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Abstract

Systematic and statistical studies have been conducted in order to develop an understanding of the parametric
dependences of both the global and thermal energy confinement times at low aspect ratio in high power National
Spherical Torus Experiment discharges. The global and thermal confinement times of both L- and H-mode discharges
can exceed values given by H-mode scalings developed for conventional aspect ratio. Results of systematic scans in
the H-mode indicate that the confinement times exhibit a nearly linear dependence on plasma current and a power
degradation weaker than that observed at conventional aspect ratio. In addition, the dependence on the toroidal
magnetic field is stronger than that seen in conventional aspect ratio tokamaks. This latter trend is also evident in
statistical analyses of the available dataset. These statistical studies also indicate a weaker parametric dependence
on plasma current than found in the systematic scans, due to correlations among the predictor variables. Regressions
based on engineering variables, when transformed to dimensionless physics variables, indicate that the dependence
of Bty on B, canrange from being negative to null. Regressions based directly on the dimensionless physics variables
are inexact because of large correlations among these variables. Scatter in the confinement data, at otherwise fixed
operating parameters, is found to be due to variations in ELM activity, low frequency density fluctuations and plasma
shaping.

PACS numbers: 52.55 fa, 52.55s

1. Introduction

The goals of the National Spherical Torus Experiment (NSTX)
[1-4] are both to develop the physics basis for advancing
the spherical tokamak (ST) concept and to advance the
understanding of toroidal confinement physics. The latter
is to be accomplished, in part, by connecting results from
NSTX with those from other magnetic confinement devices
in order to understand confinement physics issues common to
both configurations. To address these goals, NSTX operates
at low aspect ratio (R /a) and routinely at high toroidal Br(=
(p)/(B?/2u0)), where (p) is the volume-averaged pressure
and B can be defined as either the vacuum magnetic field
at the geometric axis or the total magnetic field, Bror =

/B% + Bgol). The ability to extend the conventional aspect
ratio database in both Br and R/a will help reduce the

uncertainties in the inferred dependence of confinement with
these parameters, and, consequently, may help reduce the
uncertainty in confinement projections to future, larger devices
such as ITER. Furthermore, operation in the coupled low aspect
ratio, low-field, high-power regime will elucidate physics
issues specific to enhanced toroidicity, kinetic effects and
high Br.

Confinement analysis of MAST data has recently been
reported [5]. While MAST operation has so far been limited
to lower beam power than that of NSTX, their main results
indicate that their thermal energy confinement times generally
agree with the ITER98P(y,2) scaling [6], supporting the
aspect ratio dependence implicit in that scaling ((R/a)~%3%).
The MAST confinement times show a favourable trend with
decreasing collisionality. In this paper, the confinement trends
of NSTX L- and H-mode discharges will be studied in the
context of both engineering and physics variables, with the
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focus on H-mode discharges. Attempts will be made to identify
the sources of scatter in the data at otherwise fixed operating
conditions. The sources apparently responsible for the scatter
include differences in ELM activity and low-frequency density
fluctuations and plasma shaping in detail. The NSTX data
have been contributed to the international H-mode confinement
database, and it has been used, in conjunction with MAST
and START data, to determine the aspect ratio scaling of the
thermal confinement time to a higher degree of certainty [7]. In
this referenced work, the aspect ratio scaling derived from the
database with low aspect ratio data included is stronger, and
it is more favourable for low aspect ratio than the dependence
on this parameter in, for instance, the ITER98P(y,2) scaling.

2. Experiment and analysis description

NSTX operates at low aspect ratio with nominal major radius
R = 0.85m and minor radius a = 0.67m (R/a =~ 1.27).
The data used for this study were taken from discharges run
in the 2004 experimental campaign; the parameter ranges
for this data are plasma current I, = 0.6-1.2 MA, toroidal
magnetic field Br = 0.3-0.45T, line-averaged density 7, =
(1.5-7) x 10" m~3 and elongation ¥ = 1.7-2.4. The plasmas
were heated by deuterium neutral beam injection (NBI) with
powers from 1.5 to 7 MW (1-3 beam sources) at beam energies
up to 100keV. Because of the high beam injection energies,
most of the absorbed neutral beam power (~2/3) heats the
electrons directly, while only ~1/3 heats the ions. Beam losses
from shine-through, charge-exchange and birth onto orbits
intersecting limiters ranged from 3.5% to 16% of the injected
power for the highest to lowest currents in this dataset. Plasma
operation for this study was in deuterium and in both lower
single null (LSN) and double null (DN) divertor configurations
for H-mode operation. In the LSN configuration, the ion
V B drift was towards the X-point, leading to the lowest L—
H threshold. L-mode plasmas were produced by limiting
the plasma on the centre stack. While up to 6 MW of high
harmonic fast wave power was available, only data from NBI
discharges were used for this study. The By values (defined
with respect to the vacuum toroidal field at the geometric
axis) reached over 35% in the dataset, corresponding to values
of the Troyon normalized 8, fn = PBr a By/I,, of up to
6.8% mTMA™!.

The global confinement times used in this study were
derived from EFIT equilibrium reconstructions that were based
on magnetic flux loop and sensor data [8]. The analysed
data (i.e. EFIT output) were backward time-averaged over
15ms~!. The global confinement times were calculated from
the backward time-averaged data (e.g. total stored energy and
heating power). Thermal confinement times were calculated
by TRANSP [9] using electron temperature and density
profiles measured by the 20-point Thomson scattering system
and the ion temperature, density and rotation velocity profiles
measured from CVI carbon emission by the 51-channel charge-
exchange recombination spectroscopy (CHERS) diagnostic.
Measurements from impurity survey instruments confirm that
carbon is the dominant impurity in NSTX. The Z. profile
was determined directly from the carbon density profile
measured by CHERS. The beam heating profiles and fast
ion energy content and losses were determined by a Monte-
Carlo calculation with finite Larmor radius effects in TRANSP

[10] assuming only classical collisional processes (i.e., no
anomalous losses due to MHD activity). To test the validity
of treating the fast ions classically, comparisons between the
measured neutron fluxes and those calculated in the TRANSP
model were made, since the neutron flux is predicted to
be predominantly due to beam—target reactions. Agreement
between the measured and calculated neutron fluxes is within
10% for the data used in this study, supporting the assumption
of classical processes only.

The thermal confinement times are defined as gy =
Win/(PL — P 10ss), Where Wy, is the ion plus electron thermal
stored energy, P. = Pnp1 + Pog — W, where Pnpr is the
injected neutral beam power, Pr joss 1S the fast ion power lost
due to shine-through, charge-exchange and bad orbit losses,
Poy is the ohmic heating power and W is the time rate of
change in the total stored energy. In the definition of Pp,
the radiated power is not subtracted out, in keeping with
historical convention. This is justifiable for NSTX, since the
radiated power is low, typically only 5—-15% of the total heating
power. Furthermore, approximately half the radiated power
comes from the outer 7-10cm of the plasma, meaning that
the radiated power fraction in the core, or the ‘confinement
region’, is even smaller. The global confinement time is
defined as tp = W/ PL, where Wy, is the total stored energy
as determined by the EFIT reconstruction. This W,y implicitly
includes the fast ion stored energy. These definitions are the
same as those used in the International Confinement Database
[11]. The average random uncertainties for the set of variables
used in this study, (R, a, Br, Iy, T, e, PL, Pt loss> TEs TE.th)
are approximately (2%, 3%, 1%, 2%, 6%, 5%, 10%, 15%,
15%, 20%). These uncertainties will be used later in the
statistical analyses.

In LSN plasmas, only one source (1.5-2MW) was
typically needed to cause an L- to H-mode transition [12]. The
H-mode phases, which exhibited low /; and long durations
of go > 1, could last for up to 0.8s, reaching a ‘steady
state’ in terms of the stored energy evolution in discharges
with small ELMs, but with densities slowly, but continuously,
increasing to, typically, 80-90% of the Greenwald limit. Type
I ELMs were seen at high power (low collisionality) and
predominantly in DN discharges [13,14]. Typically, little or no
difference in confinement time between LSN and DN plasmas
was observed at similar operating conditions, although there
was about a 10-20% reduction in confinement for ELMy (Type
I and smaller ELMs) versus ELM-free discharges. L-mode
discharges tended to have higher /; and lower ¢qo, exhibiting
low-frequency MHD activity after only 0.3-0.5 s of discharge
duration at 0.45T. At lower fields, the MHD activity set in
even earlier. Consequently, these discharges tended to be more
transient in terms of pulse length and W than the H-mode
discharges.

3. Results

3.1. Single parameter scans

Examples of two 800 kA H-mode discharges used in this study
are shown in figure 1. In the left panel are the time histories
of representative parameters from a 0.45T discharge, while
on the right are those from a discharge at 0.3 T. Plotted from
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Figure 1. Evolution to H-mode discharges at 0.45 T (left panel) and 0.3 T (right panel). Plotted are the plasma current, neutral beam heating
power, D, emission, Greenwald density (dashed line), line-averaged density (solid line), and the global confinement time normalized to the

value given by the ITER97L scaling expression for both discharges.

top to bottom in each discharge are the time traces for the
plasma current, neutral beam injection power, D, emission,
total stored energy, Greenwald density parameter (dashed line),
line-averaged density (solid line) and the global confinement
time normalized to the value given by the ITER97L scaling
[15]. In the 0.45T discharge, the heating power was 4 MW,
and the L-H-transition occurred near 0.2 s. After a short ELM-
free period, small ELMs developed at 0.28 s, and this period
lasted for 0.14 s. At that time, larger Type I ELMs developed.
During the small ELM period, the stored energy plateaued at
190kJ, but the line-averaged density continued to increase,
ultimately reaching 80% of the Greenwald limit. The global
confinement time enhancement over the value given by the L-
mode scaling, Hy, reached 2.2 in the beginning portion of the
H-phase, and then decreased to ~1.8 at the end of the small
ELM phase. This particular discharge had a current flattop of
0.5 s, although, as mentioned, other H-mode discharges at this
toroidal field had current flattops for up to 0.8 s.

The 0.3 T discharge was of much shorter duration, owing
to an n = 1 locked mode which developed at 0.3s. This
discharge had an L-to-H transition near 0.1s with only
1.2 MW of injected power, and little ELM activity was seen
until just after the third beam source was injected. During the
ELM-free phase, both the stored energy and density increased,
neither reaching a steady state. The confinement enhancement
factor was lower than that in the 0.45 T discharge, with H, ~
1.5 throughout this phase. In this transient discharge, W was
approximately 0.6 MW or 15% of the injected power, while in
the 0.45T case, W ~ 0. Because the H-mode discharges at
higher toroidal field were the least transient, and thus reflected
a more steady state confinement situation, systematic scans
were performed in these plasmas to isolate the parametric
dependences of both the global and local confinement times.

Systematic scans in the LSN configuration were
performed holding the toroidal field fixed and varying either
the plasma current or heating power while holding the other
fixed. To establish the scaling with plasma current, the neutral
beam injection power was held constant at two different levels,
approximately 4 MW (2 beam sources) and approximately
6 MW (3 beam sources). The magnetic field was fixed at 0.45 T
and the plasma elongation at 2.1. Figure 2 shows the results
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Figure 2. Plasma and electron stored energy evolutions for
discharges from a systematic current scaling experiment at fixed
neutral beam power. Also shown are the electron temperature and
density profiles for these discharges near the time of peak electron
stored energy.

of the scan at 4 MW. The plasma current was scanned in four
steps from 0.6 to 1.2 MA. In this set of discharges, the total
stored energy, as determined by EFIT, and the electron stored
energy as determined from Thomson scattering measurements
were both seen to increase with increasing plasma current; at
0.5s, their values scale nearly linearly with plasma current.
There was a brief drop-out in the injected beam power for the
1 MA discharge, although this did not affect the ultimate stored
energy. The same linear dependence of total and electron
stored energy with plasma current was observed with injection
powers of ~6 MW. The density and temperature profiles taken
near the time of peak electron stored energy (as denoted by the
points on the respective time traces) are shown in the right-
hand panels of the figure. The electron density varied by
approximately 30% at these times over the range of currents,
but the electron temperatures remained nearly constant except
at the highest current. The ‘ears’ on the density profile are
caused by the buildup of carbon at the edge during the early and
mid H-mode phases. The ears tended to dissipate as the central
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Figure 3. Dependence of global (left panel) and thermal (right panel) energy confinement times on I, at fixed By and input power.
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Figure 4. Dependence of global (left panel) and thermal (right panel) energy confinement times on heating power at fixed By and I,. Piog is
the total input heating power less dW/dt and shine-through, while Py, 105 1S the total input heating power less dW/dt¢ and fast ion losses

through charge-exchange, bad orbits and shine-through.

density increased during the latter phase of the H-phase and
during periods of strong ELM activity. Carbon density buildup
at the edge was observed to a lesser extent at a conventional
aspect ratio during DIII-D VH-modes [16].

The energy confinement times from the systematic current
scans at fixed power near 4 MW and magnetic field of
0.45 T, along with data from discharges with similar operating
parameters, are plotted as a function of current in figure 3
for the H-mode plasmas. The results for both the global
(left panel) and thermal (right panel) confinement times are
shown. It is quite clear that both g and g scale nearly
linearly with plasma current for this selection of data, ignoring
any effects from the variation in density over this range of
current. Similar plots of data at a fixed plasma current of
0.8 MA, but with varying heating power, are shown in figure 4.
The global confinement was found to degrade as P~04, a
degradation weaker than that determined statistically at higher
aspect ratio [6]. However, the thermal confinement is seen
to scale as P~%%7, a slightly stronger degradation than for the
global confinement time. While not enough L-mode data were
obtained to perform single parameter studies as was done for
the H-modes, a statistical analysis of the L-mode data indicates
that the L-mode global confinement times also exhibited a
nearly linear dependence on plasma current and degradation

with power as P~%37_ These statistical results will be discussed
in the next section.

While the nearly linear dependence on plasma current and
degradation with power is similar to the trends observed at
conventional aspect ratio, contrary to conventional aspect ratio,
a significant By dependence was seen in the NSTX dataset.
This trend in the global and thermal confinement times is
shown in figure 5, where the normalized confinement times
for both L- and H-mode are plotted as a function of toroidal
magnetic field at the geometric axis. The left panel shows
the global tg normalized to the 97 L-mode scaling and the
right panel shows the thermal tg normalized to the H-mode
ITERHO98P(y,2) thermal g scaling. The figure shows that the
global g values are enhanced over the L-mode value, with
enhancement factors of close to 2.8 at the highest toroidal field
for both L- and H-mode plasmas. Although the confinement
enhancements for L- and H-mode discharges are comparable,
the L-mode discharges tended to have lower stored energies;
their confinement times were comparable to those of similar
parameter H-modes owing to larger W and thus lower P, for
similar absorbed+ohmic heating power.

The thermal confinement enhancement factors are more
modest, reaching 1.4 at the highest By for H-mode plasmas, but
with lower values at lower fields. The thermal tg values ranged
from a factor of 0.36 to 1.13 of the global 7g, with a mean value
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Figure 5. Global energy confinement time normalized to the 97L L-mode scaling value (left panel) and thermal confinement time
normalized to the 98P(y, 2) scaling (right panel) plotted as a function of the toroidal field.

of 0.66. Only a few discharges have Tg ¢ > TE global, and these
are at low power and low density where the fractional fast ion
loss power is greater than the fractional fast ion stored energy.
The quality of the kinetic data for L-modes at the lowest
Br precluded calculating the thermal g at these fields for
these discharges with confidence. A reduction in confinement
enhancement at low By is evident in the H-mode plasmas
for both the global and thermal values; this reduction in
confinement enhancement at lower toroidal magnetic field was
also seen in datasets from the previous year’s experiments. We
note that lower Br is associated with higher values of various
dimensionless parameters such as p*, vx and Br. However,
there was no discernable dependence of the confinement on
the proximity to the beta limit, By, for the range of toroidal
fields studied. The functional dependence of the confinement
on these parameters will be discussed in the next section.

The general increase in the enhancement factor with
increasing Br is associated with a reduction in the ratio of the
electron to ion thermal diffusivities, x./xi, at r/a = 0.4. This
ratio decreased from an average value of 10-15 at By=0.3T
to an average value of 4-5 at By=0.45T. These average ratios
reflect the dominance of electron transport at all toroidal fields.

It is seen in figure 5 that there is considerable scatter in
the confinement enhancement factors, even at fixed toroidal
field. For instance, enhancements are seen to vary by a factor
of two at 0.45 T. Five possible sources for the data scatter in H-
mode discharges were considered: plasma rotation, magnetic
fluctuations, ELMs, plasma shape and density fluctuations.
This study focused on H-mode data since this dataset was more
complete than that for L-modes. The thermal confinement
enhancement factor for the H-mode discharges, Hy, was found
to increase with increasing central rotation velocity when data
from all toroidal fields were included. However, the central
rotation velocity itself was observed to be a strong function of
Br. The reason for this is that as the toroidal field increases, the
pulse duration also increases, giving the plasma time to spin
up to higher velocities. At the fixed toroidal field of 0.45T,
however, there is no ordering of the data or reduction in the
data scatter by the rotation velocity.

The effect of magnetic fluctuations on the plasma
confinement was studied using the signal from a Mirnov
coil located on the outer vessel wall 45cm above the
midplane with the data sampled at 10MHz. For this
study, signal amplitudes (B) in three frequency ranges were
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calculated: 5-50kHz to reflect low-frequency MHD activity
including tearing and kink modes, 80-120kHz spanning
the toroidal Alfven eigenmode range of frequencies and
300 kHz-2 MHz to capture compressional and global Alfven
eigenmodes. Similarly to the results for the toroidal rotation
velocity, there was no apparent dependence of Hy at fixed
toroidal field on the magnetic activity at the times of interest
in any of the three frequency ranges.

As in devices at conventional aspect ratio, the severity
and type of ELM activity could impact the confinement
enhancement. The H-mode discharges in NSTX could either
be ELM-free or they could contain Type I or smaller ELMs.
Type I ELMs generally occurred in DN plasma or plasmas with
high NBI power at low collisionality. At higher collisionality,
the ELMs tended to be Type III or Type V [13, 14] The
Hy factors are plotted as a function of ELM spectral power
for discharges at 0.45T in figure 6 (left panel). Here, the
ELM spectral power represents the frequency-space integrated
fluctuation amplitude of the D, signal during the ELM. Zero
ELM amplitude means that the H-mode was ELM-free. It has
been shown previously that for NSTX the average energy lost
during the ELMy period is proportional to the ELM amplitude
as based on the D, signal [13, 14]. While there is clearly
no simple linear relation between Hy and ELM amplitude,
the confinement enhancements do depend on ELM type and
spectral power on average. For instance, the average Hy
factor for ELM-free discharges is 1.1, although the scatter
still remains a factor of two. The ELMy discharges have
lower average Hy factors, being 0.9 for discharges with small
ELMs and approximately 0.75 for discharges with giant (Type
I) ELMs. The scatter in both these latter groups of points is
less than that for the ELM-free discharges. The Hy factor has
also been studied as a function of the ELM frequency simply,
feLm, as has been done in MAST [17]. For NSTX, the Hy
factor remained relatively constant for fgrm > 100 Hz, while
Hy was degraded for fgp v < 100Hz; the latter frequency
range reflects the Type I ELM regime in NSTX. This contrasts
with the results from MAST, which show a secular decrease
in Hy with increasing ELM frequency in the Type III ELM
regime.

The right-hand panel of figure 6 shows the confinement
enhancement also as a function of ELM amplitude but sorted
by plasma elongation «. As can be seen, the confinement
enhancement is also influenced by plasma shape in this dataset.
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density (right panel) in the 5-20 kHz frequency range and for By = 0.45T.

While the range of elongation for this dataset was narrow, and
therefore elongation was not included as a predictor variable
in the statistical analyses, the figure on the right shows that
the enhancement factor was lower for more highly elongated
plasmas. This means that the confinement time itself scaled
significantly weaker than the %8 in the IPPB98(y, 2) scaling.
This is most clearly seen for ELM-free discharges, as the
dependence of ELM-type on k complicates the interpretation
for the subset of discharges which do have ELMS. A more
precise determination of k-scaling in NSTX will be studied in
future experiments.

Another potential source of scatter was studied by
examining the relation between the confinement enhancement
factor and density fluctuations in the plasma. Here, the
comparison is made with the density fluctuation amplitude
only; no measurements of the associated potential fluctuations
or the correlation between the density and potential fluctuations
were available. The density fluctuation spectra were computed
from a far-infrared interferometer measurement along a chord
with a tangency radius of R = 0.85m; the sightline of
this chord accesses the core region of the plasma. The
interferometer can detect fluctuations up to 200 kHz. Plotted
in figure 7 (left panel) is the Hy factor as a function of
average power (in arbitrary units) of the density fluctuation
level averaged over 15ms in the frequency range from 5
to 20kHz for all three groups of H-mode points. The

confinement enhancement is seen to depend on the fluctuation
level. There is, however, some dependence of the density
fluctuation amplitude on the ELM type. Although the lowest
density fluctuation amplitudes were associated with ELM-
free discharges, some of these discharges exhibited higher
fluctuation amplitudes as well, and the latter set was well
mixed with the ELMy discharges. All three types showed a
general decrease in the confinement enhancement factor with
fluctuation amplitude. No dependence of Hy on the fluctuation
level at higher frequencies was found. Although the density
measurement was from a line-integrated signal from outside
the plasma, there was no interferometer chord that measured
local fluctuation levels in the outer part of the plasma; the
next outer most viewing chord had a tangency radius of 1.5 m,
which was generally in the scrape-off layer for most of these
plasmas. No dependence of Hy on density fluctuation level as
measured by this SOL viewing chord was observed, indicating
that the source location of the density fluctuations was within
the closed flux region. The low frequency density fluctuations
could reflect MHD activity internal to the plasma that was not
well detected by magnetic pickup loops situated outside the
plasma. When the density fluctuation amplitude is normalized
by the line-averaged density, 7., as seen in the right-hand
panel of figure 7, the correlation still exists, albeit weaker.
Future experiments will take advantage of the measurements
from a tangential scattering system, which will give a picture
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of turbulence from the upper end of the ITG/TEM regime
(kg pi ~ 2) to high-k ETG modes (kg p; up to 20).

3.2. Statistical analysis

Statistical analysis of confinement data is usually done
through ordinary least squares regression (OLSR) analysis
in which a power law functional fit is assumed. The OLSR
analysis assumes perfect knowledge of both the independent
(predictor) variables and the dependent (response) variable
(i.e. no uncertainties in their values). Other techniques, which
incorporate ‘errors-in-variables’, can, however, be employed.
In one such technique [18], the principal components of
the logarithms of the full variable set (both predictor and
response variables) are determined, with the logarithms of
the variables weighted by their uncertainties, which are
taken to be symmetric about the logarithm of the data and
uncorrelated. A linear relation among the logarithms of the
variables can be determined from the principal component, or
eigenvector, that is associated with the minimum eigenvalue
(if very small). This ability to form a linear relation
among the variables allows a determination of the functional
relation between the response variable and the set of predictor
variables. Uncertainties in the scaling coefficients cannot be
determined from a straightforward application of this method.
Furthermore, the assumption that the the errors are symmetric
about the logarithms of the data may introduce some bias in
the fit. This principal component error-in-variable (PCEIV)
technique has been used to analyse confinement data from
the International Tokamak Confinement Database [7,19, 20].
Finally, a Bayesian approach [21], in which the uncertainties
are built directly into the model, can be used. In the Bayesian
approach, the actual data value is assumed to be contained
within a normal distribution centered about each measurement
value. The measurement error is related to the standard
deviation of this distribution so that 99% of all possible values
of the observation is contained within the measurement error.
The Bayesian method gives an almost identical result to the
OLSR method, and so results from only the OLSR and PCEIV
methods will be presented here.

In the first set of analyses, engineering parameters (I, Br,
ne and Pp ) were used as predictor variables, and tg ¢, was
used as the response variable. Among the predictor variables,
a strong colinearity was observed only between n. and P,
with a correlation coefficient between the two variables of 0.74.
This means that the exponents determined from these variables
are interdependent, as will be demonstrated.

The NSTX dataset was subselected so that only discharges
with beam energy fractions less than half of the total stored
energy were analysed, consistent with constraints put on the
data from the international confinement database. The OLSR
analysis of the 85 NSTX H-mode points (both ELMy and
ELM-free) that satisfy this constraint yields a scaling relation

0.57 g1L08;0.44 p—073
Tgm ~ 1,7 By Pl (1)

0.145. Here,
is defined as

with a root mean square error RMSE =
the RMSE, or root mean square error,

Zl ) , Where yex,, is the experimental value and yg;
is the value from the scaling.

(mp Vm)
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Omitting 7. yields the relation
rEthNIomB”lP 058’ )

with a goodness-of-fit almost as good as that with all four
predictor variables included. Both expressions exhibit the
strong toroidal field dependence evident in the dataset. The
dependence on plasma current in these statistical analyses is
less than linear. This contrasts with the linear dependence
found in systematic scans (i.e. figure 3), and it can be the result
of correlations between variables. In this case, the correlation
coefficient between I, and 71 over their full range is 0.53, which
is enough to impact the statistically determined parametric
dependences. The power dependence in both scalings is
similar to that found in conventional aspect ratio tokamak
scalings. Dropping the density as a predictor variable has a
significant effect on the power dependence, also reflecting the
correlation between these two variables.

Uncertainties in both the predictor and response variables
have been taken into account in the OLSR approach by
artificially expanding the dataset by a factor of five for each
observation. This was done for each observation by randomly
varying the variable values (predictor and response) within
their uncertainties and using the result as a ‘new’ observation.
Results of the OLSR on this expanded dataset, including 7,
as an independent variable, gave a scaling very similar to that
given in equation (1), but with a slightly lower RMSE.

Finally, for the engineering variables, the PCEIV approach
was also used to determine the parametric scaling relation of
the energy confinement. In this approach, Wy, not g, was
used in addition to the other parameters to determine the scaling
since Wy, is more of a measured than a computed quantity. The
g, fit was determined from the linear dependence of In Wy,
on the logarithms of the other variables. The results of this
approach yield the relations

0.52 »0.87 027 0.50
g ~ 1972 B P 3)

with a RMSE= 0.158 and without 7.,
e ~ 10563063PL 3140- 4)

As can be seen, the degradation with power is weaker than that
from OLSR, and it is significantly weaker than that observed
on conventional aspect ratio tokamaks. Despite the differences
in the scaling expressions determined from the OLSR and
PCELIV, the goodness-of-fits, as reflected by the RMSE values,
are comparable, again suggesting that trade-offs among the
scaling coefficients result from interdependences among the
predictor variables. It is noted that restricting the dataset to
only ELMy discharges leads to scalings, by either method,
similar in parametric dependence and goodness-of-fit as for
the full dataset (ELMy and ELM-free). A summary of the
fits using engineering parameters as the predictor variables is
given in table 1 and fits to the OLSR and PCEIV scalings are
shown in figure 8.

The scalings based on engineering variables can be
converted to relations that are described by dimensionless, or
physics, variables. These variables are believed to be more
closely related to the underlying physics controlling plasma
transport and may allow for higher confidence extrapolations
to future devices. The set of physics variables chosen are
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Table 1. Scaling results for thermal energy confinement time with engineering parameters as the set of predictor variables. The units for
Iy, By, ne, Py and 1, are A, T, m~3, W and s, respectively. In cases 3 and 6, the density has been ignored as a predictor variable.

Case Method Coefficients « I gy ay, ap RMSE
1 OLSR 4.69¢-9 0.57 1.08 044 —-0.73 0.145
2 OLSR (ELMy) 3.77e-9 0.58 1.01 043 —-0.70 0.133
3 OLSR 4.24e-2 0.70 121 — —0.58 0.150
4 PCEIV 5.11e-7 0.52 0.87 027 —-050 0.158
5 PCEIV (ELMy) 1.5%9e-10 0.58 0.87 048 —-0.68 0.136
6 PCEIV 1.44e-2 056 094 — —0.40 0.163
01 1 1 1 1 1 1 L 01 1 1 1 1 1 1 L
1 OLSR ° I 1 PCEIV ° [
] . ] . :
N s < BN . -
4 o o L 4 o L
(>:<L ° o‘. % ° v
o B o!‘ L @ E r
i c
= 2 00 © =, S -
T Tt ST ; :
% %
(] @
° RMSE=0.147 * RMSE=0.156
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0.57 _1.08 , 0.44 -0.73
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0.52 5_0.87 , 0.27 -0.50
5.11e-7 |p BT ne PL,th

Figure 8. Thermal energy confinement time plotted as a function of value derived from scaling fits for the OLSR (Case 1, left panel) and

PCEIV (Case 4, right panel) methods.

px (o< TY2/B), Bintor (o Win/B2), v (o fieq/T?), and
q for fixed geometry. In this transformation, the dataset
is assumed to satisfy a Kadomtsev constraint [22] so that
T ~ Tgonmf (0%, Br, V%, q), where tgopm & B/T. The
transformations of the scalings that contain the density as a
predictor variable (Cases 1, 2 4 and 5) in table 1 are given
in table 2. In this table, it is the normalized confinement Bt
that is expressed in terms of the dimensionless variables. Of
particular significance is the 8-dependence, which, for the full
dataset, is seen to vary from strongly unfavorable (Case 1
using the OLSR analysis method), to essentially null (Case
3 using the PCEIV analysis method). The S-dependence
of confinement is an active subject of research for ITER
which is still unresolved [7, 19, 20,23, 24], since the resulting
dependence is sensitive to both the dataset selected and the
method of analysis. Dedicated 8 scans are planned for a future
NSTX experimental campaign.

While the set of engineering variables used as the predictor
variables in the above scaling expressions are useful in that
these are the parameters that are controllable in experiments,
the dimensionless physics variables could be used as well.
For this analysis, these parameters were calculated based on
volume-averaged values of electron temperature and density,
the total thermal stored energy, Wy,, and the total magnetic

field, Bror, which is approximated by /B;Ol + B%, where B

is the poloidal field at the edge (computed from ¢) and By
is the vacuum magnetic field at the geometric axis. It is
important to include both components of the magnetic field
for NSTX, as they can be comparable over the outer portion of
the plasma. The cylindrical g-value, gy ~ (1+&%)a?Br/R1,
was used explicitly and in the definition of v for this statistical
analysis of NSTX data. Here, the usual definition of «
(vertical/horizontal radius) was used in the definition of gcy;.

Table 2. Transformation of scaling coefficients in table 1 from

engineering to dimensionless physics variables.

Case  Method o, 7 Oy a,

1 OLSR -581 —0.65 —043 —1.69
2 OLSR (ELMy) -531 -049 -041 -—1.53
4 PCEIV =375 -0.02 -045 -0.60
5 PCEIV (ELMy) -4.92 -030 -032 -—149

The fits to the physics parameters reveal dependences that
are different than those seen in table 2, most notably in the
B-dependence, which becomes a favourable one, with Bt ~
ﬂ&f{&fo. However, it is important to note that, in general, the
correlations between each individual dimensionless predictor
variable and the other predictor variables are greater than that
with the response variable, Br. This indicates a high degree of
uncertainty in the resulting coefficients and fits. For instance,
when using the dimensionless variables directly, there are large
ranges of coefficients that can lead to good fits. Consequently,
only fits based on the engineering variables will be presented.

The effect that the data uncertainties have on the fits
can be explored by varying the uncertainties and redoing the
fits. For this exercise, the PCEIV method, which gives a
null dependence of Bt on B (Case 4, table 2) was used;
only the uncertainties on the variables with the largest relative
errors (0.15 on Wy, and 0.18 on Pp ) were varied by £33%.
The result of this showed that the largest variations in the
engineering parameter scaling coefficients were in 7. and Pp .
The I, and Br scaling coefficients varied by only a few per cent.
The n coefficient varied by £0.18, with a corresponding linear
variation in the Pp ¢, coefficient of 30.13. When transformed
to physics variables, the largest variations are seen in the § and
q coefficients, with the 8 coefficient varying by £0.13 with a
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Figure 9. Experimental t plotted versus the value given by the
OLSR scaling for L-modes.

corresponding linear variation in the g-coefficient by 0.40.
The variation in the 8 coefficient gives a 8 dependence that
ranges from slightly favourable to slightly unfavourable for
this method.

An OLSR analysis of the NSTX L-mode data was
performed as well, but using only the global confinement times
since the data quality precluded a determination of the thermal
stored energy, especially at low toroidal field. The results of
this regression are shown graphically in figure 9, where the
experimentally determined global confinement time is plotted
as a function of the value obtained from the scaling expression

g ~ 1131.013%.70’52.07 P]o_s2'37 (5)
where Pjoss = Pnpi+Pou— W — Pypine—thru- The fithas a RMSE
= 0.200. A significant toroidal field dependence emerges
from the L-mode data also, although a linear dependence with
plasma current nevertheless is seen in this statistical treatment.
The power degradation of confinement here, too, is weaker
than that at conventional aspect ratio [15].

4. Summary and conclusions

Both systematic and statistical studies have been carried
out in high power NSTX plasmas in order to develop an
understanding of the confinement trends at low aspect ratio.
The global and thermal confinement times can exceed values
given by scalings developed from higher aspect ratio devices
for both L- and H-modes, such as the ITER98P(y, 2) scaling
and scalings developed in Cordey ef al [20]. The parametric
scalings of these fits, however, are not entirely appropriate for
the low aspect ratio regime. While systematic scans indicate
dependences on plasma current and heating power that are
similar to those at higher aspect ratio, statistical analyses
indicate a weaker plasma current dependence, in part due to
a correlation between plasma current and density. The most
notable difference seen between the trends in the NSTX data
and those at higher aspect ratio is a significant dependence
on toroidal magnetic field. This dependence is related to a
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reduction in the core electron transport relative to that of the
ions as Bt increases. These parametric dependences translate
into favourable dependences with decreasing p, and v, and a
B-dependence that varies from unfavourable to null, depending
on the specific statistical analysis used. The dependences
on the physics variables in NSTX are consistent with the
dependences seen at higher aspect ratio [7, 19,20]. Various
sources of scatter in the NSTX data have been identified, and
these include ELM severity, plasma shape and low frequency
density fluctuations.

The NSTX data have been, and will continue to be, used
in conjunction with higher aspect ratio data to determine the
explicit dependence of confinement on aspectratioand on 8. A
significant contribution made by NSTX is to extend the range
of B of conventional aspect ratio devices by a factor of five,
and these data, along with high neutral beam power data from
MAST, are especially important in establishing the scaling with
this parameter. As is seen in this work, the various statistical
analyses still result in uncertainty about the precise 8 scaling,
and this indicates the importance of performing systematic
scans of this and other dimensionless parameters, and these
are planned for a future NSTX experimental campaign. Also
planned are experiments in which the density variation is
decoupled from that of the current, as well as dedicated scans
of the toroidal field, to establish the dependence of confinement
on these parameters with greater confidence.
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