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Density fluctuations are analyzed in high volume average beta and high core density discharges in the Large
Helical Device (LHD) using a 2D phase contrast imaging system and far infra-red interferometer. Both these
regimes share similarly high beta gradients and evidence of pressure driven MHD modes is presented. In high
volume average beta plasmas, both large and ion-gyro scale density fluctuation levels increase with beta and, in
the edge, compare favorably with growth rate of resistive interchange modes, showing additional dependence
on density at fixed 8. In high core density plasmas with internal diffusion barrier, intermittent fluctuation bursts
around mid radius are observed which are triggered when the normalized density gradient exceeds a certain
threshold. The intermittent character is stronger for outward shifted plasmas and there appears to be a fluctuation
suppression mechanism, possibly related to temperature gradient.
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1. Introduction

The Large Helical Device (LHD) has set many im-
pressive records with respect to high performance plasma
operation, including operation at low field (B ~ 0.425T),
high volume average beta (up to 5%) [1], as well as at high
field (B > 2T), high central beta with high central density
produced through an internal diffusion barrier (IDB) [2].
Since both of these regimes share high pressure (beta) gra-
dients, MHD instabilities such as interchange and balloon-
ing modes may be important for their confinement. Large
scale MHD instabilities have been measured with magnetic
probes [3,4]; however, small scale structures may also be
excited. While the growth of large scale MHD instabilities
can cause rapid reduction of pressure, anomalous trans-
port driven by ion gyro-scale structures may produce a soft
limit the attainable plasma pressure.

The 2D CO2 laser phase contrast imaging system is
introduced in Sec. 2. This can measure ion gyro-scale fluc-
tuations with wavenumber 1 < k < 10cm™!, with moder-
ate spatial resolution from the core to the edge, depending
on magnetic configuration. In Sec. 3, turbulence properties
measured using this diagnostic are compared to theoretical
expectations for resistive interchange modes, calculated on
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the basis of profiles from FIR and CO2 interferometers,
and the YAG Thomson scattering system, across a range
of discharges at low field, high volume average beta. This
complements a study of similar analysis of thermal con-
ductivity [5]. In Sec.4, we present the dynamical evolu-
tion of core turbulence level in dense core discharges for
plasmas in configurations with vacuum magnetic axis po-
sition Ryx = 3.65m, 3.75m. As these plasmas are non-
stationary, a strong intermittency of fluctuation signals is
observed. These bursts are correlated with profile relax-
ations indicating that they are harmful for confinement. In
outward configurations which have a more pronounced dif-
fusion barrier, the intermittency is greater suggesting there
is another mechanism suppressing these modes. However,
the fluctuation level around the foot of the diffusion barrier
in between bursts does not appear to be greatly different
between these two configurations.

2. Density Fluctuation Measurements

with CO2 Laser Phase Contrast
Imaging and FIR Interferometer

For density fluctuation measurements we use the CO2
laser 2D phase contrast imaging diagnostic for diagnosis
of ion gyro-scale fluctuations (with 1 < k < 10cm™),
and the FIR interferometer [6] for diagnostic large scale

© 2008 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 3, S1071 (2008)

fluctuations (with k¥ < lcm™). Phase counters of the
FIR have sufficient precision (1/60 fringe) and bandwidth
(f < 50kHz) to diagnose fluctuations at high beta, though
at low beta, the fluctuation level is comparable to the noise.
Note that the PCI diagnostic does not admit £ = 0 com-
ponents because of its optical arrangement, while the FIR
interferometer does. Both the PCI and FIR systems only
directly measure the line integrated density fluctuation am-
plitude, rather than the local value. However, with the 2D
PCI diagnostic, some moderate spatial resolution is possi-
ble as described below. Routinely the fluctuation compo-
nents near the edge are much stronger than any core com-
ponents, so for diagnosis of edge resistive g modes, line-
integral values are sufficient, but for detailed analysis, and
for analysis of turbulence near the core of high core density
discharges, a proper analysis to resolve fluctuations along
the line of sight is necessary to analyze changes in core
fluctuations as distinct from edge fluctuations.

The 2D phase contrast imaging diagnostic system on
LHD employs a 2D imaging principle to split the line-
integrated fluctuation signal into contributions from dif-
ferent layers along the line of sight, according to the
“magnetic shear” principle [7-9]. The sightline is verti-
cal passing at R = 3.603 m, so penetrates from the edge
to the core, depending on the magnetic axis position of the
plasma (R,x), implying core and edge fluctuation compo-
nents (from both top and bottom) can be separated. The
system cannot, however, fundamentally recover the lo-
cal fluctuation amplitude because of line-integration ef-
fects unless the spectrum is isotropic, which it generally
is not [10]. Given that the local density is n, and the line-
integrated density is N = f ndz (where the z coordinate
is along the probing beam), and fluctuations are denoted
with a 7 (N?), which is proportional to the variance of the
raw signal measured by PCI (over a time window defining
the ensemble averaging), can be split up into contributions
along the line of sight parameterized by flux coordinate p,
nﬁuc(p) according to the magnetic shear technique. Though
this has been resolved along the line of sight, it still repre-
sents a line integral over a distance characteristic of the
correlation length. This can be related to the local fluctua-
tion power ({i*)) according to [11]:

Nuc(P) = (0D ckres ()

where [,, related to the correlation length, represents the
ratio of the fluctuation spectral power density propagating
exactly perpendicular to the probing beam to the total fluc-
tuation power, and /. is an instrumental resolution which
is increases with measured fluctuation wavelength. For
typical measurements, the peak wavelength is such that the
instrumental width is around half a radius, or less near the
edge because the average wavelength is generally smaller
than in the core. In the analysis here, no attempt is made to
account for /s or [,. Therefore, note the difference in no-
tation when talking about PCI measured values (ngyc) and
true local values (71).

3. High Volume Average Beta

For high volume average beta plasmas, turbulent
transport induced by resistive interchange modes, driven
by beta gradient in the magnetic hill region in the edge
is expected to be a limiting mechanism on the attainable
plasma beta in helical devices. In LHD, these modes have
been shown to have a “soft” character since their occur-
rence does not produce a catastrophic effect on plasma
operation and since plasma operation has been extended
well beyond the Mercier instability boundaries [12]. This
is in contrast to pressure (beta) driven instabilities in the
edge of Tokamak devices, such as ELMS, which grow very
quickly beyond the instability threshold producing a sud-
den crash, though the physical mechanism may be differ-
ent, since the Tokamak does not have magnetic hill because
the toroidal current is internal to the plasma. Resistive g
modes with low order mode numbers are been identified
with magnetic probes and have been compared success-
fully to predictions of resistive interchange modes [3, 13],
specifically, they have the correct dependence on 8 and
magnetic Reynolds number S (defined after Eq. (2)). How-
ever, theoretically, resistive interchange can be excited up
to high order mode numbers, up to the dissipative gyro-
scale, which can produce an anomalous flux limiting per-
formance since the growth rate increases with 3. Previ-
ous work on LHD [5] has looked at the role of resistive
interchange turbulence and its relationship to the electron
heat transport coefficient, and it was shown that at high
beta, transport increases more strongly with beta than pre-
dicted by a simple gyro-Bohm type model (incorporating
drift wave instabilities); and that a model describing resis-
tive interchange turbulence accurately reproduced the beta
tendency of electron heat conductivity. This established (1)
the role of high beta/ resistive g on energy transport. Here,
however, we plan to show the other possible links, (2) role
of high beta on fluctuations and (3) role of fluctuations on
energy transport. This is the first such work of a compari-
son of density fluctuations and energy transport; previously
particle transport coefficients were compared with the fluc-
tuation level in low beta high field discharges [14].

Different “modes” or types of turbulence may have
different driving forces, or dependencies on plasma param-
eters. In such cases, it makes sense to compare fluctuation
levels with the expected growth rates; however, one has to
bear in mind that the amplitude of the mix of many possi-
ble modes may not fit to one single scaling law, this will
cause some scatter. A positive correlation between theory
and experiment is a positive indication of the applicability
of that theory.

Possible modes which could be excited in high
beta plasmas include, in addition to resistive interchange
modes, current-diffusive ballooning modes [15], which are
also driven by beta gradients and may not be so easily
distinguished from resistive interchange modes, as well
as drift-type instabilities, such as ion temperature gradi-
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ent (ITG) and trapped electron modes (TEM). The drive
mechanism of these modes do not depend so directly on
beta, rather on functions of normalized density (L;') and
temperature (L") gradients such as n = L;'/L;" (although
they are known to be stabilized at higher beta [16]).

The characteristic wavelength of the turbulence also
depends on its physical origin. MHD type interchange
or balloning instabilities can exist at both macro or micro
scales. On the other hand, drift wave turbulence only can
exist at the ion gyro-scale. This motivates the compari-
son of the beta dependence of large and small scale struc-
tures as presented below. However, here, we do not look
into the details of the macro-modes, or even the relation-
ship between micro and macro-modes (which may be due
to Zonal flows or due to the growth rate of modes at both
scales having similar beta gradient dependence). Such is-
sues are a topic for future work.

3.1 Theory of resistive interchange and bal-
looning turbulence

Since resistive interchange and current-diffusive bal-
looning mode (CDBM) turbulence, are both MHD insta-
bilities driven at high beta, analytic expressions for their
growth rates compared. However, it should be noted that
the expectation is that resistive g mode turbulence is im-
portant at the edge and at high beta, because (1) it is driven
unstable by the magnetic hill, and (2) current diffisive bal-
looning modes are considered as important only at higher
temperatures, which occur towards the core.

For resistive interchange modes, an analytic theory,
verified by numerical simulation was developed [17-20].
The growth rate is given as:

R 2mg)"
ygmod=S‘”3(V/3 2 mTq) Thp @)

where, m is the poloidal mode number, Ry, a is the ma-
jor/minor radius, the magnetic Reynolds number § =
TR/Thp, the resistive skin time g = ruo/n, and the
poloidal Alfvén time th, = Ro+/uomin/B, with i o 732
being the Spitzer resistivity, Ry is the major radius,
q and s being the safety factor and normalized shear.
The term «, involves the magnetic curvature, and is pos-
itive in regions of magnetic hill. Therefore, the scaling
of the growth rate is not simply given by 8 o« n.T./B?,
it is given by:

Yemod o 1/ (neTe) VB2 L 3)

where L;! = V(n.T.)/(n.T.). On the other hand, the
growth rate for the CDBM is [15]:

yepem = A°2(mg*)**(qVBRo/a) s ) (@)

where, A is related to the current diffusivity. The depen-
dence on plasma parameters and magnetic field strength,
(neglecting parameters of the shape of the field) therefore

has the scaling:
Yeppy o n1 0002206 (5)

where the dependence of the term A%2 has been neglected
since exponent is much weaker than other terms in Eq. (4).
Comparing Eq.(4) with Eq.(2), it is clear that the
largest difference between the scaling of these modes with
n, T, B is in the resistivity dependence S -173_ Therefore the
CDBM and resistive g-mode scaling do not fit the same
scaling law and are in principle distinguishable.
According to the simplest form of mixing length the-
ory, the fluctuation level is independent of the growth rate

y:
_1Vn

Tk ©

S

On the other hand, more complete strong turbulence the-
ory states that the diffusivity D (not distinguishing particle
or heat) of a simple test mode is given by the diffusivity of
the whole turbulent structure, and provides a damping rate
Ydamp ~ DK?. Assuming that the growth rate in a nonlin-
ear saturated state is the same as for zero fluctuation level,
equating y with ygamp gives:

D=yx=y/k. ©)

Under this ansatz, the turbulent flux DVrn must be equiv-
alent to (7). Invoking the Boltzman relation 7i/n = ¢/T
with ¥ = kq~§ /B, one can derive the relation:

i1\? B Vn

() = ﬁ7(7)’ ®
which implies that the fluctuation level is indeed governed
by the linear growth rate. There criticisms to the use
of the “strong turbulence ansatz” above, necessitating the
full inclusion of processes such as zonal flows and com-
plete nonlinear mode coupling for calculation of fluctua-
tion levels. However, in many regimes, the effects of zonal
flows do not change the zero order scaling of the turbu-
lence, just provide some improvement factor. This has
been confirmed in one study [21] in which linear growth
rates were shown to faithfully reproduce the non-linear sat-
uration level.

3.2 Fluctuation measurements and consis-
tency with resistive g

For this study, density, temperature and magnetic field
strength were systematically varied in a series of dis-
charges in the magnetic configuration with magnetic axis
R.x = 3.6m, helical pitch parameter y = 1.25. At certain
times during the flat-top of each discharge when the plasma
was at equilibrium, fluctuation and parameter profiles were
stored in a small database to be analyzed. The range of
central densities and electron temperatures, and magnetic
field strengths spanned are shown in Fig. (1), together with
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Fig. 1 Density, temperature and magnetic field strengths cov-
ered over in the parameter scans, together with contours
of B and collision frequency.

lines of constant 3, v.; (related to magnetic Reynolds num-
ber S), and gyro-radius. It can be seen that the temperature
does not change strongly with density. The volume aver-
age Byo reached only up to 3% in these discharges as the
helical pitch configuration parameter was y = 1.25 rather
than y ~ 1.20 at which the recent very high beta shots were
obtained [1], and since full heating power was not available
for scans at B = 0.5 T. The value By, was calculated from
measured density and electron temperature values, apply-
ing a single correction factor for all discharges to match
the average diamagnetic 3 (this assumes constant Zg).

The By dependence of the raw line integrated fluc-
tuation levels N/N from the FIR and PCI systems as de-
scribed in Sec. (2) are plotted in Fig. (2). It is clear that for
both systems, there is a distinct increasing trend of fluc-
tuation level with 8. The increase with Sy, appears to be
most significant for By > 1%, consistent with the findings
that Yexp/Xemoa = 1 for Byor > 1% in [5], where yexp is
the experimentally derived thermal conductivity and ygmod
is the resistive g mode conductivity as in Eq. (7). For the
2D PCI (with k > 1ecm™), the fluctuation level appears
to double roughly as beta goes from ~ 0.3% to 3%, while
for the FIR, which measures k < 1cm™!, the increase is
much larger. This may be attributed to the fact that re-
sistive interchange turbulence can drive both large scale
and ion gyro-scale fluctuations, and has a strong beta de-
pendence, while the level of electrostatic drift wave tur-
bulence (ITG/TEM), which does not depend so explicitly
on beta, is strong at the ion gyro-scale but non-existent at
large scales. With both diagnostics there also appears to be
a large scatter at high 8. This is due to (1) the loss of detail
due to line-integration effects, and (2) assuming that the
resistive interchange mode is responsible for the beta de-
pendence, the growth rate (fluctuation level) should have
additional dependence on plasma parameters than simply
Bvol.  This motivates us to examine the local fluctuation
level (rather than line integrated), and compare the result
with Ygmoq formula as written in Eq. (3).

The 2D PCI signals are analyzed according to the
technique described in [9, 22] to determine the spatial
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Fig.2 B,o dependence of line integrated fluctuation level for
both (a) ion gyro scale structures with k > 1cm™' from
2D PCI, and (b) large scale structures with k < 1cm™
from the FIR interferometer.

location of the fluctuations along the line of sight. In
its simplest form, this generates the fluctuation spec-
tral density per unit k 6nﬁuc(p, k)/0k and its integrals
[ on2, (0. k)| 0kdk, [ on? (p,k)/Okdz (where z is the dis-
tance along the line of sight). This is plotted for one higher
beta discharge in Fig. (3). For this analysis it is necessary
to map the sight line geometry to flux coordinates with the
appropriate equilibrium. Since the Shafranov shift is non
negligible, a different equilibrium set of surfaces is chosen
from a VMEC database for each discharge such that the
asymmetric part of the electron temperature profile, mea-
sured from Thomson scattering, is minimized. In this fig-
ure only, the sign of p denotes which side of the mid-plane
is measured, with positive being above and negative being
below. The sign of k indicates the direction of propaga-
tion relative to the beam, and the reversal about the center
shows the poloidal propagation towards the edge. The mis-
match of the upper and lower profiles may be attributable
to either (1) because different directional wave-vector com-
ponents are measured on the top compared with the bot-
tom [10], or because (2) fluctuation structure is not sym-
metric on a flux surface, however, since the magnetic field
structure is symmetric with respect to the top and bottom
measurement locations, this explanation is plausible only
outside the last closed flux surface. Therefore, in follow-
ing analysis, we retain information about above and below
the midplane as independent measurements. The direc-
tion of propagation reverses from top to bottom consistent
with there being a poloidal propagation in the electron dia-
magnetic direction. In other discharges, significant peaks
propagate in the ion diamagnetic direction. In a previous
study [14], it was shown that the ion diamagnetic compo-
nents related more clearly to edge particle transport than
electron diamagnetic components. However, in this set of
discharges, both components seem to have a similar ten-
dency with 8. For this reason, and since there is no clear
physical interpretation of ion/electron diamagnetic compo-
nents without poloidal E X B rotation measurements, anal-
ysis of these separated components is not carried out.
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Fig. 3 Analysis of 2D PCI fluctuation images to localize certain
fluctuations at particular radii p and particular k, for a
typical high g shot (#67666@¢ = 3.0ss). Dashed lines
denote the characteristic spatial/k resolution.

The spatial resolution characterized by the grid in in
Fig. (3). In the total integral profile ng..(p), the spatial res-
olution Ap ~ 0.2 at the edge and around Ap = 0.5 towards
p = 0.3, because the average k is higher towards the edge
and since Ap o 1/k [9]. These resolution estimates are
conservative; the resolution may be higher due to the Max-
imum Entropy image processing technique used, which
overcomes some of the instrumental resolution degrada-
tion [9].

In this shot, two distinct peaks are evident in the pro-
file, around p = 0.5 and p = 1.0, as measured from both
sides; although, this structure is not universal, in fact many
other discharges in this set do not have the peak around
p = 0.5. The relationship of these peaks to plasma den-
sity, temperature, pressure gradient and normal curvature
kn (well/hill) is indicated in Fig. (4). The strongest fluctu-
ation peak appears around p = 1.05, and appears to cor-
respond roughly to a peak in the pressure gradient profile,
plotted in Fig. (4c), demonstrating that pressure gradient
may be the free energy source at the edge. However, «, > 0
only outside p = 0.75 so the fluctuation power inside this
radius must be driven by a different mechanism other than
resistive interchange, such as ITG/TEM. The presence of
the peak outside p = 1 is suspicious; although not unrea-
sonable considering that the density boundary extends out
to about p = 1.15 according to interferometer measure-
ments. MHD instabilities are not well described theoreti-
cally in regions where there are no closed flux surfaces, so
it is difficult to judge whether this is contradicts or is con-
sistent with the expectations of resistive interchange turbu-
lence. There may also be small systematic position identi-
fication error of a few percent.

Taking the component at p = 0.9, we compare the
local ngye/n with yemeq from Eq. (3) in Fig.(5). This in-
corporates the scaling with Lp, n, T, B as well as x. which
depends on B. It can be seen that there is a much clearer
relationship than in Fig. (2), particularly at higher y. The
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Fig.4 Comparison of profiles (a) density, (b) temperature, (c)
pressure gradient, (d) fluctuation amplitude, and (e) nor-
mal curvature «, for a shot with By, = 2.5 %.

cause of this better agreement is the increased density de-
pendence arising from the S dependence in Eq. (2), as well
as the locality of the measurement; components from the
core do not contribute to the plotted signal. While some
spatial averaging, characteristic of the PCI radial resolu-
tion Ap, should be performed over n.(p), Te(p), and «,(p),
there is a strong change in «,(p) between 0.8 and 1.0 which
produces an undesired stronger weighting towards p = 1.0
where uncertainties are greatest. Therefore, no extra spa-
tial averaging is performed for this figure. On the other
hand, at positions closer to the core, ngy/n is not so clearly
correlated with the local ygmod. There still exists a degree
of scatter within the data, but within the confidence inter-
val of the trendline (indicated by dashed lines), the trend is
at worst flat. (One source of scatter may be due to varia-
tion of the correlation length parameter [, shown in Eq. (1).
This would arise if &,, kg spectrum was changing according
to other indirect phenomena, such as change of E X B or
magnetic shear.) The points with higher ng,./n and higher
Yemod, Which are essential for observing an increasing ten-
dency, occur at higher 8. This suggests that at lower 3, the
signature of resistive g modes may not be so clear com-
pared to other types of turbulence. It was also observed
in [5] that, for 8 < 1 %, y was more consistent with that
given by a gyro-bohm model (controlled by ITG turbu-
lence) than at higher S.

This agreement is evidence that the underlying turbu-
lence may be controlled by resistive g modes, but does not
equivocally prove it. To consider the current diffusive bal-
looning mode as another possible candidate, the fluctua-
tion level was also compared with ycppm as in Eq. (5). It
was found, however, that ng,./n decreased with ycpgm be-
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Fig. 5 Comparison of local fluctuation amplitude ng,./n at p =
0.9 and resistive g driving growth rate y, at the same p.
Dotted line indicates a best fit parabolic trend-line (with
a total square residual x3), and dashed lines indicate the
confidence interval, such that y? = 2)(3.
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Fig. 6 For shots with similar 8, but significantly different den-
sity, comparison of profiles of (a) fluctuation level ngy/n,
(b) density, (c) temperature.

cause the temperature dependence is much stronger than
density or magnetic field dependence, so that at higher £,
where ng,./n is larger, and the temperature is lower, ycppm
is smaller. Such an inverse correlation is unlikely so that
we can probably dismiss the CDBM as a candidate mode.

The increased density dependence with respect to
temperature, which is evidence of the dependence on
§~13, or resistivity, is highlighted by comparing 2 dis-
charges with similar SBy,, but significantly different den-
sity. The profiles of fluctuation level ngy./n, n, T and are
compared in Fig. (6). It is clear that the higher density dis-
charge has about twice the fluctuation level, and is largest
between p = 0.8 — 1.0 where resistive g is located. The
scaling of fluctuation level here is clearly attributable to
stronger density, despite having similar B,o. In Fig. (6a),
the relative fluctuation level is not reliable in the region
where density is close to zero because of the finite spatial
resolution.

The position of the strongest fluctuation peak as a
function of By is plotted in Fig. (7), separated out into
parts above and below the mid-plane, as discussed before.
The difference in the character of the upper side compared

magnetic ) magnetic
0.2 well (k<0) r well (k<0)

Il Il
05 10 15 20 25 30 05 10 15
Bun % Bun %

Fig. 7 Position p of strongest peak of ng,.(0) on (a) bottom and
(b) top sides of the midplane, as a function of S, com-
pared with changes in the magnetic structure including
well/hill boundary and rational surfaces

with the lower side may be an instrumental effect of hav-
ing different correlation length /, (as indicated in Eq. (1),
due to anisotropy. However, they both seem to exhibit
the same tendency, possibly with a slight shift in position,
which may also be a systematic error of the instrument
due to slight rotation of the probing laser beam. As Sy
is increased, the region of magnetic well extends towards
the edge, as indicted by the shaded region, meaning that
the resistive g peaks must be localized further towards the
edge at higher beta. This seems to be consistent with the
measured positions, indicated by dots, more particularly
for components on the bottom. For components on the top,
there appears to be a concentration of peaks around the
¢ = 1/2 rational surface, approximately where the mag-
netic shear is close to zero. This type of MHD activity
close to rational surfaces has also recently been reported
in [23].

Towards the edge (around p = 0.9), observed fluc-
tuations are consistent with the growth rate of resistive g
modes, however, towards the core, the relationship is not
so clear. Considering that appreciable fluctuation power
exists in regions of magnetic well, according to Fig. (7),
it is likely that the resistive g mode turbulence is not so
important there.

3.3 Comparison of fluctuation amplitude
with power balance y at high g

The role of fluctuations on confinement itself is very
important to confirm the original assertion that transport
is dominated by anomalous processes; and to check that
the measured fluctuations are important for confinement,
even regardless of the role of what is the driving mecha-
nism of the fluctuations (resistive g or drift wave). For the
set of discharges analyzed above, power balance analysis
was carried out to determine the “effective” thermal con-
ductivity ¥ = (ve + xi)/2 as per the procedure described
in [5], based on the FIT code [24] which computes the
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Fig. 8 Comparison of y with ng,/n from 2D PCI at p = 0.95.

power deposition from NBI by calculating fast particle or-
bits and their interactions with bulk plasma. The PROCTR
code [25] is then used to analyze the diffusivity.

We choose to compare the local fluctuation level, av-
eraged over the range p = 0.7-1.0 with the y averaged
over the same interval. This is in order to match the spa-
tial resolution of y with that of the fluctuation level. The
results, for a selected subset of shots in the previous sec-
tion are plotted in Fig. (8). It is clear that there is is an
increasing trend of fluctuation level and conductivity. A
few data points were placed here for high field discharges
(B = 2.75T). These points illustrate the confinement im-
provement that occurs with increasing the magnetic field
strength. A quadratic curve of best fit and its confidence
interval is indicated; they show that there must be an in-
creasing tendency of fluctuation level with y. The slope of
the curve is more shallow at lower yp, (at higher B), indi-
cating that there may be a more complicated dependence
between density fluctuation level and heat transport. In ad-
dition, since the temperature gradient may relax to value
depending on the input power, ng,/n was also compared
with g/n = yVT., however the scatter was much larger on
account of variances in VT,.)

Since fluctuation level is connected to y and it has also
been demonstrated that resistive g modes control the fluc-
tuation level in the edge, this supports the idea that edge
transport, and hence plasma performance, is effected by
resistive g modes at high 8. This is consistent with the
findings of power balance analysis [5], and as well the S
dependence of macro-scale magnetic fluctuations [3].

4. High Core Density

Recently, pellet-fuelled high density plasmas were
achieved with central density approaching 102! m~3 [2,26].
These plasmas are characterized a high density core with
a “diffusion barrier” around mid radius, correlating with
the position of zero magnetic shear. Though these plas-
mas are made at high field (B > 2T), the central beta ap-
proaches that of the high volume average beta plasmas, and
so the beta gradients in the diffusion barrier region are very
high; therefore they may have some similar characteristics
to high volume average beta plasmas. (However, the max-

imum volume average beta is somewhat lower than low
field discharges, being around 1.2 - 1.5 % in discharges an-
alyzed here.)

It is suspected that turbulence suppression is respon-
sible for the diffusion barrier. Here the relationship be-
tween fluctuation properties around the diffusion barrier,
between p = 0.3-0.7, and central pressure, as a measure
of energy/particle confinement, shall be analyzed. Also,
the fluctuation driving forces including density, tempera-
ture and pressure gradients are analyzed in order to under-
stand what factors influence the fluctuation level.

Resistive interchange turbulence may play a role in
these discharges. As fByo increases, the region of mag-
netic hill moves towards the periphery as shown in Fig. (7).
Since the magnetic well/hill boundary passes through the
region of interest, 0.3 < p < 0.7, and Byq < 1.5%, it
is possible for the resistive interchange mode to be desta-
bilized. However, without detailed analysis of the MHD
equilibrium, incorporating the measured pressure profile,
it is difficult to conclude whether the diffusion barrier is in
a location of magnetic hill. On the other hand high pressure
gradients may excite other types of MHD instabilities such
as current-diffusive ballooning modes [15]. Drift wave like
ITG/TEM modes may also be destabilized as discussed in
Sec. (3). However, since it is thought that strong £ X B
shear may be important for the diffusion barrier formation,
changes in the fluctuation level might not relate to changes
in the linear growth rate of instabilities, rather to the drive
mechanisms for E X B flow shear.

It has been shown in [26] that the maximum density
increases with Ry, and there is a sudden increase between
3.65, and 3.75 m, which is associated with the formation of
a steep density gradient or diffusion barrier, as shown by
the density profiles in Fig. (9). Fluctuation and profiles are
compared between these two configurations in Fig. (10).
The central pressure rises after the last pellet injection. It
rises faster and to a higher value at R,x = 3.75 m compared
to R;x = 3.65 m, as illustrated in Fig. (10a), indicating im-
proved energy confinement.

Because the vertically directed 2D PCI sightline is lo-
cated at a major radius R = 3.603 m, the system is not sen-
sitive to core fluctuation properties in configurations with
strongly outward shifted magnetic axis. In particular, for
the highest performance around R,x = 3.9 m,the mid-radial
position cannot be accessed by the present 2D PCI diag-
nostic. Therefore in this analysis, fluctuation and plasma
properties are compared only between R,y = 3.65m and
R.x = 3.75m. This enables fluctuation properties just at
the foot of the diffusion barrier to be compared.

4.1 Analysis of fluctuation properties
at R,, = 3.65m and 3.75m
Fluctuation amplitude is mapped to p using a VMEC
equilibrium considering the Shafranov shift, dependent on
vacuum R, and B3, determined from the CO2 laser inter-
ferometer. Since this diagnostic shares the same vertical
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cross-section as 2D PCI, there is very good certainty about
the accuracy of the flux surface mapping. The time evo-
lution of fluctuation amplitude (non normalized) ngy.(p)
is plotted in Fig. (11) for Ryx = 3.65,3.75m. At 3.75m,
the inaccessible region in the core is broader and increases
more strongly with time owing to the higher pressure and
stronger Shafranov shift.

Because of moderate spatial resolution, it is possible
for core fluctuation signals to be influenced by the periph-
ery. For this reason, dots are placed over the each peak,
on the upper and lower sides. There is a slight difference
between the location of the upper and lower peak which is
most likely due to an uncalibrated rotation of the beam by
a few degrees; the true fluctuation position should be the
average value of the top and bottom measured positions. It
can be seen that the peaks are located around p = 0.5/0.6
at3.65mand p = 0.7/0.8 at 3.75 m.

The time history of the relative fluctuation level, nor-
malized to the density measured from the CO2 laser inter-
ferometer, is compared between the two configurations at
p = 0.7 in Fig. (10b). The fluctuation behavior changes
strongly in time after pellet injection. For a certain time,
temporal bursts in the fluctuation level occur, after which
the fluctuation level is dramatically reduced. At R,x =
3.75 m, the temporal behavior is much more intermittent,
consisting of large short-lived bursts with a certain period
in between the bursts. For the moment the fluctuation level
between burst events will be compared between R,x =
3.65,3.75 m, to clarify whether the background turbulence
plays a role on the formation/existence of the density bar-
rier. Returning to Fig. (10b), the fluctuation level is compa-
rable between the two cases, suggesting little difference of
the “non-intermittent” confinement characteristics around
p = 0.7, which is outside, or just at the foot of, the diffu-
sion barrier. (At p = 0.6, the calculated fluctuation level
is lower at R,x = 3.75, because the density is much differ-
ent thatn p = 0.7, but we cannot accept this result because
this is less than the spatial resolution of PCI). However,
this does not discount a change of the fluctuations in the
barrier.

The bursting activity has a different effect on con-
finement. The normalized density gradient Vn/n = L,
computed from the CO2 laser interferometer [27] is plot-
ted in Fig. (10c), and the normalized temperature gradient,
evaluated from a 6th order polynomial fitted to Thomson
scattering temperature profile, L!, is plotted in Fig. (10d).
There is a clear correlation between the timing of fluctua-
tion burst events at R,, = 3.75m, and crashes in the nor-
malized density gradient, indicating that these modes are
responsible for a serious and sudden degradation in con-
finement. However, the loss of gradient is only observed
around p = 0.6; towards the core, there is no change in
density. Moreover, several bursts appear to be triggered
at approximately the same threshold in L', suggesting
that these are driven by either density or pressure gradi-
ent, since the temperature gradient scale length does not
significantly change over the timescale of these events. Af-
ter t — o = 0.18s, the bursting ceases and the normalized
density gradient steepens further without any crash events.
This suggest that something has changed to suppress these
modes. One possibility is that at this point the £ X B flow
shear has increased leading to a suppression of modes [15].
From an extrinsic point of view, the temperature gradient
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is increasing in this time, and it may pass a critical value
requited to suppress the mode. A guess of such a thresh-
old is indicated by the horizontal line in Fig. (10d). (Fur-
ther towards the core, L}l switches sign around the same
time as the suppression of burst events, indicating that the
global peakedness of the temperature profile is important
for this suppression). The strong intermittency of modes
suggests there is a force suppressing these at R,x = 3.75 m.
At R,x = 3.65m, on the other hand, modes still appear to
have an intermittent burst like character. Bursts appear to
be more frequent and to a lower level. This is clearly evi-
denced by the non normalized signal plotted in Fig. (11b).
Though these modes have a lower level, they persist longer,
suggesting that they may be causing a more continuous
confinement degradation. Therefore the balance between
fluctuations and gradients has a more soft relationship at
3.65m, and a hard threshold at 3.75 m. The mechanism for
this change in the change of character may be critical for
the formation the diffusion barrier. Also, the core density
collapse event often observed at far outward shifted con-
figurations [28] may be a variant of the smaller collapse
events at R,x, = 3.75m.

Since the ceasing of the fluctuation bursts may be re-
lated to the temperature profile inverting from hollow to
peaked, and since the temperature profile is more hollow at
Rax = 3.65 than 3.75 (indicated by the magnitude of L}' in
Fig. (11d)), control of the temperature profile by magnetic
axis position may be the reason for reduced fluctuations,
and hence improved confinement at Rx = 3.75 m.

The PCI diagnostic can measure phase velocity, which
is related to E X B rotation; however, towards inner radii,
where the sight line is close to tangent to the flux surface,
the instrument is not sensitive to the poloidal rotation. In
the future, adjusting the system to measure at an outward
shifted sightline will allow the poloidal rotation to be mea-
sured in the barrier, and allow core fluctuations to be mea-
sured to complement this understanding of the physics out-
side the barrier.

5. Summary

In high volume beta plasmas, the edge fluctuation
level increases with local beta gradient and density consis-
tent with a model for resistive g turbulence, but inconsis-
tent with a current-diffusive ballooning mode model. The
fluctuation level towards mid radius is unexplainable by
resistive g, possibly due to ITG/TEM turbulence. Large
scale fluctuations have a much stronger beta dependence
than ion gyro-scale fluctuations, probably on account of
the ITG/TEM at the ion gyro-scale. Turbulence also is also
observed around zero shear rational surfaces, suggesting
these trigger other MHD activity. For constant beta, lower
density, higher temperature is favorable for reduction of
the fluctuation level and improvement of confinement. On
the other hand, higher density is favorable for increasing
the fraction of neutral beam power which is absorbed by
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Fig. 11 Spatial temporal map of fluctuation amplitude from 2D
PCI, mapped to flux coordinate using appropriate time-
dependent Shafranov shift.

the plasma. Therefore, this indicates that appropriate par-
ticle control in the edge, for example using the divertor,
is necessary to increase the injected power and reduce the
thermal conductivity.

At high density, core fluctuations are burst-like char-
acter indicating that they are limiting the attainable pres-
sure gradient and a cyclical relaxation similar to ELMS is
observed. At inward shifted configurations, without a dif-
fusion barrier, continuous bursts occur suggesting they are
continuously limiting the pressure gradient, while at out-
ward shifted configurations, there is a large gap between
bursts where the pressure gradient can grow to a much
higher value than inward shifted configurations. At some
moment, possibly related to the change of the tempera-
ture profile from hollow to peaked, the fluctuation bursts
cease and the pressure gradient continues further. This
suggests another mechanism is controlling the saturation
level/stability of these modes, such as Ex B flow shear [20],
and that temperature gradient may be a controlling param-
eter for this mechanism.
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