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Abstract

New H-mode power threshold scaling expressions have been found which incorporates an assumed 1/M
isotope dependence for hydrogenic plasmas. Preliminary power threshold predictions based on discriminant
analysis have also been made. However, the ITER predictions are still uncertain. The log-linear confinement
scaling expressions suggest that the L-mode is governed by Bohm type transport whereas the ELMY H-mode is
governed by gyro-Bohm transport. Various non-linear scalings also fit the ELMy H-mode data and a confidence
interval for the predicted confinement time in ITER has been established which takes the predictions of these into
account

1. INTRODUCTION

The ITER H-mode Power Threshold, L-mode and H-mode Confinement Databases [1-3] have
all been expanded with new data in the last two years and the number of contributing tokamaks has
increased. Here some of the recent findings using these databases will be presented, see also [4-6].

2. H-MODE THRESHOLD POWER

The ITER Threshold Database contains data from 10 divertor tokamaks (ASDEX, ASDEX
Upgrade, Alcator C-Mod, COMPASS-D, DIII-D, JET, JFT-2M, JT-60U, PBX-M and TCV). Since
the previous IAEA conference [7] efforts have been made to understand the causes of the large scatter
of the data and to improve the quality of the database by adding new data.

Regressions on the points just at the L-H transition yield the following two expressions (units
of M, n20, S, Pthres, B, R and a are AMU, 1020 m-3, m2, MW, T, m and m, respectively):

Pthres = 0.082 M-1.0 n200.69 B0.91 S0.96 ,      RMSE = 25.2%     (1)



Fig. 1. Comparison of experimental power thresholds
with scaling expression Eq.(1).

Pthres = 2.76 M-1.0 n200.77 B0.92 R1.30 a0.76 ,    RMSE = 25.1%      (2)

The data from ASDEX (only circular device), COMPASS-D and TCV (smallest devices with an open
divertor) have not been included in the regressions because they are above the prediction according to
both regression models, see e.g. Fig.1.
For the latter 2 devices neutrals may be
the cause of the increased power
threshold. Both Eqs. (1) and (2) are
dimensionally correct within the
uncertainties of the exponents. The
dependence on S is in agreement with
the L-H transition being an edge
phenomenon. The expressions were
obtained from deuterium data. The
dependence on M is only valid for
hydrogenic plasmas and was imposed
based on operation in hydrogen and
deuterium as well as tritium [8]. The
extrapolated values for ITER using
Eqs.(1) and (2) are 85 (56 - 153) MW
and 107 (63 - 179) MW, respectively.
The uncertainty on Pthres  is largely due
to data scatter that can reach a factor of 2 within a single device. The data scatter has several causes
that vary from device to device. One effect is wall conditioning, the threshold being higher in high
recycling cases. It has been shown in several devices that the edge electron temperature is almost
constant for given values of B and I. Therefore, to reach the required temperature, more heating
power is necessary at higher edge density (i.e. high recycling). Using the edge density instead of the
line-averaged density in the analysis would be preferable. However, the lack of data and the large
scatter of the available measurements have prevented a reliable result to be obtained. Moreover, the
edge density in ITER is not known with accuracy. Therefore, at present, using the edge density does
not improve the prediction. A second cause for scatter in several devices is due to the sawteeth. The
heat pulse following a sawtooth crash can trigger the L-H transition when it reaches the edge.
Depending on the plasma conditions and time evolution of the discharge, the L-H transition may be
triggered by a sawtooth heat pulse with variable efficiency or not at all. Presently it is not possible to
reliably take this effect into account, but modeling is being carried out. A cause of data scatter in
Alcator C-Mod is attributed to the variation of the ICRH absorption. A correction to the heating
power with experimental absorption factors has decreased the scatter and reduced the density
dependence in this device. However, the overall results did not change significantly.

Discriminant Analysis is used to determine a set of hyperplanes in a multidimensional space,
which best separates two classes of data. An investigation of the H-mode power threshold using this
approach has been initiated [5]. The first class consists of L-mode data and the second of H-mode
data. In order to increase the number of data points all 3 databases (L-mode, H-mode and Threshold
database) have been merged together. However, only data from tokamaks contributing both L-mode
and H-mode data have been considered. The resulting dataset is thus significantly different from the
one used in the previous section. R, B, κ, q95, n and the loss power P constitute the multidimensional
space. The discriminant function (constant on each hyperplane) can be transformed into a function
that gives the probability of a data point to belong to the H-mode class. With this model about 75% of
the data are well classified. The model can be used to predict the H-mode threshold power in the
following way. For design values of R, B, κ, q95 and n, the loss power P is increased until the model
shows a probability larger than 0.5. That value of P is considered to be the threshold power. The
prediction for ITER is 80 (25 - 200) MW. Threshold predictions for independent scans of R, B, κ, q95
and n have also been calculated. They show that this model is equivalent to a threshold power scaling
which increases with R, B and κ but decreases with q95 and n. The latter dependence is not in
agreement with the results obtained by regression analysis and hence deserves further consideration.



3. L-MODE CONFINEMENT

The present public L-mode database consists of data from 14 tokamaks (Alcator C-Mod,
ASDEX, DIII, DIII-D, FTU, JET, JFT-2M, JT-60U, PBX-M, PDX, TEXTOR, TFTR, Tore-Supra,
and T-10). In [4] a dimensionally correct fit to the thermal confinement data for the combined limiter
and divertor data subsets is given (in units of s, MA, T, MW, 1019m-3, AMU, m, -, -):

τthITERL97P  = 0.023 I0.96 B0.03 P-0.73 n190.40 M0.20 R1.83 ε-0.06 κ0.64, (4)

The RMSE is 15.8% and there is no apparent difference between the divertor and limiter data. The
scaling predicts 2.1s for ITER. The scaling expression in Eq.(4) is ∝ τB ρ∗ 0.15 β-1.41 ν∗ 0.19 which
shows it is a Bohm like scaling. From a comparison of Eq.(3) with the ELMy H-mode data, it is also
apparent that the H-mode enhancement factor tends to increase with machine size.

4. ELMY H-MODE CONFINEMENT

The new public version (DB3v5p) of the ITER H-mode confinement database, ITERH.DB3,
was released 1st of June 1998.  This version contains data from 12 tokamaks: Alcator C-Mod
(C-Mod), ASDEX, ASDEX Upgrade (AUG), COMPASS-D, DIII-D, JET, JFT-2M, JT-60U, PBX-M,
PDX, TCV and TEXTOR. The new H-mode data specific to DB3v5p are detailed in [4].

The new ELMy H-mode standard dataset of DB3v5p (1398 obs. From 11 Tokamaks) [4] is
significantly larger than the IAEA 1992 ELMy standard dataset (833 obs. from 6 Tokamaks) [10].
Only 3 correlation coefficients (ρIP, ρIε and ρIκ) are now larger than 0.7 and the principal
components have changed significantly. The extrapolation to ITER is now only larger than 4 standard

deviations around the largest principal component. The factor 
  

1+ λ2∑  in the classical statistical
interval formula [11] is ~ 40% lower compared to that of DB2 implying that the log-linear interval for
the ITER prediction is significantly reduced. The ELMy H-mode data now satisfies the Kadomtsev
constraint [9] which was not supported earlier because the required changes to the exponents of n, B
and/or R were too large. The addition of C-Mod data is responsible for the dataset now meeting the
Kadomtsev constraint. The reason for this is being investigated (e.g. a reduction in the correlation
between B and R may be playing a role). The new dataset is quite robust in the sense that the log-
linear regression results and subsequent ITER predictions do not change appreciably if the dataset is
perturbed. The Kadomtsev constrained log-linear scaling with the lowest RMSE (15.64%) is obtained
with the TAUC93 renormalisation [12]. The renormalisation attempts to normalize the few closed
divertor configurations represented in the database to open divertor configurations, the majority
configuration represented in the database. This expression is ∝ τB ρ∗-0.98β-0.50ν∗-0.10, ie. a gyro-
Bohm scaling, and is practically identical to the EPS97P(y) scaling [13]. The ITER prediction is
6.15s. The scaling obtained without any renormalisation is ∝ τB ρ∗-1.15β-0.37ν∗-0.12 which predicts
7.08s for ITER. It is the ASDEX normalisations that make the β degradation stronger and reduce the
ρ∗ dependence that leads to the lower ITER prediction. The scaling is ∝ τB ρ∗-0.68β-0.50ν∗-0.12 if
only the ASDEX normalisations are applied and the prediction is 5.75s for ITER. With TAUC92 [10]
or TAUC93 applied only to the PDX data, the regression gives τfit ∝ τB ρ∗-1.32β-0.36ν∗-0.11 or τfit

∝ τB ρ∗-1.49β-0.36ν∗-0.11, respectively. Hence, the PDX normalisations counteract the effect of the
ASDEX normalisations on the ρ∗ dependence. Scalings based on TAUC92 are slightly more
conservative in the prediction for ITER than those based on TAUC93. The IPB98(y) scaling
expression [4] is based on TAUC92 and reads (in units of s, MA, T, MW, 1019 m-3, AMU, m, -, -):

τthIPB98(y)  = 0.0365 I0.97 B0.08 P-0.63 n190.41 M0.20 R1.93 ε0.23 κ0.67 , (4)



Fig. 2. Interval estimates of the confinement time
in ITER at the standard operating point.

Eq.(4) is ∝ τB ρ∗-0.83β-0.50ν∗-0.10 and predicts 6s for ITER. The RMSE is 15.8%. In [6]
uncertainties of the exponents for the individual dimensionless physics variables have been estimated
by a mapping of the RMSE minima from a series of constrained regressions. Two constraints are
applied: the Kadomtsev constraint plus a constraint corresponding to a given value, y, of the exponent
of one other dimensionless parameter. The 95% confidence interval ± δy can then be estimated from
the plot of RMSE versus y. For Eq.(4) the values of δy are 0.27, 0.24 and 0.08 for ρ∗, β and ν∗,
respectively. Finally in [4] also fits using another definition of elongation, κ = area / (πa2), which
seems appropriate to use for the indented,
bean shaped PBX-M and also START [14]
can be found.

Based on the log-linear scalings
obtained from various subsets of the data
[4], the 95% log-linear interval estimate for
the ELMy H-mode confinement time in
ITER is (4.4–6.8 s). This comes close to a
classical statistical 95% interval estimate
based on the log-linear fit using TAUC92,
allowing for a multiplication factor of 2 to
roughly account for some of the modeling
imperfections. Several non-linear scalings
with lower RMSE's than that of the log-
linear scalings have been found [4, 15, 16].
Allowing for these non-linear models and a
number of additional considerations as
presented in [4], the 95% non-linear
interval estimate is (3.5–8 s). Hence, the
95% log-linear interval corresponds
roughly to a 66% non-linear interval
estimate (Fig.2).
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