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Abstract. Plasma turbulence characteristics, including radial correlation lengths, decorrelation times, amplitude
profile, and flow velocity, have been measured during a p* scan on DI1I-D while all other transport-relevant
dimensionless quantities (B, VLIK, d, T/Tj...) are held nearly constant. The turbulence is measured by examining
the correlation properties of the local long-wavelength (kp, < 1) density fluctuations, measured with beam
emission spectroscopy. The radial correlation length of the turbulence, L , is shown to scale with the local ion
gyroradius, with L = 5p|, while the decorrel ation times scale with the local acoustic velocity as1~alcg The
turbulent dlffusw|ty parameter, D~(L¢ /TC) scales in a roughly gyro-Bohm-like fashion, as predicted by the
gyrokinetic equations governing turbulent transport. The experimental one-fluid power balance heat diffusivity
scaling and that from GLF23 modeling compare reasonably well.

1. Introduction

Transport of energy and particles across confining magnetic field surfaces is observed in most
confinement regimes to be anomalously large, i.e, well above predictions from binary
Coulomb collisions between plasmaions and electrons (neoclassical transport). This anoma-
lous transport is believed to result from turbulence driven largely by pressure gradients.
Predicting the magnitude of this anomalous transport in larger experimental devices has been
addressed by applying the nondimensional scaling technique in existing tokamaks [1-5]. A
central assumption in the nondimensional scaling approach is that this anomalous transport is
a function of local dimensionless quantities, including (3 (ratio of plasma to magnetic pres-
sure), q (safety factor), v* (collisionality), T¢/Tj, kK (elongation), R/a (aspect ratio), Ly/a, Lt/a
(density and temperature gradient scale lengths), M (Mach number, M = v¢/cs, cs= /T /M, ,
the sound speed) and p* (=p)/a), the ratio of ion gyroradius to plasma minor radius. EXist ng
experimental devices can match all of these transport-relevant dimensionless parameters
expected in reactor scale devices with the exception of p*, thus the scaling of transport with
p* isof central importance.

Significant experimental and theoretical effort has been expended on determining the p*
scaling of anomalous transport. Nearlf/ all theories of turbulent transport are inherently gyro-
Bohm and thus predict that x~xg(p0)+, with Xxg=pCs. Experiments, however, have shown that
transport coefficients can scale in a gyroBohm or Bohm-like fashion, depending on the
plasma confinement regime (L— or H-mode) and the transport channel under investiga-
tion [5-7]. The ion channel in L—-mode plasmas typically exhibits a Bohm or worse-than-
Bohm like scaling, X1~xB(p* )0, as can the global energy confinement scaling. Electron heat
transport, in contrast, is aways observed to exhibit gyro-Bohm like scaling. The effective heat
diffusivity and global energy confinement scaling can then depend on whether the electron or
ion conductivity is dominant.



Previous experimental studies on the nondimensional scaling of transport have been based
largely on the scaling of inferred heat and particle transport coefficients and energy confine-
ment times. Typically, one dimensionless parameter, often p*, is varied while other dimen-
sionless quantities are held constant. This study represents the first experiment to sys-
tematically measure the scaling characteristics of the underlying turbulence driving the
anomalous transport during a nondimensional p* scan. The goal has been to elucidate the
underlying processes and the inherent turbulence scaling? These experiments were performed
in the DIII-D tokamak, and the turbulence was characterized by measuring density
fluctuations with the beam emission spectroscopy diagnostic system [8,9]. The experiments,
fluctuation measurements, and implications are discussed.

2. p* Scaling Experiments

In order to determine the p* scaling of plasma turbulence structures and parameters, plasma
discharges with well matched dimensionless quantities (3,vq,T¢/Ti, M...) were produced
while p* was varied. The discharges were elliptical and inner wall limited L—-mode plasmas.
These were chosen to provide relatively quiescent, steady-state plasma conditions that are
preferable for fluctuation diagnosis. The plasma geometry was maintained constant during the
scan with major radius Rp=1.65 m, minor radius a=0.63 m, and elongation k=1.54.

The p* scan was performed by varying the toroidal magnetic field and current (to match q) by
a factor of 2, as has been the standard method in previous nondimensional scaling
experiments on DIII-D [6]. Density and heating power are adjusted via gas puffing and
neutral beam power as necessary to keep the profiles of all dimensionless parameters, with the
exception of p*, constant. The resulting temperature and field variation changes p* by a
factor of roughly 1.6 in this scan. The profiles of p*, 3, v*, q, TJ/T; and M are shown in
Fig. 1, indicating the roughly 1.6 variation of p* while other dimensionless variables are held
nearly constant across the plasma profile. A slight mismatch in the Mach number will be
discussed in alater section. The energy confinement time for the high and low-p* discharges
varies from 47 to 60 ms, and thus exhibited Bohm like scaling (1 O BL3).

The linear gyrokinetic ballooning mode growth rates were calculated for the two discharge
conditions in this p* scan to determine if the growth rates are well matched. These
calculations were performed with the Gyrokinetic simulation (GKS) code [10,11] including
actual plasma geometry. The profiles of the maximum linear growth rates normalized to cd/a
are shown in Fig. 2. The very close match between the two curves shows that the discharges
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FIG. 1. Profiles of (a) p*, (b) beta, (c) collisionality, and (d) safety factor q, () Mach
number, (f), TJT,; ratio for the dimensionless p* scan. p* is varied by 1.6 while other
guantities are held nearly constant.



are well matched theoretically since these  z 0.25p
rates depend on all dimensionless & -
parameters except p*. ‘;fn 0.20}
3. Fluctuation Parameter Scaling ;E 0.5
Measuring the scaling of the radial correla- % o.10k
tion length, decorrelation time and amplitude @ -
of turbulent eddy structures was the primary S 0.0sh
goal of this study. Measurements of these % r
fluctuation characteristics, as well as their (5 0.00 e e e e

scaling, were obtained with the beam emis-
sion spectroscopy (BES) diagnostic. The
BES system measures the local long wave-
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length (kg < 2.5 cmrl) density fluctuations
at a spatial resolution of Ar=1lcm. It
observes the Doppler-shifted neutral beam
emission at Do (N=3-2 at A~653 nm) arising
from excitation of the beam as it traverses
the plasma and collides with the background

FIG. 2. Profiles of the maximum linear growth
rate (calculated with the GKS code), normalized
to cg(0)/a, in the low and high p* discharges,
showing a very close match indicating that tur-
bulent transport would be expected to be
gyroBohm like.

plasmaions and electrons. Diagnostic details
are discussed in Ref. [8]. The long wave-
length density fluctuations measured are
believed to arise predominantly from elec-
trostatic drift-wave like turbulence and can
transport ions and electrons across magnetic
field via  turbulent ExB diffusion:
r=(fv,)= <ﬁE9/BT§.

The BES instrument has 32 spatial channels
which were deployed as follows: 14 radially
separated channels and two poloidal arrays
of 8 channels each, with a roughly 1 cm.
separation between radial and poloidal chan-
nels. The setup is shown in Fig. 3 aong with
an equilibrium reconstruction of the flux
surface shapes. Two channels are situated

deeper in the plasma to monitor common
mode fluctuation power [9]. The radially
separated channels allow for a measurement
of the radial correlation length and fluctu-
ation amplitude profile, while the poloidally

FIG. 3. EFIT equilibrium reconstruction show-
ing the locations of the 32 spatial BES channels,
with one radial array (14 channels), 2 poloidal
arrays (8 channels each) and 2 common mode
monitoring channels. The array was moved on
repeat discharges to scan across the profile.

separated channels provide measurements of
the decorrelation time, poloidal correlation length, and poloidal convection velocity of the
density fluctuations, all quantitiesintegral to this investigation.

A. Fluctuation amplitude profile

The fluctuation amplitude profiles, shown in Fig. 4(a), indicate that the normalized fluc-
tuation level, ii/n, increases over the entire profile with p*. The profiles show that in both p*
conditions, the fluctuation amplitude increases rapidly from the core to the edge of the
plasma. This presents a practical issue in that measurement of quantities such as correlation
lengths and decorrelation times requires sufficient signal to noise in the fluctuation amplitude.
As fi/n falls below about 0.5%, the signal-to-noise becomes too low to confidently measure
the quantities. Thus the turbulence characteristics are studied in theradial region 0.7<p < 1.0
where sufficient signal-to-noise allows for such measurements. The ratio of the fluctuation
profiles, [f/n]2 T/[fVn]1 T, IS shown in Fig. 4(b) indicating a scaling of roughly fi/n ~
(p*)1-4£0.4, GyroBohm based models predict that the fluctuation amplitude should scale as



fi/n~(p*)1 [12,13]. Theradial variation of the
fi/n ratio shows significant variance and,
given the experimental uncertainty, is not
inconsistent with the gyroBohm predictions.

B. Correlation Lengths

Turbulent eddy structure sizes and their p*
scaling are a key property of the turbulence
and specific predictions for their magnitude
are provided by transport simulations. The
BES data provides a direct measure of both
the radial and poloidal correlation lengths of
the plasma turbulence. These quantities are
measured by calculating the ensemble-aver-
aged temporal correlation between nearby
spatial channels. These correlation lengths
are interpreted as eddy structure sizes in the
associated direction (radial or poloidal).

The radial correlation function for the low
and high p* conditions at p=0.78 are shown
in Fig. 5(a). The radial correlation length is
taken as the distance over which the correla-
tion has dropped to 1/e. The finite spatial
resolution of the BES diagnostic has been
spatially deconvolved from the correlation
function. For these discharges, the radial
correlation lengths at p = 0.78 are about 1.6
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FIG. 4. (a) Profile of the normalized density
fluctuation amplitude, i/n for the two p*
discharges showing a strong radial dependence
(note logarithmic scale), (b) ratio of the density
fluctuation profile along with a line at 0.6

and 2.4cm in the low and high p* indicating gyroBohm like predictions.

conditions, respectively. The profile of the

correlation length normalized to the ion gyroradii is shown in Fig. 5(b). The radial correlation
lengths scale very closely with the local ion gyroradius in both cases such that L = 5 p.
These measurements demonstrate that the turbulence radial correlation length scales with the
local ion gyroradius and not with the system size of the plasma, which is of course fixed in
these experiments. Thus the correlation lengths appear consistent with gyroBohm scaling.

The radial and poloidal wavenumber spectra are shown in Fig. 6(a) and (b). These spectra
demonstrate the self-similar nature of the wavenumber spectra and indicate that beyond just
the matching of correlation lengths, an average parameter of the distribution, the distribution
of fluctuation power is similar when shown versus normalized wavenumber, kops. Thereisa
slight shift in the poloidal spectrum between the low and high p* conditions which reflects
that the poloidal correlation length does not scale quite as strongly with p* as the radial

correlation length. The radial correlation length is the step-size for random-walk diffusion and
isthus the quantity that is directly relevant to turbulent transport.

C. Decorrelation times

Eddy decorrelation times, t¢, the inverse of the k-averaged nonlinear growth rate, also inter-
preted as eddy turn-over times, are estimated from the experimental BES data as the decorre-
lation time of the density fluctuations. This quantity is derived from the ensemble averaged
temporal correlation functions of poloidally separated channels. Turbulent eddies are typically
advecting uniformly in the poloidal direction at or near the local E;xB velocity. We use this
aspect to convert poloidal correlation functions to a decorrelation time. Temporal cross corre-
lation functions are evaluated between a reference channel, which is typically taken at the
base of a poloidal array of BES channels. A temporal correlation function is constructed by
graphing the maximum correlation value versus the time delay at which the peak occurs for
each of the 9 channelsin apoloida array [9].



Decorrelation functions for the low and high
p* conditions are shown in Fig. 7(a). It is
seen that 1 increases from about 8 ps at low
p* to about 11 pus at high p*. Figure 8(b)
shows this data correctly normalized to alcs,
a natural time scale from the gyrokinetic
equations. The striking feature is that with
this normalization, the two profiles match
very well, and have a ratio of order unity.
There is a slight decrease in this ratio with
radius, however the agreement of these
quantities between the two p* conditions
suggests that a/cs is a proper normalizing
parameter and that the decorrelation time
exhibits a gyroBohm-like scaling.

D. Turbulent diffusivity scaling

A turbulent diffusivity parameter is con-
structed from arandom walk model of turbu-
lent diffusion, whereby particles are mixed
over aradia correlation length on the time
scale of adecorrelation time, D=L ¢ (2/1¢c. The
ratio of this diffusivity parameter for the low
and high p* conditions, calculated from the
above measurements, is shown in Fig. 8,
along with expectations from a Bohm or
gyroBohm like scaling laws. Except for the
radially outermost point, which appears
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FIG. 6. (a) Comparison of the radial wavenum-
ber spectra in the two conditions showing the
self-similar nature, and (b) comparison of the
poloidal wavenumber spectra. A dlight shift is
observed, though thisis not believed to be corre-
lated directly with cross-field transport.
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anomalous, the turbulent diffusivity scaling
is between the Bohm and gyroBohm condi-
tions, but closer to gyroBohm, as would be
expected since both the radial correlation
length and decorrelation times scale in a
roughly gyroBohm like fashion. The worse-
than-Bohm scaling of the edge point (at
p=0.96) results primarily from the short
measured radial correlation length
[Fig. 5(b)]. The near edge turbulence has a
distinctly different character than the core
turbulence which is briefly discussed in the
next section. It is noted that it is not the
absolute magnitude of the diffusion parame-
ter, but rather the scaling of this quantity that
isimportant for addressing the scaling prop-
erties.

E. Flow velocity profile

Turbulent structures advect poloidally in the
laboratory frame at a velocity that is the sum
of the ExB velocity and afraction of theion
or electron diamagnetic velocity correspond-
ing to the intrinsic mode phase velocity.
Typically the ExB velocity is much larger
than diamagnetic velocities so within error
bars, the ExB velocity is observed. This
velocity is measured experimentally with the
poloidal correlation functions discussed in
Section 3.C, and is simply Vgroup=AZ/At,
with Az the spatlal separation and At the time
delay of the maximum correlation. This is
thus a k-averaged group velocity, but the
phase shift of poloidal coherency spectra
typically show a linear relation, indicating
that all wavenumbers are being uniformly
advected in the lab frame, or that the derived
velocity is nearly the same for all wave-
numbers.

The poloidal flow velocity profile is shown
in Fig. 10. The fluctuation convection veloc-
ity scales closely with the Mach number,
M=vior/Cs away from the edge. However,
near the edge region, at p=0.96 in the high
p* condition, the fluctuation spectra indicate
two distinct modes that are counter propagat-
ing, with low-frequency modes traveling in
the ion diamagnetic direction, and higher
frequency modes propagating in the electron
direction. Thus the velocity profile is
double-valued for high p* at this location.
Dual mode edge urbulence has been
observed previously [14] and was interpreted
as the observation of distinct electron and
ion modes. Here they are presented as char-
acteristics of the edge turbulence, though it
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is not clear if or how they affect confinement. The radial correlation length at this edge
location in the high p* condition was observed to be well below the scaling curve [Fig. 5(b)]
for the other channels suggesting that this edge turbulence has a fundamentally different
nature.

4. Modeling Predictions and Discussion

Turbulent transport simulations of these p* scaling discharges using the GLF23 model [15]
were performed to further elucidate these experimental observations. The GLF23 simulations
indicate that ratio of the effective power balance diffusivity scales between Bohm and gyro-
Bohm for this pair of p* conditions, as shown in Fig. 10. Here we compare the ratio of the
effective thermal diffusivities from GLF23 and from the experimental heat flux, as well as
that from the turbulence measurements. Within their respective uncertainties, they al roughly
agree and indicate that the scaling is between gyro-Bohm and Bohm.

The GLF23 transport model is an intrinsically gyro-Bohm model, and so it is important to
identify the gyro-Bohm breaking mechanism in the simulation for these discharges. Gyro-
Bohm breaking mechanisms may include small but important mismatches in the
dimensionless parameter profiles, nonlinear coupling of highly unstable short wavelength
modes to longer wavelength modes that scale with gradient scale lengths (and therefore
system sizes) [16-19], or a diamagnetically-driven (p*-dependent) ExB shear reduction of
growth rates [20]. GLF23 modeling indicates that a slight mismatch in the Mach number (see
Fig. 1(f)) may alter the ExB shear rate and break the intrinsic gyro-Bohm scaling of the
transport. The ExB shearing rate modifies the growth rate as yneT =VYiin-YExB- YExB contains a
rotational and diamagnetic term. The simulation showed that the diamagnetic term is
negligible and so yexp is dominated by the toroidal rotation term. Here, ExB shear effects
were found to be more important for the high r* case resulting in the apparent worse than
gyro-Bohm scaling.

We note that with atwo-fluid power balance analysis applied to these discharges, the electron
heat diffusivity (xe) scales in a gyro-Bohm like fashion while the ion heat diffusivity (X;)
scales worse-than-Bohm, as has been seen in past experiments [6]. These recent experimental
results do not resolve this issue. Further simulations and experiments are required to under-
stand this observation. Present studies suggest that the worse-than-Bohm ion diffusivity may
be related to the difference between the power balance diffusivity and the incremental dif-
fusivity. Small changes in the critical gradient, induced by slight Mach number mismatches,
can lead to large changes in the predicted heat flux, thus allowing for corresponding differ-
ences in the scaling characteristics of the incremental and power-balance heat diffusivities.
Thiswill be investigated in future studies.

5. Conclusion

This experimental study has provided the first direct measurements of the scaling of density
fluctuation characteristics during a systematic nondimensional p* scan. These measurements
were obtained with the BES diagnostic in well-matched L—mode discharges on DIl1-D where
all dimensionless parameters, with the exception of p*, are held constant. It has been shown
that the turbulence radial correlation lengths scales with the local ion gyroradius, p;, and that
the decorrelation times, 1, scales with a/cs. The fluctuation amplitude scales as fi/n [
(p*)"*%*. These scaling characteristics are in reasonably good agreement with predictions
from ggro-Bohm models of turbulent transport. The turbulent diffusivity parameter
(D=L r4/1c) scales between gyro-Bohm and Bohm-like, but appears closer to gyro-Bohm.
Within the uncertainties, this agrees with the single-fluid experimental power balance heat
diffusivity scaling, and that from the GLF23 modeling.
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