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Energy confinement time of plasma in torsatron U-3M was measured both during quasi-stationary stady of RF-
discharge and after RF-power cut-off. Power absorbed by plasma in the confinement region was estimated. A
mechanism which explain the plasma density behavior in the confinement region is proposed.
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INTRODUCTION

The integral characteristic describing the energy
confinement in toroidal helical traps is the plasma energy
confinement time te. Under the stationary conditions 7z is
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determined by the expression: Tg=

.[En"T“ + Z nT, Ed V — is the plasma energy content, W-is
the plasma-absorbed power, #. - is the electron density, #;
- is the ion density, 7. and T; - are the electron and ion
temperature correspondingly. However, in some cases it
is difficult to determine the value of the plasma-absorbed
power. Such a situation is observed during the RF-plasma
heating in the torsatron U-3M. It is caused by the RF-
heating features in this facility [1].

Paper [2] presents the results of 1z determination by the
plasma energy content decrease after RF-power switching-
off. But in this case the influence of the RF-heating on the
energy confinement in this facility is not clear.

In paper [3] one offers the method for 1z determining
under the stationary conditions which is based on the fast
and insignificant increase of the RF-power introduced
into the plasma (8W<<W). An advantage of this technique
is that there in no need to carry out absolute
measurements of plasma parameters for 1z determination.

The goal of the present paper is to determine the
plasma energy confinement time in the torsatron U-3M
during the RF-heating. For this purpose we will use the
results of [3], compare the results obtained with the data
of stellarator scaling and explain the previous results
obtained at the torsatrons U-3 and U-3M.

EXPERIMENTAL RESULTS
AND THEIR DISCUSSION

Experiments were carried out at the torsatron U-3M
using the RF-heating mode with a quasi-stationary
behavior of discharge parameters [1]. The working gas
was hydrogen. It was injected into the vacuum chamber
continuously. The magnetic field value on the magnetic
axis was B,= 0.72 T. The average plasma density was
determined by means of a 2 mm interferometer.
Distributions of the electron temperature 7, over the
plasma column cross-section was determined by the
intensity of plasma cyclotron radiation.

To determine tz the method described in [3] was
applied. According to this method, for the case of
insignificant increase of the RF-power introduced into the
plasma the plasma energy confinement time behavior is

described by the expression: 1 (1) = 6T (1 - e'%f). (1

From here it follows:
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For the case of the RF-power switching-off, the
plasma energy confinement time is determined by the
relationship:
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where 0T ;- is the maximum gain of the plasma energy
content, 'y — is the plasma energy content in the time of
RF-power change (¢t — 0), € - is the energy consumed by
every act of working gas atom ionization. In expression
(3) growth of plasma density and additional loss of
plasma energy in the volume, due to ionization of
working gas, is taken into account.
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Fig.1. Time dependence: (a) — of the RF-antenna current
Iz, (b) — of the average plasma density n,, (c) — of the
longitudinal plasma current I, (d) curve 1 — term (1),
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curve 2 — term (II), curve 3(Ill), curve 4 - nT , calculated
basing on expression (4)
According to [4,5] the expression for plasma energy
confinement is written in the following form:
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Here R — is the major plasma radius, ¢ — is the light
velocity. Term (I) in expression (4) is related with the
diamagnetic flux change A®, term (II) is the tokamak
term related with the longitudinal current / in the plasma,
term (III) is determined by the interaction between the
longitudinal plasma current of a density j, and the helical
magnetic field described by the rotational transformation
angle 1 (“stellarator effect”).

Fig.1 shows the change in time of the RF-antenna
current (Fig.la), of the average density of plasma

electrons 71, (Fig.1b), of the longitudinal plasma current
I (Fig.1c) and of the value nT = nTTe+ nTTl. (Fig.1d)
which was determined from expression (4). From Fig.la
it is seen that the sharp increase of the RF-antenna current
and, respectively, of the antenna-irradiated RF-power
(t=27 ms), causes the increase of the longitudinal plasma
current / (Fig.lc), of the plasma energy content nT
(Fig.1d, curve 4) and the decrease of the density 7,
(Fig.1b). Curve 1 in Fig.1d describes the behavior of term
(D) in expression (4), curve 2 — of term (II) and curve 3 —
of term (III), respectively. From comparison of curves
presented on fig.1d it’s evidently, that a value of term
(IIl), describing a “stellarator effect”, is the most for
determination of plasma energy content.

It should be noted that values »7 on fig.1d, curve 4,
are close to the values ;7 , which were obtained on the
basis of measuring of saddle coil [2]. The good
coincidence of results of the diamagnetic measuring is
also observed with »7 value, which was calculated on
the basis of average plasma density and average plasma
electronic temperature. 7, was calculated from the profile
of electronic temperature on the cross-section of plasma
column. Distributing of electronic temperature 7, in
radial direction on the cross-section of plasma column is
showed on fig. 2.
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Fig. 2. Distribution of electrons temperature Te in radial
direction

On the basis of expressions (2) and (3), the values of
plasma energy confinement time were determine during
the stationary stage of discharge in the moment of sharp
insignificant increase of RF-power and after the shutdown

of RF-power, accordingly. In the first case T ; 02 ms and
in the second case T, [J1.6 ms. The difference in the
values obtained arises due to the additional energy losses
(not taken into account in (3)), as a result of the process of
charge exchange on neutral atoms being enhanced by the
plasma density increase after RF-power switching-off
(Fig.1b).

The value of the energy confinement time 7, in the
torsatron U-3M was compared with the data of the
stellarator scaling ISS95 [6]. The energy confinement
time calculated from the stellarator scaling 7 2> = 2.5 ms.

This value is close to the experimental one of T ;12 ms.
Similar values of the plasma energy confinement time at
the quasi-stationary stage of the RF-discharge (7 ; [J2 ms)
and after RF-power switching-off (T ; J1.6 ms) show that
the RF-plasma heating mode does not deteriorate the
energy confinement in the torsatron U-3M.

Determination of ;7 and T, allowed one to estimate
the plasma-absorbed RF-power basing on the expression:

W - 3r
2,

This value is in a good agreement with that of the
plasma-radiated power W4 = 12—14 kW, obtained on the
base of bolometric measurements. As the experimental
value of the antenna-radiated RF-power was
approximately W,~200 kW, the value of the plasma-
absorbed power does not exceed 5% of the radiated
power.

The above-mentioned measurements evidence on the
significant difference between the RF-antenna irradiated
power (=200 kW) and the plasma-absorbed power in the
confinement region (= 10 kW). In other words, about 95%
of the antenna-radiated RF-power is lost in the processes
taking place outside the confinement volume. The current
RF-antenna is designed for breakdown, formation and
heating of the plasma in the confinement region and,
apparently, it is capable to provide breakdown, formation
and heating of the plasma also in the region of divertor
field lines behind the helical coil poles. The available
experimental data confirm this assumption.

For example, in paper [2] given are the microwave
interferometer measurement data on the plasma density in
the divertor region behind the helical coil poles. The data
show that after RF- switching-off the divertor plasma
density sharply decreases during the time of 100 ps, while
the plasma density in the confinement volume increases
(Fig.1b).

The probe measurements outside the confinement
region demonstrate similar results (see, for example, Figs.
5and 8 in [7]).

The probe measurements [7] of the plasma density and
temperature outside the confinement volume in the RF-
heating mode give the values of 7, <10"cm™ and

=9.45kW. (5)

T.=20eV, that permits to evaluate the hydrogen
molecule mean free path A = 40 cm [8]. The plasma
having such parameters is able to screen the confinement
region against the neutral gas molecule entering.

The evidence of the RF-plasma screening of the
confinement region from the neutral molecule entering is
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confirmed by the plasma average density decrease in the
discharge after additional energy switching (Fig.1).

As is seen from Fig.3, the plasma density in the
confinement region decreases with the anode voltage
increase on the oscillating tube of the RF-complex and,
consequently, with the antenna-irradiated RF-power
increase beginning from U, = 6 kV. And, conversely, after
RF-power switching-off the plasma density increases
(Fig.1b). That evidences on the RF-plasma screening
disappearance and on the additional working gas
molecule entering into the confinement volume.

Paper [9] gives the estimated value of the average
plasma density in the torsatron U-3M confinement
volume equal to ZLl 2. Just this low value of Z provides
the existence of a “banana mode” in the part of the
confinement region and bootstrapt current generation. The
low value of Z can be explained by the RF-plasma
screening of the plasma confinement region and by the
divertor effective operation.
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Fig.3. Maximum average plasma density in the discharge

n, versus the RF-generator anode voltage U,

CONCLUSIONS
The energy confinement time has been found
experimentally in the quasi-stationary stage of the RF-
discharge and after switching-off of the RF-discharge in
the torsatron U-3M. The results show that the RF-plasma
heating mode does not deteriorate the energy confinement

and the energy confinement time value T, [/2ms is
slightly different from the data obtained for the stellarator
scaling 1 2°” 2.5 ms.

The plasma-absorbed power, evaluated in the
confinement region, equals to W [ 10 kW that is much
lower than the antenna-radiated power W, 1200 kW.

The work demonstrated that the plasma density
behavior in the confinement region can be explained by
the appearance in the plasma heating process of the RF-
plasma confinement screening against working gas
entering from the ballast vacuum volume.
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YAEPKAHUE SQHEPI'UU B TOPCATPOHE YPAT'AH-3M B PEXKUME BU-HATPEBA

B.K. Ilawnes, I1.51. Bypuenxo, A.B. J/lozun, B./]. Koyybanos, A.E. Kynaza, B.B. Kpacuuuii, FO.K. Muponoe,
HU.K. Huxonockuii, A.A. Ilempywens, B.C. Pomanos, /].A. Cumnuxos, 3./1. Copokosoii, C.A. Ivibenxo,
H.B. 3amanoe

OKCHEPUMEHTAIBHO ONPEJEICHO SHEPreTHUECKOe BpeMs >KU3HM IUIa3Mbl BO BpeMsl KBa3UCTaLlMOHApHOHU ctaauu BY-
paspsaa u npu BeikItoueHnn BU-paspsna B Topcatpone Y-3M. OneHena 10 MOIIHOCTH, u3itydaeMoit BU-anTeHHOH,
KOTOpasl TMOTJIOIIACTCS IUIa3MOW B OOJIAaCTH e¢ yaepkaHus. [IpeyioKeH BO3MOXHBIH MEXaHU3M, OOBACHSIOIIUI
TOBEJICHHE TJIOTHOCTH TIJ1a3MbI B 00JIACTH YICpKaHUSI.

YTPUMAHHSA EHEPI'Ti B TOPCATPOHI YPATAH-3M B PEJKAMI BU-HATPIBY

B.K. Hawnes, I1.A. Bypuenko, O.B. Jloszin, B./l. Kouyboanos, A.€. Kynaza, B.B. Kpacuuii, 10.K. Miponoe,
LK. Hikonvcokuii, A.A. Ilempywens, B.C. Pomanos, /1.A. Cumnuxkos, E.JI. Copokosuii, C.A. L{udenxo,
M.B. 3amanos

ExcrniepuMeHTaIbHO BU3HAYEHO SHEPreTHYHMI Yac JKUTTS TUIa3MH MiJT 4ac KBasicTanioHapHoi craaii BU-po3psay 1 npu
BuMKkHeHHI BU-pospsiay B Topcarponi Y-3M. OniHeHa 4acTKa MOTY>KHOCTI, IO BUIPOMiHIO€Thcss BU-aHTeHO10, sika
TIOTJIMHAETHCS TUIA3MOI0 B 00JacTi i yTpuMaHHS. 3allpONOHOBAHO MOXKJIMBHHA MEXaHi3M, IO MOSCHIOE IIOBEHIHKY
IIUTEHOCTI TIa3MH B 00J1aCTi yTPUMaHHS.
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