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Density Peaking in the JFT-2M Tokamak Plasma with Counter Neutral-Beam Injection
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A significant particle pinch and reduction of the effective thermal diffusivity are observed after switch-
ing the neutral beam direction from coinjection to counterinjection in the JFT-2M tokamak. The parti-
cle pinch measured in the counterinjection phase shows good agreement with the prediction of the in-

ward pinch model related to the electric fields.

PACS numbers: 52.25.Fi, 52.30.—q, 52.55.Fa

The improvement of core confinement has been found
to be associated with peaked electron density in various
tokamak discharges. Many approaches to produce the
peaked electron-density profile have been found. Central
fueling with pellet injection in Ohmic discharge has ex-
tended the linear Ohmic confinement regime to higher
densities in Alcator-C [1]. Beam fueling in low-density
operation produced a peaked density plasma with a
significantly high temperature in TFTR [2]. A rapid
drop of external gas flux at the plasma edge can also pro-
duce peaked density profiles as demonstrated by reducing
the gas puff or neon puffing (IOC mode) in ASDEX
[3,4], or as observed at the transition from the A mode to
the L mode under helium beam injection (improved L
mode) in JFT-2M [5]. Recently, counter neutral-beam-
injection (ctr-NBI) heating has been found to produce
peaked density profiles and enhance the energy con-
finement time 7 in ASDEX [6,7]. The relation between
the momentum confinement and energy confinement has
been discussed by TFTR and JET [8,9]. However, the
mechanism of density peaking with ctr-NBI has not been
clarified yet, although ASDEX data show that electron
density and temperature profiles are consistent with
reduction of the n;, mode. The improvement of particle
confinement with counterinjection was first observed in
ISX-B [10], and it was suggested theoretically that plas-
ma confinement improvement by counterinjection could
be the result of the suppression of turbulent fluctuation
with more negative values of the radial electric field [11].
However, no quantitative comparison between measure-
ments and theories has been done. In this paper, we
present the connection between particle pinch and radial
electric field for the plasma with peaked density profile
measured for counterinjected neutral-beam discharge in
the JFT-2M tokamak. Quantitative comparison with the
inward particle pinch model [12] is also presented.

JFT-2M is a tokamak with major radius R =1.3 m and
minor radius ¢ =0.35 m. It has two tangential neutral
beams; one is parallel (coinjection) and the other is anti-
parallel (counterinjection) to the plasma current. The
profile of the radial electrical field was found to be
affected by changing the direction of momentum input
from coinjection to counterinjection [10,13]. We inter-

change the neutral beams from coinjection to counterin-
jection to study the response of the electric field and par-
ticle flux, keeping the absorbed power constant. These
series of experiments were done under the conditions of a
toroidal field B, of 1.3 T, a plasma current I, of 240 kA
with limiter configuration, an elongation x of 1.2, and
NBI power of 0.5-0.6 MW at an injection energy of 32
keV. The profiles of the toroidal rotation velocity v, and
ion temperature 7; are measured with multichannel
charge-exchange spectroscopy (CXS) [14] every 16.6 ms
using CVI (An=8-7) charge-exchange line emission.
The time evolution of electron temperature at the center
T.(0) is measured with a soft-x-ray pulse-height analyzer
with 50-ms integration. Profiles of electron temperature
and density n, are obtained with a thirteen-channel
Thomson scattering (TS) system. The line-averaged den-
sity 7, is given by a three-channel far-infrared (FIR)
laser interferometer, and the total stored energy W, is es-
timated from diamagnetic loops.

Figure 1 shows a typical example of the change in vari-
ous plasma parameters, toroidal rotation velocity v, at
p=0.15 (p being the averaged minor radius), line-
averaged electron density 7, at p =0.24, total stored ener-
gy W,, central electron temperature 7,.(0), central and
volume-averaged ion temperatures 7;(0) and (7;), and
peaking parameters of electron density and ion tempera-
ture profile, n,(0)/{n,), T;(0)/{T;), for a discharge where
the neutral-beam direction is interchanged. The estimate
of n,(0)/{n,) using the FIR laser is valid for the plasma
with limiter configuration, where the edge electron densi-
ty is (5-10)% of the central electron density and the den-
sity profiles measured with Thomson scattering are well
fitted by a parabolic-shaped profile raised to some power
as n,(p) =n,(0)(1 —p*)* (a=1-2). The peaking pa-
rameter of the electron-density profile [n,(0)/{n,)] can be
determined from the value of @, which is estimated from
the ratio of two line-averaged densities measured at
p=0.24 and p=0.6. The co-NBI is activated from 550
to 750 ms with an absorbed power P, of 0.49 MW, and
ctr-NBI is on from 750 to 950 ms with P,,s=0.56 MW.
The toroidal rotation velocity v, at p=0.15 changes
within 30 ms after the onset of counterinjection, and the
electric field, which is evaluated from the ion force bal-
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FIG. 1. Time evolution of (a) toroidal rotation velocity at p=0.15, (b) the line-averaged electron density and total stored energy,
(c) central electron temperature, and central and volume-averaged ion temperatures, and (d) peaking parameters of the electron-

density profile and ion temperature profile.

ance, changes in response to the change of rotation. Both
n, and W, increase during the phase of counterinjection,
and the energy confinement time is 18 ms for the co-NBI
phase and 24 ms for the ctr-NBI phase. The total stored
energy W, saturates at t =850 ms and starts to decrease
after 1 =900 ms. The saturation and decrease of the total
stored energy at later times in the ctr-NBI phase are
correlated with the decrease of electron temperature as
shown in Fig. 1(c). The central electron temperature
remains constant for 100 ms after ctr-NBI is initiated un-
til impurities accumulate at the plasma center and the ra-
diated power at the plasma center becomes comparable to
the input power. On the other hand, the central ion tem-
perature starts to increase as the plasma rotation in-

ctr-NBI is turned on. This fact shows the significant im-
provement of heat transport during ctr-NBI. The
n.(0)/{n,) values derived from the FIR laser interferome-
ter agree with the results from the electron-density profile
measured with TS in an initial phase, and give a slightly
lower estimation at a later time. The density profile be-
comes flatter in the coinjection phase compared to the
Ohmic phase, and shows peaking in the counterinjection
phase. The peaking parameter of the ion temperature
also shows peaking of the ion-temperature profile in the
ctr-NBI phase.

The radial electric-field (9®/9r) profile is given by the
momentum balance equation [15]:
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FIG. 2. Radial profiles of (a) toroidal rotation velocity,
phase ( =690 ms) and in ctr-NBI phase ( =890 ms).
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where B,g2.; are numerical coefficients depending on the
collisionality regime. Here we assume that carbon ions
rotate as fast as bulk ions, v,(C°*) =v,(bulk), which is a
valid assumption at least when the toroidal rotation veloc-
ity is large enough (as shown in the ctr-NBI phase) to
neglect the pressure gradient term in Eq. (1). The
electron-density gradient is assumed to be as large as that
for ions, dn,/dr =9n;/0r, since the profile of Z ¢ contrib-
uted by C®* is relatively flat. The profiles of toroidal ro-
tation velocity, radial electric field, and thermal
diffusivity at 690 and 890 ms are summarized in Fig. 2
for the discharge of Fig. 1.

An improvement of energy confinement with ctr-NBI
compared to co-NBI is clear from Fig. 1, since the ion
temperature and electron density increased with similar
input powers. The energy flow is obtained from beam
power deposition and energy transfer from, or to, elec-
trons. The energy exchange between ions and electrons is
reversed in the counterinjection phase. In order to avoid
the error of the energy exchange between ions and elec-
trons, we introduce an effective thermal conductivity
defined by gcond/(n,0T./0r+n;0T;/dr) as a measure of
improvement in energy confinement. The effective con-
ductivity is reduced in the ctr-NBI phase by a factor of 3,
although the reduction of thermal diffusivity near the
plasma edge is (30-50)% as shown in Fig. 2(c). The in-
ward heat convection due to inward particle pinch is
much smaller than the conduction. The majority of the
change in xqx is due to the conductive part, not the con-
vective part.

We evaluate the ion diffusivity y; predicted by the n;
mode theory [16,17] to check its validity. The 7; values
are given by the ratio of ion temperature gradient to ion
density gradient. They are evaluated at 1 =690 ms in the
coinjection and =890 ms in counterinjection phases
from measured T;(r) and n.(r), assuming dn./0r
=90n;/0r. To evaluate the n; value near the plasma
center, both ion and electron temperature profiles are
fitted with a polynomial function [f(p)=co+cip’
+cap*+cip®+ceap’l with the boundary conditions of
97;/8r(0) =0 and 9n;/9r(0) =0. The 7, values in the
coinjection phase are above 1 everywhere in the plasma
and increase towards plasma center. The 7, value at half
of the plasma radius is n;(a/2) ~2 and the central value
is 7;(0)~10 in the coinjection phase. In the counterin-
jection phase 7; values are almost constant in space and
around unity. The predicted ion diffusivity y; by the n;
mode theory [17] for the co-NBI phase is of much higher
value than the measured yr, and the radial profiles are
also quite different. In the case of ctr-NBI, the ion tem-
perature gradient mode is predicted to disappear, since
ni~1 everywhere in the plasma. The n; mode theory
shows no quantitative agreement with the measurements.

Next we discuss the particle flux in the co- and ctr-
NBI phases. In the co-NBI phase, the density profile is
in steady state, and there is no 9n./8:. The outward par-
ticle flux during the co-NBI phase is balanced by particle
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deposition of co-NBI, while the particle flux in the
counter phase is contributed from the particle deposition
of ctr-NBI and 9n./9t. The particle flux at p <0.6 es-
timated from 9n./dt and the particle source is positive
(outward) in the co-NBI phase, and it becomes negative
(inward) for the ctr-NBI phase. The magnitude of the
inward particle flux in the counter phase is comparable to
that of the outward particle flux in the co-NBI phase. [t
is important to compare the measured density profiles
with the prediction of the inward pinch model. Accord-
ing to the model, the particle flux is written as [12,18]

On , adT n _ ek, wB,

r=_
b or or T T " (m/r)Tn ’

(2)

where D is a diffusion coefficient, a is a numerical co-
efficient of order unity, and @ and m/r denote the fre-
quency and wave number of the mode for a drift-type mi-
croturbulence. Here the rigid rotation term due to E, in
the third and fourth terms in Eq. (2) cancel each other.
Since there is almost no rigid rotation in the measured v,
profile, i.e., v,(a)~0, we can simply set @ =0 to neglect
the fourth term. Using measured density and tempera-
ture gradients, and radial electric-field profiles, we can es-
timate the sign of particle flux without knowing the
diffusion coefficients. This change of sign of particle flux
shows qualitative agreement with the pinch model.

In order to make a quantitative comparison between
measurements and model, we simulate the peaking of the
electron-density profiles in the ctr-NBI phase with the
diffusion coefficient profile obtained in the steady state of
the co-NBI phase. In this simulation the electron-density
profile measured with TS at 1 =690 ms is taken as the in-
itial profile, since the electron-density profile is in steady
state in the co-NBI phase. Diffusion coefficients are de-
rived from the particle source provided by NBI fast ions
and the particle source from the plasma edge. The
diffusion coefficient near the plasma edge is sensitive to
the neutral density provided by the gas puff and recy-
cling, while the diffusion coefficient at p <0.6 is mainly
determined by the amount of the source provided by NBI
fast ions. Diffusion coefficients near the plasma center
are 0.02 m?/s, consistent with recent results of particle
transport analysis in JET [19,20]. The simulated and
measured electron-density profiles and time evolution of
n, are shown in Fig. 3. For both the radial profile and the
magnitude of 97,/9¢ there is good agreement. The simu-
lated electron-density profiles are more peaked than the
measured profiles as shown in Fig. 3(a). This is due to
sawtooth-oscillations effects on particle transport. Each
sawtooth gives an additional diffusion coefficient of the
order of rér/tst (=0.5 m?%/s) [21], which is not included
in our analysis. Sawtooth oscillations with inversion ra-
dius of a/3 exist in both the co-NBI and ctr-NBI phases.
The period of the sawteeth is 10 ms in co-NBI and in-
creases up to 20 ms in the early ctr-NBI phase and the
sawteeth disappear 100-150 ms after the start of ctr-
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FIG. 3. Time evolution of (a) radial profile and (b) line-
averaged electron density in ctr-NBI phase. In (a), lines are
simulated profiles every 16.6 ms and open and solid circles are
profiles in the co-NBI phase (1 =690 ms) and in the ctr-NBI
phase (1 =890 ms) measured in TS. In (b), lines are simulated
and open and solid circles are measured with FIR.

NBI. Since these sawteeth tend to make the electron
density flat at r <a/3, the density peaking simulated
here is overestimated due to the lack of the sawtooth
effect in the model.

Finally we discuss the measurement errors. Since the
toroidal rotation velocity becomes smaller and the po-
loidal rotation velocity becomes larger toward the plasma
edge, the error in E, due to the lack of measurements of
the poloidal rotation is largest at the plasma edge. The
edge radial electric field obtained from simultaneous
toroidal and poloidal rotation measurements is typically
~ —50 V/em for an L-mode plasma [22], which is con-
sistent with the E, obtained by using Eq. (1) within the
accuracy of 20-30 V/cm. The uncertainty of E, on the
simulation is sufficiently small for the ctr-NBI phase.

In conclusion, peaking of the density profile is observed
30-80 ms after the neutral-beam direction is switched

from coinjection to counterinjection. The inward pinch
flux to produce this peaked electron density shows quanti-
tative agreement with the inward pinch model.
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