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It has been shown that the plasma beta (B = nT/(uo'B?)) is relatively high in low magnetic field (Br ~0.01 T)
radio frequency discharges of the URAGAN-2M (U-2M) stellarator. This high beta is achieved in the low
temperature (T = (10...50) eV) and density (n. = (0.5...1)-101> cm®) due to the very low magnetic field. In this
work, we calculate the plasma equilibrium in these discharges using the VMEC code, with experimental density,
temperature and plasma current values. The radio-frequency current drive can compensate the bootstrap current if
the current directions are opposite, according to our calculations. This current drive can partially compensate U-2M
equilibrium deterioration due to plasma beta effects. This effect may explain the experimentally observed
dependence of the achieved plasma beta on the magnetic field direction in U-2M.

PACS: 52.55.-s; 52.55.Hc; 52.55.Rk; 52.70.Ds; 52.55.Dy

INTRODUCTION

The violation of plasma confinement in magnetic
traps can be caused by various phenomena such as
bootstrap current, B-effects, error-field, etc. Stellarators
rely on currents in external coils to provide the magnetic
fields with the rotational transform needed for plasma
confinement and stability. The radial profile of the
rotational transform, ur), is a key design parameter of
these configurations and can be chosen to exclude
formation of the low-order rational surfaces inside the
plasma. Nonetheless, the current in the plasma of
stellarators can be substantial, and finite plasma beta
effects cannot be completely compensated. These
factors can modify the designed equilibrium. Strong
plasma current can lead to the deterioration of stellarator
discharges.

The appearance of wvarious 1...20 kHz MHD
oscillations was reported in U-2M low magnetic field
(B=0.01T) discharges [1, 2]. The plasma beta
parameter is relatively high in these discharges despite
the low temperature and density [1, 2]. Substantial
modification of the designed magnetic configuration of
U-2M due to plasma beta results in confinement
degradation and, as a consequence, the excitation of
these MHD oscillations.

In this work, we present further studies of these low
magnetic field discharges in different magnetic field
directions. The VMEC code [3] was recently adopted
for U-2M using the ideal | = 2, m = 4 stellarator
approach [4]. We use VMEC for equilibrium modeling
of these discharges in our work.

CONDITIONS AND DIAGNOSTICS

In our experiments, the frame-type antenna (FTA)
and three half turn (THT) antenna simultaneously were
used in low magnetic field B=0,01T (©® >> )
hydrogen discharges. The conditions for radio
frequency U-2M plasma heating and major diagnostics
are described in Ref. [1]. The Tripple Langmuir probe

(TP) is used for measurement of complete profiles up to
plasma center (Fig. 1) in cold, low density RF
discharges under consideration. A comparison of the TP
measurements and conventional single pin scanned LP
measurements shows good agreement [1].

I=350A, I~ 140A
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Fig. 1. Triple probe positions across vacuum magnetic
flux surfaces

Additionally, we are using a recently installed
Rogowski coil for plasma current measurement in our
work. This coil is located close to the TP toroidal
location. This location is almost opposite to the FTA
and THT toroidal locations [1]. Strong noise
suppression technique was used in hardware design [5].

EXPERIMENTAL RESULTS

Time traces of major plasma parameters in normal
and reverse magnetic field directions are shown in
Fig. 2.
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& Fig. 3. Radial profiles of RF discharges in normal
and reverse magnetic field directions at t=22ms
: : A The same RF power, U-2M coil currents (11 =172 A,
i (5'- J‘*"f"“ ) ‘ , 14 =330 A), and pre-filled hydrogen pressure are used in
5 10 15 20 25 30 these discharges. The line-averaged electron density n,
_ Coms was measured by the interferometer and compared with
Fig. 2. By=0.01T RF discharges in normal (#121 the local n, measured by the triple probe (TP) in the
in black) and reverse (#299 in red) magnetic field deepest manipulator position, as described in Ref. [1]
directions and sown in Fig. 1.
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Fig. 4. U-2M magnetic flux surfaces and rotational transform profiles calculated for 3 plasma beta cases
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Fig. 5. U-2M magnetic flux surfaces for ,=2.3% and RF current drive. The RF current drive in co and counter

bootstrap current directions are marked by +I, and -I,
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The local plasma beta was calculated using only the
electron component in the deepest TP position. Radial
profiles of the local plasma beta calculate electron
component are shown in Fig. 3.

A set of similar discharges are used for TP radial
position scan depicted in Fig. 3. A systematic overcome
of plasmabeta was observed in similar U-2M discharges
with normal By directions, under various vacuum
magnetic  configurations and pre-filled pressure
conditions.

It is expected that the RF current drive (Igrcp) IS
independent of the magnetic field direction, while the
bootstrap current (Igs) direction changes if the currents
in the magnetic field coils of U-2M are reversed. Thus,
if Irecp IS opposite to Igs, partial compensation of these

currents is possible.
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Fig. 6. U-2M 1 profiles for different Sy cases.

The RF current drive in co and counter bootstrap
current directions are marked by +I, and -1,

VMEC MODELING

The free-boundary setup of the VMEC code is used
in our modeling. Despite the complex experimental
profiles (see Fig. 3), parabolic plasma pressure profiles
are used in our calculations. The equilibrium
modification due to the plasma beta effect alone,
without external current drive, is shown in Fig. 4. Since
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U-2M is not an optimized stellarator, even moderate
Bo = 2...4% values substantially modify the magnetic
surfaces. The 1 profile becomes non-flat, and low-order
rational surfaces appear in this profile (Fig. 6). These
low-order rational surfaces can lead to confinement
degradation and, in particular, to the MHDactivity
previously observed in low magnetic field discharges in
U-2M [1]. The appearance of these MHD modes
depends on the magnetic topology and has also been
observed in the hot plasma of different stellarators, such
as W7-AS [6], TJ-11 [7], and W7-X [8-10].

The application of external current drive introduces
additional modifications to the equilibrium. These
modifications for the parabolic current profile,
experimental total current value, and different current
directions are shown in Fig. 5.

As depicted in Fig. 6, the distortion of the 1 profile
due to plasma beta is enhanced when the plasma current
direction coincides with the bootstrap current direction
(blue curve in Fig. 6). The shape of the flux surfaces
also becomes different from the vacuum magnetic
configuration (see Figs. 4 and 5). In the opposite case
(red curve in Fig. 6), the 1 profile is as flat as the
vacuum profile (see black curve in Fig. 6), and the
shape of the magnetic surfaces is also less perturbed.
Thus, the current drive can partially compensate
distortion of the magnetic surfaces due to plasma beta
effects if the bootstrap and current drive currents
directions are opposite. In this case rather high B values
can be achieved even in the non-optimized stellarators
such as U-2M.

The parabolic modeling profile of the plasma beta is
different from the experimental profile depicted in
Fig. 3. This experimental profile is measured along the
line of the TP manipulator's movement (see Fig. 1). This
line crosses the center of the vacuum magnetic flux
surfaces, and the TP almost reaches the center (see
Fig. 1). Although the modification of the equilibrium
causes not only a modification of the rotational
transform but also changes the shape of the flux
surfaces and introduces a Shafranov shift in the plasma
center position, in this case, the line of the TP
measurement is shifted from the plasma center position.
This shift is demonstrated in Fig. 7.

Fig. 7. U-2M magnetic flux surfaces in the TP cross-section for y=2.3% and RF current drive.
The RF current drive in co- and counter-bootstrap current directions is marked by +1, and -1, respectively.
The TP movement line is shown as a blue dashed line
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The location of the TP measurement point is shifted
non-radially due to the distortion of the magnetic
surfaces. Therefore, an accurate remapping of the 3D
location of the TP measurement point to the normalized
radius is required for the interpretation of the Fig. 3
data. The VMEC equilibrium recalculation is needed
after such remapping, as this data serves as input for the
VMEC code. A set of iterations is required for accurate
mapping of the TP movement line and for the
convergence of the calculations. For this reason, we are
using parabolic profiles to qualitatively demonstrate our
observations. Even though these calculations are
qualitative, the results provide an understanding of the
compensation of the flux surfaces due to the bootstrap
current by the external current drive.

SUMMARY

We present the first observation of plasma
confinement dependence on the magnetic field direction
in Br=0.01 T, n,= 10"cm™, T.=30 eV discharges of
Uragan-2M.

The VMEC code has been used for simulation of RF
discharge in Uragan-2M for the first time.

If the RF current drive direction is opposite to the
bootstrap current produced by the plasma B, then the
distortion of the magnetic surfaces can be compensated,
and rather high B values can be achieved even in the
non-optimized stellarator Uragan-2M.

ACKNOWLEDGEMENTS

The research was supported by the National
Research Foundation of Ukraine “Excellence Science in
Ukraine”, Grant Number 2023.03/0101. Support in part
is provided by Simons Foundation / SFARI ‘“Plasma-

surface interaction and wall conditioning in fusion
devices” (Grant Number 1290591). This work has been
supported in part by Ministry of Education and Science
of Ukraine within the project PH/ 56 - 2024.

REFERENCES

1. M.B. Dreval et al. // Problems of Atomic Science and
Technology. Series “Plasma Physics”. 2018, Ne 6(118),
p. 42.

2. M.B. Dreval et al. // Problems of Atomic Science and
Technology. Series “Plasma Physics”. 2016, Ne 6(22),
p. 15.

3. S. Hirshman et al. // Physics of Fluids. 1983, v. 26,
p. 3553.

4. R.O. Pavlichenko et al. // Problems of Atomic Science
and Technology. Series “Plasma Physics”. 2024,
Ne 6(154), p. 9.

5.M.B. Dreval et al. // Fusion Engineering and Design.
2018, v. 129, p. 345.

6. E. Sallander et al. // Nucl. Fusion. 2000, v. 40,
p. 1499.

7. T. Estrada et al. // Plasma Phys. Control. Fusion.
2005, v. 47, p. L57.

8. M. Zanini et al. // Nucl. Fusion. 2020, v. 60,
p. 106021.
9. K. Aleynikova et al. // Nucl. Fusion. 2021, v. 61,
p. 126040.

10. A. Zocco et al. // Nucl. Fusion. 2021, v. 61,
p. 086001.

Article received 16.12.2024
Article accepted 16.01.2025

PIBHOBAT A PO3PAAIB BUCOKOI'O BETA HU3BKOI'O MATHITHOI'O ITIOJISL B YPATAHI-2M

M.b. /Ipesans, P.O. Ilagniuenxo, A.P. Timapenko, @.1. Oxcepen'ce

Iokaszano, mo Gera mwrasmu (B = NT/(e'B%)) € BiZHOCHO BHCOKMM Y pajiOYacTOTHHX PO3psax CIaGKOro
marnitHoro moinst (Bt = 0,01 T) crenapatropa YPATAH-2M (V-2M). Take Bucoke 6eTa JOCATAETHCS HE3BAKAIOUU
Ha Hu3bKy Temmepatypy (Te = 10...50 eB) i rycruny (n. = (0,5...1)-10'2 cm ) uepes3 xyxe HH3bKE MarHiTHE m0JIE . Y
iif poOOTI MH OOYHCIIOEMO pIiBHOBAary IDIa3MH B IMX po3psimax 3a jgonomoror koxy VMEC Ha 6asi
€KCIIEPUMEHTAJIbHUX JaHUX 'YCTHHH, TEeMIIepaTypd Ta CTPyMY IUIa3MHU. 3TiIHO 3 HAlIUMH PO3paxyHKaMH, CTPYM,
SIKMH CTBOPIOETbCS PaJiouacCTOTHUM HAarpiBaHHSAM, MOXKE KOMIIEHCYBAaTH OYTCTpeNn CTPYM, SIKIIO ILi CTPyMH
CHpSIMOBaHI y MPOTWIJIEXKHI cTOpoHH. Llel cTpyM MoO)Ke 4acTKOBO KOMIIEHCYBAaTH TOTIpLICHHs piBHOBaru Y-2M
yepe3 Oerta-eekTH ImrasmMu. Lli€r0 KOMITEHCAIIE MOXKE TOSCHHUTH 3aJISKHICTh JOCATHYTOro OeTa IUla3MHu Bif
HAIpsIMKY MarHiTHOTO 1oJist B Y-2M, 1110 1 COCTepirajoch B eKCIepUMEHTAX.
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