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Thresholds and the role of the radial electric field in confinement
bifurcations in the H-1 heliac
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The threshold conditions for the confinement bifurcations in the H-1 hgdiail. Hambergeet al,,

Fusion Technoll17, 123 (1990] are studied experimentally. The thresholds include the magnetic
field, the rf power, and the neutral gas filling pressure. It is shown that in any combination of these
parameters it is the radial electric fidl that is driven to a critical value before the bifurcation. A
mechanism of the electric field formation is suggested, which is based on the balance of the electron
and ion losses. The ion loss, at low magnetic field and high ion temperature observed in H-1, is
dominated by the direct orbit loss mechanism. This is shown by modeling of the exact ion orbits and
by comparing a qualitative picture of thg, formation with the experimental data. Relative
efficiency of the electron and ion heating in the inner regions of plasma define the conditions for
either low-to-high (L—H) or high-to low (H-L) confinement bifurcations in H-1. €998
American Institute of Physic§S1070-664X98)03706-9

I. INTRODUCTION chines, the physics can be quite different, for the following
. - ._reasons. The transitions are observed at a very low magnetic
The radial electric field has been shown to play a cruua@ield (<0.15T), low electron temperature<@0 eV), and

role in the confinement of plasmas in toroidal machihkss N S

. : : : . - surprisingly high ion temperatur@p to 200 eV. The tran-
also a major player in confinement bifurcations observed in_. . ) .
tokamake stellarator$™> reversed-field pinch config- sitions are observed in argon, neon, helium, and hydrogen

urationé and in linear machines plasmas. A very large ion gyroradigs-6—10 cm in a high

The transitions to improved confinement modes ob—Ti argon plasma comparable to the minor plasma radius,
served in the H-1 toroidal helide® exhibit many of the implies that the ion transport phenomena cannot be described

features of low-to-high(L—H) transitions in other experi- by the existing theories, since/q; /L,<1 ordering(where

ments, including the increase in the radial electric fieldlpe Lri1 Itsh)tzzelgri]nLrirons]?rofr?g:ausneaoncdli;sé?cgl]z dergzlltt:ﬁessc?;enot
across the transition from lowL) to high (H) confinement 9 PP

: o . applicable to our conditions. The main ion loss mechanism is
mode. Whether such an increase causes the transition, or it i . . :

. . . the direct ion orbit loss. The electrons, on the other hand, are
a result of the improvement in confinemgbecause of the

steeper ion pressure gradients in the H madenot quite strongly r_nag_nen_zed pG-‘N.O‘l mmy, so that the electron
. N . transport is diffusive. In this paper we study the plasma par-
clear. This question is closely related to a practical proble

of the thresholds for the transitiongsee, for example, "Micle loss using athree—.d|n".|en3|or(3LD).|pn orbit modeling
to analyze its role in bringing, to a critical value.

Ref. 11): which plasma parameters define the conditions fa- - : . .
. : . In steady state, the quasineutrality requires that the radial

vorable for the confinement bifurcations. ; . o .
fluxes of electrons and ions be equal. This equality is main-

thresholds for the L—H transitions in the H-1 heliac and anaia(;n:\(tjivbe)(/dtirrlgcrédoll?Av?/[:rciglw:fgﬁ;}lhzlzhtrﬂtgli: gt?ir? g;dH}én'S
lyze the role of the radial electric fiell, in bringing the 9 Y

lasma. up to a bifurcation point. The experimental setu amr]adial fluxes, assuming the ion orbit loss to be dominant and
P P point. P P considering the fluctuation-induced flux to be ambipolar.

diagnostics used in this study are described in Sec. Il. Thé : ;
) . In Sec. IV we present the results on the ion orbit mod-
experimental results on the transition thresholds and on the. . o . .
. . . . eling in a 3-D magnetic field in the presence of the radial
E, behavior are presented in Sec. Ill. It is shown that in any I . .
o N electric field. The modeling results on the ion loss rate are
combination of the plasma parametdmagnetic field, rf . o . )
L used to derive an empirical scaling of the outward ion flux.
power, neutral pressure, éetdt is the E, that needs to be ) g
: AR . : In Sec. V we present a simple qualitative model of the
driven to a certain critical value. At this point, we postulate ; . D . .
s o i formation of the radial electric field and compare its predic-
that drivingE, above the critical is a necessary condition for ) : .
. . : tions with experimental results. In Sec. VI we summarize the
a bifurcation. The next question i®w does the plasma ap-
: : results.
proach a bifurcation?

Though the transitions between the confinement modeg, EXPERIMENTAL SETUP, DIAGNOSTICS AND
in H-1 are similar in many aspects to those in other ma;PLASMA PARAMETERS

The H-1 heliac is a helical axis stellarator having a major
dElectronic mail: michael.shats@anu.edu.au radius ofR;=1.0 m and a minor plasma radius of about 0.2
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the radial electric field profiles on a shot-to-shot basis. A
number of the parameter scan experiments have been per-
formed when both the radial fork probe and the triple probe
were radially fixed, measuring;, V,, andT, atr/a=0.33,
r/a=0.5 (fork probe, andr/a=1.0 (single—triple probgsi-
multaneously. In this case, we monitor the average gradients
of the plasma potentidtienoted as the average radial electric
field later in the paperand of the ion saturation current
(denoted as the average density gradiemhese gradients
are defined asEf'=—[V (r/a=1)—V,(r/a=0.33)]/Ar
anddlg/dr=[l4(r/a=1)—14r/a=0.33)]/Ar.
The radial profiles of the plasma parameters in low and
@ ‘ . high confinement modes are described in Refs. 8 and 9. The
zlem) - density profiles are peakdam(0)~10® m™3], the electron
i temperature profiles are flat in the inner region of plasma
[T<(0)=8 eV] increasing to the edge to about 20 eV in the L
mode. In the H modeT,, in the center remains the same or
decreases to about 6 eV, while at the edgeincreases to
about 25 eV. The plasma potential is positive being
Vp~30 V in the radial region of/a=(0-0.5) andv,~80
V at the edge in the L mode. In the H mode, the central
56 ‘ e potential drops td/,~5 V while the edge plasma potential
o) 100 120 increases up te-100 V. This leads to the doubling in the
radial electric field in the outer half of the plasma radius
FIG. 1. The H-1 coil arrangemeftialf of the toroidal field coils showrand across the transition from the L to the H mode. The ion
T e e ot e i s o (eTIDETaLLTe profie, as Mmeasured using RFEA, remains es-
as shown in(c)] is located at the toroidal angle af=7.5° (tips atr/a  Sentially flat in both modes of confinement, but the central
=0.33 andr/a=0.5); the single triple probe is located @=0° with its tips ~ temperature increases across the transition by up to 100%
atr/a=1. This fixed probe position was used in the dynamics studies.  from about 40 eV in the L mode to 80 eV in the H mode.
The increase in the radial electric field is not correlated with
any significant changes in the ion poloidal or toroidal flows,
m.12 For the experiments reported here it was operated at lowhose velocities appear to be about five to ten times lower
magnetic fields €0.2 T), with a current-free plasma pro- than the estimate@xB drift velocities in either mode of
duced by the pulsed rf power of less than 100 kW at 7 MHz confinement.
The rf power pulse length is about 80 ms. The electron tem-
perature in the discharge is low enough.€5-40 eV) so
thaf[ a ngmber of prob_es can be inserted as_far as the Mafr EXPERIMENTAL RESULTS ON THE TRANSITION
netic axis. The experiments are performed in argon, NeORHRESHOLDS
helium, and hydrogen. The argon gives typically more repro-
ducible discharges, which are less affected by the insertion of It has been reported in Ref. 8 that the improved confine-
the probes. ment mode in H-1 is observed when the magnetic field is
The main diagnostics used in this set of experimentabove some critical valuB.,. This B, changes with the
include the combinations of the triple probes described berotational transfornt roughly as 1/(%£).8
low, the retarding field energy analyz&FEA) described in First, we present the results on the transition thresholds
Ref. 9, microwave interferometer, and a visible spectroscopyn the magnetic configuration characterized by the rotational
diagnostic to monitor the intensity of the chord average iortransform of /~1.41 and very low shearA{/(i~10 3).
and neutral spectral linésThe diagnostic layout is shown in  Among other parameters that define the conditions for the
Fig. 1. Three triple probes capable of measuring the ion satu-—H transitions is the neutral particle density. Critical mag-
ration currentls, the plasma potentia¥,,, and the electron netic fieldB,, defined a3 at which spontaneous L—H tran-
temperaturdl . with a time resolution of about as (limited  sitions are observed, increases with an increase of the filling
by the acquisition rate of 200 khizvere arranged as shown pressure. Figure 2 shows the results of the magnetic field
in Fig. 1(b). A single movable triple probe was typically scan for three different filling pressures in argon at a fixed rf
fixed radially at about the last closed flux surfate€FS), power. The ion saturation current ata~0.3 [Fig. 2(a)]
r/a=1. This probe was located toroidally @t=0, while the  practically does not change in the L mode and increases by
other two triple probes were combined into a radially mov-60%—-80% aboutB.,. The average density gradieft/a
able fork probdtips separated by 15 mm both poloidally and =0.33 to 1.0 [Fig. 2(b)] does not change in the L mode and
radially, as shown in Fig. (t)] at ¢=7.5°. This radial fork then increases &~B_, in the H mode. The average radial
probe is used to measure a time-resolved radial electric fieldlectric field E, [Fig. 2(c)] gradually increasegbecomes
during a single plasma discharge. It was also used to measungore negative with B in the L mode to a level of about

Visible
Spectroscopy

20 |




2392 Phys. Plasmas, Vol. 5, No. 6, June 1998 Shats et al.

P S 100

* Hmos Fog bl T, (eV)
i} ‘ O

2 80 A

N 60
@ N
0 : | i L
o difdr I

[ (arb. un.) \‘El\\ Ty
I 40

20
0 1 I 1 Il ) ) L
(@)
0.12
B (T)
e i &
| ‘ @
() 004 0.09 B(I) 014 0.08
FIG. 2. Plasma parameters during the magnetic field s¢anson satura- 3 /
tion current ar/a~0.3; (b) the radial gradient of the ion saturation current L
and(c) the average radial electric field at three values of the filling pressure
in argon. HerePg,=1.7X 10" ° Torr (squarey 2.4x 1075 Torr (triangles, r
and 3.6 107 ° Torr (circles. The rf power launched using two antennas is 0.04
fixed atP~80 kW. '
—11 V/cm before it jumps up in the H mode. The error bars |
in Fig. 2 indicate a shot-to-shot reproducibility. 0 A — ' "
The magnetic field at which the jumps in the plasma (b) OE+0 IE-4 Py (Torr) 2E-4

parameters occur increases with the increase in the gas filling

pressure almost linearly, as shown in Figh)3 It should be  FIG. 3. The ion temperature ata~0.3 in the L mode aB=0.06 T, (a),

noted that the ion temperature in the L mode a fixed and the critical magnetic fieldp), versus gas filling pressure in argon at
L g . - P.i~75 kW (two antennas

magnetic fieldl decreases with the increaseRg, , as shown

in Fig. 3a).

The rf power is another parameter that defines the
thresholds for the transitions between two modes of confineto 45 ms, the plasma in the L mode is characterized by strong
ment. In the magnetic configuration witk=1.41, transitions density and potential fluctuations. At the third step a sponta-
to the H mode can be reached at a fixed magnetic fielsheous transition to the H mode occurs at about 50th ms of
B<B,, and fixed filling pressure by increasing the rf power.the discharge. The negative radial electric figdg. 5(c)]
This is illustrated in Fig. 4. As the rf power is increased fromsteps up in the L modéreaching~8 V/cm) prior to the
~12 kW to ~90 kW, the line-average density staysmat transition, as does the ion temperat@net shown. After a
~6x10""m 2 in the L mode and then jumps up tm, few oscillations during the transitiofirom 46 to 53 m§ E,
~10"® m~2in the H modgFig. 4a), open squardsBoth the  eventually stabilizes in the H mode at a level of about 10
ion temperaturg¢Fig. 4(b), open diamondsand the average V/cm. It is important to note that in a wide range of experi-
radial electric field[Fig. 4(a), solid circle§ gradually in- mental conditions the depth of the potential well in plasma,
crease with the increase in the rf power in the L mode beford V=V ,(a) —V,(0), iswell correlated with the ion tempera-
they suddenly double in the H mode. ture, so thafl; /eAV=(0.7-1.3).

The transitions to the H mode induced by the increase in  The difference in the absolute value of the threshold
the rf power are also observed in this magnetic configuratiomf power shown in Fig. 4 P~55 kW) and in Fig. 5 P
during the “power step” discharges. One example of such a~80 kW) is due to the different antenna geometries dsed.
discharge is shown in Fig. 5. A 17 ms long “preionization” The rf power threshold for the transition is found to be lower
phase is followed by four rf power steps, eaeli5 ms long, when the power is launched using one antefazin Fig. 4
as shown in Fig. &). During the first two steps, from17  than in the case when two saddle loop antennas are used. The
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11 discharge in the magnetic configuration with~1.41 atB=0.077 T and
i : : P =1.7X10"° Torr. Two rf antennas.
40 + .
i $1
I o 1 shown in Fig. 6. But again, the H mode is reached
20 | g © } : ~20 kW of rf powe) when the radial electric field increases
L & { I up to about 10 V/cm with the decrease of the rf power. The
L 8 i transition is correlated with the fluctuation suppresdithre
- ' Py (kW) squares in Fig. B This effect, namely, the reversed power
0 S fb et threshold for the transition, is also observed during the rf
(b) O 20 40 60 80 100 power modulation experiment. Figure 7 shows the time evo-

lution of the plasma parameters during a power step dis-
FIG. 4. Plasma parameters during the rf power ssingle antenna con-  charge in the standard magnetic configuration. In this case

figuration atB=0.08 T andPy, =3%10"° Torr in the magnetic configura- . . |
tion with + ~1.41: (a) line-average densitjopen squaresand the average the H mode is reached at the first st est power, from

radial electric field(solid circles; (b) ion temperature at/a=0.25 (dia- 19 to 32 m$ During the second power step, the electron

studied, with one important exception: an increase in rf r
power does not always lead to the H mode. As an example,
we now consider the so-called standard magnetic configura- 1
tion (no current in the helical windingcharacterized by a
lower rotational transform of~1.1 and higher magnetic
shear A4/£~6x102). In this configuration the H mode is

also observed aB=B, with B, being higher than that in
the £~ 1.41 configuration, though the scenario is similar: the
increase inB correlates with a gradual increase B until

the H mode is reached arf, jumps to a more negative
value. The rf power threshold conditions in this configuration 10 30 Py (kW) 50

appear to be drastically different from those shown in Figs. AFZIG. 6. The radial electric fieldopen diamondsand the relative fluctuation

and 5. Ata fix_ed magnetic field and fixed gas f_iIIing Pressur8evel (solid squaresduring the rf power scan in the standard magnetic
the H mode is reached when the rf power is reduced, asonfiguration aB=0.123 T,Pg=3X10"° Torr in argon. Two rf antennas.

monds. density[actually the ion saturation current in Fig(by] is
_ o - E, (V/cm) ﬁ/n
parameter dependencies remain similar for both antenna con-20 ; 0.4
figurations. I E ]
The scenarios of the transitions to the H mode described - i 1

above are quite typical for all the magnetic configurations 15 | i P 103
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FIG. 7. Time evolution of the plasma parameters during the power step

discharge in the standard magnetic configuratibn1.1) atB=0.12 T and © )
P =9.6x10"® Torr. Two rf antennas.

FIG. 8. Examples of the ion orbit3;=45 eV,B=0.1 T. The edge plasma
potentialV,=0 (a), V,=15V (b), V,=60 V (c), andV,= 80 (d).
trying to reach a new level, twice as high as during the first
step, but then falls into the L modetat 35 ms. Such high to
low confinement(H—L) transitions are typical for the stan- ments and requires a study of exact ion orbits. In this section,
dard magnetic configuration. The radial electric field de-we present the results on the ion trajectory modeling in the
creases across the H—L transition from 106 V/cm and  conditions very close to the plasma conditions described in
then increases during the following power step in the L modeSecs. Il and Il1: singly charged argon ionsBa 0.2 T in the
to about 8 V/cm, as shown in Fig(dJ. presence of the inward-directed radial electric field.
Summarizing these observations, regardless of the sce- The ion orbits in the 3-D magnetic field of the H-1 heliac
nario, the transitions between the two modes of confinemergire followed by solving the Lorentz force equatidiv/dt
are observed when the radial electric field reaches some criti=(a/m;)(V xXB+E) in real coordinates. A Gourdon code
cal valueE®™. The ways to driveE,(<0) up to the transi- is used to produce the magnetic fiddr,¢,z) and the flux
tion include the following: an increase in the magnetic field,surface coordinatgs(r, ¢,z) on a grid. The plasma potential
a decrease in the neutral filling pressure, andnareaseor  profile is modeled to approximate the experimentally mea-
decreasein the rf power. At this point we postulate that sured profile in the fornv,=V,p?, whereV, is the plasma
driving E, up to E™ is a necessary condition for the con- potential at the edge and<Qp<1. After defining the initial
finement bifurcation. In the next section we consider the iorronditions, the ion orbits are followed using a standard adap-
confinement in H-1, since understanding of the ion loss idive step size Runge—Kutta integrator routine.
critical for our further discussion on the formation of the =~ The examples of the individual trajectories are shown in
radial electric field. Fig. 8. The trajectories are produced for ions with the energy
of T;=45eV atB=0.1T for a few values of the plasma
potentialV, at the edgédcentral potentiaV,=0). The orbits
shown are the projections of the real coordinate orbits into a
A surprisingly high ion temperature observed in the H-1poloidal cross section of the flux surfaces. The particles are
heliac discharges at low magnetic fieldgises a question launched at/a= 0.3 with the same initial conditioneloc-
about the details of the ion confinement and loss mechaity, pitch angle, and gyrophagseThis figure illustrates an
nisms. A combination of the three factors, namely, the highimportant role of the radial electric field in the ion confine-
ion temperature(up to 200 eV, low magnetic field mentunder the conditions when the electric force in the Lor-
(<0.1T), and a high ion masén;=40 in argon orm; entz force equation is comparable to the magnetic force. The
=20 in neon brings the ion gyroradius to the order of mag- radial electric field localizes the ion orbit, slightly improving
nitude of the minor plasma radius. This makes use of theéhe confinement of the weakly magnetized ions.
theory and numerical modeling resiftdased on the guid- To study the ion loss, an ensemble averaging is per-
ing center approximation invalid for the described experi-formed. This includes averaging over the initial conditions of

IV. ION ORBIT AND ION LOSS MODELING
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FIG. 9. The fraction of particles lost versus time from the start for different F|G. 10. The fraction of particles lost in 0.12 ms as a function of the plasma

ion temperatures. The magnetic fieldBs=0.1 T and the edge plasma po- edge potentiaV, for different ion temperatures. The magnetic fieldBis
tential isV,=46 V. =0.1T.

. . . : the first 0.12 ms after launch as a function of the edge po-
the monoenergetic particles. The poloidal and toroidal coor- "~ . . . . )
g P b ntial V, for different ion temperatures. This fraction de-

dinates, as well as the particle pitch angle and gyrophase, al & . . : : -
averaged randomly on a grid. The radial averaging uses reases with the increase in the radial electric field. The de-

variable grid with a number of particles launched at the rglrease is relatively slow: the fraction of lost ions changes

. . . . .~ from about 65% with no radial electric field to only about
d N b funct f th ted - . .
rr:léi:aol de(rrlg?t' erf?@ (urr;c-l?\ln(? )—eL?Popnr(or);Ier?e r?gfee” 55% atT;/eVa~1 (Fig. 10, T;=45€\). The decrease in

Ity profientr),. Niro)=LJo W ™" with the increase ifE, is due to some improvement in

L~27R (R is the major radius Typically about 3000 par- the ion orbits seen in Fig. 8. This orbit improvement of the

ticles are used in the loss modeling for the fixed partlCle\/veakly magnetized ions discussed here is not as dramatic as

energy, the radial electric field, and the magnetic field. Th%he orbit improvement of the neoclassical trapped ions at a

results are averaged over the range of particle energies aIPf?gher magnetic field and smaller ion gyroradtts® It has
are properly weighted to simulate the Maxwellian dIStrIbu'been shown in Ref. 14 that the collisionless ion loss fractions

tion with the temperaturd. in the guiding center modeling in H<{hydrogenB=1.0T)

The IOSS. IS Qefmed asa rate at which particles Iegve th8ecreases from about 40% when no radial electric field is
plasma. An ion is considered to be lost as soon as its OrbBresent down to zero & /eV,~1
’ a .

!nterSﬁCtS th? last closlfld fluix sur_fa(d.;(:_FS). Though tt)herke h Summarizing, the collisionless radial ion flux is propor-
'S;‘.? alnc?_ orf_al(\j/veahyhmﬁgnett)lze lfon t((; ion;)e ac tt fional to the ion temperaturé;, and is a relatively weak
radial electric nield, which has been found to be posi IVedecreasing function of the radial electric field, as shown in

. . 9 H
(repelling for iong at r/a>1,” would push it farther away Fig. 10. The flux decreases asBj when bothT, andE,
from the LCFS. are fixed

Figure 9 shows a fraction of iorisut of total number of

articles lost, f,;, as a function of time for different ratios
'FI)'/eV c?fthe e<|quilibrium temperature to the edge potential V. QUALITATIVE MODEL OF THE RADIAL ELECTRIC
a ‘FIELD FORMATION AND COMPARISON WITH

On qu t.lme. scale .of the ion CO||.ISIOI’1 timer{~3 EXPERIMENT

X 10™" s) in this experiment and for typicaleV,~ 1, more

than 50% of particles are lost. The fraction of lost particles ~ Once the scaling of the ion orbit loss is known from the

increases as the ion temperature grows. numerical experiment of Sec. IV, we may build a qualitative
We define an average loss curréot flux) as the value, model of the radial electric field formation. This field is gen-

which is proportional toF?rb"oc(Vp/Sp)nf,lfcr, whereV,  erated by the radial currentsee, for example, Refs. 1, 17,

and S, are the plasma volume and the surface area correand 18, and it can be shown using Poisson’s equation that

spondingly,n is the particle density, and., is a characteris- P

tic time scale of the loss. Either we fix the observation time  eye; 5 E,=e(l'e—T}), 1

7 and measure the loss fractidp as a function of plasma

parameters, or measure the time during which a fixed fracwhere e, is the perpendicular dielectric constant. In steady

tion of particles(e.g., 50% is lost in direct losses. If we fix state the electron and ion fluxes balance each other, so that

the loss fraction at, for exampld;=0.5 and measure the the net radial current is zerd,,=T';.

average loss time,,, we find that the loss rate arfqorb" is As was shown in the previous section, the high-

proportional to (1B2). temperature ions in H-1 are confined by the combined effect
Figure 10 shows the fraction of the particles lost duringof the magnetic and the radial electric fields. In the condi-
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tions, typical for the described experiments, the ion orbit K =
width is of the order of the plasma minor radius. The average ~* ’
lifetime of ions is shorter than the collision time and the 40
direct particle losses exceeds 50% on a time scale; of

Even at higherk,, the direct orbit loss remains to be the
dominant loss mechanism for ions. The electrons, in contrast, T
are strongly magnetized with the electron gyroradius being
of the order ofp.,~0.1 mm. The electron collision rate is
considerably higher than that of the ions and is of the order 20 7
of ve~6X 10° I/s. In these conditions the electrons are in the R
plateau regime, since the electron collisionality parameter 4
v =vel /(enVte) is about 0.5whereL is the parallel con-
nection length, in H-1L,~0.3m, €,~0.5, andVy¢~1.5
X 10° m/s is the electron thermal velocjtyThe electron 0 ' 5 B B
losses include the neoclassical plus the fluctuation-induced - B
flux. We assume that the fluctuation-induced transport is am- 0 10 20
bipolar, i.e., fQUCtZFif|UCt. The quasineutrality condition FIG. 11. The electroridotted line$ and the ion(solid line9 radial fluxes
would require the ion orbit loss to be balanced in steady statéersus the radial electric field for different electron and ion temperatures.
by the electron neoclassicllC) flux: TYC=T°"" For the

lateau regime the neoclassical flux in the presence of th . L
Eadial eIec?ric field is given By-1° P ﬁl E,, (transition 1-2 in Fig. 11. On the other hand, the

increase in thel, at constanfT; will bring the intersection

1/2
pNe_ g T 2 Pe Te
€ 2 r eBy

1dn 31 dT, point farther to the left, i.e., to loweE, .
-t o= — In the power scan and the power step experiments in the
ndr 2T dr standard magnetic configuration, the decreade, iwith the
e E, |2 increase inP, (Figs. 6 and Y can be attributed to a prefer-
7 (Er=ByUa) exp[ - ( BV ) : (2)  ential electron heating in the inner regions of plasma. Indeed,
© f¥Te the electron temperature ata=0.5 increases during the
or, since the exponential factor on the right-hand side of th®0Wer step from S to 9 eV, as shown in Fiddy. Figure 12
equation(2) is about unity and the mean velocity along the Shows the expanded traces Bf and E, about the power

magnetic fieldU,, is small® step. The electron te.mp_e.rature increase; right after the power
step andbeforeany significant changes ig, .
" nT¥2 (1dn 31 dT, eE A §imilar analysis of the.discharge with the L—H transi-
e ~—\l-5=+t5=——— = tion (Fig. 5 shows that in this case the electron temperature
B ndr 2T,dr T,

does not change at all before the bifurcation. The expanded
The direct ion orbit flux has a similar magnetic field traces ofT and E.r for th's. case are shown n Fig. 13. .
Such behavior qualitatively agrees with the simple

scaling of ~(1/B?). It is an increasing function of the ion ) S . X
. . . .model presented above. The ion heating in the inner regions
temperature and a decreasing function of the radial electric

) i : . o of plasma increases the radial electric field in any scenario of
field (Fig. 10 in the range of the experimental conditions . ST .
described in Sec. Il the approaches to the bifurcations: an increas® (fig. 1),

We propose the following scheme of the radial electricdecrease ig (Fig. 2, or increases iy (Fig. 3). In some
field formation. The rf heating mechanism by the heliconC2Ses: like in the standard magnetic configuration, the in-
waves in H-1 is not quite cledrbut it looks like it is capable
of heating both electrons and ions depending on the plasme
conditions. If ions are heated more efficiently than electrons, s = Erav(Viem
then the increase in rf power leads tdlaincrease and the
ion orbit loss increases in the outer half of the plasma radius. 4
This must be compensated for by an increase in the outward
electron current to prevent the buildup of negative space
charge. This can be graphically interpreted if we plot the
electron and the ion fluxes discussed above versus the radia s
electric field, as shown in Fig. 11. The range of the plasma
parameters is taken from the experiment. It should be noted , £
that the first two terms on the right-hand side of the equation =
(2) nearly compensate for each other sifigeprofiles are ‘ ‘ ‘
hollow andn, profiles are peaked in H-1. The equilibrium 320 s 324 326 328
radial electric field is defined as the intersectionlfE,)

and I‘e(E_r) in Fig._ll. |f_the electron temperature is _fixed, FIG. 12. Time evolution of the average radial electric field and the electron
then the increase in the ion temperature leads to the increasenperature at/a=0.5 during the power step discharge shown in Fig. 7.

t (ms) 33.0
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Vi andV,; are the poloidal and toroidal rotation velocities,
respectively, and3, and B, are the poloidal and toroidal
components of the magnetic field. The radial electric field is
balanced, in our case, by the ion pressure gradidet first
term in the right-hand sidesince the bulk plasma velocities
have been shown to be small compared with EreB drift
velocity? The increase in the radial electric field with the
15 ‘ ; increase irB or P; can be attributed to the increase in either
L T; or (1/)(dn/dr). The latter does not significantly change
in the L mode, as shown in Fig(l), so it is likely that the
ion temperature is the major drive.
The dependence of the critical magnetic field on the gas
C filing pressure can also be interpreted in terms of the ion
o L ; : : : heating (or confinement efficiency. At a fixed magnetic
“ “ “® % 2 ot M % field, the ion temperature in the L mode decreases with the
FIG. 13. Time evolution of the average radial electric field and the electronincrease in the filling pressuréig. 3, as does the radial
temperature at/a=0.5 during the power step discharge shown in Fig. 5. €lectric field. To compensate for this decreaseEinwith
P:n» the magnetic field should be brought up to increase the
_ _ . radial electric field toE,=E{".
crease in the electron temperatuind corresponding in- Oversimplifying, the radial electric field is a function of
crease inl’e) can compensate the increaselinor can even e o temperature and the ion temperature is defined by the
result in the lower equilibrium radial electric fie(ttansition combination of effects of the magnetic field, rf power, and
13 in Fig. 13. the filling pressuréneutral density,
In this simple picture we neglected the role of electrons
VI. SUMMARY AND DISCUSSION in the radial electric field formation. This role is quite impor-
The conditions and thresholds of the transitions betweetant, as shown in Sec. V. The increase in the electron tem-
low and high confinement modes have been studied in thperature in the inner plasma region can lead to the decrease
H-1 heliac. The factors affecting the thresholds include then the radial electric field and be responsible for the transi-

E_E, av (V/em)

AETTIRTYE IV

b

following: tion from high to low confinement, as observed in the stan-
(a) magnetic configuration; dard magnetic configuratiofirigs. 6—7, 12

(b) magnetic field; The details of the rf power deposition may also be es-
(¢) filling pressure of the working gas; and sential for the interpretation of the difference in the power
(d) radio-frequency power. threshold in different antenna configuratidifégs. 4 and &

It is shown that transitions, either from low to high con- The difference in the threshold power in this case may be
finement(L—H), or from high to low(H-L), occur when the due to the difference in the relative electron/ion heating
radial electric field is close to some critical value Bf'  when one or two antennas are used, even if the total absorbed
=(10-15 V/cm). power remains the same. Future studies of the mechanisms

For the L—H transitions, the negative radial electric fieldof plasma heating using helicon-type antennas could shed
increases monotonically in the L mode with the increase irsome light on the details @&, formation in H-1. The role of
the magnetic field(Fig. 2). The ion temperature also in- the relative ion/electron heating in the formation of the radial
creases with3. A jump in E, to an even more negative value electric field can also be studied in the future by using two
in the H mode is correlated with the steepening of the iondifferent heating schemes, so that the heating of ions and
pressure profile. The time scale of the radial electric fieldelectrons is decoupleffor example, by using the electron
“pifurcation” is very close to the time scale of the modifi- cyclotron resonance and the ion cyclotron resonance heat-
cation in the density profile. We have not found any evidencéng).
that the radial electric field increases before the increase in Summarizing, the transitions between low and high con-
the pressure gradient, though it typically oscillates during thdinement modes in H-1 are observed, when the radial electric
transition. field reaches some critical levébetween 10 and 15 V/cm

Similarly, the radial electric field increases monotoni- The electric field formation depends on the relative loss of
cally in the L mode before the transition with the increase inthe electrons and ions, which, in turn, depend on the electron
the rf power, as shown during the power scan in Fig. 4, ond ion temperature. This radial electric fiétt its gradient
during the power step discharge in Fig. 5. Again, the increaseuppresses the fluctuations and fluctuation-induced transport.
in the radial electric field in these conditions is always prettyThis is followed by the improvement in confinement. The
well correlated with the increase in the ion temperature aeffect of the radial electric field on the fluctuations and as-
constant densityFig. 4). sociated transport will be reported in a separate paper.

This seems to be consistent with a simple radial force
balance argument. According to the radial force balancé CKNOWLEDGMENTS
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