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Low and improved confinement modes in the H-1 hefislc G. Shatset al,, Phys. Rev. Lett77,
4190(1996 ] are studied experimentally in rf-sustaingd100 kW, 7 MH2 argon discharges at low
magnetic fields(<0.15 T). Surprisingly high ion temperature, measured using a retarding field
energy analyzer, is found which increases across the transition to improved confinement mode from
40 to 80 eV, while the electron density increases by about 50%. Both toroidal and poloidal plasma
flow velocities do not change across the transition. The increase in a radial electric field in high
mode is balanced on average by a corresponding increase in the ion pressure gradi@d®7 ©
American Institute of Physic§S1070-664X97)01710-3

I. INTRODUCTION wherez;e is the ion chargen; is the ion densityP; is the
. ) i ion pressurep, and v are the poloidal and toroidal rota-

Transitions to improved confinement modes have beegqn, \e|ocities, respectively, anl, and B,, are the poloidal
observed in a number of magnetic plasma devices. The Vay,q (oroidal components of the magnetic field. Experimental
riety of plasmas in which such transitions are observed mayggits from different machines indicate that there is no uni-
indicate some universal mechanism or a set of effects rejersa| answer to these questions. For example, recent results
sponsible for transitions which have been observed in a numy,m Heliotron-E stellaratdrindicate that the increase in the
ber of.tokamaké, stellarators, and linear machinésin a  r4qial electric field during transition to the high ion tempera-
very wide range of plasma parameters. Recently we reportegh e mode does not coincide with any significant increase in
the high confinement mode observed in a low electron teMg,o holoidal plasma velocity which is the case for most of the
perature plasma in the H-1 he_hédp this experiment & sud-  {qkamak observations® In the Wendelstein 7-AS stellarator
den increase in plasma density is observed when the mag- t+ansition to H-mode is observed only in narrow opera-
netic field is close to some critical value. A new steady-statgjona| windows of the rotational transform and follows by
mode is characterized by a factor @£.5-2 higher central 5 gjgnificant increase in the plasma poloidal rotafiofhis
electron density and steeper density radial gradients. Thgnseration correlates with the computed effect of the mag-
transition correlates with an increase in negative electric fielg, o4 damping of the poloidal plasma rotatfofihis damping
and its radial shear and with a reduction in the fluctuationg minimal within the same sma# -windows. In contrast, in
level and fluctugtion—induced outward particle flux by a feWthe H-1 heliac, the transition is observed in a wide range of
orders of magnitude. Most of these effects, namely, the inge rotational transforh.The conclusion about the role of
crease in the electric field shear, higher density gradient§he plasma rotation in the formation of the radial electric
and the turbulence suppression are commonly observed fega|q was not possible on H-1 because of the lack of the

tures in all types of the machines. A causality of the eventg,, herimental data on the ion temperature. Also, it was not

during a transition has been discussedd the hypothesis ciaar how the energy confinement changes across the transi-
that a radial electric field sheafE, suppresses turbulence iion |n this paper we present experimental results on the

thus leading to improved confinement is generally acce?’tedtransition to improved confinement in the H-1 heliac and

There are a few important questions which should beyay7e the role of the ion pressure gradient and plasma ro-
addressed with regard to the transitions in the H-1 héliac: tation in the poloidal momentum balance E).

(1) Does the energy confinement improve across the  the naner is organized as follows: In Sec. Il we describe
transition? , plasma parameters and diagnostics used in this study,
(2) What balances the observed sheared radial electrig ; ; :
A . amely, triple probe, retarding field energy analyzer, and
field in the two(low and high steady states? _ Mach probe. In Sec. Ill main experimental results are pre-
(3) What is the role of the plasma rotation during the sgnteq including measurements of the ion and electron tem-

transition and in steady state? perature, plasma rotation velocities, and the neutral particle

To answer these questions a study of the ion temperatuigangity. In Sec. IV we discuss and summarize the results.
and plasma flows are necessary. The role of the plasma flows

in the formation of the radial electric field can be examined
experimentally in terms of the radial force balance equatiorll. EXPERIMENTAL SETUP AND DIAGNOSTICS

H-1 is a three-field period toroidal helfat’ (helical axis

— -1 _ . . . . .
Er=(zien) "VPj—vyBytvy;By, (1) stellaratoy with major radiusR,= 1.0 m, mean minor radius
(a)~0.2m, externally controllable rotational transform
dElectronic mail: michael.shats@anu.edu.au +(r/a=0)=0.6—2.0, and low vacuum magnetic field shear
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FIG. 1. RFEA bias circuit: O—orifice, E—earthed grid, R—repeller,
D—discriminator, S—secondary emission suppressor, C—collector.
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(At/t%0.0ES—(.).OG). A quaSIComm_uous oPer?‘_tmg mode a"FIG. 2. 1.(Vq) characteriztics measured at two different radial positions
low magnetic fields B<0.2 T) provides repetitive plasma it the results of exponential fit superimposed in dashed liag. r
pulses(pulse length about 80 msvith up to 100 KW of rf ~ =17cm, T,=86 eV, V,~10V, (b): r=23 cm, T;=40 eV, V,~100 V.
power at 7 MHz. Plasma is produced in argon, neon, and
helium. Typical plasma parameters amg~1X10*® m~3,
T.=8-30eV,T;=30-120¢eV. L . . .
Under these low electron temperature conditions a num(-:h":lr"’lcterIStICS n the H-1 p'as”.‘a (j_lsgharge, l.e., the fon cur-
ber of probe diagnostics is used. This includes a twolent le as a function of the discriminator voltagé, are
dimensional(2D)-scanning triple probdelectron tempera- shown in F'g' 2. , N
ture, density, plasma potential, their fluctuations and Follqwmg Ref. 16 we ]nterpret thg chargcterlstlcs n F!g.
correlation$, a Mach probdion flow velocity), a multichan- 2 as _beln_g (_:ons_lstent_wnh a one-o!lmensmnal Maxwellian
nel linear probe arrayfluctuation phase velocityand a re- velocity distribution shifted in velocity space by a sheath

tarding field energy analyzéplasma potential, ion tempera- potential. The latter is equal to the plasm_a pojter\nglwith
ture 9 gy yzép P P respect to the probe earth. The characteristic is approximated

; i .14
The triple Langmuir prob]é,12 is used to measure the @S @ function of the discriminator potentid); :

float_ing potenti_al, plasma potential, electron temperature, and VsV, (Vo) =lg
the ion saturation current.

The retarding field energy analyzéRFEA) is used to  2"d
measure the ion distribution function and plasma potential in —q(V-Vpl)
the H-1 plasma. In principle, the RFEA design is similar to V>V,  1(Vg)=ly eXF{T)' (©)]
1

that used in Alcator €& and DITE* tokamaks, but uses four
separate grids between the entrance slit and the collector #sleast-square exponential ) to the experimental charac-
shown in Fig. 1. An earthed grid is placed across the enteristic gives estimates of the ion temperature and of the
trance zone of the analyzer to define an equipotential surfaggdasma potential.

and prevent the surrounding plasma perturbation by the re- The plasma potential measured by RFEA agrees with
pelling and discriminating fields of the analyzer. A repellerthat measured by the triple probe to within 15% everywhere
grid is biased negativeljtypically V,= —(400-500)V] in  inside the last closed flux surface.

the ion mode to remove all the electrons, while the discrimi-  The ion velocity distribution function is derived from the
nator grid voltage is swept frordy3=0-400V in about 10 RFEA characteristi¢ as

ms. A secondary electron emission suppression grid is placed

in front of the collector and is biased &,.=—9V with f(v)= M (_ dIC(Vd)> (4
respect to it. The collector current is an integral over the ion AT dVy
trib it .15
parallel distribution functiort The Mach probe is used to measure plasma flow veloci-
q o ties. This probe consists of two identical conducting collec-
ICZM AsitT f . f(v)dE, (2)  tors (tungsten spaced 2 mm apart which are separated by a
vg

ceramic insulator. For the measurements of the ion flows,
whereq is the charge of the ioA;; is the input slit areal both collectors are biased into ion saturation current. In the
is the grid transmission coefficient, andE; are the particle presence of a flow perpendicular to the probe axis the ratio of
parallel velocity and energy, correspondingly. Typical RFEAthe currents drawn by the two collectors is given by
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wherelJ; andl; are the ion saturation currents to the col- §oo : ‘
lectors facing upstream and downstream, respectively. This N Fﬂq; ......... Lo
ratio can be related to the Mach number of the flaw, : ‘
=yq4lcs, Whereyy is a flow velocity andt, is the ion acous-
tic velocity. We use a model by Hudis and Lidskyfor
unmagnetized ionfon Larmour radius is much bigger than
a probe dimensionto relateM and R. The final relation I , .
betweenM andR has been modified to extend it beyond the @ o T
condition T,>T, used in Ref. 17, sincd; can be either
higher or lower tharT, in H-1:

N LTI .
“aNTT R ©

The ion flow velocity is estimated using E() whereR is
measured by the Mach probg, is measured by the RFEA,
andT, is measured by the triple probe.
To justify the use of the fluid mod¥lfor an unmagne- )
tized Mach probe we use an experimental procedure de-
scribed in Ref. 18 to estimate the level of magnetization. The
average of the ion saturation currents to the tips of the probe

(15+15)/2 does not changevithin 10% of the experimental
accuracy as the probe is rotated with respect to the magnetic
field. This has been checked at both the magnetic axis and
near the last closed flux surface indicating a very low level of
magnetization. Indeed, as will be shown in Sec. lll, the ion
gyroradius in our experiment is much larg&-5 cm than

the size of the Mach prob@bout 3 mm so that the use of

the model” seems to be justified. ©

FIG. 3. Radial profiles of the electron densip), electron temperaturg),
and plasma potentidt) in low (diamond$ and high(squarep confinement
I1l. EXPERIMENTAL RESULTS modes atP;~85 kW andpg,e3x107° Torr.

Sudden transitions to improved confinement have been
observed in H-1 in argon, neon, and helium plasmas under The electron temperature radial profiles in both regimes
very similar conditiongrange of magnetic fields, rf power, are hollow, as shown in Fig.(B). In the regionr/a<0.6, T,
neutral pressuje In this paper we present experimental re- changes from about 9 eV in low mode to 6 eV in high mode.
sults obtained in the argon plasrizackground filling pres- In the regionr/a>0.7 the electron temperature increases af-
sure is about ¥10 ° Torr) in a magnetic configuration ter the transition from 22 eV to about 28 eV.
characterized by an almost zero magnetic shear and the ro- Plasma potential profiles computed using triple probe
tational transform ofs =1.43. The argon discharges are thedata asp, = ¢+ 3.8T (Whereg; is the floating potentialin
best explored so far, though the main features of the transthe two regimes are presented in Figc)3 Before the tran-
tions in other gases are the same: sud@éthin 1 ms jump  sition the plasma potential is about 35 V in the regida
in the average density, suppression of the fluctuations, ang& 0.6 and increases to 80 V at the last closed flux surface
build-up of a strong negative radial electric field. (LCFY9). After the transition plasma potential drops by 20 to

We refer to two steady states before and after the tran30 V in the regionr/a<0.75, while at the periphery it in-
sition as “low” and “high” modes. This terminology does creases to about 100 V. The radial electric field, already
not insist on a complete similarity between the transitionsnegative(directed inwardgsin low mode, increases after the
observed in the H-1 plasma and those in tokamaks, thougtransition by a factor of more than 2 in the region of 0.5
the analogy seems to be valid to a certain extent. <rla<1.0.

Radial profiles of the electron density are derived from  The ion temperature profiles measured by the RFEA are
the ion saturation currert~n.Ccs=ngV(T+ T;)/m;, elec-  shown in Fig. 4. In low mode the ion temperature is in the
tron temperaturd, (triple probe datg and ion temperature range from 30 to 50 eV inside the LCFS. In high confine-
T; (RFEA data and are shown in Fig.(d) in low and high ment mode, the ion temperature is higher everywhere in
confinement modes. Density increases in the radial region gflasma, reachind@;~90 eV in the center of plasma.
r/a<0.6 and the density profile becomes steeper in the high Shown in Fig. %a) is the time evolution of the line-
confinement mode. The profiles in low and high modes in-average electron density during the discharge with a sponta-
tersect at/a=~0.62 indicating presumably the position of the neous transition. Density increases by a factor of 1.3 in about
transport barrie. 1 ms. Figure B) represents the time evolution of the Mach
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FIG. 4. lon temperature profiles measured by the RFEA in (diamonds,
B=0.06T) and high (squares, B=0.072T confinement modes at
P,~85 kW andpg,e~3x107°Torr.

probe asymmetry factdEq. (5)] in the poloidal direction at
the radial position of the LCFS. The change in the flow

asymmetry at this radius is the largest, but is still not dra-

matic, remaining in the rangB=1.25-1.32(R=1 corre-
sponds to no ion floyw The radial profiles of the plasma
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FIG. 5. Temporal evolution of the line-average dengdy and the Mach
probe asymmetry factoR [Eq. (6)] at r=23 cm (b) in the shot with the
transition to improved confineme(®@=0.061T, pgas:3><10’5 Torr).
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FIG. 6. Radial profiles of the plasma poloida) and toroidakb) velocity in
low (diamond$ and high(squares confinement modes & ;~85 kW and
Pgas=3Xx107° Torr.

poloidal and toroidal rotation velocities before and after the
transition are shown in Figs(#® and Gb). These velocities
are estimated using E¢6) and data of Figs. 3 and 4. Both
components of the plasma rotation velocity do not exceed
10° cm/s inside the LCFS. Negative velocities in Figb)
correspond to the direction of thE, xB drift and of the
electron diamagnetic drift in this plasma.

Spectroscopic measurements of different argon lines
have been performed to estimate the ionization state of the
plasma in both low and high modes of confinement. A view-
ing chord is scanned vertically as shown in Figg)7and the
collected light is focused into the input slit of a spectrometer.
The spectral line intensity is shown in Fig(by versus a
viewing chord number as measured in I¢diamond$ and
high (squaresmodes of confinement. The chord-average in-
tensity of the argon neutral line A7635[Fig. 7(b)] is pro-
portional to the integrall o~ J NpNeT5 Y2 exd — xa/Teldl,
wheren,, is the density of the neutral particles in the ground
state andy,=13.1 eV is the excitation potential for the IAr
7635 line. Experimental electron density and electron tem-
perature profileqtriple probe data of Fig. 3are used to
unfold the spatial distribution of the neutral density from the
chord-average intensities of Fig(bf. The neutral density
shown in Fig. 8 varies inside the LCFS within a factor of 2
being maximum at/a= 1.0 and practically does not change
in both low and high confinement modes. Tha 2635 line
intensity is lower in the high modgFig. 7(b)] due to the
decrease i, in the regiornr/a<<0.5 and due to the decrease
in ng atr/a>0.6 as shown in Fig. 3. Spectral lines of the
double ionized argon ion Ar have not been observed in this
plasma suggesting=1 to be a dominant ion charge state.

Shats et al.
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considering the higher than expected ion temperatures and a
reduction in the fluctuation-induced particle flux by a few
orders of magnitude reported in Ref. 4. The suppression of
fluctuations could lead to a reduction(at least the convec-
tive part of the ion energy loss and the increase in the ion
temperature.
The components of the radial force balance can now be
estimated using data presented in Sec. lll. The contribution
0 5 10 of both poloidal and toroidal rotation to the balarjé&sy. (1)]
(b) Chord Number can be neglected sinCé,q,Vior<(E;)/B (~8x10° cm/s)
everywhere inside the LCFS in both modes of confinement.
FIG. 7. Viewing pho_rd geometry of the spectroscopi_c d_iagnc(a)iand the Average radial electric fields estimated 6&8,)= [Vpl(a)
?;;Jtral spectral line intensityAri 7635 A) versus the viewing chord number —Vp,(O)]/a using data of Fig. G:) are(ErL>=6 v/em and
(EFY=10 V/cm in low and high confinement modes, respec-
tively. The ion pressure gradient term, estimated using data
of Fig. 3@ and Fig. 4 as

<1 dpi> 1 [Pi(a)—Pi(0)]

en dr

0.08

0.04

IV. DISCUSSION AND CONCLUSIONS

The ion temperatures observed in both modes of con-
finement are significantly higher than was expetted the
helicon wave heating schefeat the frequency of 7 MHz s equal to 6.4 and 12 V/cm for low and high confinement
which is significantly higher than the ion cyclotron fre- modes, correspondingly. Thus averaged over the plasma ra-
quency (<60 kH2) in our experimental conditions. Experi- dius, the radial electric field is balanced by the ion pressure
ments performed in a tandem mirfdhave revealed similar gradient within the experimental error of about 20%. The
ion temperatures to H-1 for helium plasmas produced byletailed local radial force balance is to be further investi-
helicon waves under very similar plasma conditions. It isgated, but a conclusion that the plasma rotation plays a minor
suggested? that the ion heating is produced by minority role in the radial electric field formation can be made.
heating at the ion-ion hybrid resonance introduced into the  The observation of the relatively high intensity of the
plasma at the high field points in the mirror with a hydrogenspectral line of excited neutral atorffSig. 7(b)] suggests the
minority. Though some small<0.5% level of hydrogen presence of the significant neutral concentration in the
impurity in H-1 argon or helium plasmas has been observedplasma core as shown in Fig. 8. In these conditions we esti-
the ion-ion hybrid resonance would be at 2.25 MHz on axismate the steady-state ionization balance in the argon plasma
for a maximum field of 0.15 T. Thus the minority heating is in a form:
not likely to explain high ion temperature in H-1. The ion
heating mechanism is to be further investigated. NenS —NeiS=V-T, ™

The fact that the ion temperature increases during thevhere S, and S, are the ionization and recombination rate
transition from low to high confinement indicates that the ioncoefficients, correspondingly, arldis the outward particle
energy confinement improves as well as the particle confinelux. The recombination ratesecond term of Eq(7)] esti-
ment in the high mode. This result seems to be quite naturahated using data on the radiative and dielectronic recombi-

~e(n) a ’
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