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In the /=3 U-3M torsatron with RF produced and heated plasmas, a two-temperature ion energy distribution arises
with a minor group of suprathermal ions. It is shown that a possible mechanism of fast ion generation is cyclotron
heating and/or acceleration of ions by a strong RF field in the local Alfven resonance layer N=¢; with an additional RF
field enhancement due to the coupling resonance. The observed spontaneous ETB formation is preceded by an
accumulation of high energy ions in the plasma and synchronized with their burst-like outflow to the divertor. On this
basis, it is believed that it is fast ion orbit loss that results in formation of a layer with E, shear and ExB velocity shear
accordingly at the plasma boundary, this, in turn, resulting in a damping of turbulence and turbulence-induced

anomalous transport.
PACS: 52.50.Qt; 52.55.Dy,He

1. INTRODUCTION

An appreciable number of ions with energies
considerably exceeding the mean thermal energy of the
bulk ions can arise in the plasma of stellarator-type
devices, including heliotrons/torsatrons (see, e.g., [1,2]).
Apart from mechanisms of fast ion generation, studies of
their confinement in stellarators is of interest as these
particles undergo neoclassical transport in the l.m.f.p.
regime, in particular, 1/v regime typical for reactor-scale
devices [3].

In a middle-size device, the Uragan-3M (U-3M)
torsatron (/=3, m=9, R=lm, @ =0.12 m, 1(a )=0.3, B,
=0.7 T), with RF produced and heated plasmas, a two-
temperature ion distribution in perpendicular energies

develops (T:1~50...80eV, T~250...400eV at 77, ~10"cm?,
T.(0)=600 eV). Also, there is a minor group (<1%) of
suprathermal ions (STI) with energies >1000 eV. With
this, the hotter ions and STI (hereinafter, fast ions)
experience neoclassical diffusion in the 1/v regime (v; ~2%
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generation and of their confinement in U-3M is of
specific interest for the following reasons.
1. Alfven waves with W<w.(0) are used for plasma

vri I/R). Studies of mechanisms of fast ion

heating. The closeness of w to . and strong radial non-
uniformity of the plasma can result in specific
mechanisms of wave excitation and absorbtion in the
plasma with occurrence of fast particles.

2. An open natural helical divertor is realized in
U-3M. Hence, an opportunity is offered to judge on
confinement and loss of fast ions by comparing their
behaviour in the confinement and divertor regions.

3. A spontaneous transition to the improved
confinement regime is observed in U-3M. It is of interest
to find out the effect of fast ions on the transition and to
compare their confinement in various phases of the
transition.

2. FAST ION BEHAVIOUR IN THE
CONFINEMENT AND DIVERTOR REGIONS
IN VARIOUS PHASES OF DISCHARGE
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Fig. 1. Time evolution of (a) RF antenna current
(envelope); (b) line-averaged electron density, 11, ;
(c) CX neutral flux I, with perpendicular energy 1350 eV’

(directed downward); (d) fast ion component (>500 eV)
in the divertor flow on the ion [IB drift side, I;

It is seen in Fig. 1 that the density 77, passes 3 phases

in its evolution over the RF pulse: (1) density rise at the
beginning of discharge (~3...4 ms); (2) density decay
(tens ms) which is terminated by edge E. bifurcation
toward a more negative value and ETB formation [4]; and

(3) the H-like mode phase where 71, stops decaying and
even can rise. At the phase (1), the flux I'y (c) exhibits a
M,y =1.2x10" cm?),
indicating a rise of fast ion content in the confinement
volume. Synchronously with I', , a burst of fast ion
outflow to the divertor occurs in the phase (1) (d) as

indicated by the current /i to the U= +500 V -biased
collector of an electrostatic charged particle energy

short-time rise (maximum at
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analyzer mounted in the divertor flow on the ion (B drift
side. In the phase (2), a repeat I, rise (¢) evidences an
improvement of fast ion confinement in this phase. This is
consistent with a rise of temperature 7;,[4] and a current /;
reduction (d). The I, rise and /; decay last until the E,
bifurcation. With this event the start of ', drop and a
sharp burst of fast ion outflow to the divertor similar to
that in phase (1) are synchronized, evidencing a rise of
fast ion loss at the start of phase (3). Such a change of

confinement regime occurs at the density 77,,=1.4x

10”cm” which is close to 77, . The relation 7, = 7,,

~10" cm? holds independent of RF power and operating gas
(hydrogen) pressure provided the bursts of fast ion outflow
occur in the phases of density rise and decay.
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Fig. 2. I;(0)-normalized ion current I; versus retarding
voltage U plots measured in the I, maxima in the phases
(1) (o) and (2) (®) and at the end of phase (2), before the

I; burst ()

It follows from Fig. 2 that the ;(U)/[;(0) plots taken in
the /i maxima in phases (1) and (2) are similar. In both
cases, the contribution of ions with energies eU>500 eV

amounts 40-50%, while in the phase of %, decay where

the accumulation of fast ions in the plasma is observed
(the rise of I, this contribution does not exceed 23%.

The closeness of 7, and 7,, values and their

practical independence on the heating power and
operating gas pressure with B, fixed suggest an idea that
the accumulation of fast ions in the plasma and their
burst-like outflow to the divertor are governed by one
mechanism and connected with dispersion properties of
the plasma column. This suggestion is validated by a
resonance character of plots shown in Fig. 3. A possible
explanation of these plots is the effect of local Alfven
resonance, N> = €, in an essentially non-uniform plasma
resulting in cyclotron heating/acceleration of ions in the
thin resonance layer in combination with an additional RF
field enhancement due to the coupling resonance between
the exciting antenna and plasma column. Note that other
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plasma parameters also exhibit a resonance B,
dependence [5,6].
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Fig. 3. Density N, (o)and current I in its maximum in
phase (1) (®) as functions of B,

3. EDGE POTENTIAL AND ITS

FLUCTUATION
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Fig. 4. Time evolution of (a) RF antenna current
(envelope), (b) density A, , (c) current I; (U=500 V) and

(c) edge floating potential, V;. Vertical dotted lines
indicate 1st and 2nd V; bifurcations

As is seen in Fig. 4, first, a short-time potential
increase occurs in phase (1), then it is followed by the
above mentioned burst of fast ion outflow to the divertor

(maximum at 77,y = 1.1x10" cm”). Afterwards, a state
sets in with a reduced fluctuation level, which is
terminated at 77, = 2.4x10'"> cm” by the first bifurcational

transition toward a higher potential V; (in the chosen
radial location of the Langmuir probe) and a higher
fluctuation level. With this, the rise of density is slowed

down and an 71, decay starts (phase (2)) which lasts until

the second bifurcation at 77,,= 1.0x10" c¢cm™ toward a

lower potential and a lower fluctuation level.



It follows from comparison of Figs 5(a) and 5(b) with
Fig. 4 that regimes with a stronger negative E. and E;
shear accordingly occur after the burst-like fast ion
outflow before the first bifurcation, in phase (1), and after
the second bifurcation, in phase (3). In both phases, (1)
and (3), a lower level of fluctuation is observed, this, in
turn, resulting in reduction of the anomalous transport at
the plasma boundary and in observed slowing down of the
density decay or even density rise (see, also, [4]).
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Fig. 5. Equilibrium component of floating potential V; of
a movable Langmuir probe versus minor radius r just
before the bifurcation (o) and right after it (®) in the:

a) phase (1), b) phase (3)

4. SUMMARY AND DISCUSSION

1. A possible explanation of the effect of fast ion
generation could be cyclotron heating and/or acceleration of
the ions by a strong RF field arising in the layer of non-
uniform plasma where the local Alfven resonance condition,
Nj?=g,, is fulfilled in combination with an additional RF field
amplification due to the coupling resonance between the
exciting antenna and the plasma column.

2. The resonance character (with respect to B, and

n,) of generation of fast ions and their sharp burst-like

outflow to the divertor region (Fig. 3) are combined with
indications of transition to an H-like mode (Figs 4,5). In
view of these experimental data, a scenario can be
suggested where non-ambipolar fast ion orbit loss should
be responsible for formation of a layer with an initial
small E; shear at the boundary (so-called “ion galo” [7])
in the phase (2). As the number of fast ions increases with
the total density decreasing, a critical ion collision
frequency is achieved when £, exhibits a hard
bifurcational transition to a more negative value [8]. The
observed time of potential jump, <10 ms, is consistent
with a theoretical estimation of the bifurcation time, T, ~ €
Z12v' [9]. A reverse process, i.e., H-L-like transition, takes
place at the end of phase (1)-start of phase (2) with an
obvious hysteresis by density (Fig. 4) which is typical for
hard bifurcational transitions [9].
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TEHEPAIIVA BBICTPBIX MOHOB M EE BJIMSITHUE HA ®OPMUPOBAHME KTE B TOPCATPOHE Y-3M

B.B. Yeukun, JI.U. I'puzopvesa, 3.J1. Copoxoeoii, E.JI. Copokoeoii, A.A. beaeyxuii, A.C. Cnagnuwiit,
IL.A. Bypuenko, A.B. Jlozun, C.A. l{vibenxo, A.I1. /lumeunos, A.E. Kynaza, FO.K. Muponos,
B.C. Pomanos, /I.B. Kypuno

B 3-3axomnom TopcartpoHe Y-3M mnpu BY cosmaHum W HarpeBe IUIa3Mbl 00pasyeTcss JABYXTEMIICPATypHOE
pachnpejienieHie HOHOB [0 DHEPrHsM C HEOOJBIINM KOJMYECTBOM CBEPXTEIUIOBBIX HOHOB. BEpOsITHBIM MeXaHU3MOM
TeHepanuu OBICTPBIX MOHOB SABJISIOTCS HUKJIOTPOHHBIN HAarpeB WM yCKOpPEHUE CHILHBIM BY mojeM B ciioe JOKaiIbHOTO
anb(BEHOBCKOTO PE30HAHCA MPHU JOMOJHUTENbHOM ycwieHun BU monst BenenctBue pe3oHaHca cBsizu. CHOHTAHHOE
obpazoBanue KTh npensapsieTcsi HAKOIUIEHHEM BBICOKODHEPIHMYHBIX MOHOB B IUIa3ME€ U CHHXPOHHU3YETCS C X PE3KHM
BEIOpOCOM B auBepTop. Ha 3TOM OCHOBaHWM CUMTAETCs, YTO OOpa30BaHWE HA TPAHMIIC IUIA3MBI CJIOS ¢ MIHPOM E,,
BBI3BIBAIONIUM TIOJIaBICHAE TYpOyJNIEHTHOCTH U CBS3aHHOTO C HEK AaHOMAJIbHOTO TIEpeHOCa, OOYCIOBICHO
OpOUTAJIBHBIMU MOTEPSIMH OBICTPBIX HOHOB.

TEHEPAIIIS IIBUJIKUX IOHIB TA ii BIIVIUB HA ®OPMYBAHHSA KTE B TOPCATPOHI V-3M

B.B. Yeukin, JI.I. I'puzop’csa, E.JI. Copokosuii, €.J1. Copokosuii, O.0. Bineyvkuii, O.C. Cnagnuii,
I1.A. Bypuenxo, O.B. Jlo3in, C.A. luoenxo, A.Il. lumeunos, A.€. Kynaza, 10.K. Muponos,
B.C. Pomanos, /I.B. Kypuno
VY 3-3axizHoMy Topcarponi Y-3M npu BY cTBopeHHI Ta HarpiBi Iiia3Mu BHHUKAE JTBOTEMIICpAaTypHHH PO3MOMLT
IOHIB 32 CHEPTisIMHU 3 HEBEJIMKOIO KUIBKICTIO HAATCIIOBUX 10HIB. MOXJIMBUM MEXaHI3MOM TeHepallil NIBUAKUX 10HIB €
LUKJIOTPOHHUI HarpiB abo mpuckopeHHs cuiabHUM BY monem y mapi JIoKajgbHOrO anb(BEHIBCHKOTO PE30HAHCY MpPU
nomaTkoBomy mincuieHHo BY mons BHacmimok pe3oHancy 3B’s3Ky. CrmontanHe crBopeHHs KTB Bumepemxyerbcs
HaKOIMUYEHHSM BHCOKOCHEPTIHHUX 10HIB B TUIa3Mi 1 CHHXPOHI3YEThCS 3 X PI3KUM BUKHAOM B JIuBepTop. Ha 1iit ocHOBI
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BBa)KAETHCS, 110 CTBOPSHHS Ha TPAHUI TUIA3MH LIapy 3 IMUpOM E,, N0 BHKIMKA€E MPHIYNICHHS TYpPOYJISHTHOCTI i
HIOB’5I32HOTO C HEF0 aHOMAaJIbHOTO TIEPEHOCY, 3yMOBJICHO OpPOITaJIbHUMH BTpaTaMH MIBUAKHX 10HIB.
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