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An international stellarator database on global energy confinement is presented com-
prising data from the AT¥, CHS and Heliotron E heliotron/torsatrons and the W7-A and
‘W7-AS shearless stellarators. Regression expressions for the energy confinement time are
given for the individual devices and the combined dataset. A comparison with tokamak
L mode confinement is discussed on the basis of various scaling expressions. In order to

make this database available to interested colleagues, the structure of the datebase and



the parameter list are explained in detail. More recent confinement results incorporating

data from enhanced confinement regimes such as H mode are reported elsewhere.
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1.. Introduction

Scaling expressions for the global energy confinement time are widely used for both
predicting the performance of future devices and comparing the quality of discharges
collected from existing experiments. They are deduced from databases for global plasma
parameters collected from different devices. The most comprehensive sets of tokamak
data are stored in the ITER L and H mode global confinement databases [1-3}.

Up to now, predictions and comparisons of stellarator performance have mostly been
done on the basis of the empirical LHD scaling expression [4], deduced from a limited
number of data, or on the basis of the semi-empirical Lackner-Gottardi expression [5).
We now present a more comprehensive dataset for the analysis of stellarator confinement,
comprising data from the ATF, CHS, Heliotron E, W7-A and W7-AS stellarators. The
term stellarator is used for the magnetic confinement concept with an external coil sys-
tem, which includes heliotron/torsatron devices, conventional stellarators in the narrow
terminology and advanced stellarators.

As in the case of tokamaks, the analysis of this database is carried out on the assumption
that confinement in all the devices is goverend by similar physics processes. The devices
in this paper differ most notably in the profile of the rotational transform t, and therefore
in the magnetic shear. The ¢ profiles of the different helictron/torsatron devices, ATF,
CHS and Heliotron E, are similar. The rotational transform ¢ increases strongly to the
plasma edge, where one has a - similar but radially inverse to tokamaks - region of strong
magnetic shear together with low-order rational numbers of z. In contrast, the W7-A and
WT-AS shearless stellarators have very flat ¢ profiles. Further differences are the fraction

of trapped particles and the magnetic hill present in the edge region of heliotron /torsatron



plamas. However, the devices may also differ in the way they are operated.

One of the intriguing questions is whether and how heliotron/torsatron devices and
shearless stellarators can be cast into one unique scaling expression. Besides the average
minor (a) and the major radii (R) of the last closed flux surface, a configuration-dependent
parameter (s) will therefore be used to describe differences in confinement of the two lines
of stellarators. Furthermore, the parameters of the line-averaged density (n.), total ab-
sorbed heating power (F,,:) and magnetic field strength (B,) will be used in the regression
analyses.

In the currentless stellarators, the edge rotational transform r, will be the equivalent
of the plasma current used in tokamaks. Shaping parameters such as elongation and
triangularity will not be used. The shape of stellarator plasmas changes periodically with
the toroidal angle and will only enter via the volume V', which defines the minor plasma
radius by V = 27%2R.

The paper is organized as follows: In Sec. 2, the structure of the database and the ranges
of the collected data are described. In Sec. 3, a concise description of the contributing
devices is given. The database is analyzed for the global energy confinement time of
every single device in Sec. 4 and for the combined dataset in Sec. 5. A comparison with
tokamak confinement is added in Sec. 6. In the Appendices the parameter descriptions

(A) and the data selection used for the scaling studies (B) are given.

2.. Overview of the database

The database contains electron-cyclotron-resonance-heated {ECH) and neutral-beam-

injection (NBI}-heated discharges from the ATF, CHS and Heliotron E heliotron /torsatrons



and the W7-A and W7-AS shearless stellarators. A total of 859 observations are stored
in the database, each consisting of data for 56 parameters as detailed in Appendix A. In
stellarators, a variety of enhanced confinement modes exist. Discharge phases in enhanced
confinement modes such as the re-heat mode [6] or the H mode [7,8] are not included in
the database. The confinement mode represented here is referred to as L mode.

The units throughout this paper are: @ and R in m, density in 10 m™3, power in
megawatts, magnetic field in tesla and confinement time in seconds. In Tables 1 and 2
a parametric overview of the database is given. In Tab. 1, the devices are characterized
by their geometrical parameters and the rotational transform. CHS is the only device
having a major radius clearly different from 2 m. Therefore, the R or aspect-ratio scaling
will be determined mainly by CHS against all other devices. ATF will be important for
the minor radius scaling in the heliotron/torsatron line and a comparison of ATF and
Heliotron E will give information about the scaling with ¢. For W7-AS, data from limiter
and r scans are available. Therefore, the dependences of 7z on @ and ¢ can also be studied
in a single device.

The ¢ profile of the devices is very different. For the heliotron/torsatron devices the
radial profile can be parametrized by the central and edge ¢ values by using a parabolic

form (p is the normalized plasma radius):

L(p) =t (1 - p‘Y)(tO - Ea)’ (1)

with v = 2, 3 and 4 for ATF, CHS and Heliotron E, respectively. The parameter v = 2
was also used for the shearless stellarators. Although the profiles do not strictly follow
this function, it is precise enough for the use of the database. In the regressions, the

rotational transform (15,5) at p = 2/3 is used instead of the edge value, because, if a
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local transport model is assumed, a value in the confinement region is more relevant for
confinement than the central or edge value. A radially weighted average of ¢ would be
the appropriate one to use. But since a universal radial weighting function is not known,
such a sophisticated procedure would not reduce the ambiguity.

The standard set used in the regressions consists of 812 discharges. In comparison with
the total set, helium discharges, statistical outliers and discharges with very high power
density are removed. The selection of the standard set is described in Appendix B.

For the analyses, a further assumption is that the different heating methods can be
treated on an equal footing. In Tab. 2, statistical details of the parameters of discharges
from different devices and heating methods are given. The ranges in density and total
absorbed heating power exceed a factor of 10. Because of the resonance condition of ECH,
all devices are operated basically at two values for the magnetic field which differ by a
factor of two. In this case, the average value is only of interest for the statistical analysis.

A peculiarity of the dataset is that the density ranges of ECH and NBI discharges are
almost separated. This is due to the density cut-off of ECH. Only in W7-AS, where
a gyrotron at 140 GHz is operated, are ECH discharges at higher densities available.
The scaling expressions describe ECH and NBI discharges with similar quality. A bias
might, however, be introduced by the fact that there is a majority of NBI discharges for

heliotron/torsatrons and a majority of ECH discharges for the shearless stellarators.

3.. Individual Device Descriptions

In the following the different devices are described and the discharges selected for this

database are characterized.



3.1.. ATF

ATF is an [=2/m=12 torsatron with ¢ = 0.3,¢, = 1 and B; < 2 T [9]. The total
number of datasets included in the database is 237, taken between 1988 and 1991 [10-13].
In order to accumulate radial profiles, most datasets come from sequences of typically
3 to 20 discharges under nominally identical plasma conditions. Values of the global
parameters were those averaged over these discharge sets nominally at the stationary
conditions.

The data included in the database are mostly data taken in the standard geometry with
R=21mand a=0.27 m. Only a few are from a radial scan where R was varied by 10%.
The outermost flux surface is defined to be at the ¢ = 1 radius in the vacuum geometry.
This flux surface is usually not in contact with the wall. The magnetic field was varied
from 0.6 to 1.9 T. Heating sources were ECH alone for 53 discharges (with 7, between
0.1 and 1 x 10"®m™3); ECH and NBI overlapping for 52 (with %, up to 5 x 10'*m%)
and NBI alone for 127 discharges (with #, up to 11 x 10®m~2). Since the ECH power
monitor data suffered from temporal variations, time and shot averages were supplied to
the database. Essentially 100% of the ECH port-through power was considered to be
absorbed in the plasmas [14]. NBI power was re-evaluated (with in-situ measurements),

with the maximum power injected being 1.4 MW with co and counter tangential injectors.

3.2.. CHS

The Compact Helical System (CHS) is an /=2/m=8 heliotron /torsatron with an aspect
ratio of as low as 5 [15]. Data from 197 discharges in the standard configuration are

stored in the database. The data were taken between 1989 and 1993. The standard



configuration is defined by the following conditions: the magnetic axis is at 0.92 m, the
toroidally averaged plasma elongation is 1.12. The stored energy as well as the central
electron temperature has shown a significant dependence on the magnetic axis position
[16]. The dataset included is an optimal case of an inward shifted geometry with respect to
the major radius of the helical coils. The plasma boundary is well defined by the inner wall
(stainless steel) of the vacuum chamber which works as a limiter in this configurational
set-up. The wall was conditioned by titanium gettering for all cases. Improved modes
[6,8], which enhance the confinement as much as 30%, have not been included in the
database. The chosen time slices are close to steady state with W < 0.03 Piot.

Although NBI in CHS {<1.1 MW, 40 keV) has the capability to change the injection
angle [17], the present data are limited to tangential co-injection. The NBI power de-
position is estimated by an interpolating expression deduced from HELIOS Monte Carlo
simulations [18,19]. The validity of this model was checked by comparing the experimental
magnetic axis shift and the diamagnetic measurements with MHD calculations corrected
by the calculated beam pressure [20].

The description of the magnetic geometry is based on computations with the VMEC
code [21]. The diamegnetic stored energy includes a certain amount of beam pressure.
fts contribution reaches 30% when the electron density is as low as 1 x 10¥m 2 and
decreases to less than 10% when the electron density exceeds 5 x 10*°m™3. Because of
the low aspect ratio, the orbits of the tangetially injected fast ions significantly deviate
from the magnetic surfaces. Fven fast particles born in the core region can therefore
suffer from charge-exchange losses occurring closer to the plasma edge. Because of longer

slowing-down times, this loss mechanism is enhanced in low-density operation. Also the



shine-through is larger at low densities. Consequently, the deposited power from NBI has
a strong correlation with the electron density.
On the basis of the radiation level at the plasma collapse, ECH (53 GHz, < 200 kW)

power deposition is assumed to be 70% of the port-through power.

3.3.. Heliotron E

Heliotron E is an 1=2/m=19 heliotron with a large rotational transform and strong
magnetic shear [22]. Its contribution to the database consists of 121 time slices from both
ECH-only (<0.5 MW) and NBl-only (<4 MW) currentless plasmas, taken from the period
of 1985 to 1993. For each plasma discharge, the stationary phase was chosen to determine
the plasma profiles. The magnetic configuration was fixed to the standard configuration
with R — 2.17 m, a radius of the magnetic axis of 2.2 m and a = 0.21 m. The ratio of the
vertical and toroidal magnetic field strengths was fixed at B,/B; = -0.185 without the
additional toroidal field coils energized. The toroidal magretic field on axis was mainly
0.94 and 1.9 T due to the given gyrotron frequency of 53 GHz.

The injection angles of the three neutral beam lines are all near-perpendicular. Data
for H beam into H plasma and H beam into D plasma are included in the database. The
estimation of the absorbed beam power is based on the HELIOS Monte Carlo code [19].
In most cases, however, the PROCTR-mod code and an empirical estimate of the orbit
Josses as derived from HELIOS were combined [23,24]. The validity of this approach was
confirmed by full HELIOS code calculations. The port-through power was experimentally
determined by using the calorimeter system of each beam line.

Earlier analyses of the global confinement time or the electron thermal diffusivity for



NBI plasmas suggested that the anomalous transport in the outer plasma region closely
followes a gyro-reduced-Bohm-type of scaling [24]. The presently selected data are an
extension of these data.

For ECH plasmas, the absorbed power was determined from the decay of the electron
temperature profile after ECH power turn-off. About 60-70% of the port-through power
was determined by this procedure [25,26].

The line-averaged electron density is provided by multi-channel FIR combined with
Thomson scattering data. The ion temperature profile was determined by & neutral
particle analyzer, but the edge temperature was corrected by the neoclassical prediction
and, in some cases, by charge exchange spectroscopy data.

For all plasma discharges, the thermal plasma energy content was determined from the
profile (kinetic) measurements. In some cases, these kinetically determined values were
compared with the diamagnetic values showing reasonable agreement [27]. The regression
analyses use the thermal confinement time as determined from the profiles.

The majority of discharges were separatriz-limited discharges in the natural! divertor
configuration with titanium-gettered stainless-steel wall. The coverage of the gettering
on the vessel surface was typically 30 to 40% of the total surface. It should be noted,
however, that some of the NBI discharges were done in a carbonized vessel (in order to
achieve high density) and the discharges in 1993 in a boronized one (in order to control
recycling and impurity content).

Finally, it is important to note that the Heliotron E confinement can be improved by 20
to 30% in relation to the standard configuration included in this database, if the magnetic

axis is shift inward by about 2 cm [27].
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34. W7-A

Wendelstein 7-A (W7-A) was a classical =2 /m=35 stellarator with R =2m, ¢ = 0.12m
and a low shear rotational transform profile [28]. Although operation was possible both
with and without a net plasma current, the best confinement performance was observed
in operation without net plasma current [29-31]. The 13 datasets contributing to the
database were from operation without plasma current and, as in W7-AS, at ¢ values
with optimum plasma confinement. The boundary of the elliptically shaped plasma was
determined by a molybdenum limiter at ¢ ~ 0.1 m. Only ECH discharges are included in

the database, taken at two values of the rotational transform and at B; = 1.25 and 2.5 T.

3.5.. WT7-AS

Wendelstein 7-AS (W7-AS) is an advanced modular stellarator with a partially opti-
mized magnetic configuration to minimize the Pfirsch-Schliiter currents [32-34].

The total number of datasets included is 291, taken between 1992 and 1994. During
and before this period, frequent boronization was applied to the vacuum vessel. It is
important to note that, during the consecutive boronization of the vessel, the diamagnetic
confinement time has improved successively with an overall improvement of about 15%
over the previous data [35].

All discharges were carried out in the standard configuration at optimum confinement.
The standard configuration is defined as R = 2.05 m and B; mostly 1.25 or 2.5 T with
the same coil current running through all modular coils. At low 3, confinement in W7-AS
depends in a complicated way on the rotational transform [34]. The optimum confinement

properties are obtained in the vicinity of ¢ = % and % At other values, confinement is
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deteriorated, possibly by major rational ¢ values being inside the confinement region. The
magnetic shear of the vacuum field is small. An ohmic transformer is used to balance
beam-driven and bootstrap currents. Although the total net current is reduced to values
below 100 A, the residual local current density modifies the shear profile to some extent.

At ¢ = 2, the last closed flux surface is determined by two limiters, situated at the

Lo

top and bottom of the plasma. In the database, data are included where & was changed
from 0.11 to 0.18 m by moving the limiters. At ¢ = % and the largest limiter aperture,
the plasma boundary is determined by natural islands. But in this configuration too.
discharges are included with the limiters moved inside the plasma.

Much care has been taken to select the data so as to fill the plasma parameter space
uniformly. Since the plasma parameters in NBI experiments are restricted by a smaller
variation in heating power and by collinearities between power and density, only a smaller
number of NBI discharges are present in the database. The selected data are consistent
with the W7-AS confinement properties as published in [36-39].

Heating sources were ECH alone for 198 discharges, ECH and NBI overlapping for
7 discharges and NBI alone for 45 discharges. Tt was assumed that 90% and 100% of
the measured port-through power has been absorbed in first and second harmenic ECH,
respectively. Data from heating with both the 70 and the 140 GHz gyrotrons are included.
NBI is near tangential. For the absorbed NBI power an approximation formula is used
which relies on Fafner Monte Carlo code [40] calculations, taking into account shine-

through, orbit losses and secondary charge exchange.
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4.. Analyses of Data from the Individual Devices

In this section, the properties of the individual datasets are discussed. In Tab. 3, the
correlation between the plasma parameters of the standard set is shown for the devices.
The dataset of W7-A is too small for an individual analysis and is omitted here. A common
feature of all datasets is the rather strong correlation between density and heating power.
Beam fuelling and neutrals desorbed from the walls increase with increasing heating power.
In addition, at low densities, charge exchange and shine-through losses decrease with
increasing density. Higher plasma density operation is possible at high NBI power.

This correlation can be weakened to some extent by ECH discharges, in which particle
control is much easier to achieve. Consequently, one finds the strongest correlation of
95% in CHS with the lowest relative number of ECH discharges in the dataset. For
the datasets with a strong correlation, the dependence of 75 on n, and P, cannot be
determined independently with sufficient accuracy.

In the analysis of single devices, the dependence of 75 on a and ¢ can only be deduced
from WT-AS. This device is represented by a dataset with the strongest correlation being
64% between density and power. Also the ATF dataset shows rather low correlation
between By and the other plasma parameters.

In Tab. 4, results of linear regression analyses are listed for the individual machines. In

all cases use is made of an ansatz of the form
5 = 10°=a®R°RF,;} ﬁ;‘"B;’Btg/‘s . (2)

The total absorbed heating power Py is the sum of absorbed ECH and NBI powers.

Parameters which cannot be determined from the individual datasets have been fixed at
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the values underlined in the table.

The database does not give a clear picture of the dependence of 7z on the plasma isotopic
mass. Because of the lack of D beam into DD plasma injection data, the isotopic effect
cannot be investigated for NBI discharges. A small positive isotopic effect is indicated for
ECH discharges of ATF and Heliotron E. But the dataset does not show a dependence
on the isotopic mass. A mass dependence has not been further pursued in the analyses.

The general trends documented in Tab. 4 are similar for all devices: the energy confine-
ment time strongly improves with magnetic field and density and degrades with heating
power. Besides CHS, which may suffer from the strong correlation between fi, and B,
the parameters of the single-device regressions overlap in almost all combinations within
one standard deviation. An exception is the weak B; dependence found for Heliotron E.
The Heliotron E dataset also shows the strongest correlation between B; on the one hand
and 7. and P, on the other.

CHS, in contrast, shows a rather strong dependence on B;. If ap is constrained to
—0.6, & fit with similar quality is found with an #. dependence like o, = 0.47, but the B,
dependence still remains strong.

Excellent agreement is found between the parameter dependences of ATF and W7-AS,
the two devices with the lowest correlation in the datasets. This is encouraging in view
of a description of the entire dataset by a unique scaling expression. From W7-AS alone,
a close to quadratic dependence of 75 on the plasma radius is found as well as a distinct
improvement with the rotational transform.

The data also indicate that the density dependence of 7z might be more complicated

than a simple power law. The dependence seems to be stronger at low densities and weaker
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at high ones. A saturation of 7z with density at the highest densities, similar to that in
the saturated chmic confinement regime in tokamaks, cannot be ruled out. Therefore, it
is strongly recommended that the scaling expressions not be used for densities beyond
10%m~3, the range well covered by this database. Only 3% of the discharges are at higher

densities. Up to this density, the expressions describe the average trend in the data well.

5.. Inter-Machine Regression Analyses

For the analysis of the combined dataset, two major assumptions must be made: (i) the
dependences of 7 on plasma parameters which can be readily varied in the individual
machines, like Py, fie and B;, must be similar for all devices and (ii) the confinement
of ECH and NBI discharges must follow the same scaling expressions. Only under these
assumptions do the data of the five devices included in this database contain sufficient
information to deduce the dependences of 75 on the configuration parameters, such as a,
Randr.

Table 5 illustrates the importance of particular devices in extracting specific parametric
dependences. It summarizes the information on the e, K and ¢ dependences obtained
from comparisons of subsets of devices. Since the main interest here is the dependences
on the device-specific parameters, the parameters ap, &, and ag were in some cases fixed
to the values obtained from single-device regressions (see Tab. 4).

As mentioned earlier, W7-AS alone gives information about the a and ¢ dependences (no.
lin Tab. 5). Assuming an R dependence similar to that found for the heliotron/torsatron

line, one gets the expression

75 = 0115 x a22 ROT P OSR00 O 045 3)
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If the W7-A and W7-AS datasets are combined (no. 2), the a, parameter increases
from 2.21 to 2.27. On the assumption that a similar a scaling also applies to the he-
liotron/torsatron line, the datasets of ATF and CHS (no. 3) can be unified by an R
scaling like ap = 0.81. Hence, the confinement time increases almost linearly with the
plasma volume. In this regression, imposing a weaker ¢ dependence leads to a stronger R
dependence.

The combined dataset of ATF and Heliotron E {no. 4) may give information about the
¢ dependence in the heliotron/torsatron line. With a, = 0.36 it turns out to be close to
the value found for W7-AS (e, = 0.43). This result might depend on how the ¢ value is
chosen. In order to get an idea of the importance of the choice of the r value, regression
analyses were carried out, using ¢ values from different radial positions. The result is
that the regression parameters alter to o, = 0.45 and 0.23 if ¢ is taken at p = % and 1,
respectively.

Combining all three heliotron/torsatrons (no. 5) yields & complete scaling expression
with the parameter dependences being very close to the parameters found for W7-AS
alone (r at p = £ being used again here):

5 = 0.0398 X a* PR P} PP By (4)

It is an encouraging result that the data of the heliotron/torsatron line is consistent

with the parameter dependences found for W7-AS. Omitting ¢ as a regression variable
significantly modifies the dependences on a and R:

75 = 0.0132 x ' ¥ RV P, 03 gl 8L (5)

The small increase of the rmse from 0.0902 to 0.0909 by omitting ¢ as a regression variable
is statistically significant. However, it should be noted that the ¢ and aspect ratios are
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closely related in heliotron/torsatron devices. A variety of theories indicate that the trans-
port and MHD stability characteristics significantly change with aspect ratio. Therefore
it should not necessarily be concluded here that the iota value directly affects confinement
in heliotron/torsatron devices.

The next question is how to derive a single unified expression for all devices. For this

purpose, we introduce one additional parameter (s) in the form
g = 10%10°a% R** Pf g™ By o1y, - (6)

The parameter assumes the value s = 1 for heliotron/torsatrons and s = 0 for shearless
stellarators. It could represent differences in the configurations (shear, trapped particle
fraction, magnetic well/hill) as well as cleanness of the devices or efforts at optimization.

In Tab. 6, the regression expressions obtained from the entire standard set are summa-
rized. The unconstrained fit (no. 1) is in good agreement with the experience gathered so
far. The confinement data from three heliotron/torsatrons and two shearless stellarators
can be unified if the parameter s is taken into account. The dependences on the other pa-
rameters are consistent with the results obtained from heliotron/torsatrons and shearless
stellarators separately. In Fig. 1 the the quality of the fit can be seen.

When the s parameter is not introduced, the regression results in expression no. 2. The
fit gives a weaker dependence on the minor radius and a larger root-mean-square error.
The parameter dependences are close to the one of the -independent scaling in Eq. 5.
There are two different ways of analyzing the combined dataset: (i) by introducing the
configuration-specific parameter s , leading to an r dependence of the confinement time, or
(ii) by deducing an expression without introducting s, yielding a very weak ¢ dependence
at the expense of a larger rmse.
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Expression no. 3 gives a dimensionally correct fit to the data which has the same rmse

as the unconstrained one. It was obtained by imposing the additional constraint [42]
3ap + 8a, + 5ap —4(a, +ag) +5 = 0. {7

The magnetic configurations of the two stellarator lines differ in many respects {number
of trapped particles, magnetic well and shear). These differences are accounted for in a
rather crude way by the parameter s and it is difficult to relate the value of a, to a unique
physical parameter. Furthermore, o, is influenced by possible systematic differences in
the datasets of the two stellarator lines. For this reason, we propose as International

Stellarator Scaling (ISS) the expression
FISS9 0,070 x 221 RS p0597,051 BYS4 (8)

The expression has the same parameter dependences as no. 3, but the pre-factor has been
adjusted to be in the centre between the heliotron/torsatron and shearless stellarator
confinement. In Sec. 3.5 it was mentioned that, due to clean vessel conditions, the
confinement of the W7-AS data in the database is improved by 15% in relation to a
previous dataset. To test the influence of such an effect on the results, a regression was
carried out where rg of W7-AS was artificially reduced by 15%. The result given in Tab.
6 (no. 4) indicates that with @, = —0.21 the configuration-dependent variable is still
necessary to improve the fit.

The size of the W7-AS plasma is determined by only two limiters. This leads in the
average to long connection lengths of field lines interacting with limiters. The length is
even more increased in relation to heliotron/torsatrons because of the low ¢ value in W7-

AS. The long connection length in W7-AS could lead to poloidal asymmetries in density
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and temperature in the scrape-off layer and therefore to a virtually larger plasma radius.
Such an effect was simulated by increasing the minor plasma radius of W7-AS artificially
by the large amount of 20%. The result of this regression is given under no. 5. Although
as = -0.08 still indicates some configuration dependence, a larger effective minor radius
of W7-AS would modify the conclusions of this work.

It was also tested whether the choice of the radial position at which the ¢ value is taken
influences the results. Regressions using r at p = % or 1 do not, however, qualitatively
change the results.

No distinct difference between ECH and NBI can be diagnosed. Because of the different
density ranges in the two heating methods, a possible difference might, however, be hidden

in the density scaling properties.

6.. Comparison with Tokamak L Mode Confinement

After the comparison between shearless stellarators and heliotron/torsatron devices it
is now tempted to include tokamaks as well. The toroidal plasma current will enter this
study only as a source of the poloidal magnetic field, which determines ¢ = 1/¢. The
stellarator database is compared with tokamak L mode data using the ITER L mode
database. The bases for the comparison will be the Lackner-Gottardi (I-G) [5], the LHD
[4] and the ISS95 expressions. The definition of ¢ or g used in the scaling expressions must

be consistent. For the LHD expression, which does not depend on #, this is not important:

7_gHD = 0.034 X a2R0.ﬁB;P.58ﬁg.GQB?.M . (9)
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Scaling expressions for tokamak confinement are expressed in terms of the plasma current

Ip. For comparison with stellarators, they have to be rephrased by using (Ip in MA)

ath 1+ Iiz
R 2

Ip=5 " (10)

The crucial question in these comparisons is the radius at which ¢ should be evaluated. If
the edge ¢ values were used, the scaling would predict an improvement in confinement of
a factor of about 3 from a comparable g = 5 tokamak to Heliotron E with ¢, = 2.8. Since
confinement is not produced exclusively at the plasma edge, this is not realistic and the
use of i, /3 seems more appropriate. Equivalently, current-ramp experiments in tokamak
|43] indicating that confinement increases with a radial peaking of the plasma current
profile also suggest that not the total plasma current but rather the current flowing inside
some smaller radius is relevant to confinement.
For the calculation of ry 5 for tokamaks we use a radial g profile of the form

7

o(p) = mﬁp =1). (11)

A further difference occurs in the definition of the minor plasma radius. For stellarators,
it is defined via the plasma volume (V = 27%4?R) and in tokamaks with an elliptical
elongation & by the minor half-axis of the ellipse (V = 2x%a®kR if triangularity and
indentation are neglected). Since 7z depends about quadratically on g, it will be crucial
for the comparison to use the appropriate value. If stellarator data are used in a tokamak
scaling expression, a/+/k should be inserted instead of a. And if tokamak data are used
in the stellarator expressions of this paper, a,/k has to be used.

The elongation in a 3-dimensional plasma changes with toroidal angle and k is not

entered in the stellarator database. Hence, a comparison with the ITER89-P scaling is
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not possible. But a sensible comparison can be done on the basis of the L-G expression,
where 7z scales with a®k. In this case it is consistent to use 75 ~ a®k for tokamaks and

75 ~ a2 (with k = 1) for stellarators. The L-G expression [3] in stellarator notation reads
757 = 0.68 x 0.0627 x ¢*RP, 25728 B08o

B3=ce(Jiotabary? .(12)The term (ﬁ—‘:)o's was neglected here. The pre-factor 0.68 has
been obtained by adjusting the scaling expression to the centre of gravity of the com-
bined stellarator-tokamak dataset. Since we use 1, instead of t(e), this adjustment was
necessary.

A comparison of stellarators and tokamaks on the basis of different scaling expressions
is shown in Fig. 2. Plotted is the average of (1g — 7°°)/7*® over all discharges for each
device using for 7°°® the predictions from the various scaling expressions. On the average,
the LHD and L-G expressions describe both stellarators and tokamaks with similar quality.
Deviations from the scaling expressions of up to 40% of the energy confinement time are
observed. Similar deviations are also present if the ITER8%-P [1] expression is applied to
this tokamak L mode dataset. The r dependence present in the [-G expression introduces
a larger scatter for the stellarator devices. The LHD expressions reproduces almost exactly
the center of gravity of the combined dataset. On the basis of the L-G expression, the
quality of W7-AS confinement is similar to the average tokamak confinement. The other
stellarator and heliotron/torsatron devices are on the level of the lowest tokamaks.

The ISS95 expression describes stellarators and tokamaks equally well. The scatter of
the stellarators around the fit is about the same as for the tokamaks. It is a remarkable
result that a scaling expression derived from small stellarators describes rather well the

confinement time of a large tokamak like JET. A detailed comparison of all data with the
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ISS95 expression is shown in Fig. 3.

7.. Summary and Conclusion

A new stellarator database for global plasma parameters has been presented. A total of
859 discharges are included from the devices ATF, CHS, Heliotron E, W7-A and W7-AS.
In contrast to tokamaks, the devices fall into two groups distinguished by their magnetic
configuration. ATF, CHS and Heliotron E are heliotron/torsatrons with strong positive
magnetic shear and a radially limited magnetic well. W7-A and W7-AS are characterized
by a very low shear and a magnetic well throughout the plasma cross-section.

The database covers ECH and NBI discharges. Although the heating physics of the two
methods is very different, the confinement properties have to be assumed to depend only
on the total absorbed heating power. The scaling expressions obtained describe ECH and
NBI discharges equally well.

Regression analyses have been carried out for the individual stellarator lines as well as
for the combined dataset. The heliotron/torsatron data are consistent with the expression
shown in Eq. 4. If the R dependence is assumed, the shearless stellarators are described
by the expression shown in Eq. 3.

For a combined analyses of the dataset it is very satisfactory that the dependences of the
two individual expressions on the plasma parameters are very similar. In order to obtain
an optimum fit of all devices, we introduced a parameter (s) representing the two different
stellarator lines, s = 0 for shearless stellarators and s = 1 for the heliotron/torsatron line.
With this parameter included in the regression, we derived two scaling expressions with

very tight fits (Tab. 6, no.1 and 3), the latter satisfying Connor-Taylor-type theoretical

22



constraints {Eq. 7). However, the absolute value of the dependence on s also depends on
the consistency of discharge conditions and parameter definitions in the two stellarator
lines. The effect of the cleanness of the vessels and of different definitions of the plasma
radius was discussed in Sec. 5. Also the correlation of s and ¢ introduces some uncertainty
in the s dependence.

Besides the expressions which can be used for the individual stellarator lines, we there-
fore give an expression (ISS95) which disregards the s parameter and allows the confine-
ment of the different stellarators to deviate from the fit to an extent similar to that to

which tokamaks deviate from the fits (see Sec. 6):
T_éSSQS =0.079 x a2'21R0'65Pt;t059ﬁ251B?‘83 2;‘43 ' (13)

The parameter dependences are similar to those of the Lackner-Gottardi expression (Eq.
6). No dependence of 75 on the isotopic mass is indicated in the dataset.

A comparison of stellarator and tokamak confinement has been carried out on the basis
of various scaling expressicns. As described in Sec. 6, it is crucial to use the appropriate
definitions for ¢ and ¢ in this comparison. It has been shown that Eq. 13 also describes
tokamak data surprisingly well. And also on the basis of the other expressions, the
stellarator and the tokamak L mode are of comparable confinement quality.

Some cautionary remarks are in order:

(1) The density dependence of 7z turns out to be more complicated than a simple power
law. A stronger dependence seems to be indicated in the low density domain and a
weaker one at higher densities. In average the above expression describes the data
for densities of up to 10%® m~3. It is strongly advised not to apply this expression
to densities higher than this value.
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(2) The period of experimentation to acquire the data included in this database spans
over ten years, and during this period substantial progress has been made in wall-
conditioning techniques. Therefore there are, as in tokamak databases too, varia-

tions in discharge cleanness which might distort the scaling results.

(3) Recent results from enhanced confinement regimes such as H mode are excluded

from the database.

{(4) In Fig. 3, the data of heliotron/torsatron devices and shearless stellarators have
opposite offsets with respect to the IS595 scaling. It should be noted that data stored
in the database are primarily obtaired in each standard operation. Operational
modes with better confinement are obtained by means of intense wall conditioning
and tailoring the magnetic geometry in each device. The ISS95 scaling should be
recognized as an [-mode-like scaling. The parameter s has been used in unifying
the entire dataset. However, the physical meaning of s is not obvious. Although,
it might be attributed to differences in magnetic configuration and/or experimental

conditions, there are other effects which could be responsible for this as well.

The ISS95 scaling is based on the selection of the iota-dependent scaling for he-
liotron/torsatron confinement. If the iota-independent scaling is selected, the offsets
reduces to a level similar to that when the LHD expression is used. The next gen-
eration experiments LHD and W7-X will allow to distinguish more clearly between

the two scaling expression.

With the publication of this article, the database will be available for interested col-

leagnes. We look forward to seeing future upgrades of the database.
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Appendix A.. Parameter Description

Missing data or data which are not available are characterized by -9999999 for integers,
-9.999E-09 for real and NODATA for characters.

Heating powers which are not applied are set to 0 and additional heating parameters
(ie. PGASA, FECHI...) which are not applicable are set to be "missing” (see above).

General parameters

1 STELL Stellarator that has supplied the data:

ATF, CHS, HELE, W7-A, WT-AS
2 UPDATE Last update [YYMMDD]
3 DATE Date on which the shot was taken [YYMMDD)]
4 SHOT Shot number or the first shot number of a sequence
5 SEQ Sequence number (designated for a series of similar shots)
6 TIME Time during the shot at which the data are taken [s]

7 PHASE Phase of the discharge:

STAT = stationary phase

Plasma composition

8 PGASA Mass number of the plasma working gas:

1= Hz; 2= Dg; 3:H63; 4:He4
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9 BGASA Mass number of the NBI gas:

1= Hg, 2= D2

10 RGEO Major radius of the last closed flux surface [m]
ATF: (Rmax+Rmin}/2
Heliotron E: 2.17 m + radial displacement

W7-AS: 2 m + radial displacement

11 RMAG Major radius of the magnetic axis in the vacuum |[m] geometry
Heliotron E: 2.2 m + radial displacement

WT-AS: 2.05 m + radial displacement

12 AEFF Effective minor radius [m]
ATF: the r=1 radius, which is usually not in contact with the wall
CHS: radius limited by the inner wall
Heliotron E: radius of the last closed flux surface before the ergodic region
W7-AS: Last closed flux surface from simple formula interpolating between available

configurations
13 SEPLIM Minimum distance between the separatrix and the wall or the limiter [m)]

14 CONFIG Plasma configuration

STD = standard configuration

LIM/STD = standard configuration with limiter
Machine conditions
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15 WALMAT Material of the vacuum vessel wall
IN = inconel
INCARB = inconel with carbon
SS = stainless steel

SSCARB = stainless steel with carbon

16 LIMMATS3 Limiter material
C = carbon
BORC = boron-carbide
SS = stainless steel

TIC = titanium-coated graphite

17 EVAP Evaporated material
C = carbonized
BOR = boronized
TI = titanium
CR = cromium

NONE = no evaporation
Magnetics

18 BT Vacuum toroidal field at RGEO [T]

ATF: calculated from coil current

19 IP Total plasma current [A]

Positive values if it increases the vacuum iota (equivalent to the direction of a

tokamak current)

28



20 VSURF Loop voltage at plasma boundary [V]

positive values giving positive IP

21 IOTAA Rotational transform at the plasma edge (AEFF)

WT7-AS: From simple formula interpolating between available configurations

22 TOTAO Rotational transform at the plasma centre

WT7-AS: From simple formula interpolating between available configurations

23 BETDIA Toroidal beta based on the diamagnetic measurement (fraction, not %)

Heliotron E: calculated by the PROCTR code

24 NEBAR Line average electron density [m]

WT7-AS: If available, from microwave interferometer. otherwise from a central HCN

chord

25 DNEDT Time derivative of NEBAR [m~3/s]
ATF: only steady state — set to 0
Heliotron E: only steady state — set to 0

WT7-AS: only steady state - set to 0
Impurities
26 ZEFF Average plasma effective charge

27 PRAD Total radiative power as measured with bolometry [W]

Input power
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28 PECH13 Port-through power for primary ECH [W]
Heliotron E: sum of 53 GHz powers

WT7-AS: sum of 70 GHz powers

29 PECH2 Port-through power for secondary ECH [W]

W7-AS: sum of 140 GHz powers

30 MECH1 Mode of primary ECH:

1 = fundamental; 2 = 2™ harmonic

31 MECH2 Mode of secondary ECH:

1 = fundamental; 2 = 2™ harmonic

32 PABSECH Total absorbed ECH power [W]
Heliotrom E: from T, decay
CHS: from radiation level at plasma collapse
Heliotron E: from power switch-off experiments

W7-AS: 90% and 100% absorption in first and 2 harmonic, respectively

33 ENBI1 Power-weighted neutral beam energy for the primary beams [V]

35 RTANI Tangency radius for the primary beams
36 RTAN2 Tangency radius for the secondary beams

37 PNBI1 Port-through NBI power for the primary beams [W]
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38 PNBI2 Port-through NBI power for the secondary beams [W]

39 PABSNBI Total absorbed NBI power corrected for shine-through, orbit and charge-
exchange losses [W]
CHS: according to an expression deduced from HELIOS Monte Carlo calculations
Heliotron E: according to the HELIOS Monte Carlo beam orbit following code

WT-AS: according to a simple formula deduced from Fafner calculations
40 PICH Port-through ICRF power [W]
41 FICH ICRF frequency [Hz]
42 PABSICH ICRF absorbed power

43 POH Ohmic heating power [W]
Profile information

44 NEO Central electron density at RMAG [m =3
Heliotron E: taken from FIR

W7-AS: taken from =2 fit to a Thomson scattering profile

45 TEO Central electron temperature at RMAG [eV]
Heliotron E: taken from a fit to a Thomson scattering profile

W7-AS: taken from a fit to a Thomson scattering profile
Energies

46 WDIA Total plasma energy as determined by diamagnetic measurements [J]
Heliotron E: = from kinetic profiles and the beam contribution calculated by the

Proctr code
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47 WMHD Total plasma energy as determined from MHD equilibrium [J]

ATF: saddle loop is not calibrated, use for reference only

48 WETH Total thermal electron plasma energy [J]

W7-AS: from Thomson scattering profiles

49 WITH Total thermal ion plasma energy [J]

WT7-AS: from simulation with neoclassical transport coefficients
50 WTH Total thermal plasma energy from kinetic meassurements [J]
51 WFPER Calculated total perpendicular fast ion energy [J]
52 WFPAR Calculated total parallel fast ion energy [J]
Energy confinement times

53 TAUEDIA Global confinement time based on diamagnetic measurrement [s]
TAUEDIA = WDIA/(PABSECH-+PABSNBI+PABSICH + POH-dWDIA/dt)
ATF: dWDIA/dt = 0 is used
Heliotron E: perpendicular injection set to 1

WT7-AS: dWDIA/dt = 0 is used

54 TAUETH Thermal energy confinement time |s]
TAUETH = WTH/(PABSECH+PABSNBI+PABSICH+POH-dWTH/dt)
ATF: dWDIA/dt = 0 is used
Heliotron E: dWDIA/dt = 0 is used

W7-AS: dWDIA/dt = 0 is used
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Extra information

55 COFRANBI Ratio of co-injected beam port-through power to total NBI power
Heliotron E: perpendicular injection is set to 1

W7-AS: Sources(5+6-+7+8)/all sources (B; > 0)

56 STDSET Standard data set
0 == not included

1 = incliuded in present analyses

Appendix B.. Selection of the Standard Set

The standard data set used in all regressions of this paper can be obtained from the

entire database under the following conditions:
1. Delete discharges in helium.
2. For ATF, delete discharge no. 6842.
3. For Heliotron E, delete discharges no. 53705,

4. For W7-AS, delete all discharges with high power density given by the condition

Pos/Re > 3 x 10%4Wm3,
5. For W7-AS, delete discharges no. 21089, 24734, 25966, 25969, 26000 and 26925.

6. Use the diamagnetic energy confinement time; only for Heliotron E, must the ther-

mal confinement time be used.

For observations included in the standard set, the parameter STDSET is set to 1. Oth-

erwise this parameter is set to 0.
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Device R a ) ty /3 Ny N
ATF 204 027 0.26 1.00 059 237 232
CHS 094 020 0.31 1.10 054 197 197
Heliotron E (217  0.21 0.51 2.75 095 121 120
W7-A 205 0.09 035052 035052 035052 13 13
W7-AS 2.00 0.11-0.18 0.33-0.54 0.33-0.54 0.33-0.54 291 250

Table 1: Parametric overview of the devices included in the database. The total number

of contributed observations as well as the number of observation included in the standard

set used in the regression analyses are given.
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Device heating B: Tle Prot Nswa

method| av. min. max dev.| av. min. max dev.| av. min. max. dev.

ATF ECH [098 064 1.89 024060 033 104 0.18{024 005 041 0.09] 53
NBI 102 045 191 037]5.23 131 110 186(080 027 148 0.26] 127

mixed (1.06 045 1.89 034[120 043 474 068|056 020 113 025 52

CHS ECH [1.02 085 172 0.35/0.59 0.24 147 0.30|012 0.12 0.12 000 30

NBI 0.75 044 146 0.29(397 072 790 164/060 0.06 094 024 167

Heliotron E|ECH |1.84 0.94 1.94 020|120 049 3.02 0.66{029 0.08 0.50 0.12| 33

NBI 160 094 190 044|515 1.22 115 291|138 0.14 289 0.77| 87

W7-A ECH |1.73 125 250 063|125 0.62 2.30 052|009 004 013 0.03] 13

WT-AS ECH |1.71 124 256 061267 0.83 8.61 1.83/033 0.12 084 0.13] 198

NBI 130 124 253 027|866 243 185 4.10(050 0.18 1.18 031 45

mixed |2.53 2.53 2.54 006|538 3.56 6.45 127067 054 095 0.13 7

Table 2: Average, minimum, maximum values and the value of one standard deviation of
the distribution of some plasma parameters for the different devices and heating methods.

Only data from the standard set are included.
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device loga log P, logf, log By logr, /3

ATF log Pyt 1

log 2, 0.74 1

log By 0.09 0.05 1
CHS log Pyt 1

log 7, 0.95 1

log B; -028 026 1
Heliotron E | log Fy.t 1

log i 0.84 1

log B; -0.50 -0.52 1

WT-AS loge 1
log Py | -0.01 1
logii, |-0.01 0.64 1

logB; | 026 029 027 1

logry/s {-0.03 000 -009 045 1

Table 3: Correlation matrices of the standard set for the contributions from the individual

devices.
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Device Qg ag on ap an, op a, rmse

<
=

ATF -1.58+0.02  2.00 -0.59+0.03 0.51+6.02 0.77+0.05 0.099

=

CHS -1.71£003  2.00

[t

-0.891+0.04 0.72£004 0.801+003 0.0¢ |[0.063

-0.6240.04 0.563-6.04 0.5940.08

=]
=
=]

Heliotron E|-1.504+0.03 2.00 0.063

=

WT-AS -1.02+0.09 2.21+£0.09 1 -0.544+0.04 0.50+0.62 0.731£0.05 0.43+0.08|0.087

Table 4: Regression results for the individual devices from the standard set. Parameters
constrained to a fixed value are underlined. The root-mean-square errors correspond to

log;, values.
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Devices N

Q (22 ap ap Qp ap Q,

1{ W7-AS 250

2/ WT-A/WT-AS 263
3 ATF/CHS 429
4| ATF /Heliotron E 352
51 ATF/CHS/Heliotron E | 549

6| ATF/CHS /Heliotron E | 549

-0.94+0.09 221009 0.74  -0.541+0.04 0.5020.02 0.73+0.05 0.43%0.08

-0.904£0.08 2.27£007 074  -0.50+0.03 0.4910.02 0.75£0.05 0.39+0.08

-153+£0.01 2.06 0811003 -0.59

=g
1
—t
|.°
-\]
-3
—
[os]
<>

(o=
[£33
—

0.77  0.36x0.05

-144+001  2.00 0.80 —0.59

-1.4010.17 2.064+0.20 0.74+0.11 -0.63+0.02 0.5310.02 0.80+0.03 0.39+0.13

-1.88+0.07 1.51+0.09 1.0410.05 -0.621+0.02 0.531£0.02 0.81+0.03  0.00

Table 5: Regression analyses using subsets of the devices for the investigation of the

dependences on a, R and ¢. Constraint parameters are underlined.
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Gy oy, agp ap an, ag a, Qg rmse

[y

-0.954+0.07 2.24+0.06 0.6561+0.04 -0.593-0.02 0.51+£0.01 0.8118.02 042+0.05 -0.29+0.02]0.0905

b

-1.79+0.03 1.65x0.04 0.981+0.03 -0.60+0.02 0.53+0.01 0.91+0.02 -0.10+0.03 1] 0.0981

[

-0.984+-0.06 2.2140.05 0.65 -0.59+0.02 0.514+0.01 0.83+£0.02 0.4040.05 -0.28+0.02}0.0905

4|-1.10+0.07 2.174+0.06 0.69+0.04 -0.600.02 0.51+0.01 0.81+£0.02 0.41£0.05 -0.21+0.02|0.0898

o

-1.3130.06 2.06+0.06 0.74+0.04 -0.614+0.02 0.5240.01 0.81+0.02 0.3840.05 -0.08+0.02 | 0.0899

Table 6: Regression analyses under different assumptions of the entire standard set with
812 observations. 1: unconstrained fit, 2: constrained c,, 3: dimensionally correct fis,

4: assume 15% shorter 75 for W7-AS, 5: assume 20% larger a for W7-AS. Constrained

values are underlined.
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Figure 1: Confinement times of the entire standard set compared with the best fit from

Tab. 6 ,(no. 1).



fag

= 118595
0.3
A % 72] 7
0. e 1
ousl DA QA4 A=
T 06
a o ¥ HD
g 037
o FA e
< 00 7751 mmm@m@mmm% PARA . EA
9 -0.31
[
§ 6T ?
0.3 /f
i %%%mw%%_mm%é%
-0.3 %%

JFT2M
Dl
18X8B
JT60
PDX
TFTR
Di-p
JET

Figure 2: (g — 7°%)/7% averaged over all discharges of each stellarator from this
database and each tokamak from the ITER L mode database. For 7% the predic-
tions from the scaling expressions 15595, LHD and L-G are used. The devices are

ordered by ascending inverse aspect ratio. JTlx refers to JT60 with lower x-point

and TFTX to aspect-ratio experiments in TFTR.
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Figure 3: 7z versus the prediction from the ISS95 expression (Tab. 6, no. 3) for this

database and tokamaks from the ITER L mode database.
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