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Series of experiments on generation of mode with high £ (up to about 1.3%) in torsatron U-3M were performed
using nitrogen as working gas. The dependence of average £ from input power was obtained. The average plasma radii
in modes with various f were determined. The estimation of rotational transformation angle was done in view of

presence of the plasma in device.
PACS: 52.55.Dy, 52.55.Hc

INTRODUCTION

Equilibrium of plasma in toroidal helical magnetic
traps, such as tokamaks or stellartors (torsatrons), is
supported by flows of plasma currents. The expressions
for these currents can be written as [1]:
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where j — density of plasma current, P — gas-kinetic
plasma pressure on magnetic surfaces P, P(p) —
derivative of P with respect to instant radius, B —
magnetic field induction, ¢ (p) — coefficient, which was
obtained from solutioP of the expression divj = 0:
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The first term in expression (1) describes the current,
that flows across magnetic field lines (diamagnetic
current). The second term of (1) corresponds to the dipole
component of de-polarization current (Pfirsch-Schlueter
current). The simple form of expression for de-
polarization current can be written as follows [2,3]:
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where | — rotational transformation angle and ¢ -
poloidal angle. The current described by (3) flows along
the magnetic field lines and creates the additional
magnetic field, that perturbs the initial magnetic
configuration. To the first approximation, the influence of
the disturbing magnetic field on a magnetic configuration
is similar to the influence of equivalent transverse
uniform magnetic field with value of
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Here B = 81P/B”. If we take into account the real
distribution of gas-kinetic plasma pressure on magnetic
surfaces, the difference between the disturbing magnetic
field and the transverse uniform magnetic field is
distinctly increased. In stellarators (torsatrons), the helical
harmonics of de-polarization current appear and influence
the variation of the rotational transformation angle.

It is well known, that the transverse magnetic field of
stellarators shifts the internal magnetic surfaces of the
magnetic configuration, disrupts the near-separatrix
magnetic surfaces and modifies the profile of the
rotational transformation angle.

variation of the rotational transformation angle with
increasing £.

EXPERIMENTAL RESULTS
AND DISCUSSION

The experiments in torsatron U-3M were performed in
RF-heating mode [4]. In a typical operation mode of RF-
heating the hydrogen plasma was heated by Alfven wave
at the frequency ratio w/w; = 0.8 (o; — ion cyclotron
frequency). In this mode f =~0.03% was achieved at
magnetic field induction on axis of By~ 0.72 T [5], where
overline means averaging over cross-section of the
plasma column. To obtain the large values of f , we
chose the RF-heating in which the plasma was heated by
fast magneto-sonic (FMS) wave using nitrogen as
working gas, at small magnetic field induction of
By~ 0.04 T and at anode voltages of lamps of two RF-
generators U(G1) =5...7.5 kV and U(G2) =5...6.5 kV.

The value of [ was determined based on
measurements of magnetic  diagnostics  sensors
(diamagnetic loop and saddle coil) [6]. The variation of
the toroidal magnetic flux measured by the diamagnetic
loop in a “current less” plasma can be expressed:
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The variation of the poloidal magnetic flux measured
by the saddle coil, looks like

an < P(p) »
bY =-A—[——=p"dp , (6)
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where A — coefficient, which 1is connected with

geometrical size of the test coil.

From (5) one can see, that value of average gas-kinetic
plasma pressure P can be easily determined with
accuracy of the size of plasma column. The correlation
between variation of the poloidal magnetic flux measured
by the saddle coil and plasma pressure is more
complicated. However, in case of homogeneous
distribution of the rotational transformation angle over the
cross-section of the plasma column and when we set a
distribution of the plasma pressure in the form of
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P= POEI- @%@ E, the expression, which describes the

) . variation of the poloidal magnetic flux, can be written as
The purpose of our experimental study was to obtain ar
the maximal value of 3 in torsatron U-3M, as well as to Ay = - AEP a’, (7
measure the small radius of the plasma and to determine 0
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It is obvious, that in case of homogeneous or weakly
unhomogeneous distribution of the rotational transformation
angle | over the cross-section of the plasma column, the
simultaneous measurements of diamagnetic loop and saddle
coil allow us to determine the value of | .

The radiance of neutral atoms of nitrogen is sensitive to
the profile of electron temperature and to the plasma density
on the boundary of the plasma column. Therefore, the cross-
section size of the plasma column was estimated from the
profile of the chord distribution of spectral line radiance of
neutral nitrogen NI (A =4109A), which was scanned over
the vertical plane. To achieve the sufficient accuracy of
measurements, the plasma radiation was obtained from
plasma volume with vertical size of less then 1 mm.

Figure 1 shows the time dependence of the average
chord density of electrons and the variation of the
poloidal magnetic flux Ay measured by the saddle coil in
the causes, when one (Gl, t=7 ms) or two (G1+G2,
t =24 ms) RF-generators were switched on. It can be
seen, when the second RF-generator (G2, t =24 ms) was
switched on, that plasma density and energy content of
plasma, which is interconnected with flux variation Ay,
were raised. The fronts of these signals are strongly
overextended because we used additional HF-filtrations to
reduce the high frequency inducings.
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Fig. 1. Time dependence of average chord density of
electrons and variation of poloidal magnetic flux AW
measured by saddle coil

Reliable diamagnetic measurements were obtained only
during the operation of RF-generator G1 (t=7...24ms),
because when RF-generator G2 was switched on, the
level of high frequency inducings were increased strongly
and, as a result the operation of electron integrators, was
distorted. On the basis of simultaneously measurements
by diamagnetic loop and saddle coil at maximal RF-
power of generator Gl and under the assumption of
uniform distribution of / over the cross-section of the
plasma column, the value of / = 0.4 was obtained.

As it is clear from expressions (5) and (7), § can be
determined on the basis of magnetic measurements, if we
know the average radius a of the plasma column. To
determine a, at first, the chord distribution of spectral
line radiance of neutral nitrogen NI (L =4109A) was
obtained using optical measurements (see Fig. 2). Then,
we determined a from comparison of chord distribution of
spectral line radiance of neutral nitrogen and location of
calculated magnetic surfaces. Thus, during the operation
of RF-generator Gl, the average radius of the plasma
column was equal to @ =9 cm. When generators G1 and
G2 were switched on simultaneously, a = 8 cm.
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Fig.2. The chord distribution of spectral line radiance of
neutral nitrogen NI (). = 41094) over the vertical plane of
the plasma column
During the operation of RF-generator G1 at minimal RF
power, B ~0.45% was obtained from diamagnetic
measurements (in this case a =9 cm). If we assume, that
profile of / is uniform and / = 0.4, then the value of
equivalent transverse magnetic field, which is connected
with the presence of plasma with § =~ 0.45%, will be
B, /B0 B /2=0.56%. In the described
experiments at § = 0 the value of the transverse magnetic
field was equal to B, /B =1.25%. Therefore, the total
equivalent transverse magnetic field at the presence of
plasma will be equal to B./B =125+0.56=1.81%.
The previous results of investigations of magnetic
configuration of U-3M [7] confirm our assumptions. As it
can be seen from these results (see Fig.3), at
B, /B=1.81% the  distribution  of  rotational
transformation angle | is approximately uniform over
cross-section of the plasma column and ! equals to about
0.4. When we used this profile of | in calculations of
plasma pressure P on the basis of independent
measurements of diamagnetic loop and saddle coil, the
obtained values of P were close to each other. This

confirms validity of choice of uniform profile of | = 0.4.
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Fig.3. The calculated radial profiles of the rotational
transformation angle | at various B, /B : 1%, 1.5%,
1.82% [7], 2.0%, 3.5% [8]

Fig. 4 shows the dependences of the average radius a
of the last magnetic surface on the value of B, /B, which
were obtained during investigations of magnetic
configuration of U-3M (dotted line) and from numeric
calculations (solid line). It can be seen, that ¢ =9 cm

obtained from optical measurements at § = 0.45 is some
less, than one at B, /B =1.81 % in both causes in Fig. 4.
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Fig 4. The calculated (solid line) [7] and measured
(dotted line) average radius a of the last magnetic surface
as a function of B, |B
It can be seen from Fig. 3 that the rotational transformation
angle of | =0.60 is maximal near magnetic axis at
B, /B03.5% and than | weakly drops towards the edge of

the confinement region. It is obvious, that the value of I must
be approximately in the range of 0.4</ <0.6 at values of
transverse magnetic field of 1.81< B, /B< 3.5%, which
corresponds to our experimental conditions. If we assume that
uniform profile of |, the maximal value of f of about

Brw 013% at <l >=05 (1.11< B, < 1.625% at 0.4</
<0.6) can be obtained from (6) when a = 8 cm (generators G1
and G2 were switched on simultaneously). In this case the
value of total equivalent transverse magnetic field will lie in
the range of 2.175< B, /B < 3.28% . According to tendency
of calculated curve in Fig. 4 (solid line) a<6.5cm at
2.175< B; /B < 3.28%. But the optical measurements give
a = 8 cm. Therefore, these results allow us to conclude that
disruption of magnetic configuration of U-3M at maximal
values of f , which have been achieved in our experiments,
occurs slowly than it results from calculated curve in Fig. 4.
In [7] the results of measurements of magnetic configuration
of U-3M also give values of a, which are higher, than the
calculated curve. They are close to values of a obtained from

optical measurements at maximal value of f .
The dependences of § on input power W are shown in

Fig. 5. In this figure we assumed that input power W is
proportional to square of anode voltage of generator lamp. It

can be seen that dependences of § are linear in all range of
input power W. This indicates that in our experiments the
limited value of § is not achieved.
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Fig.5. The dependence of § on input power W

CONCLUSIONS
In this study, we have investigated the influence of plasma
on magnetic configuration of torsatron U-3M. During the

experiments the maximal value of ﬂi of about f, max 1 1.3%

was obtained using nitrogen as working gas and at magnetic
field induction on axis of By~ 0.04 T. It is shown, that the
limited value of f was not achieved. With § increasing
from 0 up to maximal value, which have been achieved in
experiments, the average radius a of the plasma column was
decreased from a = 12 cm up to a = 8 cm, respectively. The
presence of plasma in the device changes the rotational
transformation angle analogously to the action of uniform
transverse magnetic field created by compensating coils.

REFERENCES
1. V.D. Pustovitov, V.D. Shafranov // Voprosy teorii plazmy
(Problems of Plasma Theory). M.: “Atomizdat”, 1987, v. 15,
p. 146 (in Russian).
2. JM. Greene, J.L. Johnson and K.E. Weimer // Plasma Phys.
1966, v. 8,p. 145.
3. MLL. Mihailov// Physics of Plasma. 1980, v. 6, p. 45.
4. AL Lysoivan, V.E. Moiseenko, V.V. Plyusnin et al // Fusion
Engineering and Design. 1995, v. 26, p. 185.
5. VK. Pashnev, P.Ya. Burchenko, E.D. Volkov et al
/I Problems of Atomic Science and Technology. Series “Plasma
Physics” (14),2008, N6, p. 28.
6. V.K. Pashnev, V.V. Nemov // Nuclear Fusion, v. 33, 1993,
p. 435.
7. G.G. Lesnyakov, E.D. Volkov,
//Nucl. Fusion. 1992, v. 32, p. 2157.
8. A.V. Georgievskij et al. Investigation of magnetic
configuration of modemized torsatron Uragan-3M // VANT (3).
Moscow, 1990.

A.V. Georgievskij et al

Article received 10.10.08

W3YUYEHWUE BO3JAEVCTBUSA IJIA3ZMBI KOHEUHOT' O IABJIEHUSA
HA MATHUTHYIO KOHOUT'YPALIUIO TOPCATPOHA Y-3M

B.K. Ilawnes, I1.71. Bypuenko, A.E. Kynaza, A.B. Jlo3un, F0.K. Muponoe, A.A. Ilempywensa, B.C. Pomanos, /I.A. Cumnuxoas,
A.JI. Copoxoeoii, C.A. Lbioenko, H.B. 3amanoe
Ha Topcarpone Y-3M mpoBenena cepusi SKCIEPHMEHTOB IO CO3MAHUIO pexmMa ¢ BeICOKHM [ (mo 1.3%) c
HCIIOJh30BAHMEM a30Ta B KadecTBe pabodero rasa. [lodydeHa 3aBHCHMOCTB CPEIHETO 3 OT BBOAMMOW MOIIHOCTH. Bhit
OTIpeNeNIEH CPeIHUN pajguyc TUIa3Mbl B pekuMax ¢ pa3nmudHbM B. OmeHka yriia BpIIaTedsHOTO NMpeodpa3oBaHus OblIa

cAciaHa ¢ YUY€TOM HaJINYUs IU1a3Mbl B YCTAaHOBKE.

BUBYEHHS JIi MJIA3MU KIHIIEBOI'O TUCKY HA MATHITHY KOH®IT'YPAIIIO TOPCATPOHA Y-3M

B.K. Ilawnes, I1.A. Bypuenxo, A.€. Kynaza, O.B. Jlozin, F0.K. Miponos, A.A. Ilempywensa, B.C. Pomanos, /I.A. Cumnukos,
E.JI Copoxosuit, C.A. L{uoenko, H.B. 3amanos
Ha Topcarponi Y-3M mpoBeneHO cepil0 eKCHEpHUMEHTIB IO CTBOPEHHIO pexumy 3 BucokuM B (mo 1.3%) 3
BHKOPHCTaHHAM a30Ty B SKOCTi pobodoro razy. OTpUMaHO 3aJeKHICTh CEPEIHBOTO 3 Bl MOTYKHOCTI, 1[0 BBOJUTHCS.
Byno Bu3HaueHO cepedHiil padiyc IUIa3MH B pekuMax 3 pizHuUM f. OmiHKa KyTa 00epTaabHOTO MEpEeTBOPEHHS Oyna

3p06J1eHa 3 YpaxyBaHHAM HAasIBHOCTI IIa3MU B y'CTaHOBHi.
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