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Rotation Characteristics of Main Ions and Impurity Ions in H-Mode Tokamak Plasma
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Poloidal and toroidal rotation of the main ions (He?*) and the impurity ions (C®* and B3*) in H-
mode helium plasmas have been measured via charge exchange recombination spectroscopy in the DIII-
D tokamak. It was discovered that the main ion poloidal rotation is in the ion diamagnetic drift direc-
tion while the impurity ion rotation is in the electron diamagnetic drift direction, in qualitative agree-
ment with the neoclassical theory. The deduced radial electric field in the edge is of the same negative-
well shape regardless of which ion species is used, validating the fundamental nature of the electric field

in L -H transition phenomenology.

PACS numbers: 52.55.Fa, 52.55.Pi, 52.70.Kz

Since its original discovery in ASDEX [1], the H mode
has proven to be one of the most robust and ubiquitous
modes of improved confinement in toroidal magnetic
fusion devices. The physics of the L-mode to H-mode
(L-H) transition has attracted a great deal of interest
and effort from both the experimental and theoretical
communities. Critical reviews of this subject have recent-
ly been made by Burrell et al. [2] and Groebner [3]. Al-
though a complete, quantitative theory of the confinement
improvement at the L-H transition does not yet exist,
combined theoretical and experimental work has merged
into a paradigm that a highly sheared EXB flow in the
plasma edge can lead to better confinement through
decorrelation of the fluctuations, decreased radial correla-
tion lengths, and reduced turbulent transport [4,5]. The
experimental observations that the edge impurity ion po-
loidal rotation [6-9] and the edge radial electric field
[6-11] change dramatically and abruptly at the L-H
transition have led to several theories which consider how
the radial electric field or the (main) ion poloidal rotation
changes across the L-H transition. Among these are
theories based on bifurcation of the radial electric field
[5,12], Stringer spin-up [13,14], turbulent Reynolds
stress [15], temperature gradient-induced poloidal rota-
tion [16], and particle and energy confinement bifurca-
tion [17].

Only the impurity ion rotation measurements have
been available previously and some theoretical models
were developed to explain the sudden (=<1 msec) in-
crease of poloidal rotation (in the electron diamagnetic
drift direction) at the L-H transition; these theories im-
plicitly assumed that the main ion rotation and the im-
purity ion rotation are identical. However, recent neo-
classical derivations of rotation velocities predict that the
main ion poloidal rotation and the impurity ion poloidal
rotation speed could be quite different [18,19]. Although
not in H mode, a comparison of the main and the impuri-
ty ion poloidal rotation in Ohmic plasmas in TEXT was
reported previously [20], which showed little difference
between them. Experimental clarification of the rotation
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behavior of the main and impurity ions in H-mode plas-
mas is important not only as a check of the neoclassical
rotation theories, but also as a test of the existing L-H
transition theories. However, charge exchange recom-
bination (CER) measurement of the main ion rotation is
very difficult in neutral beam heated deuterium plasma
because the D, line is usually obscured by large thermal
emission from the plasma edge and by Doppler-shifted
emission from injected beam neutrals themselves. In ad-
dition, spatial resolution is compromised by cross-field
thermal motion of the excited deuterium neutrals born
via charge exchange.

In this paper, we report the first direct measurement of
the main ion poloidal and toroidal rotation characteristics
in H-mode tokamak plasma. By employing helium plas-
mas in the DIII-D tokamak and by using CER spectros-
copy for the He 11, C VI, and BV lines, we have discovered
that the sign of the poloidal rotation of the main ions and
the impurity ions is indeed opposite, in agreement with
the neoclassical prediction [18], but that the magnitude
of the main ion poloidal rotation is much greater than the
prediction. The measurement also shows an appreciable
difference in toroidal rotation between the main and the
impurity ions in the edge region. Implications of the ex-
perimental results on L-H transition theories and rotation
theories will be presented.

The CER system [21-23] on the DIII-D tokamak al-
lows us to monitor any select spectral line emitted from
excited ions localized where the line of sight and the neu-
tral beam cross. These spectral lines contain information
on the Doppler broadening (temperature) and the Dop-
pler shift (rotation speed). The spatial coverage ranges
from R =1.77 m to R =2.30 m while the magnetic axis is
around R=1.75 m. The neutral beam injection (NBI)
lines are aimed tangentially at the plasma on the median
plane [24]. Deuterium NBI was chosen to provide CER
for He?* [He?* +D%— (He*)*+D™] and to force the
L-H transition in helium plasmas. In the case of helium
NBI, the He 11 spectrum was found to be obscured by the
light originating from slowing-down fast He2* ions. The
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NBI was modulated to allow subtraction of the plasma  direction (ws. direction) is negative.

emission (without beam) from the total emission (with The neoclassical poloidal rotation of the main ions

beam) to yield pure CER spectra. Carbon and boron are (V) and the impurity ions (Vg;) are given by [18]

the main impurities in the DIII-D tokamak whose graph-

o ) ; , _, |B|B,

ite inner wall was boronized by means of glow discharge Voi= 3 VimpiK LT, '———2— Q)]

using diborane and helium gas. In addition, D' ions (B?)

from the injected beams are also an impurity in the heli-

um plasma. Comparison of the thermal D-D neutron Vo =% V,-thp,-{(K|+ $KIL: ' —Lp !

output in the helium plasma and in a deuterium plasma

of similar condition indicates that the ratio of the deuteri- ZT, |B|B,

um density to the electron density is about 10% in the + ZT, A TER (2)
{

Ohmic phase, and the D* content increases with NBI.
The unshifted wavelength locations needed for obtaining where subscripts i and / denote the main ion and the im-
Doppler shifts were determined by the line locations of  purity ion, respectively. Complete definitions of the sym-
the spectra during the Ohmic phase of the shot. Fiducials  bols in Eqs. (1) and (2) can be found in Ref. [18]. The

obtained in this way were validated by using a pair of op-  pressure scale length (Lp) is related to the temperature
posing tangential chords focused at the same major ra-  scale length (L7,) and the density scale length (L,,) by
dius point. Lp"'=Ly,'+Ly ', where L7,' =d(nT;)/dr. Ly, and L,

Some parameters of interest in the single-null divertor are negative because both n; and T; typically decrease
discharges used in this study are B,=—2 T, n.=(1  wijth r. Both the temperature profiles and the density
-4)x10" m ™3, I, =1 MA, and Pisj=5 MW. The ion profiles are obtained from CER spectroscopy. The col-
collisionality parameter (vf) ranges from 0.1 to 0.3 in lisionality parameter (v*), needed for K, and K3, is cal-
the edge region well after the L-H transition. Photodiode  culated using a generalized definition given in Ref. [18]
signals show the onset of a dithering L-H transition at  rather than the usual large aspect-ratio approximation.
around 1=2330 ms (1 =0 is the start of the discharge)  Local and flux-surface averaged magnetic fields used in
and most analyses were done at around 1 =2480 ms. In  the theoretical computation are obtained from MHD
the right hand (r,6,¢) coordinate system, the sign con- equilibrium analysis [25]. Vg is typically positive (wx;
vention of our experiment is as follows: The toroidal direction) since K1 >0, L7, ' <0, and B, <0.
magnetic field B, is negative (clockwise viewed from Manipulation of Eq. 36 in Ref. [18] shows that the
above); the poloidal field By is positive (i.e., downward at difference of the main and the impurity ion toroidal rota-
the outboard median); /, and NBI are in the positive  tion speed does not depend on the radial electric field.
toroidal direction; the ion diamagnetic drift direction  The resulting expression for the difference in toroidal ro-
(wx; di.rection) is positive; the electron diamagnetic drift | tation speeds is given below,

Z;T B}
Voi = Vor=— 1 ViwpaiKoL7, ' + 3 Viwpar | 7 KoL7,' —Lp '+ —Z—’I—Tf-_ij‘] {1 - (B"2> : 3)
where pg; is the poloidal gyroradius of the main ion. The
right hand side of Eq. (3) can be computed from mea- 50 ‘ , ‘ ]
sured profiles and thus can be directly compared with the ——— Theory for He?*
measured difference of the toroidal rotation speeds. Bl 1
30 - ~°°°° Theory for C 4

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

—o— % (75592)
20 L T C%(75593)

POLOIDAL ROTATION (Km/s)
o
T

D,
o -
1 dP;
E,= —— —VgiBst+ V,4iBs, 4) L
r n,~Z,-e dr 0iD¢ 9i Do 10 \ .
,20 = .
where Z;e is the charge of the ion. Since P; decreases ‘ (e
with r, the first term is negative. 2 os sse 221 228 220 2
Measured poloidal rotation velocities of He?* and C°* MAJOR RADIUS (m)

in the edge region about 150 ms after the L-H transition FIG. 1. Measured and calculated poloidal rotation of the

are ShOWP 'in Fig. 1. A cle‘ar diﬂ‘ercr}ce in. ro‘tatioln main ions (He2*) and the impurity ions (C®*) in the edge re-
characteristics between the main and the impurity ions is gion about 150 ms after L-H transition. The LCFS varies
apparent. The directions of the poloidal rotations are in  somewhat from shot to shot. The error bars represent | stan-
agreement with the neoclassical predictions [18]. Vg is  dard deviation of the random error.
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FIG. 2. Measured toroidal rotation of the main (helium) and
the impurity (carbon and boron) ions in the edge region.

in the w«; direction, while Vg is in the usual w«, direc-
tion. Vg is appreciably slower than Vy. Neoclassical
predictions for Vg and Vg, are also plotted in Fig. 1. It is
noted, however, that L, ~1 cm and pg; ~2 cm in the re-
gion a few cm within the last closed flux surface (LCFS)
or the separatrix, and thus the neoclassical theory, which
is based on the assumption of L>>py;, may not be valid
there. Although not shown in the figure, Vg and Vg in
Ohmic phase and L-mode phase are small and equal in
magnitude and flat in profile.

The measured Vy; and V4 are shown in Fig. 2. They
are again different in the edge: V, remains relatively
large even around the LCFS whereas V,; decreases more
rapidly towards the LCFS. It is noted that, although not
shown in the figure, V,; and Vs are quite similar in the
core region. In Fig. 3, the measured V4 —V,y is com-
pared with the prediction [Eq. (3)]. The agreement is
relatively good, but discrepancy shows up also in the high
shear edge region.

Because E, is the property of the overall plasma com-
mon to any species, one should expect an identical result
from all the ion species as computed from Eq. (4). This
very fact, therefore, serves also as a consistency check on
the experimental results. Shown in Fig. 4 are the E,
profiles inferred from He2*, C%*, and B *, respectively.
Considering the different rotation characteristics of the
main ions and the impurity ions, the agreement among
the three independent E, profiles is quite remarkable.
For the main ion, a negative well shape of E, in the edge
region is maintained by the dominant pressure gradient
term against the positive contribution from the — Vg B,
and V,; By terms, while for the impurity ion both the pres-
sure gradient term and the — Vg B, term are negative
against the positive contribution from the Vg Bp term. It
is noteworthy that, given the same gradient scale lengths,
the contribution of the pressure gradient term for the im-
purity is smaller by a factor of Z;/Z; than for the main
ion. For example, at about | cm inside the LCFS, the
contributions of the three terms are, in the order given in
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FIG. 3. Comparison of measured and predicted V,i —V,,
where two plasma shots (not exactly corresponding to the ones
in Fig. 2) are combined (He?* and C®*).

Eq. (4), —90, 30, 40 kV/m for He?* and —25, —20, 20
kV/m for C®*, respectively.

The temperatures of the main ions (He2%) and the
impurity ions (C®* and B’%) are basically identical
throughout the plasma cross section as shown in Fig. 5.
This is perhaps the first experimental comparison of the
main and the impurity ion temperature profiles. In the
very edge region, however, there seems to be a small devi-
ation between T; and T;, which warrants future investi-
gation.

We now focus our discussion on the implications of the
experimental results for L-H transition theories: Several
theories [5,13,16] attempt to explain the connection be-
tween the L-H transition and the observed sudden jump
of Vgr in the ws. direction. Since Vy; is in the w«; direc-
tion, these theories were led to explain the wrong
phenomenon. Another important implication is that the
E, consists of three comparable terms and hence the
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FIG. 4. Radial electric fields deduced from the main ion
(helium) and the impurity ion (carbon and boron) measure-
ments as a function of the distance relative to the LCFS.

2201



VOLUME 72, NUMBER 14

PHYSICAL REVIEW LETTERS

4 APRIL 1994

4 T T T T T
N ®  He? Main lon
° O 8 Impurity
< 3 b o A & B¥ Impurity |
@
=
& i 8
E a
L Q .
é 2 ¢ 4
W K
s 7y
| o
[
Jay
o A1 1 1 L 1
-25 -20 -15 -10 -5 0 5

DISTANCE FROM SEPARATRIX (cm)

FIG. 5. Comparison of the temperature profiles obtained
from He2*, C%*, and B5*.

E XxB flow cannot be approximated solely by the main ion
poloidal flow. Some theories [4,15] opted not to distin-
guish the ExB flow and the poloidal rotation. The radial
electric field was shown to be the same regardless of
which ion species is used to deduce it. Therefore E, is a
more fundamental parameter than the rotation flows
themselves. As long as E, is used in the study of H mode,
the impurity ion measurements are as useful as the main
ion measurements which are usually much harder to ob-
tain. Hence, L-H transition theories [5,12,15,17] based
on the bifurcation of £, may still be valid. For example,
the normalized poloidal rotation parameter (Upm) of
Shaing’s theory [S] was previously computed from the
main ion data to show an agreement with the theory
across the L-H transition [2]. This is primarily due to
the pressure gradient term. However, the ion orbit loss
current, which is the primary driver for the L-H transi-
tion in this theory, forces Vg; to be in the ws . direction.

Opposite signs of Vy; and Vg are in accord with the
neoclassical predictions of poloidal rotation. In the high-
shear edge region of the H-mode plasma where poloidal
rotation is large, however, the validity of the neoclassical
theory breaks down and the prediction is very far off.
The prediction for Vg is not bad, however. Inclusion of
orbit squeezing effects could account for the relatively
large main ion poloidal rotation speed there [26]. The
predicted difference in the toroidal rotation, V, — Vi,
compares reasonably well with the measurement. Future
investigation should be focused on the fine-time-resolved
behavior of the main ion rotation and pressure gradient
across the L-H transition and over a wider range of col-
lisionality.
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