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Abstract. Poloidal and toroidal rotation of the fuel ions (He 2+) and the impu-

rity ions (C 6+ and B 5+) in H-mode helium plasmas have been investigated in the
DIII-D tokamak by means of charge exchange recombination spectroscopy, result-
ing in the discovery that the fuel ion poloidal rotation is in the ion diamagnetic
drift direction while the impurity ion rotation is in the electron diamagnetic drift
direction. The radial electric field obtained from radial force balance analysis of
the measured pressure gradients and rotation velocities is shown to be the same
regardless of which ion species is used and therefore is a more fundamental param-
eter than the rotation flows in studying H-mode phenomena. It is shown that the
three contributions to the radial electric field (diamagnetic, poloidal rotation, and
toroidal rotation terms) are comparable and consequently the poloidal flow does
not solely represent the E × B flow. In the high-shear edge region, the density scale
length is comparable to the ion poloidal gyroradius, and thus neoclassical theory
is not valid there. In view of this new discovery that the fuel and impurity ions
rotate in opposite sense, L-H transition theories based on the poloidal rotation
may require improvement.

I. Introduction

Since its original discovery in ASDEX (Wagner et al. 1982, 1985), the H-mode has proven to
be one of the most robust and ubiquitous modes of improved confinement in toroidal magnetic
fwion devices. The physics of the L-mode to H-mode transition (L-H transition) has attracted

a great deal of interest and effort from both the experimental and theoretical communities. The
most widely accepted paradigm thus far is that a highly sheared radial electric field is formed in
the plasma edge in H-mode and the resulting sheared E × B flow can lead to better confinement
through decorrelation of the fluctuations, decreased radial correlation lengths and reduced tur-
bulent transport (Burrell et al. 1992, Groebner 1993, Biglari et al. 1990, Shaing and Crume
1989). The experimental observations that the edge impurity ion poloidal rotation (Groebner
et al. 1991, Doyle et al. 1991, Ida et al. 1990) and the edge radial electric field (Groebner
et al. 1991, Doyle et al. 1991, Ida et aL 1990, Taylor et al. 1989, Van Nieuwenhove
et al. 1991) change dramatically at the L-H transition have led to several theories which consider
how the radial electric field or the (fuel) ion poloidal rotation changes across the L-H transi-
tion. Among these are theories based on bifurcation of the radial electric field (Shaing and
Crume 1989, Itoh and Itoh 1990), Stringer spin-up (Hassam et al. 1990, Stringer 1969), turbu-
lent Reynolds stress (Diamond and Kim 1991), temperature gradient-induced poloidal rotation
(Hinton 1991), particle and energy confinement bifurcation (Hinton and Staebler 1993).
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One other complication in the history of L-H transition studies was due to the fact that
only the impurity ion rotation measurements had been available previously because of difficulty

in measuring the fuel ion (deuterium or hydrogen) rotation. Most L-H transition theories set
out to explain the sudden increase of poloidal rotation in the electron diamagnetic direction,
assuming that the main ion rotation is identical to the impurity ion rotation. However, recent
spectroscopic measurements in helium H-mode plasma in the DIII-D tokamak have shown that
the fuel ions rotate in the ion diamagnetic direction at a speed as large as about 30% of the
ion diamagnetic speed, which is opposite to the impurity rotation, direction (Kim et al. 1993).

Actually the neoclassical theory predicts the fuel ion poloidal rotation to be in the ion dia-
magnetic direction in the banana regime (Hinton and Hazeltine 1976), and a recent derivation
of rotation speeds for a system of two ion species shows that the sign of the fuel and impurity
poloidal rotation can be different depending on the collisionality (Kim et al. 1991). The neo-
classical poloidal rotation prediction is fairly good for the impurity ions; but is much smaller
than the fuel ion rotation (Kim et al. 1993). The measurement also showed that an appreciable
difference in toroidal rotation between the fuel and the impurity ion exists in the edge region.
An extended neoclassical theory of rotation with the orbit squeezing effect, which reduces the
parallel flow, yields a prediction much closer to the measured ones (Hinton et al. 1993). In this
theory, the fuel ion poloidal rotation depends not only on the temperature gradient, but also
on the density gradient.

In this paper, we first summarize the result of fuel ion rotation measurements in the
DIII-D tokamak where helium was employed as the main fuel ions. Charge exchange recombi-

nation (CER) spectra of helium lines (He II) represent the fuel ions; carbon lines (C VI) and
boron lines (B V) represent the impurity ions. The experimental results and the neoclassical
poloidal rotation predictions are compared. The implications of these results on L-H transition
theories and H-mode phenomenology are then discussed.

2. Experiment and analysis

The CER system (Groebner et al. 1990, Gohil 1991) on the DIII-D tokamak allows us to
monitor any select spectral line emitted from excited ions localized where the line of sight and
the neutral beam cross. These spectral lines contain information on the Doppler broadening
(temperature) and the Doppler shift (rotation speed). The spatial coverage ranges from R =
1.77 m to R = 2.30 m. Deuterium neutral beam injection (NBI) was chosen to provide CER
for He 2+ [He2+ + D ° --,(He+) * + D +] and to force the L-H transition in helium plasmas.
NBI was modulated to allow subtraction of the plasma emission (without beam) from the total
emission (with beam) to yield pure CER spectra. Carbon and boron are the primary impurities
in the DIII-D tokamak whose graphite inner wall was boronized. In addition, D+ ions from
the injected beams constitute an impurity in helium plasma, D + concentration being about
10% of the electrons around the time of L-H transition and rising monotonically with time
into NBI pulse. The unshifted wavelength locations needed for obtaining Doppler shifts were
determined by the line locations of the spectra during the Ohmic phase of the shot. Fiducials
obtained in this way were validated by using a pair of opposing tangential chords focussed at
the same major radius point.

Some plasma parameters or interest are B_ = -1 T to -2 T, ne = 1-4 × 1019m -3, Ip =
1 MA, and Pinj = 4--6 MW. The collisionality parameter (vi_) ranges from 0.1 to 0.3 in the
edge region well after the L-H transition. Photodiode signals show the onset of a dithering L-H
transition at around t = 2330 ms, about 30 ms into the NBI pulse. In the (r-0-¢) coordinate
where/9 is the poloidal direction and ¢ is the toroidal direction, the sign convention of the

present experiment and analysis is as follows: B¢ is negative, the plasma current Ip is in the
positive C-direction, NBI is co-injection with respect to Ip, the toroidal rotation is positive,



Be is positive (i.e. downward at the outboard midplane), the ion diamagnetic flow is in the
positive 0-direction, and the electron diamagnetic flow is in the negative 0-direction.

The standard neoclassical poloidal rotation of the fuel ions (Vei) and the impurity ions

(Vei) for the three-species plasma are given in Kim et al. (1991). Input to the theoretical
expressions are the measured quantities, such as, the density scale length (Lni), the temperature
scale length, and local magnetic fields. Both the temperature profile and the density profile
are obtained from CER spectroscopy. The collisionality parameter (v*) is calculated using a

generalized definition (Kim et al. 1991) rather than the usual large aspect-ratio approximation.
Local and flux-surface averaged magnetic fields used in the theoretical computation are obtained
from MHD equilibrium analysis (Lao et al. 1985).

The radial electric field is derived from the equilibrium force balance equation.The same
equation is also valid for the impurity ion (by changing the subscript from i to I).

Er = niZi--'-'e_,'_r ] - VoiBe + V¢i Bo

where Zie is the charge of the ion. Since Pi decreases with r, the first term is negative.

3. Result of measurement and calculation

Measured poloidal rotation velocities of He 2+ and C 6+ in the edge region about 150 ms after
the L-H transition are shown in Fig. 1. The directions of the poloidal rotations are in agreement
with the neoclassical predictions. Voi is in ion diamagnetic direction, while Voi is in the usual

electron diamagnetic direction. Vei is appreciably faster than Vei. Neoclassical predictions for
Vei and Vei are also plotted in Fig. 1. It is noted, however, that Lni _ 1 cm and pei "_2 cm
in the edge region a few cm within the separatrix, and thus the neoclassical theory, which is
based on the assumption of L >> poi, may not be valid there.

The measured toroidal rotations,

V¢i and V¢I, although not shown in this
paper, also exhibit different behavior in

the edge: V¢i remains relatively large even 50 , i " ! ' I ' I •

around the separatrix whereas V¢I de- _TtmoryforHe2"
creases more rapidly towards the sepa- _. 40 _ He2"(75594) ..._
ratrix (Kim et al. 1993). _ "-_'--Ho '° (75595) _ 1--- 30 - .... Theorylor C_" /P -

Because E_ is the property of the ---e---C a. (75592) . ,_/_

overall plasma common to any species, _< zo _c'" (Tssgz)
one should expect an identical result from _ 10 I_ ./_" _ a),iall the ion species. This very fact, there- -"

fore, serves also as a consistency check _ 0 ---
on the experimental results. Shown in 5
Fig. 2 are the Er profiles inferred from 0-10 a),e

He 2+, C6+, and B 5+, respectively. Con- -zo
sidering the different rotation character-
istics of the fuel ions and the impurity -30 i , J , _ , l , _ ,

ions, the agreement among the three in- 2.21 2.26 2.27 2.28 2.29 2.3

dependent Er profiles is quite remark- MAJOR RADIUS (m)
able. In Fig. 3, the contribution from
each of the three terms of the Er equa- Figure 1. Measured and calculated poloidal rota-
tion is compared for the case of the fuel tion of the fuel ions (He2+) and tt.e impurity ions
ion. A negative well shape of Er in the (C 6+) in the edge region about 150 ms after the

edge region is maintained by the domi- L-H transition. The last closed flux surface (LCFS)
nant pressure gradient term against the varies somewhat from shot to shot.
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positive contribution from -V0iB¢ and 80 .... , . , , , ,
V¢iB¢ terms. For the impurity ion, al-

though not shown here, the pressure gra- _ 60
dient term and -VeIB¢ term are both _ ..............
negative against the positive contribu- 9 40 ".__ .. _. ,. "'"'"-,

tion from V¢IB0 term. It is noted that _m 1 -"-- -_"tl. qtt

the impurity pressure gradient is smaller _.°- 20 " • _,_\¢j i

than the fuel ion and its effect is further

reduced by the factor, Zi/ZI. _ o

The evolution of Vei and Er across _ -z0 ,,_
the L-H transition is shown in Fig. 4. 5 "--'MAIN ION:He 2.

Ve_ is seen to jump in the ion diamag- " -40 --" "IMPURITY: Cs"
netic direction as early as 3 ms after the ..... IMPURITY: Bs*
L-H transition. Before the transition the -60 , J , J , J , L , _ ,
radial electric field is nearly flat across -10 -s -6 -4 -2 0 z
the edge region, and then a negative well R - Rsep (cm)
shape in the shear region is formed

Figure 2. Radial electric fields deduced from the
immediately after the transition even

fuel ions and the impurity ions as a function of the
though the poloidal rotation jump in the

distance from the separatrix.
ion diamagnetic direction contributes to-
ward the positive electric field. The elec-
tric field continues to evolve slowly with
time into the H-mode towards a more

negative well as the pressure gradient so , , , ,
...... ml, , J

buildsup more. -- E_V$ o.or

_e _m

o0 e

4. Implications on H-mode theories "_"_ .- E_Ve
Q 0 . ......

The result of the measurement and theo- u.

reticalcomputationsgivenabovehasre- • E_VP

vealedseveralnew discoveries.These _ -so • _
findings not only concern the rotation m

.J

theories, but have some subtle implica- <_

tionson H-mode theoriesand phenome- _ -100 _
nology as follows, t
a. Several theories (Shaing and Crume MAINION t75595

1989, Hassam et al. (1991), Hin- -1so , _ , _ , _ , _ ,

ton 1991)attemptedtoexplainthe z.2s 2.26 2.27 2.28 2.29 2.3
connectionbetweenthe L-H tran- MAJORRADIUS(M)

sitionand a Vsijump in theelec- Figure3. Comparisonofthreecontributingterms

trondiamagneticdirection.How- totheradialelectricfield.
ever,themeasurement showedVsi

tojump intheiondiamagneticdirectionrightafter(,,_3ms) theL-H transition.Itisnow
apparent that Voi and VOl need to be distinguished.

b. The three contributions to the radial electric field (diamagnetic, poloidal rotation, and

toroidal rotation terms) are rather comparable and consequently the poloidal flow does
not solely represent the E x B flow. Some theories (Biglari et al. 1990, Diamond and Kim
1991) opted not to distinguish the E x B flow and the poloidal rotation.

c. The radial electric field was shown to be the same regardless of which ion species is used
to deduce it. Therefore Er is a more fundamental parameter than the rotation flows



themselves. As long as Er is used
in the study of H-mode, the impu-
rity ion measurement are as useful
as the fuel ion measurement which 20 " ' ' ' ' moz ' (a)

.-e-- -7ms
is usually much harder to obtain. .. ---*- . 3 ms _-_ _-_

d. In the theory ofShaing, etal. (1989) _ --o-- + 23ms \the ion orbit loss is the primary _ 15z
driver for L-H transition. Solving o_
Eq. (6) of the above reference for
the poloidal rotation, however, it o¢ 10
can be seen that the ion orbit loss _

term forces V0i to be in the electron S
diamagnetic direction; we have not o sn
yet seen the fuel ion poloidal ro-
tation in that direction right after
L-H transition, o , ' ' _ ' _ ' P '

e. In the very edge regionof the -4 -3 -2 -I o I
H-mode plasmawitha large,high-

shear,the validityofthe neoclas- 1o _
sicaitheorybecomes questionable _. m02
since it requires L >> psi. Inclu- _ 5 - _ _-_
sion of the orbit squeezing effect _

a
Hinton et at. submitted to Phys. -J _-"m 0

Rev. Lett.)increasedtheneoclas- _-

sical prediction by an order of mag- o - s -
nitude there. \ T

f. Stringer spin-up theory predicts Vsi _
in the electron diamagnetic direc- m -10
tion(McCarthy et al.1993)con- _: --e--- 7 ms

-15 - ---4-- +3 ms _L_ -trary to our observations.
rr --v--+23ms " Y "

5. Conclusions -20
-' "3 "2 -1 0 1

R - Re p (cm)Measurement of poloidal and toroidal ro-
tation of the fuel ions and the impurity
ions in H-mode helium plasmas revealed Figure 4. Fuel ion poloidal rotation and electric

field before and after the L-H transition (t = 0) in
that the fuel ion poloidal rotation is in

the edge region.
the ion diamagnetic drift direction while
the impurity ion rotation is in the elec-
tron diamagnetic drift direction in contrast to the general notion that they rotate the same.
The inferred radial electric field is shown to be the same regardless of which ion species is used.

The E x B flow is not primarily represented by the fuel ion poloidal flow, but depends more
on the fuel ion pressure gradient. In the high-shear edge region, the density scale length is
comparable to the ion poloidal gyroradius, and thus neoclassical theory may not be applicable
there.
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