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Clear increases in confinement (from Hggp=1 to Hggp<2) and simultaneous reductions of
long-wavel ength turbulence have been observed in L—mode discharges in DIII-D, which are
directly correlated with external impurity injection [1]. These observations provide an
opportunity to understand the mechanism for confinement improvement with impurity
seeding observed in a number of tokamaks [2], and to make quantitative tests of theory-based
turbulence and transport models with experimental measurements. Impurity seeding can be
used not only to produce a radiative mantle to reduce heat fluxes to the first wall material [3],
but also as atool to control profilesin Advanced Tokamak (AT) plasmas.

Significant confinement improvements are observed with injection of noble gases (Ne,
Ar, and Kr) into L—-mode edge, negative central shear (sawtooth-free) dischargesin DIII-D.
Compared to similar reference discharges without impurity injection, confinement enhance-
ment factor and neutron emission in neon-injected discharges are nearly doubled [Fig. 1(a,b)].
The ion and electron temperature with neon injection exhibit increased central values and
profile broadening while the electron density profile becomes more peaked.

Transport analysis shows that reductions of transport coefficients with neon injection are
observed in al transport channels. The analysis is carried out using the TRANSP code [4].
Effective charge (Zeff) profiles are determined from charge exchange recombination (CER)
measurements of fully ionized carbon and neon density, and the central value increases from
1.5 (reference) to <3.4 (full neon). The modest dilution of the main fuel ions is compensated
by an increased averaged density and an increased peaking factor, resulting in the deuteron
density nearly the same in both discharges. The factor of 2 increase in neutrons results
primarily from an increase in thermal neutrons. lon thermal diffusivity (x;) at the normalized
radius p = 0.65 in the full neon case is quickly (within <50 ms) decreased by factor of 3,
followed by a gradual reduction [Fig. 1(d)]. The radial profile of x; at the peak performance
time (t = 1.65s) is shown in Fig. 1(f), indicating that X; is reduced throughout the profile,
approaching neoclassical levels calculated by the NCLASS model [5]. The electron thermal
diffusivity (xe) shows a modest (<1.5) reduction throughout the neon injection period
[Fig. 1(e)]. Both toroidal momentum and particle diffusivity decrease with neon injection.
Therefore all transport channels are improved with neon injection. An impurity species scan
(Ne, Ar, and Kr) with afixed radiative loss fraction (Prag/Pin = 0.75) shows the improvement
of confinement and reduction of transport coefficients are largest in these plasmas on DIII-D
with lower atomic number for which the impurity charge fraction is the largest.

Observed reductions of both long and short wavelength fluctuations are correlated with
reductions of ion and electron thermal transport, respectively. Long-wavelength (0 < kg <
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Fig. 1. Characteristics of plasma parameters for discharges with full neon (solid), half neon (chain)
and a reference discharge without neon (dashed): (a) energy confinement enhancement factor,
(b) neutrons, (c) central ion temperature, (d) evolution of ion and (€) electron thermal diffusivity at
p = 0.65, (f) ion and (g) electron thermal diffusivity profiles at t=1.65 s. The error bars in (d) and
(e) represent uncertainty in assigning the convection power. The shaded area for p > 0.8 in (f) and
(g) represents power balance uncertainties.

3 cm1) density fluctuations measured with T . BES Fluctuation Diagnostics
Beam Emission Spectroscopy (BES) [Fig. 2] = T — Neon @ T-7/5)
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speed) turbulence is dramatically reduced inthe & 1| S s
core (at p < 0.7). Both diagnostics exhibit a fast I IR e, S
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drop in fluctuation amplitude (within 10—
20 ms) right after neon injection followed by a Frequency (kHz)

slow reduction. These features are in the x;(t) Fig. 2. Effects of varying neon quantity on
behavior, but the fast decay of X; tendsto beis BES spectra.

slowed by averaging processes in transport

analysis. Reduced edge turbulent particle flux is observed with edge Langmuir probes, which
also correlates well with the confinement improvement. Preliminary analysis of short wave-
length fluctuations measured with FIR scattering (kg = 13 cmrl at p = 0.65 + 0.15) shows that
the RM S amplitude decreases in a bursting fashion during impurity injection. The average
fluctuation level is correlated well with electron thermal diffusivity as impurity quantities and
species are varied. Uncertainties of the source of these fluctuations exists because of the luck
of alarge ExB Doppler shift in the fluctuation spectrum. The observed (non-suppressed) fluc-
tuations must exist where the ExB drift is small, such as near magnetic axis.

A physical mechanism that causes the observed reduction in turbulence and transport is
suggested from the effect of impurities on the reduction of growth rate of toroidal drift wave
turbulence and the increase in radial electric field shear. The long wavelength turbulence
observed is largely driven by ion temperature gradient (ITG) and trapped electron modes
(TEM) [6]. Various studies have shown that impurities can affect the stability of these
microinstabilities, and have observed that peaked impurity density profiles tend to stabilize
ITG modes as a result of one of several mechanisms: dilution of the main ions, direct mode
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stabilization by impurity ions, and temperature gradient changes due to enhanced localized
radiation. In addition, ExB shearing affects the stabilization of micro-turbulence[7]. In the
ExB shearing model, turbulence is suppressed as the shearing rate (wexg) exceeds the linear
growth rate of the most unstable modes, wexB > Ymax due to eddy shearing and nonlinear
decorrelation. Linear growth rates were calculated by the gyrokinetic stability (GKS) code [8]
using measured plasma profiles without taking into account the radial electric field. The ExB
shearing rates [9] were calculated from radial force balance of the intrinsic carbon ions based
on CER measurements of toroidal and poloidal rotation and pressure gradient.

In the discharges with neon injection, the ExB shearing rate significantly exceeds the
linear growth rate of turbulence. Figure 3 shows the calculated maximum growth rates and
shearing rate as a function of the normalized radius at t=1.16 s. Two changes occur in the
neon discharge relative to the reference discharge. At p = 0.65 which is close to the fluctua-
tion measurement location, the maximum growth rate is reduced by a factor of 1.7, while
wexp isincreased by afactor of 2.3, thus achieving the conditions, ymax/Wexg = /4 < 1. It is
noted that impurity injection expands the stabilization radius (Ymax/Wexg = 1), an important
feature for controlling ExB shearing induced ITB in AT operation. Simulations with the
FULL code including electric field rotation [10] shows that ITG/TEM growth rate are
reduced substantially by neon injection alone, but inclusion of the E; effect completely
stabilizes the modes. Predictions of fully saturated turbulence levels have been calculated by a
3-dimensional gyrokinetic particle simulation code [11], showing a reduced saturated density
fluctuation amplitude with neon injection [1]. Nonlinear gyrofluid simulations using
GRYFFIN for the reference case has been compared with the BES turbulent spectra and
TRANSP-calculated transport fluxes[12].

Simulated k-spectra for the reference case Is 30 {21165 " (= NeonT0ls)
similar to the BES spectra (with the amplitude _25F — Reference |
overestimated by afactor of =3). The resulting :Z’ 2ok ]
simulated ion thermal flux is in agreement s -
with the experiment, implying that the turbu- % 15 = Vin, max ]
lence nearly accounts for the observed ion I
thermal flux for the reference case. =

The ExB shearing rate continues to rise 0.5
while the maximum growth rate is reduced 0.0 .
during neon injection, as shown in Fig. 4 for 00 02 04 06 08 10
the two discharges at p = 0.65. The plasma Minor Radius (p)

profiles also evolve, and they dosoinaman- 4 3 comparison of maximum linear

ner which further reduces turbulence. For rowth rates (fine) and ExB shearing rates

example, the density profile peaking factor, ?bold) in a neon-injected (solid) and re?erence

and the parameter, ne = Lpe/LTe, important in dashed) dischargeatt = 1.16s.

the electron temperature gradient mode, 0877508777

decreases (Fig. 5). In order to facilitate under- 25¢ I - Neom L

standing of relative importance of these | Ymax Qexg

effects, the Gyro Landau fluid model, 201 ¢ :{'_ Neon (2 T41S)

GLF23[14], is being incorporated into trans- =2 |

port codes. )
Recent experiments examined the con- Z 1

finement improvement effects of neon injec- §;1-0 n

£

tion at higher toroidal field in order to expand
the operation space of RI-mode plasmas. We
found that neon injected into a discharge at .
Br=20T and Ip = 1.5 MA did not improve 005
confinement as much as the 1.6 T case with '
the same dos, particularly in the early phase of Fig. 4. Time evolution of the ExB shearing
the neon injection as shown in Fig. 6(a), and - ; :

the fluctuation reduction with neon injection Iri?]tggr(g%\mvr\/gttrései(r(r‘ﬂvt;gr@)itﬁnglrigag mlfg
was smaller [Fig. 6(c)]. This was found to be  and triangles) in a neon-injected and reference
partially due to lower neon content in the core  discharge.

plasma (Zeff(0) was 2.5 as opposed to 3.4

Time ()
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pumping geometry due to the plasma Fig. 6. Evolution of discharge characteristics with
shape used. To pursue further, Fig. 6(b) (solid) and without dashed) neon injection at
shows the g is about a factor of 2 S1-20) 4 o LOME: () gy eonfnemen
lower than for the 1.6 T case. The maxi-

mum growth rate calculated at the time spectra measured atO%—04safter neon injection.

of the BES observation coincides with

wexB 1N the neon-injected discharge. The marginal ExB shearing may explain why the
observed spectra shows a neon-induced reduction only at longer wavelengths [Fig. 6(c)],
because ExB shearing is more effective in reducing long wavelength turbulence. It is noted at
0.6 s after the neon puff, wexp “ spontaneously” increased to a higher value. At the same time
the stored energy increased by 20%. The spontaneous transition has been seen in earlier
DIlN-D experiments with impurity injection in ELMing H-mode plasmas [3]. Subsequent
experiments at the same Bt and Ip with alarger neon puff and less favorable neon pumping
geometry have produced energy confinement times (1g) as good as at 1.6 T. Nevertheless,
normalized confinement (e.g., Hgop) is considerably lower than at 1.6 T, further indicating
there may be an inverse Bt dependence in this confinement improvement mechanism. Further
investigations are underway.

In summary, significant confinement improvement is observed with injection of noble gas
into L—mode edge discharges. Neon produces the largest confinement improvement,
compared with Ar and Kr. Transport reduction is observed in al transport channels during
impurity injection, with the most significant being in the ion channel. Long wavelength
turbulence reduction is correlated well with the transport reduction. Both gyrokinetic analysis
and simulations indicate the transport reductions are due to combined effects of impurity-
induced stabilization of microinstabilities and ExB shear suppression. These mechanisms
appear to be at work for limiter tokamaks.
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