ms and switched-off at the time mo-
ment tkiog = 16 ms. Kaskad-2 powers the crankshaft
antenna at fxo = 4.8MHz from tkoo, = 16ms
to tkoog = 19ms. The anode voltage of Kaskad-2
is as high as Uke = 8.5kV, and the correspond-
ing RF power is about Pks ~ 300 kW. The magnetic
field is tuned to find the optimum regime. In this
regime, the toroidal magnetic field is By = 3.8kG,
and the current in the coils creating the vertical
field is I.orr = 600 A. The operational magnetic con-
figuration is chosen according to the magnetic sur-
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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 Py, = 1.8 x
x 1072 Torr.

The frame antenna produces low-density cold
plasma, which is accompanied by the emission of
H, 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 be-
gins by means of the crankshaft antenna. Plasma is
turned into the fully ionized state, oxygen is ionized to
O** jons, and the carbon C** line emission is weak.

7. Vertical Field Influence

The vertical field compensates the parasitic mag-
netic field created by the helical magnetic coils and
also controls a plasma column position. In the de-
vice, 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 cur-
rent. Another set of correcting coils is used to tune
the vertical magnetic field. An increase of the verti-
cal magnetic field causes shifting the magnetic axes
outward. In the experimental series, the vertical field
is varied to find an optimum plasma column posi-
tion. 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
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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 in-
ward improves plasma parameters. There appears the
CV emission and OII burnout during the crankshaft
antenna pulse. This indicates that the plasma tem-
perature 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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Fig. 4. Scheme of chord measurements. Arrows show the mar-
gins of the chord interval. Dots correspond to the magnetic
surfaces. Vertical lines show the contours of the magnetic field
modulus

embedded into a stellarator to provide the magnetic
trapping of energetic sloshing (tritium) ions. The
background (deuterium) plasma is warm (1-2keV
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 mag-
netic 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 cer-
tain conditions, the nested magnetic surfaces could
be arranged in a combined trap [26,27], which is nec-
essary for the background plasma confinement.

The numerical modeling of the Uragan-2M mag-
netic field configuration with one disabled toroidal
coil showed the existence of closed magnetic surfaces
at k, = 0.34. Here, k, is the ratio of toroidal mag-
netic 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 sit-
uated far from the antennas. The standard magnetic
field of By = 3.7kG is adjusted to the new regime,
by decreasing the vertical correcting field coil current
down to I,y = 100 A. Kaskad-1 with the anode volt-
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age Uky = 3.7kV powers the frame antenna, which
provides the stable pre-ionization. The duration of
Kaskad-1 is increased in comparison with the stan-
dard regime: txion = 1ms, tkiog = 16 ms. Kaskad-
2 has anode voltage decreased down to Uks = 8kV
to minimize the risk of arcing the crankshaft an-
tenna at the feed-through powers between time mo-
ments tkoon = 16ms, tksog = 24 ms. The neutral
gas pressure is also decreased comparing to the stan-
dard regime as a result of the discharge optimization
Py, = 9.7 x 1075 Torr.

The plasma production and confinement in such
an arrangement are preliminarily assessed experimen-
tally 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.,
0% and C**, are created. After few milliseconds, the
discharge fades owing to the contamination by impu-
rities. 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 al-
most no burnout of O** and C**. 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 configu-
ration [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 O** and C*t 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 re-
sults of measurements are presented in Fig. 5. The
distribution of the OV emission is concave. This may
be explained by some burnout of O*F ions and
their transition to the O5T ionization state near the
magnetic axis. The CV emission distribution is flat-
tened. This means that the radial profile of the emis-
sion is concave only slightly.

10. Conclusion

A new antenna of the crankshaft type is success-
fully employed in experiments on Uragan-2M. It cre-
ates and heats plasma at frequencies below the ion-
cyclotron frequency. The discharge sustained by the

315



V.E. Moiseenko, A.V. Lozin, M.M. Kozulia et al.

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 in-
vestigated. Both are concave, especially the OV pro-
file. This may be explained by some burnout of O**
and C** ions and by their transition to O%* 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 switching-
off the toroidal field coil on Uragan-2M. The embed-
ded 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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AJIb®BEHIBCHKINI HATPIB
IIJTASMU B CTEJIAPATOPI YPAT'AH-2M

Pezmowme

HoBa anTeHa KOJIHBAJILHOrO THILY YCIIIIHO 3aCTOCOBYETHLCS B
ekcepuMeHTax Ha ¥Yparaui-2M. Bona cTBoproe Ta HarpiBae
IUIa3My Ha 9aCTOTaX, HUZKYMX 3a I0HHO-IUKJIOTPOHHY JacTOTY.
Amnrena cTBoproe “rapsiamii’
KYH/JI, SIKAI1 3raca€ pa3oM 3 CUJIbHUM ITOTOKOM JIOMIIIIOK Y TIJIa-
3my. Jociimkeno pazgianabai mpodisi OITHYHOIO BHIPOMiHIO-
parass OV Ta CV. O6uzasa npodini Bnasi, ocobsnso npodiis
OV. 1le moxke 6yTu mosicaeno suropsuuaM ioxis 04t i C4+ a
TXHIM ITepexooM 10 crauis ionizanii 01 i C1 no6ausy marsi-

PO3Pps JIAIIE Ha JAEKIIbKa Mijice-

THOI oci. Onrumizalliss MarsiTHOro moJist i ajabdBEHIBCHKUN Ha-
rpiB JI03BOJIMJIM JOCATTH BUI'OPSIHHS JIEMKUX JIOMIIIIOK JI0 IT0Ya-
TKY Jerpajaliil po3psay. Byso mpoBeieHO eKCIIepUMEHTH 1010
MITPUMKH KOHIIEIIil riOpuIHOro peakTopa Ha OCHOBI cresa-
paropa. CrerapaTopHO-IPOOKOTPOHHUI Ii6pUT MOJETIOETHCS
BHMKHEHHSIM OJHI€l KOTYIIKN TOPOIJAJIbHOTO IOJst Y paraHa-
2M. TakuM YMHOM CTBOPIOETHCs BOYIOBaHHU IPOOKOTPOH 3i
3HM2KEHUM Mar"iTHuM mnojeM. Ilna3ma ycminiHoO CTBOPIOETHCS
Ta yTPUMYETHCS B TaKiii KOMOiHOBaHi# macTi.
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