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Edge Electric-Field Profiles of H-Mode Plasmas in the JFT-2M Tokamak
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The structure of the edge radial electric field E, inferred from the poloidal rotation velocity is com-

pared with that of the particle and thermal transport barrier for H-mode plasmas in JFT-2M. Both E,
and its gradient BE„/Br in the thermal transport barrier are found to become more negative at the L H-
transition. On the other hand, BE,/Br is more positive outside of the separatrix. The shear of the radial

electric field and poloidal rotation velocity in the H mode is localized within the order of an ion poloidal

gyroradius near the separatrix, in the region of ion collisionality v+, = 20-40.

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

Since the H-mode plasma was discovered in ASDEX, '

it has been observed in many tokamaks. -' ' Several
theoretical models on the transition from L-mode to H-
mode plasmas have been presented. '' Recently, a radi-
al electric field (E„) near the plasma periphery has been
found both experimentally and theoretically to play an

important role in the L Htransiti-on. " ' A more nega-
tive radial electric field was observed a few ms before the
L Htransit-ion in DIII-D (Ref. 12), and a decrease in

particle transport was observed with negative F„, by
driving a radial current, in the Continuous Current
Tokamak. ' Theoretical models associated with the ra-
dial electric field have been proposed to explain the L-H
transition. ' ' However, the predicted change of the
gradient of the radial electric field (BE,/Br) is difl'erent

between the models. In Shaing and Crume's model, '

the poloidal flow velocity changes at the L-H transition
and the corresponding radial electric field E, becomes
more negative and BE,/Br becomes more positive, hence
suppressing the fluctuations. On the other hand, Itoh
and Itoh's model' predicts positive values of BE„/Br in

the L mode and negative values of BE„/Br in the H
mode, and that this negative BE,/Br reduces the banana
width of the ions and the electron anomalous flux by the
improved microstability. Thus it is crucial to measure
the gradient or profile of the radial electric field for L-
and H-mode plasmas in tokamaks.

In this paper we present the radial electric-field profile
and temperature gradient profile a few cm inside the
separatrix ~here the transport barrier is produced in H-

mode plasmas in JFT-2M. The radial electric-field
profiles are inferred from poloidal and toroidal rotation
velocity profiles and ion pressure profiles using the ion-

momentum-balance equation,

c1p(
E = —(8 t - —8;tg),

eZ, n; 6r

where Z„p„and n, are the ion charge, pressure, and

density, 8~ and 8& are the toroidal and poloidal magnetic

fields, and i ~ and l ~ are the toroidal and poloidal rota-
tion velocities. The toroidal rotation velocity, ion tem-
perature, and fully stripped carbon density profiles are
measured using a multichannel charge-exchange-
spectroscopy technique' at Cvl 5292 A with toroidal
arrays (two sets of 34 channels) with a spatial resolution
of 1 cm. The poloidal rotation velocity and edge ion

temperature profiles are measured using the intrinsic ra-
diation of C vt at 5292 A with poloidal arrays (two sets
of 23 channels), which do not view across the beam line

and view only the plasma periphery with a spatial resolu-
tion of 4 mm. In order to avoid the line-of-sight integra-
tion problem, a wavelength-resolved Abel inversion'" is

used to obtain the local ion temperature and poloidal ro-
tation velocity from the poloidal arrays. These two sets
of toroidal and poloidal arrays view the plasma in oppo-
site directions to define the zero reference for Doppler-
shift measurements.

The electron temperature profile and its gradient
profile are measured with an electron-cyclotron-emission
(ECE) radiometer to investigate the location of the
thermal transport barrier. The electron temperature is

obtained from the intensity of the ECE with some
correction associated with optical thickness and reflec-
tion coefficient at the wall. The spatial resolution of the
measurements set by the frequency bandwidth of the
detector is 3 mm. The bulk electron density (n, ) and
temperature (T„) are measured with Thomson scattering
and the edge n,, and T, profiles are measured with an
electric probe from S mm inside to 30 mm outside of the
separatrix. The uncertainty in the position of the separa-
trix calculated with an equilibrium code is estimated to
be S rnm.

Figure 1 sho~s the time evolution of the poloidal rota-
tion velocity for a plasma with a current of 250 kA, a
toroidal field of 1.24 T, and q~ of 2.8 in a single-null-
divertor configuration. The neutral beam is injected at
700 ms in the codirection with a power of 0.7 MW. A

jump in the poloidal rotation velocity at the L-H transi-
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FIG. 1. Time evolution of (a) poloidal rotation velocity and

(b) ion temperature at 0.4 cm (open circles) and 1.3 cm
(closed circles) inside the separatrix. The L Htransitio-n
occurs at t =725 ms.
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tion is observed at 0.4 cm inside the separatrix, while a
significant increase of ion temperature is observed at
d, = —1.3 cm, further inside the plasma. The poloidal
rotation velocity increases in the electron diamagnetic
direction in the H mode regardless of the direction of the

plasma current and neutral-beam injection. The change
of poloidal rotation velocity occurs prior to the change of
ion temperature and is fairly localized near the separa-
trix, while the sharp gradient of the ion temperature is

also observed further inside. In the H mode with the
edge localized mode, no poloidal-rotation-velocity shear
is observed; however, a steep gradient of the ion temper-
ature is observed. A strong shear of the poloidal rotation
velocity is observed in the region of gaia

—ri (Pr = 1.3
cm. The profiles of ion and electron temperature, densi-

ty, and poloidal and toroidal rotation velocity are rnea-
sured in detail before (t =710 ms) and after (t =740
ms) the L Htransition to derive -radial electric-field
profiles, and are shown in Figs. 2 and 3(a).

As shown in Fig. 3(b), the electric-field profiles for L
mode and H-mode plasmas are calculated from rotation
velocities and pressure gradients of carbon using a
momentum-balance equation for C-'+, not bulk ions. Al-
though no difference in rotation velocity between
diferent ion species (He + and 0 ) has been observed
in steady-state plasma, there is no guarantee that bulk
ions rotate with the same velocity as carbon, when the
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plasma changes quickly at the I.-H transition. The elec-
tric field becomes more negative in the H mode, due to
the increase of poloidal rotation velocity in the electron
diamagnetic direction. The gradient of the electric field
inside the separatrix, d, = —0.7 cm, becomes more nega-
tive, —80~10 V/cm, in the H mode. The ion and
electron thermal transport barrier is found at 1-2 cm in-
side the separatrix. On the other hand, the steep gra-
dients of electron density and brightness of C vI emission
are concentrated near the plasma edge within 0.5 cm of
the separatrix, as shown in Fig. 4. The absolute values
of the gradient of electron density measured with electric

FIG. 2. Radial profiles of (a) electron temperature mea-
sured with ECE radiometer (circles) and electric probes
(squares), (b) ion temperature measured with toroidal (circles)
and poloidal (squares) arrays, and (c) electron density mea-
sured with Thomson scattering (circles) and electric probes
(squares), for L-mode (t =710 ms, open symbols) and H-mode
(t =740 ms, closed symbols) plasmas, where r/a is a normal-
ized minor radius.

1365



VOLUME 65, NUMBER 11 PHYSICAL REVIEW LETTERS 10 SEPTEMBER 1990

(a) 20

15

10

5

0

-5

-10

s s s s
I

s s s s

I
s s s s

I
s s s s

I
I s s s

I
s s s s

I
s s s s

I
s I s s

I
s s s s

I
s s s s

I
s s s s

H-mode

L-mode

H-mode

(a) s s s s
I

s s s s
I

s s s s
I

s I s s
I

s s s s
I0

-20
E
O) -40
L

~ -60
I—

-80

s s s s
I

s s s s p s s s
I

sLsjs s
I

s suss
I

s s s

g

ay. Q

t3
~ ~

~ H-mode-

- 1 5 sssslsssslssssl « sslsssslsssslsssslssssl « sslsssslssss

-3 -2 -1 0
ds (cm)

-100
-4

ds

-1 0 1

(cm}

sslsssslsssslsssslsssslsssslsssslsssslsssslsssslss «

(b) QQ sssslsssslsssslsssslsssslsssslsssslsssslsssslssssiss

- o L-mode
(b) 0 s s s s

I
s s s s

I
s s s s

ass j

50

0
E

0 -50

~ -100

-150—

H-mode
Q)

E
Al

o

)o c

-5

-10

-15

-20

-25

L-mode

H-mode

-200 sssslsssslsssslsssslsssslsssslsssslssssls assisssslssss

-3 -2 -1 0 1

ds (cm)

3Q
-4

I s s s s I s s s I I s s s s I s s» I I s s s I s s s s I s s s s I s I s s I s s s I I s s s s

-3 -2 -1 0 1

ds (cm)
FIG. 3. Radial profiles of (a) poloidal (circles) and toroidal

(squares) rotation velocities and (b) radial electric field, as a
function of the distance from the separatrix, for L-mode
(t =710 ms, open symbols) and H-mode (t =740 ms, closed
symbols) plasmas. d, is negative inside and positive outside of
the separatrix.

probes have an uncertainty of a factor of 2; however, the
relative values are accurate enough to measure the loca-
tion of steep density gradients. The brightness of Cvl
emission is roughly proportional to the product of elec-
tron density and C + density, since the excitation rate in

the visible region has a weak temperature dependence.
We note that the steep gradients of density and tempera-
ture are produced in diA'erent regions of the plasma.
This is partly due to the diAerent locations of the
sources. The particle source is concentrated near the
plasma edge, since it does not penetrate deeply into the
plasma with a density of more than I x 10' /cm . On the
other hand, the heat sources of both the Ohmic input
and the tangential neutral beam are peaked at the plas-
ma center. These measurements (Figs. 3 and 4) seem to
indicate that the improvement of thermal transport
correlates with the negative BE,/Br However, these.
measurements do not exclude the possibility that the
more negative electric field itself, and not the gradient, is

important in the I.-H transition.
It is important to compare the measured plasma pa-

rameters such as poloidal rotation velocity, electric field,
and bulk ion pressure gradient with the Shaing-Crume
and Itoh-Itoh models. The bulk ion temperature is as-
sumed to be the same as the carbon temperature, and the
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FIG. 4. Gradients of (a) electron temperature measured
with ECE radiometer (circles) and electric probes (squares)
and ion temperature (plusses for t =740 ms, triangles for
t =760 ms), and (b) electron density measured with Thomson
scattering (circles) and electric probes (squares) and bright-
ness of C v1 emission (triangles), as a function of the distance
from the separatrix for L-mode (t =710 ms, open symbols) and
H-mode (t =740 ms, closed symbols) plasmas.

ion density profile is estimated with the electron density
profile and the carbon density profile, which is a dom-
inant impurity in JFT-2M. The poloidal-rotation pa-
rameter U~, „[=v&B/v Bz+) p/2, Xt, =p„(Bp,/Br)/p;]
changes from 2.1+0.4 to 3.4+ 0.2 at the L-H transition
0.9 cm inside the separatrix. This change of poloidal ro-
tation at the L-H transition agrees with the prediction of
Shaing and Crume's model' within a factor of 2 or 3.
The ion collisionality v+, at 0.7 cm inside the separatrix
decreases from 44 ~ 7 (L mode) to 22 ~ 10 (H mode).
The measured rotation parameter and critical v+, values
do not agree with the critical value of vs, ; (= 1.5) and

U~ „, before the L Htransition (=0-.7) in their model.
The large value of the critical v~; measured in JFT-2M
may be explained with Shaing and Crume's model by in-

cluding the additional eAect of fast ion loss. ' It is also
interesting to evaluate the strength of the gradient of the
radial electric field, BE,/Br, since it can affect the ion or-
bit and change the banana width of the ions by a factor
of (~1 —ug~+Cs) ' -', where s and C are an inverse as-

pect ratio and a numerical coeScjent. ' ' The shear pa-
rameter of the electric field u~, defined by p~ (BE„/
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Br)/t, hBtt, is 0.3 ~0.3 for the L mode and —1.6 ~0.2
for the H mode at 0.7 cm inside the separatrix. The gra-
dient of the electric field measured in the H mode is
large enough to change the banana width. This shear
parameter u~ is 1.0 in the L mode and —2.3 in the H
mode in Itoh and Itoh's model. ' The pressure-gradient
parameter k [ = —(T„/T; )p~ [(Bn„/Br )/n„+ a(BT,/Br )/
T„]] defined in Itoh and Itoh's model changes from 0.5

to 1.3 at the L-H transition and is consistent with the
critical value of their model (X,. = I). We observe quali-
tative agreement of characteristic parameters in the L-H
transition with Itoh and Itoh's model and Shaing and
Crume's model. However, both models are point models
and do not fully explain the structure of the edge electric
field, the negative BE,/Br in the thermal transport bar-
rier, and the positive BE„/Br further outside.

In conclusion, both E„and BE,/Br become more nega-
tive in the thermal barrier, 1-2 cm inside the separatrix,
in the L-H transition. Positive BE,/Br is observed out-
side of the separatrix for both I.- and 8-mode plasmas.
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