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the full tungsten wall. This paper describes the new database and presents results

of regression analysis to estimate the global energy confinement scaling in H-mode

plasmas using a standard power law. Various subsets of the database are considered,

focusing on type of wall and divertor materials, confinement regime (all H-modes,

ELMy H or ELM-free) and ITER-like constraints. Apart from ordinary least squares,

two other, robust regression techniques are applied, which take into account uncertainty

on all variables. Regression on data from individual devices shows that, generally, the

confinement dependence on density and the power degradation are weakest in the

fully metallic devices. Using the multi-machine scalings, predictions are made of the

confinement time in a standard ELMy H-mode scenario in ITER. The uncertainty

on the scaling parameters is discussed with a view to practically useful error bars

on the parameters and predictions. One of the derived scalings for ELMy H-modes

on an ITER-like subset is studied in particular and compared to the IPB98(y, 2)

confinement scaling in engineering and dimensionless form. Transformation of this

new scaling from engineering variables to dimensionless quantities is shown to result

in large error bars on the dimensionless scaling. Regression analysis in the space

of dimensionless variables is therefore proposed as an alternative, yielding acceptable

estimates for the dimensionless scaling. The new scaling, which is dimensionally correct

within the uncertainties, suggests that some dependencies of confinement in the multi-

machine database can be reconciled with parameter scans in individual devices. This

includes vanishingly small dependence of confinement on line-averaged density and

normalized plasma pressure (β), as well as a noticeable, positive dependence on effective

atomic mass and plasma triangularity. Extrapolation of this scaling to ITER yields

a somewhat lower confinement time compared to the IPB98(y, 2) prediction, possibly

related to the considerably weaker dependence on major radius in the new scaling

(slightly above linear). Further studies are needed to compare more flexible regression

models with the power law used here. In addition, data from more devices concerning

possible ‘hidden variables’ could help to determine their influence on confinement,

while adding data in sparsely populated areas of the parameter space may contribute to

further disentangling some of the global confinement dependencies in tokamak plasmas.

1. Introduction

The dominant mechanism determining the energy confinement time in tokamaks is

heat conduction and convection due to turbulent transport. Reliable predictions of

the turbulent thermal transport coefficients in tokamak plasmas from first principles

are still not feasible, despite substantial progress in theoretical understanding over

the past decades. Consequently, global energy confinement studies based on empirical

scaling expressions obtained from multi-machine data sets still represent an important

instrument for extrapolating plasma performance to new machines, such as ITER.

In addition, these scaling expressions provide a reference for assessing the quality of

global confinement in present-day experiments, they may serve as boundary conditions

for modelers and can guide development of theoretical models for heat transport in

tokamaks.

Since 1989, the H-Mode Database Working Group (DBWG) has developed and

maintained the Global H-Mode Confinement Database, moving into the framework of
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the International Tokamak Physics Activity (ITPA) in 2001. Following the example of

the L-mode database [1], a multi-machine H-mode database was established for tokamak

confinement scaling, in collaboration with teams from the various data-contributing

devices [2]. In 1998, version 2.8 of this database (DB2.8) was used to derive the ITER

Physics Basis ELMy H-mode scaling expression IPB98(y, 2), which has been extensively

used as a reference for global thermal energy confinement scaling in tokamak ELMy H-

mode plasmas [3].

Over the years, the ITPA global H-mode confinement database was extended and,

since about a decade, it contains data from 19 devices of different sizes and shapes. The

latest fully public version of the database, DB3v13F, was described in [4]. Addition of

further data from JET and the low-aspect ratio devices NSTX [5] and MAST [6] led to

DB4.3 [7] and DB4.5 [8].

Recently, however, experimental evidence has been collected suggesting that the

coverage by the standard subset of the database, on which the IPB98(y, 2) scaling is

based, may be improved in certain regions of the parameter domain expected to be

relevant for operation of future fusion reactors. This particularly concerns regimes with

high density, low q95 (safety factor at the surface encompassing 95% of the poloidal

magnetic flux) and high normalized plasma pressure β. Another important issue is the

observed disparity between some of the dependencies found by IPB98(y, 2) and those

obtained in corresponding single-machine scans. This is especially the case with the

density dependence and the level of power degradation, where single-machine scans

sometimes tend to point out weaker dependencies [9, 10]. Discrepancies with scans of

individual dimensionless variables have also long been noted [11]. Furthermore, as the

majority of the data in the existing database was obtained in carbon-based machines,

recent availability of data from devices with fully metallic walls, which are considered

to be more reactor-relevant, suggests revisiting the confinement scaling issue.

Within the ITPA framework, an activity has been conducted with the aim to

update the confinement database with data closer to ITER baseline and hybrid

scenario conditions, to expand the parameter range and include new data from

devices with metallic walls, to explore new predictor variables and to employ several

advanced regression techniques which aim at increasing the robustness of the scaling

expression [12]. The present paper reports on the status of the database and presents

a number of results of power law regression analysis for estimation of the global energy

confinement scaling in terms of engineering variables and dimensionless quantities.

Specific emphasis is laid on the uncertainty on the data and the estimated parameters,

as well as on the influence on the scaling expression of data from the machines with fully

metallic wall components. We concentrate mainly on confinement scaling in ELMy H-

mode plasmas and compare with the IPB98(y, 2) scaling.

The paper is structured as follows. Section 2 presents the database, its additions

since 2015 and the variables in the energy confinement scaling. In section 3, the

methodology of the regression analysis is introduced in order to derive the global

confinement scaling in power law form. The transformation between engineering and
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dimensionless variables is discussed in some detail, as well as the three regression

techniques that have been used in the paper. The results of the regression analysis,

using various subsets of the database, are presented in section 4, with some emphasis

on deriving practical uncertainty estimates. In section 5 the main results of the paper

are summarized and discussed, while the main conclusions are offered in section 6.

2. Description of the database

2.1. Data size and subsets

Since the start of the initiative to update the H-mode confinement database in 2015,

data has been added from JET with the ITER-like wall (JET-ILW) and from ASDEX

Upgrade (AUG) with the full tungsten wall (AUG-W). The new JET data comprises

866 time slices obtained during the stationary phase of H-mode discharges [13, 14],

while the new AUG-W data consists of 825 H-mode slices [15]. This newly added data

includes hybrid and ITER baseline scenarios, among others. Together with the existing

entries from Alcator C-Mod, with its molybdenum first wall components, the new data

from JET-ILW and AUG-W comprise the sole entries in the database from metal-only

devices (i.e. metallic components for the wall, limiters and divertor). For simplicity,

this will be referred to here as the ‘high-Z’ subset, with the rest of the data making up

the ‘low-Z’ set. Even in the high-Z subset, the wall cannot invariably be characterized

as fully metallic, because Alcator C-Mod and ASDEX Upgrade employ boronization for

wall conditioning. Along with addition of data from metallic devices, some of the older

data from ASDEX Upgrade has been reprocessed, employing enhanced data validation

criteria and a more accurate estimate of the fast ion energy content. Starting with

these updates, the main version number of the database has been augmented, such that

presently it is referred to as ‘DB5’. The version of the database used for analysis in this

paper is DB5.2.3 and it is publicly accessible online [16].

In total, DB5.2.3 contains 14 153 records (data points) with data from 19 tokamaks,

but only dedicated subsets are considered for scaling analysis. The selection criteria for

the ‘standard’ DB5 subset, referred to here as ‘STD5’ (7 537 points from 18 machines),

are similar to those applied to earlier database versions, and can be summarized as

follows [2, 4]. The constraints target discharges that are in H-mode plasmas only

(with ELMs or ELM-free), without pellet fueling, strong internal transport barriers or

excessive MHD activity near the β limit, characterized by a relatively steady energy

content (−0.05 ≤ (dWtot/dt)/Pabs,t ≤ 0.35, where Wtot is the total plasma stored

energy and Pabs,t the total absorbed heating power), with limited radiated power Prad

(Prad/Pabs,t ≤ 0.6) and limited fast particle energy content Wf (Wf/Wtot ≤ 0.40), and

with a machine-dependent minimum safety factor (q95 & 2.5). STD5 consists of the data

that satisfied the standard selection criteria in the earlier database version DB3, as well

as the majority of the new high-Z discharges (866 from JET-ILW and 767 from AUG-W).

A number of complementary low-Z discharges from JET and ASDEX Upgrade with high
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gas injection rates have been added as well. Many discharges have contributed multiple

time slices. Both large type I ELMs and small ELMs occur in the ELMy H-modes in

the database.

Apart from the STD5 subset of DB5, additional selection criteria have led to

a restricted subset of STD5, with a view to more ITER-relevant predictions. The

ITER-like subset contains 6 202 slices from H-mode plasmas in eight devices (ASDEX

Upgrade, Alcator C-Mod, COMPASS-D, DIII-D, JET, JFT-2M, JT-60U and PBX-M)

and imposes the following additional constraints: q95 > 2.8, 1.3 < κ < 2.2, ε < 0.5 and

Zeff < 5. Here, κ = b/a is the elongation of the last-closed flux surface (LCFS; with 2a

(m) the width of the surface in the mid-plane and 2b (m) the height between the upper

plasma edge and the lower edge (or the X-point)), ε = a/Rgeo is the inverse aspect ratio

(with Rgeo (m) the radius of the geometric axis) and Zeff is the ion effective charge.

Table 1 lists the number of entries in DB2.8, DB5.2.3-STD5 and various subsets of

the latter. A distinction has been made between the data points from ASDEX Upgrade

with the full tungsten wall and the other points from this machine (henceforth referred to

as points from AUG-W and AUG, respectively). Likewise, for the purposes of this paper,

the points from JET with the carbon wall (JET-C) and JET-ILW are distinguished, also

because of the differing operational characteristics of the machine during the respective

periods.

In comparison with DB2.8, DB5.2.3 contains significantly more points, from various

devices, with the majority of new entries originating from ASDEX Upgrade and

JET. Some data from COMPASS-D and START have been added as well, which can

contribute to further narrowing down the dependence of confinement on machine size.

Addition of data from the low-aspect ratio machines NSTX and MAST (large ε) can be

useful for determining the ε scaling [5].

2.2. Database variables

Over 200 variables are defined in the database, including various bookkeeping variables

used for selecting data subsets. We here concentrate on the variables that appear in the

expression of the global energy confinement scaling (see section 3).

2.2.1. Engineering variables Starting with the ‘engineering’ form of the confinement

scaling using a simple power law, the following variables are of particular interest: the

thermal energy confinement time τE,th (s), the plasma current Ip (MA), the on-axis

vacuum toroidal magnetic field Bt (T), the central line-averaged electron density n̄e

(1019 m−3), the thermal power lost due to transport through the LCFS Pl,th (MW),

the major radius Rgeo (m), the elongation of the LCFS, defined as κa = V/(2πRgeoπa
2)

(with V (m3) the plasma volume inside the LCFS), the inverse aspect ratio ε = a/Rgeo

and the effective atomic mass Meff of the plasma.

The energy confinement time is given by τE,th = Wth/Pl,th, where Wth is the

thermal stored energy. The latter is derived from the total stored energy Wtot (itself
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Table 1. Number of data entries in DB2.8 and DB5.2.3 listed per machine, for various

data subsets.

DB2.8 DB5.2.3

STD5 STD5 ITER-like

Device ELMy H All H ELMy H ELMy H ELM-free H

ASDEX 431 575 431 0 0

AUG 102 1 385 1 377 1 370 8

AUG-W 0 767 767 767 0

Alcator C-Mod 37 82 45 45 37

COMPASS-D 0 21 16 16 5

DIII-D 270 502 388 383 114

JET-C 246 2 211 1 762 1 606 426

JET-ILW 0 866 866 855 0

JFT-2M 59 348 69 59 197

JT-60U 9 100 100 100 0

MAST 0 43 43 0 0

NSTX 0 230 185 0 0

PBX-M 59 214 59 59 155

PDX 97 119 97 0 0

START 0 8 8 0 0

T-10 0 4 0 0 0

TCV 0 17 11 0 0

TdeV 0 7 7 0 0

TEXTOR 0 0 0 0 0

TFTR 0 2 2 0 0

TUMAN-3M 0 36 0 0 0

Total 1 310 7 537 6 233 5 260 942

determined from diamagnetic loop measurements or from an equilibrium reconstruction)

by subtracting the energy content associated to fast particles originating from plasma

heating. Alternatively, Wth is deduced from kinetic measurements. Likewise, the

thermal power loss Pl,th is obtained from the total power loss by subtracting the power

lost through charge exchange reactions and unconfined ion orbits, as well as the neutral

beam shine-through power. It should be noted that the power lost through radiation

from inside the LCFS was neglected for calculating Pl,th (this cannot be neglected in

ITER). Furthermore, as before, a correction factor ‘TAUC93’ was applied for calculating

τE,th in the case of ASDEX and PDX, to account for their closed divertor shapes [3].

The definition used for the elongation is similar to the one used in the IPB98(y, 2)

expression. It was chosen instead of the standard definition κ = b/a to improve

predictions for START and TdeV, while maintaining very similar estimates of the impact

of ε, irrespective of inclusion of data from PBX-M, with its indented plasma shape [3].

In an attempt to clarify the dependence of energy confinement on plasma density

and fueling, in DB5 variables have been added corresponding to the electron density near

the LCFS (separatrix density ne,sep, corresponding variable NESEP) or in the scrape-
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Table 2. Main statistics of the engineering variables used for global confinement

scaling in ELMy H-mode plasmas in the DB5.2.3-STD5 database. The corresponding

statistics for the case of the DB2.8 data set are mentioned between parentheses.

τE,th (s) Ip (MA) Bt (T) n̄e (1019 m−3) Pl,th (MW) Rgeo (m) 1 + δ κa ε Meff

0.0022 0.16 0.26 1.2 0.15 0.28 1.0 0.92 0.16 1.0
Min.

(0.014) (0.17) (0.94) (1.2) (0.39) (0.67) (1.0) (0.93) (0.16) (1.0)

1.3 5.1 5.8 43 33 3.4 1.9 2.5 0.78 3.2
Max.

(1.3) (5.1) (5.8) (43) (21) (3.4) (1.9) (2.5) (0.41) (2.0)

0.18 1.4 2.2 6.0 8.0 2.2 1.3 1.6 0.32 1.9
Mean

(0.15) (1.1) (2.2) (5.5) (4.5) (1.8) (1.2) (1.4) (0.29) (1.8)

0.12 1.0 2.2 5.5 6.6 1.7 1.3 1.6 0.32 2.0
Median

(0.055) (0.62) (2.2) (4.4) (2.8) (1.7) (1.2) (1.5) (0.29) (2.0)

0.15 0.81 0.66 3.2 5.3 0.70 0.14 0.22 0.082 0.26
Std.

(0.20) (1.0) (0.71) (4.9) (3.7) (0.55) (0.19) (0.37) (0.064) (0.30)

off layer (ne,sol, corresponding variable NESOL). On the one hand, these parameters

can be controlled more directly than the line-averaged density. On the other hand,

in AUG-W and JET-ILW relatively strong gas fueling has been necessary to prevent

heavy impurity accumulation, in turn affecting plasma confinement [17, 18]. Therefore,

including these additional variables may help to improve physics understanding and

predictions toward ITER. In the present database they are only provided for some of

the data from AUG, AUG-W [15] and JET-ILW [14]. In addition, we investigate the

influence on confinement of the average triangularity δ of the LCFS. This shape factor

is used here as an alternative to q95/qcyl, where qcyl is the safety factor in the cylindrical

approximation [7].

Table 2 provides a summary of the main statistics of the engineering variables

used in the confinement scaling, including triangularity, for all ELMy H-mode data

across all devices in DB5.2.3-STD5. A comparison with the statistics in DB2.8 is also

given. The corresponding histograms for DB5.2.3-STD5 are shown in figure 1. As far

as the engineering variables are concerned, the main differences in DB5.2.3-STD5 with

respect to DB2.8 are mostly due to addition of data at elevated power, and to some

extent also higher current and density. This is related to the larger share of data from

ASDEX Upgrade and JET in DB5.2.3. Furthermore, as mentioned above, addition of

data from the low-aspect ratio machines MAST and NSTX has substantially increased

the maximum value of ε in the database. Moreover, apart from deuterium (D) plasmas,

several devices have contributed data from plasmas with hydrogen (H), or with a mixture

of H and D (ASDEX, AUG, DIII-D, JET, JET-ILW, JFT-2M and PDX). There are

also data from tritium (T) plasmas and D-T mixtures in JET. Finally, although the

database contains entries obtained in helium plasmas, these have been left out in the

present analysis of the database and all confinement scalings.

Dependencies between the predictor variables (also known as independent or
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Figure 1. Histograms (logarithmic scale) for the distribution of the engineering

variables used for global confinement scaling in ELMy H-mode plasmas in the DB5.2.3-

STD5 database. A distinction has been made between the low-Z and high-Z subsets.

The vertical axes denote the number of entries in the data set.

explanatory variables, or regressors) for the scaling in DB5.2.3-STD5 can guide data

selection and provide some insight into the results of regression analysis. Motivated

by the linearity of a power law on a logarithmic scale, linear correlations, across the

database, between the logarithmically transformed variables provide an idea of the

strength of such relations (natural logarithms are used throughout this paper). Table 3

shows the correlation matrices for the logarithmic engineering variables in the ELMy

H-mode data of DB5.2.3-STD5. If two predictor variables are strongly correlated,

then the uncertainty on the estimates of the corresponding individual exponents in

the scaling will be high (predictions would not necessarily be affected, however). It
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Table 3. Correlation matrix for the logarithmic engineering variables used in global

confinement scaling for ELMy H-mode plasmas in the DB5.2.3-STD5 database. Values

above 0.6 are highlighted.

ln Ip lnBt ln n̄e lnPl,th lnRgeo ln (1 + δ) lnκa ln ε lnMeff

ln Ip 1.0 0.34 0.083 0.82 0.69 0.34 0.49 0.30 0.33

lnBt 0.34 1.0 0.27 0.34 0.37 −0.38 −0.26 −0.54 0.20

ln n̄e 0.083 0.27 1.0 0.20 −0.36 0.21 0.25 0.073 0.35

lnPl,th 0.82 0.34 0.20 1.0 0.61 0.31 0.44 0.18 0.27

lnRgeo 0.69 0.37 −0.36 0.61 1.0 −0.085 0.020 −0.27 −0.0065

ln 1 + δ 0.34 −0.38 0.21 0.31 −0.085 1.0 0.72 0.62 0.21

lnκa 0.49 −0.26 0.25 0.44 0.020 0.72 1.0 0.54 0.34

ln ε 0.30 −0.54 0.073 0.18 −0.27 0.62 0.54 1.0 0.23

lnMeff 0.33 0.20 0.35 0.27 −0.0065 0.21 0.34 0.23 1.0

can be noted that, in DB5.2.3-STD5 ELMy H-mode plasmas, significant correlation

remains between the plasma current and power loss (0.82), current (or power) and

major radius (0.69), and also between the shape parameters κa, ε and 1+δ (always on a

logarithmic scale). Although the situation is similar in the version of the database before

2015, there are some improvements with respect to subset DB2.8 used for the IPB98

scaling expression. Specifically, the substantial correlation between plasma current (or

power) on the one hand and shape parameters and effective mass on the other hand,

has decreased significantly.

In general, however, bivariate correlations reveal only part of the correlation

structure between the total set of variables. Indeed, it may be possible to approximate a

specific predictor variable by a combination of two or more other regressors (logarithmic

scale). In such a case, the bivariate correlations among this set of variables could be

low and still the uncertainty on the estimates of the individual exponents may be high.

Therefore, a more detailed analysis of the correlation structure between the predictor

variables was carried out using variance decomposition proportions based on singular

value decomposition [19, 20]. This revealed evidence for two near-collinearities, involving

the intercept, Ip, Bt, Rgeo and ε, suggesting that, in the database, each of these variables

can be expressed moderately well in terms of (a subset of) the remaining predictor

variables, i.e. n̄e, Pl,th, 1+δ, κa and Meff . It also indicates the possibility of considerable

uncertainty on the parameter estimates corresponding to the variables involved in the

near-collinearities.

2.2.2. Dimensionless variables The scaling can be cast in ‘dimensionless’ form by

introducing a number of dimensionless variables. The motivation for this approach

lies in dimensionless analysis of the transport of heat and particles, applied in an

early stage in the context of magnetically confined plasmas by Kadomtsev [21]; see
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also [22].¶ In particular, the energy confinement time is rendered dimensionless through

multiplication with the ion cyclotron frequency Ωi = qBt/Meff (with charge q = e for

hydrogenic species). Other dimensionless quantities often used in this context are ρ∗
(ion gyroradius ρi normalized to the minor radius), βt (plasma pressure normalized to

the magnetic pressure of the toroidal field), collisionality ν∗ (ion collision frequency νii

normalized to the bounce frequency of trapped particles) and qcyl (safety factor in the

cylindrical approximation). These quantities can be calculated in terms of dimensional

variables as follows:‖

ρ∗ =
ρi

a
'
(

2mp

e

)1/2
(MeffT )1/2

Bta

= 1.44× 10−4(MeffT )1/2(BtRgeoε)
−1, (1a)

βt =
p

B2
t /(2µ0)

' 4µ0neT

B2
t

= 8.05× 10−21nTB−2
t , (1b)

ν∗ = νii

(mi

eT

)1/2
(
Rgeo

a

)3/2

qcylRgeo '
e2

2π33/2ε20
ln Λ

nqcylR
5/2
geo

T 2a3/2

= 5× 10−11(ln Λ)nBtR
2
geoε

1/2κaI
−1
p T−2, (1c)

qcyl =
2π

µ0

a2κa

Rgeo

Bt

Ip

= 5× 106BtRI
−1
p ε2κa. (1d)

Here, p, n (m−3) and T (eV) stand for the volume-averaged pressure, density and

temperature, respectively, assuming equal electron and ion temperature. Furthermore,

in these expressions the plasma current Ip is in A, mi is the ion mass and mp the proton

mass. In the expression for ν∗, ln Λ is the Coulomb logarithm, for which we adopt the

expression ln Λ = 30.9− ln(n1/2/T ). It typically does not vary much over the parameter

range of interest. For instance, in the DB5.2.3-STD5 ELMy H-mode ITER-like data

set, the average value of ln Λ is 15.5 and the standard deviation is 0.6. For the purpose

of transforming the engineering scaling to dimensionless variables (section 3.1), ln Λ can

thus be taken as a numerical constant. Moreover, in practice, in this paper βt has been

calculated from the thermal stored energy Wth (= 3neT , in J) and the plasma volume in

the database. Also, the volume-averaged density has been obtained by multiplying the

line-averaged electron density n̄e with a factor 0.88, which is an average conversion factor

obtained from analysis of the database. In addition, although some of the scaling laws

derived in this paper include the triangularity as a predictor variable, we do not consider

δ in the definition of the dimensionless variables, in order to facilitate comparison with

earlier results. For ease of reference, table 4 summarizes the proportionality relation

between the main dimensionless and dimensional variables used in this paper.

Table 5 provides the statistics summary for the dimensionless variables used here,

for the ELMy H-mode plasmas in DB5.2.3-STD5, including a comparison with DB2.8.

¶Readers interested in the origin and methods of dimensionless scaling techniques in magnetic

confinement fusion may consult the excellent review article by Luce et al. [23].
‖The precise definitions of the dimensionless variables vary across the literature. Here, we largely

follow [3], with definitions based on the toroidal magnetic field Bt.
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Table 4. Relations (approximate) between the main dimensionless variables used in

this paper and the dimensional variables.

Dimensionless

variable Proportional to Description

ρ∗ (MeffT )1/2(BtRgeoε)
−1 Ion gyroradius normalized to minor radius

βt nTB−2
t Plasma pressure normalized to magnetic

pressure

ν∗ nBtR
2
geoε

1/2κaI
−1
p T−2 Collisionality: collision frequency normalized

to bounce frequency of trapped particles

qcyl BtRI
−1
p ε2κa Safety factor in cylindrical approximation

Table 5. Main statistics of the dimensionless variables used in global confinement

scaling for ELMy H-mode plasmas in the DB5.2.3-STD5 database (addition of the

radius Rgeo is explained in section 3.1). The corresponding statistics for the case of

the DB2.8 data set are mentioned between parentheses.

ΩiτE,th ρ∗ (10−2) βt (%) ν∗ qcyl Rgeo (m) 1 + δ κa ε Meff

0.00058 0.23 0.17 0.0012 1.1 0.28 1.0 0.92 0.16 1.0
Min.

(0.019) (0.31) (0.23) (0.0030) (1.7) (0.67) (1.0) (0.93) (0.16) (1.0)

3.0 4.7 21 2.9 7.9 3.4 1.9 2.5 0.78 3.2
Max.

(3.0) (2.2) (3.5) (2.2) (5.9) (3.4) (1.9) (2.5) (0.41) (2.0)

0.33 0.64 1.8 0.18 2.8 2.2 1.3 1.6 0.32 1.9
Mean

(0.30) (0.71) (1.2) (0.20) (2.8) (1.8) (1.2) (1.4) (0.29) (1.8)

0.21 0.55 1.3 0.12 2.7 1.7 1.3 1.6 0.32 2.0
Median

(0.11) (0.66) (0.96) (0.15) (2.7) (1.7) (1.2) (1.5) (0.29) (2.0)

0.32 0.35 2.2 0.21 0.56 0.70 0.14 0.22 0.082 0.26
Std.

(0.45) (0.29) (0.63) (0.21) (0.64) (0.55) (0.19) (0.37) (0.064) (0.30)

Compared to DB2.8, the updates in version 5.2.3 of the database have the following

effect on the range of these variables. Since data have been added from small machines,

but still the share of data from the larger machines has increased, ρ∗ reaches higher

values compared to version 2.8, but the median ρ∗ is still lower in DB5.2.3. Likewise,

the addition of data from low-aspect ratio devices (MAST and NSTX) has considerably

increased the range of βt, resulting in a higher median over the entire database. Also the

range of qcyl has increased (both to lower and higher values), whereas the distribution

of ν∗ has not changed substantially.

The correlation matrix for the logarithmic dimensionless variables in ELMy H-

mode plasmas in DB5.2.3-STD5 is shown in table 6. For ρ∗, in comparison with DB2.8,

the correlation with ε has come down in DB5.2.3-STD5, but the negative correlation

with radius Rgeo has become stronger, from −0.5 in DB2.8 to −0.76 in DB5.2.3-STD5.

Addition of data from low-aspect ratio devices has increased the correlation between

βt and ε. This is confirmed by analysis of the variance decomposition proportions,

indicating a single near-dependency involving at least the intercept, βt and ε. On the

other hand, the negative correlation between ν∗ and machine size has become weaker.
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Table 6. Correlation matrix for the logarithmic dimensionless variables (and radius

Rgeo) used in global confinement scaling for ELMy H-mode plasmas in the DB5.2.3-

STD5 database. Values above 0.6 are highlighted.

ln ρ∗ ln βt ln ν∗ ln qcyl lnRgeo ln (1 + δ) lnκa ln ε lnMeff

ln ρ∗ 1.0 0.56 0.00019 −0.26 −0.76 0.18 0.093 0.26 0.032

ln βt 0.56 1.0 −0.24 −0.59 −0.25 0.64 0.60 0.68 0.17

ln ν∗ 0.00019 −0.24 1.0 0.29 −0.36 −0.16 −0.17 −0.28 −0.13

ln qcyl −0.26 −0.59 0.29 1.0 −0.12 −0.20 −0.18 −0.12 0.048

lnRgeo −0.76 −0.25 −0.36 −0.12 1.0 −0.085 0.020 −0.27 −0.0036

ln 1 + δ 0.18 0.64 −0.16 −0.20 −0.085 1.0 0.72 0.62 0.21

lnκa 0.093 0.60 −0.17 −0.18 0.020 0.72 1.0 0.54 0.34

ln ε 0.26 0.68 −0.28 −0.12 −0.27 0.62 0.54 1.0 0.23

lnMeff 0.032 0.17 −0.13 0.048 −0.0036 0.21 0.34 0.23 1.0

3. Global H-mode confinement scaling: variables and methods

In this section, the methodology is discussed for modeling the dependencies of the global

energy confinement time on plasma conditions using a scaling law. In particular, the

power law model is introduced to describe the relation between the global confinement

and the engineering variables. This relation is then cast in a dimensionless form and

compared with the trends estimated directly in dimensionless space. We also touch

upon the statistical regression techniques employed to estimate the parameters in these

scalings and for making predictions toward other experiments, notably ITER. The

discussion is held brief—more details will be published elsewhere.

3.1. Scaling with engineering and dimensionless variables

The IPB98(y, 2) scaling relation was derived by means of regression analysis on the data

in DB2.8, using the following power law model [3]:

τE,th = α0 I
αI
p BαB

t n̄αne PαP
l,th R

αR
geo κ

ακ
a εαεMαM

eff . (2)

In this paper, we will follow the traditional, wide-spread practice of using a simple

power-law expression for the confinement scaling, starting with expression (2). We will

then compare with a similar scaling including the triangularity as an additional predictor

variable. The latter occurs through a factor (1 + δ)α1+δ , in order to enable regression on

data sets that include data from circular plasmas (δ = 0).

Employing a power law form for the scaling is convenient from a computational

perspective, because the expression is rendered linear on a logarithmic scale, while

the distribution around the fitted model becomes more homoscedastic (homogeneous

in variance). Another important quality that makes the power law a good model

to start the analysis with is related to the robustness of the scaling. Indeed, in

addition to goodness-of-fit, model complexity is an important criterion in the regression
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methodology. Avoiding an overly complex model can help guarding against overfitting

and may ensure robustness of the scaling against (small) perturbations of the data.

This is particularly important with a view to extrapolation of the scaling. Nevertheless,

it has been pointed out that a power law may not be sufficiently flexible to capture

some important dependencies of the confinement time on the plasma parameters over

the entire range of plasma conditions to which the scaling is fitted [24, 25]. This may

also have implications for extrapolation of the scaling. Several authors have investigated

more general, but related functional expressions, such as log-nonlinear scalings (e.g. [7]),

or even completely different functional forms [26]. Non-power law scaling will not be

considered in this paper, however.

In order to convert the engineering scaling to an expression in dimensionless

quantities, it is useful to take the perspective of Connor and Taylor [27] (see also [28]),

who investigated the scale-invariance of the equations describing the transport. In

particular, the quasi-neutral high-β Fokker-Planck model assumes that plasma quasi-

neutrality holds and that the anomalous transport can be described by the Fokker-

Planck equation for the electron and ion distribution functions, with two-particle

Coulomb collisions governed by the Landau collision operator and with a self-consistent

magnetic field satisfying Ampère’s equation. If, in addition, it is assumed that the

boundary conditions do not appreciably affect the global confinement scaling, then the

total conductive heat flux has to be invariant under the set of transformations of the

physical variables that leave the equations invariant, and also the confinement time has

to transform accordingly. This requirement leads to the following restriction on the

exponents in the engineering scaling (2):

αK ≡ 4αR − 8αn − αI − 3αP − 5αB − 5 = 0. (3)

This is often referred to as the high-β Kadomtsev constraint and, if the estimated

exponents obey this relation, the scaling is said to be ‘dimensionally correct’ [23, 29].

In turn, this means that the confinement scaling can be formulated entirely in terms of

dimensionless quantities. Although the functional form does not need to be a power law,

this does facilitate comparison with the engineering scaling. One common expression

for power-law confinement scaling in terms of dimensionless variables is the following:

ΩiτE,th = α0,D ρ
αρ
∗ β

αβ
t ναν∗ q

αq
cyl R

αR,D
geo κακ,Da εαε,D M

αM,D
eff . (4)

For the exponents of those variables that also occur explicitly in the engineering

scaling, a subscript ‘D’ has been added to avoid confusion. If the dependence on

triangularity is also studied, it suffices to add a factor (1 + δ)α1+δ on the right-hand-

side of (4). As the definitions of the dimensionless variables employed in this paper

do not include triangularity, the exponent α1+δ is, at least in principle, identical in

the engineering and dimensionless scaling. Furthermore, in (4) we have still allowed

for dependence on the physical size Rgeo of the system, but when the Kadomtsev

constraint is fulfilled its exponent αR,D vanishes. This can be seen by substituting

the definitions of the dimensionless variables in terms of the engineering variables into

(4). In section 4, regression analysis in dimensionless space will be used to verify to what
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extent αR,D can indeed be neglected in the resulting scalings. In addition, the volume-

averaged temperature T can be eliminated from the resulting expression by noting that,

under steady-state conditions, τE,th = Wth/Pl,th, so that T ∝ τE,thPl,th/(nV ), where

V = 2π2Ra2κa ∝ R3
geoε

2κa is the plasma volume inside the LCFS. Equating the resulting

exponents to those in (2) allows transforming the exponents in the dimensionless scaling

to those in the engineering scaling. This leads to the transformation formulas given in

Appendix A.

The scaling (4) is also sometimes written in terms of the Bohm time τB = a2/χB,

with χB ∝ T/Bt the Bohm diffusivity. Since τB ∝ Ω−1
i ρ−2

∗ , the dimensionless scaling

becomes

τE,th ∝ τBρ
2+αρ
∗ β

αβ
t ναν∗ q

αq
cyl R

αR,D
geo κακ,Da εαε,D M

αM,D
eff ,

which is the form used in [3]. The case αρ = −2 is termed ‘Bohm scaling’, meaning that

the turbulence scale length involves the macroscopic plasma dimensions rather than

the gyroradius. When αρ = −3, the confinement scaling is said to be ‘gyro-reduced

Bohm’, or ‘gyroBohm’ for short, as the Bohm-normalized diffusivity is proportional to

the gyroradius: χE,th/χB = τB/τE,th ∝ ρ∗. This is the situation that is expected from

many turbulence theories. Since in larger-scale future devices ρ∗ will be smaller than in

present machines (ρ∗ ∝ R−1
geoB

−1), gyroBohm scaling leads to more favorable predictions

for the confinement time. In fact, in scaling from present to future toroidal devices, the

only variable that changes significantly is ρ∗.

3.2. Methodology of the regression analysis

The methodology followed for the regression analysis involves a software workflow that

is briefly outlined in Appendix B. The regression model and analysis methods are

discussed next.

3.2.1. Regression model The statistical model used for regression analysis comprises,

as usual, a deterministic component, i.e. the actual scaling expression, and a stochastic

component. The deterministic component has been discussed already above, viz. the

power law scaling. Clearly, the deterministic component of any practical regression

model can only describe part of the data variability. Any remaining variability is to be

described by the stochastic component of the model, often a Gaussian distribution. The

present analysis is complicated by the heterogeneity of the data, involving measurements

from multiple devices. In particular, it is important to note that there is variation in

the data at various levels: within individual discharges, within the data from individual

machines, and between devices. An important aspect of the between-device variability—

also noted in the analysis results below—is that the dependence of confinement on

plasma parameters, as modeled by the scaling expression, is only broadly similar across

devices. In addition to uncertainty owing to the simplified description, by the scaling

expression, of the physics behind global energy confinement scaling in tokamak plasmas,

this contributes to regression model uncertainty.
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Another possible reason for concern is the potential occurrence of physical

mechanisms that may significantly affect the global confinement, but that are not

represented in the scaling model, such as plasma rotation and the electron-to-ion heating

ratio. The effect of the associated ‘hidden variables’ can contribute to additional

scatter (uncertainty) in the data. Particularly dangerous is the situation where such

a missing variable influences one or more predictor variables, in addition to affecting

the response variable τE,th. It is then called a ‘confounding variable’ and it may cause an

apparent dependence (a so-called spurious relationship) of confinement on said predictor

variables. Similar effects may play in analyzing a pooled data set originating from several

groups, e.g. tokamaks in the database, possibly leading to different dependencies in the

individual versus the pooled data (Simpson’s paradox) [30]. Finally, constraining the

data (e.g. the ITER-like data set) or specific data sampling schemes (e.g. depending

on operational constraints) may also obfuscate the various confinement dependencies.

Ideally, the model would include all predictor variables that have a known causal effect

on the confinement through some physical mechanism, and only those, but in practice

not all causal relations may be fully clear.

The variability of the data that is not explained by the deterministic regression

function can be learned from the data using statistical techniques. On the other hand,

we aim to exploit information that is available about the uncertainty on the measured

data. Indeed, estimates of the uncertainty on the experimentally measured database

variables are provided in the database in terms of percentage errors (i.e. a constant

absolute error on a logarithmic scale). This includes statistical, and possibly systematic

uncertainty arising from the measurement, but not some of the additional sources

of uncertainty just mentioned. For the purposes of the present paper, however, all

measurements of database variables are assumed to arise from an underlying normal

(Gaussian) distribution, with standard deviation given by the absolute error derived

from the corresponding measurement and its percentage error. For the effective mass

Meff it was deemed better to assume a fixed absolute error for the data used in the

scaling, with a typical value of 0.20.

In estimating the scaling laws, additional complications arise from the fact that

ordinary least squares (OLS) regression assumes that there is no uncertainty on the

predictor variables, or, in practice, that their uncertainty is negligible with respect to

that on the response variable τE,th. This approximation is not valid for the power loss

Pl,th, for which the percentage error, averaged over the STD5 subset, is 12%, compared to

19% for τE,th. Already recognized in [24, 31, 32], this observation motivates application

of regression techniques that can account for uncertainty in all variables.

Correlations between the predictor variables and, in some cases, limited ranges of

predictor variables, may further complicate the scaling analysis. In the case of a power

law, this adds uncertainty to the estimates of the corresponding exponents. In particular,

correlations involving Ip, Bt, Pl,th and Rgeo often result in noticeable constraints on

(linear) combinations of their exponents (e.g. αI + αB ∼ 1). Fortunately, it follows

from regression theory that this does not need to have a large effect on predictions from
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the scaling expression—a fact confirmed by the majority of observations in this work.

This does not prevent that even small changes in some of the scaling exponents, while

keeping the others fixed, can yield significantly different predictions toward ITER. This

may be relevant when exploring new operational scenarios deviating from the correlation

structure in the database.

3.2.2. Analysis methods In the past, most results of global confinement scaling,

including IPB98(y, 2), were obtained using least squares regression on the log-

transformed power law [33]. We will follow the usual practice, where, on a logarithmic

scale, the data are assumed to follow an approximately normal (or at least symmetric)

distribution around the scaling law. In addition, to avoid devices which contribute large

numbers of data points (like JET and ASDEX Upgrade) to dominate the scaling, the

measurements can be weighted. This method, called weighted least squares regression

(WLS), was applied with weights wik assigned to point i from device k, given by

w−1
ik = 2 +

√
nobs,k/4, where nobs,k is the number of points contributed by device k

(alternative weighting schemes are being evaluated) [34, 32]. In this paper, the results

from WLS will be taken as the benchmark, to which results from other techniques will

be compared.

While WLS has the advantage of simplicity, it is worth exploring other techniques,

as some assumptions underlying WLS might not be fulfilled [35, 36]. In addition,

concerns have been raised regarding the common practice of logarithmic transformation

of the data prior to regression analysis [31, 37, 36]. While an exact power law becomes

linear on a logarithmic scale, in reality there is uncertainty in the data and the model.

Therefore, in addition to WLS regression, we have implemented a robustified Bayesian

method (referred to here as RBAYES), as well as a recently developed method known

as geodesic least squares regression (GLS) [36]∗∗; see Appendix C. In contrast to

WLS, these methods properly take into account cases where the uncertainty on the

predictor variables might not be negligible with respect to that on the response variable.

They also exhibit a certain degree of robustness with respect to deviations from the

model assumptions, e.g. due to outliers, between-device variability or the logarithmic

transformation.††
Apart from parameter estimates, predictions τ̂E,th,ITER for the thermal confinement

time in ITER were derived from the estimated scaling expressions. It should be noted

that, in the Bayesian analysis, predictions were obtained from the posterior predictive

distribution (posterior predicted mean), which can be quite different from estimates

calculated by direct substitution of the new values of the predictor variables in the

estimated scaling expression. For consistency with the predictions by IPB98(y, 2), in

this paper the following plasma parameters are used for confinement prediction in the

∗∗Not to be confused with generalized least squares, a method that is only distantly related to

geodesic least squares [38].
††In this paper, the designation ‘robust’ is used in a general sense, i.e. weak sensitivity to departures

from the model assumptions that are relatively small, but otherwise unspecified.
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baseline inductive Q = 10 scenario in ITER: Ip = 15 MA, Bt = 5.3 T, n̄e = 10.3× 1019

m−3, Pl,th = 87 MW (based on 40 MW auxiliary heating power and 400 MW fusion

power), Rgeo = 6.2 m, δ = 0.48, κa = 1.7, ε = 0.32 and Meff = 2.5 [39, 40]. Using the

definitions (1a)–(1d), with n = 0.88 × 10.3 × 1019 m−3 = 9.06 × 1019 m−3 and T = 8.6

keV, this yields the following values for the remaining dimensionless quantities in ITER:

ρ∗ = 0.0020, βt = 2.24, ν∗ = 0.014 and qcyl = 1.94. More recent studies relying on 50

MW auxiliary power and 500 MW fusion power suggest a conservative lower limit on

Pl,th of about 100 MW [41, 42]. Predictions based on this higher level of power loss are

provided for the main scaling laws derived in this work, as summarized in section 6.

Whatever the case, it should be mentioned that extrapolations from global confinement

scaling expressions have to be treated with caution due to the various uncertainties

involved, including model uncertainties and physics-related uncertainties, e.g. owing to

different neutral penetration in ITER, ELM control schemes, etc.

The analysis also intends to report an error bar on every parameter estimate and

ITER prediction. Each error bar can be interpreted as (an estimate of) the standard

deviation on the parameter or prediction, under the assumption that the underlying

distribution is symmetric on the original scale.‡‡ That, for practical purposes, this is

not incompatible with the above-mentioned assumption of normality on a logarithmic

scale, is verified below. Indeed, only the estimated distributions of the intercepts α0 and

α0,D will turn out to be considerably skewed (due to the exponential transformation

from the logarithmic domain), leading to markedly asymmetric error bars. In this

paper, the error bars are consistently reported with two significant digits, and the

parameter estimates and predictions with matching precision. Furthermore, in its

current form, GLS is an optimization technique returning point estimates for the

model parameters. Therefore, confidence intervals for GLS were estimated using a

bootstrapping (resampling) technique with 100 samples.

Nevertheless, the value of the error bars based on the classical approaches is

relatively limited, because they are derived under the assumption that the simple power

law model, with the specific predictor variables used, is exact. In the case of the

confinement scaling, it is known that these assumptions are questionable, even at an

approximate level [3]. Therefore, alternative definitions of error bars have been proposed,

which provide a measure of uncertainty on the estimates that is more useful for various

practical purposes [3, 24]. Such alternative definitions typically lead to considerably

larger error estimates. In this paper, an approach is followed using the results of the

Bayesian method. As shown in more detail in section 4.2.4, this is done by rescaling the

posterior covariance.

The quality of a regression fit can be gauged using several means. In classical

statistics, the most widespread figures of merit are the root-mean-square error (RMSE)

‡‡Technically, according to the classical, frequentist interpretation of probability, an error bar on a

parameter or prediction, as quoted in this paper, is an estimate of the standard deviation of the sampling

distribution of the corresponding statistic. According to the Bayesian interpretation of probability, it

is an estimate of the standard deviation of the corresponding posterior distribution.
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Table 7. Estimates of the parameters (intercept α0 and exponents) and prediction

toward ITERa obtained by the IPB98(y, 2) scaling using the DB2.8 database. [3]

α0 αI αB αn αP αR ακ αε αM τ̂98,ITER (s)

0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19

3.62
α0 αρ αβt αν αq αR,D ακ,D αε,D αM,D

4.24× 10−7 −2.69 −0.90 −0.0081 −2.99 −0.0081 3.29 0.71 0.96

aNote that the prediction mentioned in [3] is for an earlier, larger ITER design.

and the coefficient of determination R2. The RMSE can be interpreted as the standard

deviation of the variability in the data that is not explained by the model (the

regression function). The RMSE was calculated without weights, on the logarithmic

scale, therefore it can directly be compared with the response variable, i.e. ln τE,th

(engineering) or ln(ΩiτE,th) (dimensionless). R2, also calculated without weights,

compares the regression fit to a baseline model that assumes no trend (logarithmic

scale). In keeping with the analysis of the confinement scaling throughout much of the

literature, we mention both the RMSE and R2 for all scalings estimated in this work.

In addition, the median absolute percentage error (MdAPE) is shown, which is based

on the ratio of the residuals over the observations of the response variable (logarithmic

scale). The MdAPE and RMSE can be used to gauge the overall dispersion of the

data around the fitted hyperplane, either relatively speaking (MdAPE) or in absolute

terms (RMSE). The same performance measures are mentioned with the results from

the RBAYES and GLS methods, although it should be kept in mind that these methods

rely on metrics other than the squared residual for estimating the model parameters.

4. Confinement scaling results

In the remainder of the paper, results are reported of regression analysis for estimating

the confinement scaling using the updated confinement database, by means of WLS,

robust Bayesian regression (RBAYES) and GLS. For reference, the IPB98(y, 2)

parameter estimates and ITER prediction τ̂98,ITER are mentioned in table 7 [3]. The high-

β Kadomtsev constraint was enforced to obtain IPB98(y, 2), as also the unconstrained

scaling satisfied the constraint within the uncertainties [3]. Transforming the scaling to

dimensionless form led to the estimates also mentioned in table 7.

Figure 2 shows a plot of the confinement enhancement factor H98(y, 2) = τE,th/τ̂98

versus Greenwald fraction fGW = n̄e/nGW for the DB5.2.3-STD5 ELMy H-mode data set

(with τ̂98 the predictions by IPB98(y, 2) and nGW the Greenwald density), differentiating

between the various devices. It can be seen that, depending on plasma conditions,

IPB98(y, 2) tends to overpredict confinement when approaching the Greenwald limit,

particularly in the purely metallic devices [17, 18]. The decreasing trend has been

described by a log-quadratic term in [7].
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Figure 2. Confinement enhancement factor H98(y, 2) versus Greenwald fraction fGW

for the DB5.2.3-STD5 ELMy H-mode data.

4.1. Single-device analysis

The analysis started with examination of individual device scalings, both for low-

Z and high-Z walls. This can give insight into similarities and differences between

these individual data sets, and may lead to the resolution of some of the discrepancies

with single-machine scans mentioned above. Table 8 presents estimates and standard

deviations for a subset of machines represented in DB5.2.3-STD5 (all H-modes). In the

single-device scalings most results of RBAYES and GLS are quite similar to those of

OLS, therefore at this point we only present the latter (equivalent to WLS for single-

machine regressions). As mentioned before, a distinction is made between the low-Z

and high-Z data from ASDEX Upgrade and JET. Each scaling expression only involves

those predictor variables that vary sufficiently within the corresponding data set.

The following observations can be made on the basis of these results, with a special

focus on the ITER-like devices (Alcator C-Mod, ASDEX Upgrade, DIII-D and JET).

• The scaling with plasma current is similar for the ITER-like devices (αI ∼ 1.1),

except for a somewhat stronger scaling in AUG and AUG-W (αI ∼ 1.5–1.6) [15].

The scaling with current is generally weaker for the other machines.

• The Bt dependence is weak in the ITER-like devices, with the strongest (negative)

dependence for AUG and AUG-W (αB ∼ −0.3). The Ip and Bt scaling in ASDEX

Upgrade is being investigated [15]. It can be noted though, that the rule-of-thumb

αI + αB & 1 is quite well satisfied for all devices.

• The density dependence is weak in the ITER-like devices, although slightly positive

in JET-C (αn ∼ 0.3). In the smaller or more circular devices (ASDEX, JFT-2M,

PDX), the dependence is stronger (αn ∼ 0.38–0.68), which may have influenced the

non-negligible density dependence in the IPB98(y, 2) scaling [43].

• The power degradation for the carbon-based ITER-like devices is in the range
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Table 8. Estimates of the exponents in power law scalings of the global H-mode

energy confinement time, expressed in engineering variables, using data from individual

devices in the DB5.2.3-STD5 database (all H-modes). The estimates in this table were

obtained by means of OLS on the logarithmically transformed data, with error bars

corresponding to one standard deviation. nobs,k is the number of observations from

device k in the data set.

Device nobs,k αI αB αn αP α1+δ ακ αM MdAPE RMSE R2

(%)

0.692 0.130 0.678 −0.648 0.781
ASDEX 575

±0.057 ±0.079 ±0.043 ±0.025
— —

±0.061
2.9 0.17 0.71

1.464 −0.263 0.033 −0.658
ASDEX Upgrade 1 385

±0.037 ±0.038 ±0.019 ±0.013
— — — 5.0 0.17 0.73

1.558 −0.302 0.055 −0.534
ASDEX Upgrade W 767

±0.036 ±0.044 ±0.029 ±0.013
— — — 2.8 0.11 0.89

1.149 0.101 −0.597
Alcator C-Mod 82

±0.080
—

±0.091 ±0.074
— — — 2.7 0.10 0.79

1.086 0.085 0.112 −0.677 0.696 0.449
DIII-D 502

±0.047 ±0.058 ±0.035 ±0.018 ±0.082
—

±0.057
5.5 0.18 0.82

1.056 0.126 0.310 −0.743 1.112 0.242
JET-C 2 211

±0.020 ±0.023 ±0.011 ±0.010
—

±0.089 ±0.024
10 0.15 0.90

1.166 −0.204 0.084 −0.577 0.364
JET-ILW 866

±0.048 ±0.034 ±0.025 ±0.014
— —

±0.023
4.3 0.11 0.85

0.986 0.383 −0.864 0.114
JFT-2M 348

±0.043
—

±0.038 ±0.020
— —

±0.032
2.0 0.10 0.93

0.78 0.47 −0.177 −0.354
JT-60U 100

±0.15 ±0.19 ±0.085 ±0.065
— — — 5.4 0.14 0.84

1.20 0.14 −0.82
MAST 43

±0.33
—

±0.16 ±0.15
— — — 2.5 0.11 0.60

0.336 1.177 0.557 −0.850 0.86
NSTX 230

±0.072 ±0.085 ±0.073 ±0.041
—

±0.16
— 2.4 0.13 0.75

0.61 −0.073 −0.557
PBX-M 214

±0.16
—

±0.044 ±0.036
— — — 2.6 0.12 0.72

0.62 0.63 0.618 −1.144
PDX 119

±0.16 ±0.16 ±0.082 ±0.078
— — — 3.7 0.18 0.68

αP ∼ −0.74 (JET-C), to about −0.68 (AUG, DIII-D), but somewhat weaker in the

metallic devices: about −0.60 (Alcator C-Mod and JET-ILW) to −0.53 (AUG-W).

The strong dependence in JET-C may be linked to its strong density dependence,

as for this device there is a sizeable correlation (0.71) between ln n̄e and lnPl,th.

• The dependence on effective atomic mass varies among the devices, from weak in

JET-C and JFT-2M (αM ∼ 0.1–0.2), to somewhat stronger in JET-ILW and DIII-

D (αM ∼ 0.4), to quite strong in ASDEX (αM ∼ 0.8). It is also worth noting that

this is one dependence where the three regression methods consistently tend to

give slightly different answers. RBAYES and GLS usually yield a stronger scaling
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Figure 3. Overview of the multi-machine regressions carried out in this paper.

Starting from DB5.2.3, the panels in the background indicate several consecutive

choices made in selecting subsets of the data. The actual choices made are shown in

the open boxes, eventually leading up to the data subsets used for the scalings, shown

in the shaded boxes at the bottom. The tables listing the corresponding regression

results are also given in the lower boxes. The green path corresponds to the data

selections made to obtain the most ITER-relevant scalings shown in this paper.

with effective mass than WLS, although the confidence intervals are quite large.

Nevertheless, similar observations are made for the multi-machine scalings.

4.2. Multi-machine scalings

We next turn to regression analysis on several subsets of the full database, each with

data from multiple devices. The various choices made in establishing these subsets

are illustrated in figure 3. Starting from the full database DB5.2.3, a first distinction

concerns the selection of either the complete standard set STD5 within DB5.2.3, or the

ITER-like subset (STD5 ITER-like). In the full STD5 data set, a comparison is made

between the scaling with all H-mode plasmas (‘All H’) and the ELMy H-mode plasmas

only (‘ELMy H’). Next, we concentrate on the ELMy H-mode points in the STD5 ITER-

like set, studying the influence of triangularity δ and wall material (high-Z versus low-Z,

both with δ). A final scaling is carried out using only the ELM-free plasmas in the

STD5 ITER-like set (with δ). The currently most ITER-relevant scaling is obtained

with the STD5 ITER-like ELMy H-mode points, including triangularity. This scaling

will be transformed to its dimensionless form and compared with the corresponding

scaling carried out directly in dimensionless space.

4.2.1. All H-modes and ELMy H-modes in STD5 The parameter estimates with error

bars for the scaling of the global energy confinement in all H-mode plasmas in DB5.2.3-
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STD5 are given in table 9. Although the alternative regression techniques (RBAYES

and GLS) do show some differences with respect to the parameter estimates obtained

with WLS, for clarity and in the interest of comparing with IPB98(y, 2), in this table

only the WLS results are shown. A more detailed analysis comprising the results from

all methods will be given for one particular scaling in section 4.2.4.

Concentrating on the ELMy H-modes in DB5.2.3-STD5, relatively similar

parameter estimates are obtained as in the case of all H-modes, with a slightly reduced

power degradation, as shown in table 9. A number of notable differences can be observed

in comparison with the estimates by IPB98(y, 2) (table 7).

• The scaling with magnetic field is somewhat stronger in the new scaling, whereas the

dependence on plasma current is very similar. However, even though the differences

with IPB98(y, 2) lie outside of the error bars on the respective parameter estimates,

the significant correlation between several of the predictor variables may easily

give rise to the observed changes, as pointed out in section 4.2.4. Hence, these

numerical differences should not be interpreted as to indicate significantly different

dependencies without additional investigation. In fact, in IPB98(y, 2) the sum of

the estimates for αI and αB amounts to ∼ 1.08. This is about the same as the sum

of ∼ 1.19 obtained from the present scaling.

• The density dependence is slightly weaker for the ELMy H-modes in DB5.2.3-STD5

and so is the dependence on machine size.

• The dependence on plasma elongation κa is somewhat stronger than in IPB98(y, 2),

but the ε scaling is a bit weaker.

Other dependencies are similar to the those in IPB98(y, 2). As with most fits in

this paper, the value of R2 is high, indicating a clear overall trend. The most noticeable

difference with IPB98(y, 2) concerns the predicted global confinement time for the ITER

scenario. Indeed, most predictions derived from the DB5.2.3-STD5 data set lie around

3 s, or slightly below. This is a reduction of at least 17% with respect to the predictions

derived from DB2.8 (3.62 s).

4.2.2. ELMy H-modes in the STD5 ITER-like subset Restricting the DB5.2.3-STD5

data to the ELMy H-modes based on the ITER-like constraints stated in section 2.1,

several dependencies become quite different to the case of ELMy H-modes in the

unconstrained STD5 data set.

• The scaling with plasma current has become stronger than in the full STD5 data

set, exceeding the estimate by IPB98(y, 2). At the same time, the magnetic field

dependence becomes almost vanishingly small or slightly negative. In fact, again it

is seen that αI + αB ∼ 1.13, so it should not be concluded that these dependencies

are significantly different from before.

• The density dependence has become even weaker compared to the case of the

unrestricted STD5 data.
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• The degradation of confinement with power loss is weaker than in IPB98(y, 2).

This may be related to a similar observation in the metallic devices, as noted in

section 4.1. However, also this difference should be interpreted with caution, in

view of the significant correlation within the database between power loss, plasma

current and major radius.

• The most notable difference with IPB98(y, 2) is the considerably reduced

dependence on major radius Rgeo, from almost quadratic to slightly stronger than

linear. Due to the correlation with other variables, like Ip and Pl,th, some caution in

interpreting this result is again warranted, but nevertheless the weaker size scaling

is observed consistently for various subsets of the database.

• The dependence on the shape parameters κa and ε is also weaker than in

IPB98(y, 2), with inverse aspect ratio playing no role of significance any longer.

At about 2.7 s, the extrapolation toward ITER has become slightly lower than for

the previously mentioned scalings in DB5.2.3-STD5. The quality of the fit is similar to

that for all H-modes and the unconstrained STD5 ELMy H-modes.

4.2.3. ELM-free H-modes in the STD5 ITER-like subset It is of interest to apply a

similar study to the ELM-free H-modes in the database. Here, it is important to stress

that these are not steady-state regimes, as they are typically characterized by a strong

density increase, often with high radiated power, ending with a very large ELM or a

disruption [44]. As such, these plasmas are not particularly relevant for future devices,

in possible contrast to more recent approaches to ELM-free operational regimes. The

results, given in table 9 for the ITER-like data in DB5.2.3-STD5, are mentioned here

just for reference. Nevertheless, the considerably stronger dependence on machine size,

compared to the ELMy H scaling in the same ITER-like data set, is remarkable. It is also

interesting to note that, whereas the exponents are relatively similar to those obtained

for all H-modes in the DB5.2.3-STD5 data set, still the ITER prediction is quite a bit

higher, almost at the level of IPB98(y, 2). Indeed, small changes in the exponents of the

power law, or in the factor α0, can result in significantly different extrapolations. This

is discussed in some more detail in the next subsection. The results from the RBAYES

method (not shown) confirm the WLS results for the ELM-free data.

4.2.4. ELMy H-modes in the STD5 ITER-like subset with δ In clarifying the influence

of the plasma shape on confinement, it is interesting to add the triangularity as a

predictor variable in the scaling, in the form 1 + δ. The corresponding regression results

are given in table 10. Considering first the results from WLS, the triangularity indeed

appears to have some influence on confinement (α1+δ ∼ 0.56), comparable in strength

to that of the plasma elongation. The exponents for the other predictor variables

are similar to those obtained on the same data set, without δ dependence (table 9).

Nevertheless, due to the non-negligible influence of δ in the ELMy H-mode ITER-like

data set, the scaling with δ is currently proposed as the most ITER-relevant among the
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Table 9. Estimates of the parameters (intercept α0 and exponents) and prediction

toward ITER in power law scalings of the global H-mode energy confinement time,

expressed in engineering variables, using subsets of the DB5.2.3-STD5 database.

All estimates in this table were obtained by means of WLS on the logarithmically

transformed data, with error bars corresponding to one standard deviation.

α0 αI αB αn αP αR ακ αε αM τ̂E,th,ITER MdAPE RMSE R2

(s) (%)

0.0601 0.959 0.247 0.2587 −0.7068 1.781 0.963 0.453 0.196 2.907
All H

±0.0011 ±0.014 ±0.012 ±0.0082 ±0.0054 ±0.021 ±0.021 ±0.027 ±0.014 ±0.031
6.4 0.19 0.96

0.0576 0.984 0.203 0.2530 −0.6658 1.698 0.930 0.387 0.175 2.932
ELMy H

±0.0013 ±0.015 ±0.013 ±0.0091 ±0.0064 ±0.023 ±0.024 ±0.032 ±0.016 ±0.034
6.2 0.18 0.96

0.0798 1.311 −0.178 0.1570 −0.6339 1.155 0.670 0.010 0.296 2.675
ELMy H ITER-like

±0.0024 ±0.017 ±0.017 ±0.0090 ±0.0065 ±0.027 ±0.041 ±0.034 ±0.016 ±0.036
6.3 0.17 0.95

0.0638 0.899 0.319 0.282 −0.704 1.910 1.052 0.602 0.164 3.45
ELM-free H ITER-like

±0.0037 ±0.036 ±0.034 ±0.024 ±0.016 ±0.061 ±0.072 ±0.063 ±0.037 ±0.14
6.6 0.16 0.99

Table 10. Estimates of the parameters (intercept α0 and exponents) and prediction

toward ITER in power law scalings of the global H-mode energy confinement time,

expressed in engineering variables, using the ELMy H-mode plasmas in the DB5.2.3-

STD5 database, restricted to the ITER-like conditions. The estimates were obtained

from the logarithmically transformed data using weighted least squares (WLS), a

robust Bayesian method (RBAYES) and geodesic least squares (GLS). The error bars

correspond to one standard deviation, but for the RBAYES method they are based on

a Gaussian approximation with rescaled posterior covariance matrix (γcov = 10; see

main text).

α0 αI αB αn αP αR α1+δ ακ αε αM τ̂E,th,ITER MdAPE RMSE R2

(s) (%)

0.0670 1.291 −0.134 0.1473 −0.6442 1.194 0.560 0.673 −0.000 0.302 2.902
WLS

±0.0021 ±0.017 ±0.017 ±0.0088 ±0.0063 ±0.027 ±0.032 ±0.039 ±0.033 ±0.016 ±0.040
6.0 0.17 0.95

0.071 1.40 −0.22 0.067 −0.684 1.00 0.63 0.59 −0.25 0.42 2.58
RBAYES +0.059

−0.032
±0.16 ±0.17 ±0.097 ±0.061 ±0.27 ±0.36 ±0.63 ±0.46 ±0.16 ±0.46

5.7 0.17 0.95

0.0231 1.267 −0.094 0.094 −0.7315 1.270 0.775 2.03 −0.315 0.633 2.707
GLS

±0.0033 ±0.028 ±0.027 ±0.015 ±0.0067 ±0.047 ±0.054 ±0.16 ±0.092 ±0.051 ±0.057
6.2 0.20 0.93

various scalings presented in this paper. We therefore investigate this scaling in some

more detail.

Table 10 also contains the analysis results by the two more robust methods RBAYES

and GLS. The goodness-of-fit in terms of the MdAPE and RMSE, as well as the

coefficient of determination R2, is comparable for the three methods. Figure 4 shows

histograms for the individual scaling exponents, obtained by (good) approximation of

the joint posterior distribution from the RBAYES method by a multivariate Gaussian

distribution (with a rescaled covariance matrix, as described below). The bivariate

distributions between each pair of exponents are also depicted.

Table 10 reveals several differences between the results of the various methods, but

these should be interpreted in light of the error estimates on the exponents, which

we now discuss. First, it is important to note that the correlation between some
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Table 11. Pairwise correlations between the exponents in the scaling with engineering

variables estimated by WLS using the DB5.2.3-STD5 ELMy H-mode ITER-like data

set, including triangularity.

αI αB αn αP αR α1+δ ακ αε αM

αI 1.0 −0.76 −0.42 0.14 −0.85 −0.086 −0.45 −0.83 0.10

αB −0.76 1.0 0.15 −0.33 0.69 0.16 0.56 0.64 −0.30

αn −0.42 0.15 1.0 −0.42 0.68 −0.054 0.14 0.41 −0.13

αP 0.14 −0.33 −0.42 1.0 −0.53 −0.078 −0.26 −0.31 0.068

αR −0.85 0.69 0.68 −0.53 1.0 0.099 0.45 0.77 −0.13

α1+δ −0.086 0.16 −0.054 −0.078 0.099 1.0 0.0087 −0.011 0.0073

ακ −0.45 0.56 0.14 −0.26 0.45 0.0087 1.0 0.50 −0.35

αε −0.83 0.64 0.41 −0.31 0.77 −0.011 0.50 1.0 −0.18

αM 0.10 −0.30 −0.13 0.068 −0.13 0.0073 −0.35 −0.18 1.0

pairs of exponents is relatively strong. This is related to the dependencies between

the predictor variables. Table 11 shows the pairwise correlations between the scaling

exponents, obtained by WLS. Most notably, αR clearly correlates with αI , αB, αn and

αε. Furthermore, it was already noted that αI correlates with αB, but it turns out that

both also correlate quite strongly with αε. This is also demonstrated graphically in

figure 4 (note that for a bivariate normal distribution the amount of correlation has no

effect on the width of the marginal distributions).

In addition, it was already mentioned that an important assumption of the

regression analysis, i.e. the power law model, might be questioned. The error estimates

on the individual exponents rely on that assumption. A different model might fit the

data better in some critical areas of the data space, but the global goodness-of-fit (e.g.

measured by the MdAPE) would not necessarily improve significantly, or might even

grow worse. Moreover, goodness-of-fit is not the sole criterion to compare two different

models; also the model complexity should be considered. Although model selection and

model comparison are outside the scope of the present paper, one may get a feeling of

the model uncertainty by studying the sensitivity of the goodness-of-fit (MdAPE) to

the values of the model parameters. For now, the aim is to arrive at a practically more

useful measure of uncertainty on the individual parameter estimates.

To systematically investigate this issue, the posterior covariance matrix obtained

by RBAYES was rescaled by a given factor γ2
cov > 1. Next, Ns = 4 000 samples were

drawn from a multivariate normal distribution with mean corresponding to the posterior

mean and covariance given by this rescaled covariance matrix. A new MdAPE was

then calculated with each of those 4 000 sets of sampled scaling exponents. It was

found that the MdAPE is only moderately dependent on the factor γcov. This is partly

caused by the correlations between some exponents in the scaling law. For instance,

increasing αI can be compensated by decreasing αB without much compromising the
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Figure 4. Illustration of the joint posterior distribution for the exponents in the

scaling with engineering variables obtained using RBAYES in the DB5.2.3-STD5

ELMy H-mode ITER-like data set with triangularity. The posterior distribution was

approximated by a multivariate normal distribution with rescaled covariance matrix

(γcov = 10; see main text). Panels on the diagonal show histograms depicting the

marginal distributions of the individual scaling exponents, while off-diagonal panels

illustrate marginal bivariate distributions, for all pairs of scaling exponents.

fit. Indeed, resampling the exponents independently would have a much stronger effect

on the MdAPE. As an example, scaling the covariance up by a factor of γ2
cov = 100 leads

to a median increase of the MdAPE of less than 1 percentage point (from 5.7% to 6.4%)

and a maximum increase of less than 3 percentage points in the observed sample. This

corresponds to error bars (marginal posterior standard deviations) on the individual

parameters that are about 10 times larger than those obtained by WLS and GLS.

Despite the arbitrariness of the precise value of the covariance scale factor γcov,

the previous study does provide a useful indication of the level of uncertainty on the

parameter estimates in the scaling. For illustration, the value γcov = 10 is adopted

in this paper and the resulting error bars are shown in table 10 for RBAYES. These

uncertainties will be used next to interpret the significance of differences in the parameter

estimates between the various methods in table 10, or between the results obtained on

different data sets in table 9. The following observations can be made (referring to the

scaled error bars mentioned with the RBAYES estimates).

• The relative error on the individual exponents is smallest for Pl,th (9%), Ip

(11%) and Rgeo (27%). The other exponents have a considerably larger relative

uncertainty.

• In comparison with WLS and GLS, RBAYES yields a higher exponent for Ip, but
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this is accompanied by the slightly stronger negative dependence on Bt and weaker

dependence on Rgeo.

• Considering the (absolute) error bar on αB, the dependence of confinement on

magnetic field is vanishingly small.

• Both RBAYES and GLS predict virtually no dependence of confinement on density.

• The power degradation estimated by RBAYES and GLS is stronger compared to

WLS. Particularly the difference between GLS and WLS could be significant. In this

respect, it is interesting to note that the value of αP obtained by RBAYES and GLS

approaches the one estimated by WLS, if the measurement uncertainty on Pl,th (on

average 10% over the data set) is artificially decreased (see also [31, 32]). Moreover,

with ordinary least squares (no weighting) the power degradation is somewhat

stronger (αP = −0.67) than with WLS, approaching the level of RBAYES and

GLS.

• In view of the error bar on α1+δ, the dependence of confinement on triangularity is

rather modest. From the same point of view, there seems to be no clear dependence

on elongation and inverse aspect ratio. In fact, with GLS the estimate for the

exponent ακ did not appear reliable, but the dependence was retained to allow a

fair comparison with the other methods. However, it should be noted that the lack

of clear dependence on the shape parameters 1 + δ, κa and ε may be at least partly

related to their relatively restricted range in the ITER-like subset.

• Both RBAYES and GLS suggest a non-negligible dependence of confinement

on effective mass that is somewhat stronger than that estimated by WLS. The

difference appears to be partly related to the weighting scheme in WLS, because

unweighted least squares yields a slightly stronger scaling (αM = 0.37).

• The prediction by RBAYES for the confinement time in ITER is about 2.6 s, still

somewhat lower than the prediction by WLS, whereas the prediction by GLS is

again higher: about 2.7 s. However, these differences are to be seen in light of

the considerable extrapolation uncertainty. It is important to note that part of the

prediction uncertainty is related to the large uncertainty on the factor α0.

• The prediction by RBAYES, i.e. the posterior mean of 2.58 s, is about the same

as the posterior median. The rescaled posterior standard deviation is 0.46 s.

Despite the exponential transformation required to obtain the prediction on the

original scale, the posterior predictive distribution is relatively symmetric around

the posterior mean (as in all other regressions carried out in this work). Only in the

very tails does the distribution, based on the rescaled covariance matrix, become

somewhat asymmetric. For instance, the rescaled 95% credible interval with equal

tail probabilities is [1.86 s, 3.63 s], or [−28%, +41%], which is quite asymmetric

with respect to the posterior mean. However, these bounds have to be interpreted

with care, due to the level of arbitrariness of the chosen value of the scale factor

γcov.
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Table 12. Factors γk, estimated by RBAYES, and ratios σobs,k/σmod,k, estimated by

GLS, for each device k in scaling with the engineering variables on the DB5.2.3-STD5

ELMy H-mode ITER-like data set with triangularity. Values above 1.25 have been

highlighted.

AUG AUG-W Alcator C-Mod COMPASS-D DIII-D JET-C JET-ILW JFT-2M JT-60U PBX-M

γk 0.96 0.79 0.51 3.8 0.85 1.0 0.89 0.69 1.1 0.85

σobs,k/σmod,k 1.2 1.1 1.2 2.0 1.2 1.2 1.2 1.1 1.2 2.0

We still note that the rescaled posterior distribution for the intercept α0 is

considerably skewed, due to the exponential transformation of the estimate on the

logarithmic scale. For this case, the role of the standard deviation as an error bar is less

suitable. Therefore, in table 10 the error bars on α0 obtained by RBAYES were chosen

to reflect the width of an equal-tailed credible interval around the median, covering

about 68% of the total probability (i.e. the probability included within one standard

deviation from the mean in a normal distribution).

The estimates of the correction factors γk (see Appendix C) for the standard

deviation of the likelihood in the Bayesian method are listed in table 12, for each device

represented in the scaling. The significance of a particular γk being larger (smaller)

than 1 is that, on average, the measurements from device k have a wider (narrower)

distribution around the fitted hyperplane than expected from the measurement errors.

The table also gives, for each device k, the ratio of σobs,k over σmod,k (in fact its median

over the data from device k), estimated by GLS (Appendix C). Conceptually, and to

a certain extent also quantitatively, these ratios can be compared with the γk in the

Bayesian method. Although there are some differences between RBAYES and GLS

in table 12, both methods agree that the data from COMPASS-D are much more

spread around the scaling plane than expected due to measurement error alone. In

addition, according to GLS, the points from PBX-M can also deviate considerably from

the scaling.

Figure 5 contains visualizations of the fitted scalings. In panel (a), the measured

energy confinement time is plotted against the one predicted by the scaling obtained

using WLS, RBAYES and GLS. The comparable goodness-of-fit among the three

methods is confirmed. Panels (b) to (d) provide residual plots obtained by WLS.

To this end, a confinement enhancement factor H20 ≡ τE,th/τ̂E,th was calculated using

the expression obtained by WLS from table 10. In particular, H20 is plotted against

Greenwald fraction fGW in figure 5(b), distinguishing the points per device. This can be

compared with figure 2 (keeping in mind that this is for a different data set), indicating

that the decreasing trend with fGW is alleviated in the new scaling, although not entirely

absent. Specifically, the points from the metallic devices AUG-W and JET-ILW still

seem to partly contribute to the downward trend, when approaching the Greenwald

limit. Figure 5(c) shows a plot of H20 against normalized separatrix density ne,sep/nGW,

for those entries in the data set where ne,sep is available (only for some points from AUG,
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Figure 5. Results of regression analysis for power law scalings of the global H-

mode energy confinement time, expressed in engineering variables, using WLS on the

DB5.2.3-STD5 ELMy H-mode ITER-like data set with triangularity. (a) Measured

versus predicted energy confinement time, obtained using the three methods WLS,

RBAYES and GLS. The following three panels contain a plot of the confinement

enhancement factor H20 obtained using WLS against (b) Greenwald fraction fGW,

(c) separatrix density ne,sep normalized by Greenwald density (only for AUG, AUG-W

and JET-ILW) and (d) minor radius a.
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AUG-W and JET-ILW). There is a clear decreasing trend with increasing separatrix

density, indicating a residual role of ne,sep that is not reflected by the present scaling.

As an aside, the influence was investigated of those points from AUG, AUG-W and

JET-ILW for which ne,sep/nGW > 0.1, by performing another regression, leaving out

the corresponding database entries at elevated separatrix density from these machines.

However, the influence on both the scaling exponents and ITER predictions turned out

to be negligible. Finally, figure 5(d) shows the residual distributions for the various

machines in the data set. In particular, it is seen that the points from COMPASS-D

all have lower confinement than predicted by the scaling, agreeing with the results from

RBAYES and GLS in table 12.

It can be instructive to visualize the individual trends of the confinement with the

various engineering variables, derived from the fitted scaling law. To that end, figure 6

shows, for each predictor variable, the measured and predicted confinement time (WLS),

normalized by the estimated dependence on the other predictor variables. In general,

there is a considerable scatter of the data around the fitted trends, although less so for

Ip and Pl,th. In a qualitative way, this agrees with the uncertainties on the parameter

estimates and prediction obtained using RBAYES in table 10.

The high-β Kadomtsev constraint is investigated next. Histograms of the quantity

αK defined in (3) are shown in figure 7 for the three methods. This yields the following

estimates (averages) and standard deviations: for WLS one obtains αK = −0.089±0.066,

for RBAYES αK = 0.22±0.55 (scaled error bar) and for GLS αK = 0.720±0.084. WLS

appears to well satisfy the constraint, although the scaled error bar suggests that all

methods give acceptable results in this respect.

Transforming the engineering form of the scaling, using the parameter estimates

from table 10, to dimensionless variables by means of (A.1), one obtains the results in

table 13. Note that, in calculating the accompanying error bars, due account has to be

taken of the correlation between the parameters. For WLS, these results are only broadly

similar to the dimensionless scaling obtained from IPB98(y, 2) (table 7, disregarding the

δ scaling), with a considerably weaker ρ∗ scaling. Part of the difference is due to our

inclusion of a residual dependence on machine size, hence not strictly enforcing the

Kadomtsev constraint. Nevertheless, the dependence on Rgeo is small, so the scaling is

almost dimensionally correct. For WLS and GLS, the error bars on the exponents of

the dimensionless scaling were obtained from the bootstrap samples. For the RBAYES

method, the (scaled) posterior standard deviations are shown. Concentrating again on

the latter for a practical error measure, it is seen that the uncertainty on the exponents

is quite high. This is in particular due to the factor (1+αP )−1 in (A.1). For instance, the

dependence on βt given by WLS, which is even slightly stronger than that in IPB98(y, 2),

is only marginally significant, considering the corresponding error bar given by RBAYES.

The validity of a transformation (A.1) in practical situations can therefore be questioned,

because it is particularly sensitive to the model assumptions.

Finally, regression analysis can be carried out directly in the space of dimensionless

variables. In theory, WLS is not suitable for handling this situation, as the uncertainties
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Figure 6. Plots of the normalized measured confinement time (blue points) against the

individual engineering variables, within the DB5.2.3-STD5 ELMy H-mode ITER-like

data set with triangularity. The predictions obtained with WLS are also shown (red

lines), as well as a corresponding confidence band (one standard deviation) provided

by the Bayesian analysis (rescaled covariance).

Figure 7. Sampled probability densities of the high-β Kadomtsev constraint αK for

the scaling with engineering variables obtained using WLS, RBAYES and GLS on the

DB5.2.3-STD5 ELMy H-mode ITER-like data set with triangularity.
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Table 13. Estimates of the exponents in the dimensionless scaling for the global

H-mode energy confinement time, obtained by transformation from the exponents in

the engineering scaling, using the DB5.2.3-STD5 ELMy H-mode ITER-like data set,

including triangularity.

αρ αβt αν αq αR,D α1+δ ακ,D αε,D αM,D

−1.771 −1.240 −0.157 −3.470 −0.063 1.573 3.71 1.63 0.733
WLS

±0.044 ±0.045 ±0.011 ±0.079 ±0.039 ±0.097 ±0.12 ±0.10 ±0.041

−0.98 −1.97 −0.08 −4.5 0.21 2.1 4.4 2.7 0.87
RBAYES

±0.68 ±0.74 ±0.14 ±1.2 ±0.48 ±1.3 ±2.3 ±1.7 ±0.50

−0.59 −2.392 0.020 −4.74 0.671 2.88 9.57 2.26 1.65
GLS

±0.10 ±0.096 ±0.020 ±0.16 ±0.079 ±0.22 ±0.63 ±0.29 ±0.14

on several predictor variables cannot be neglected anymore. Nevertheless, in table 14

the results of WLS are listed, as well as those obtained with RBAYES. The regression

with GLS did not converge, so it is not mentioned. These results have to be interpreted

in light of the pairwise correlations between the parameter estimates, which are given

in table 15 for WLS. In particular, there is considerable correlation between αρ and

both αR,D and αε,D. Specifically, the individual coefficients αρ and αR,D are difficult to

disentangle in this scaling (probably this contributes to GLS not converging). Therefore,

the regression analysis was also carried out without Rgeo as a predictor variable. Sizeable

correlation also exists between αβ, αq and αε,D (see [5]), as well as between αν and αR,D.

A number of interesting conclusions can be derived from the scalings with and without

Rgeo. Reference is made to the error bars given by RBAYES, which, for that matter,

are generally smaller than those resulting from the direct transformation (table 13).

• The goodness-of-fit of the scaling carried out in dimensionless space is not as large

as that of the engineering scaling. Nevertheless, several of the parameter estimates

are significantly different from zero (relative to the error bars given by RBAYES)

and the value of R2 is still good.

• Out of the two methods, RBAYES yields the smallest residual dependence on

machine size, i.e. it is the most dimensionally correct. However, the uncertainty

on the αR,D exponent is considerable. Leaving Rgeo out of the model mainly affects

the WLS estimates, which approach those obtained by RBAYES. In particular, αρ
becomes −1.78 with WLS and αε,D = −0.224.

• While RBAYES is the most dimensionally correct, it also predicts Bohm scaling of

the transport (αρ ∼ −2.0± 0.3).

• The dependence on plasma β is negligible (no β degradation), much weaker than

in the case of IPB98(y, 2).

• There is a weak inverse scaling with ν∗, whereas no collisionality dependence was

seen in IPB98(y, 2).

• There is an inversely linear dependence on safety factor, which is again much weaker

than that obtained in IPB98(y, 2).
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Table 14. Estimates of the parameters (intercept α0 and exponents) and prediction

toward ITER in power law scalings of the global H-mode energy confinement time,

carried out in dimensionless space, using the DB5.2.3-STD5 ELMy H-mode ITER-like

data set, including triangularity.

α0 αρ αβt αν αq αR,D α1+δ ακ,D αε,D αM,D τ̂E,th,ITER MdAPE RMSE R2

(s) (%)

0.529× 10−6 −2.220 0.157 −0.4595 −1.161 −0.468 0.382 1.236 −0.828 0.551 2.309
WLS

±0.083× 10−6 ±0.027 ±0.019 ±0.0059 ±0.037 ±0.023 ±0.058 ±0.065 ±0.054 ±0.025 ±0.055
16 0.30 0.88

2.1× 10−6 −1.97 0.12 −0.426 −1.03 −0.07 0.14 1.89 −0.26 0.62 2.53
RBAYES +19× 10−6

−1.9× 10−6 ±0.33 ±0.22 ±0.063 ±0.43 ±0.34 ±0.64 ±0.85 ±0.64 ±0.37 ±0.88
16 0.31 0.85

Table 15. Pairwise correlations between the exponents in the scaling with

dimensionless variables, estimated with WLS by means of a bootstrapping procedure

using the DB5.2.3-STD5 ELMy H-mode ITER-like data set, including triangularity.

αρ αβt αν αq αR,D α1+δ ακ,D αε,D αM,D

αρ 1.0 −0.56 0.53 −0.19 0.81 0.021 −0.060 0.72 −0.029

αβ −0.56 1.0 −0.30 0.67 −0.37 −0.23 −0.38 −0.64 −0.018

αν 0.53 −0.30 1.0 −0.24 0.65 0.062 0.0017 0.58 0.084

αq −0.19 0.67 −0.24 1.0 −0.035 −0.10 −0.25 −0.51 −0.14

αR 0.81 −0.37 0.65 −0.035 1.0 0.072 −0.062 0.56 −0.013

α1+δ 0.021 −0.23 0.062 −0.10 0.072 1.0 0.063 −0.017 0.041

ακ −0.060 −0.38 0.0017 −0.25 −0.062 0.063 1.0 0.19 −0.23

αε 0.72 −0.64 0.58 −0.51 0.56 −0.017 0.19 1.0 −0.092

αM −0.029 −0.018 0.084 −0.14 −0.013 0.041 −0.23 −0.092 1.0

• The confinement appears to have a residual dependence on elongation κa, but no

clear scaling with 1 + δ and ε remains.

• There is a noticeable scaling with effective mass, which appears to be significant.

• In the case of RBAYES, the confinement time prediction in ITER, 2.53 s, is very

similar to the prediction obtained from the engineering scaling. The standard

deviation is however quite large, about 1 s (95% credible interval [−47%, +88%]).

4.2.5. ELMy H-modes in STD5 with δ A somewhat more general scaling, that takes

into account the influence of triangularity, can be given based on all ELMy H-mode

plasmas in the STD5 set, not restricting to the ITER-like subset. This scaling is shown in

table 16 in engineering form, obtained using WLS, and in dimensionless form, obtained

using the RBAYES regression method applied in the space of dimensionless variables.

Concentrating first on the engineering scaling, the main difference with the

corresponding scaling on the ITER-like subset (table 10) is the considerably stronger

dependence on major radius in the unconstrained data set. This is accompanied by a

slightly higher extrapolation of the confinement time to ITER. Apart from the additional
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Table 16. Estimates of the parameters (intercept α0 and exponents) and prediction

toward ITER in power law scalings of the global H-mode energy confinement time,

using the ELMy H-mode plasmas in the DB5.2.3-STD5 database. The scaling with

engineering variables was obtained from the logarithmically transformed data using

WLS, while for the scaling with dimensionless variables RBAYES was used.

α0 αI αB αn αP αR α1+δ ακ αε αM τ̂E,th,ITER MdAPE RMSE R2

(s) (%)

0.0534 0.976 0.218 0.2442 −0.6687 1.710 0.362 0.799 0.354 0.195 3.067
WLS

±0.0013 ±0.015 ±0.013 ±0.0090 ±0.0063 ±0.023 ±0.033 ±0.027 ±0.031 ±0.016 ±0.038
6.1 0.18 0.96

α0 αρ αβt αν αq αR,D α1+δ ακ,D αε,D αM,D τ̂E,th,ITER MdAPE RMSE R2

(s) (%)

0.087× 10−6 −2.24 0.20 −0.469 −0.70 −0.12 0.36 1.24 −1.70 0.53 3.07
RBAYES +0.51× 10−6

−0.075× 10−6 ±0.34 ±0.21 ±0.061 ±0.37 ±0.33 ±0.64 ±0.47 ±0.51 ±0.30 ±0.82
16 0.32 0.91
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Figure 8. Confinement enhancement factor H20 versus Greenwald fraction fGW for

the DB5.2.3-STD5 ELMy H-mode data, obtained using WLS.

dependence on δ (although weak), this scaling is very similar to the second scaling

provided in table 9, which was performed on the same data set. A plot of the confinement

enhancement factor H20 against Greenwald fraction is shown in figure 8. This plot

can be directly compared to that in figure 2, confirming that, when approaching the

Greenwald limit, the new scalings do not produce a downward trend of the confinement

enhancement that is as steep as obtained from IPB98(y, 2).

As for the dimensionless scaling, comparing with the RBAYES scaling in table 14,

one difference is the somewhat stronger dependence on ρ∗ in the scaling on the

unconstrained data set, again with an improved ITER prediction. In addition, on the

ITER-like subset no clear scaling with κa and particularly ε was observed, considering

the approximate error bars given by the Bayesian method, but a modest dependence on

δ. In contrast, in the unrestricted data set both κa and ε appear to have a somewhat

clearer influence on the confinement, whereas the dependence on δ is much less clear.
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Table 17. Estimates of the parameters (intercept α0 and exponents) and prediction

toward ITER in power law scalings of the global H-mode energy confinement time,

expressed in engineering variables, distinguishing between type of wall material. The

results were obtained by WLS, using the DB5.2.3-STD5 ELMy H-mode ITER-like data

set, including triangularity. Estimates obtained using the full data set are shown (‘All’,

cf. table 10), as well as the low-Z and high-Z subsets.

α0 αI αB αn αP αR α1+δ ακ αε αM τ̂E,th,ITER MdAPE RMSE R2

(s) (%)

0.0670 1.291 −0.134 0.1473 −0.6442 1.194 0.560 0.673 −0.000 0.302 2.902
All

±0.0021 ±0.017 ±0.017 ±0.0088 ±0.0063 ±0.027 ±0.032 ±0.039 ±0.033 ±0.016 ±0.040
6.0 0.17 0.95

0.0667 1.147 −0.072 0.228 −0.6016 1.395 0.394 0.661 0.226 0.272 3.208
Low-Z

±0.0022 ±0.021 ±0.021 ±0.010 ±0.0080 ±0.032 ±0.036 ±0.045 ±0.040 ±0.020 ±0.053
6.6 0.17 0.96

0.189 1.485 −0.356 0.018 −0.6077 0.671 0.312 1.822
High-Z

±0.012 ±0.024 ±0.025 ±0.018 ±0.0088 ±0.046
— — —

±0.022 ±0.035
3.6 0.12 0.96

4.2.6. Impact of wall material Clarifying the impact of wall material on confinement

has been an important part of the motivation for updating the confinement database. In

section 4.1 it was already noted that the full-metal devices AUG-W and JET-ILW may

exhibit somewhat weaker power degradation compared to the situation with carbon-

based plasma-facing components. In this section, the data from the purely metallic

devices (‘high-Z’, i.e. Alcator C-MOD, AUG-W and JET-ILW) are grouped and the

scaling is compared with that using the data from the other devices (‘low-Z’, i.e.

AUG, COMPASS-D, DIII-D, JET-C, JFT-2M, JT-60U and PBX-M). Results of the

engineering scaling obtained with WLS on the DB5.2.3-STD5 ELMy H-mode ITER-like

data set are shown in table 17. Some predictor variables were left out in the scaling on

the high-Z subset, due to an insufficient range. We make the following observations.

• The density dependence, already low in the full data set and the low-Z data, is

virtually absent in the high-Z scaling.

• The power degradation is actually similar with the low-Z and high-Z data, possibly

due to the very weak dependence in JT-60U and PBX-M (cf. table 8).

• The dependence on plasma size is even weaker than linear in the high-Z data.

• The prediction for ITER is significantly lower for the high-Z subset than for the

low-Z data. However, it is important to note that the high-Z subset is made up

of data from only three devices, including a large fraction of points from JET-ILW

with strong gas fueling. These points have a clear influence of decreasing the ITER

prediction in the high-Z subset (this is related to the trend shown in figure 5(c)),

without necessarily reflecting the operational conditions aimed for in ITER. The

low value of the extrapolation may also be related to the missing predictor variables

in the high-Z scaling. As a result, the low-Z and high-Z scalings are not suitable

for prediction.
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5. Discussion

Analysis of the scaling of global plasma quantities in tokamaks, like the energy

confinement time, with other plasma quantities whose settings are, to a certain extent,

under the control of the designer or operator of a fusion device, remains a convenient

approach to support model building and to make predictions toward new devices. The

conceptual simplicity of the method is particularly appealing, but it is important to keep

in mind that it is based on various assumptions, while in the implementation a great

number of choices have to be made regarding data set, variables, statistical methods,

etc. With these caveats in mind, the purpose of the present discussion is to summarize

those results of the activity that can be stated with confidence and to highlight the

issues for which further investigation may reduce some of the observed uncertainties.

This paper has reported on an update of the ITPA global H-mode confinement

database with data from JET with the fully metallic ITER-like wall and ASDEX

Upgrade with the full tungsten wall. In the new database, currently referred to as

DB5.2.3, we have concentrated on the ‘standard set’ STD5 with the aim of studying

the thermal energy confinement scaling according to a simple power law. Although

the immediate motivation for updating the ITPA global H-mode confinement database

and re-estimating the confinement scaling has been the availability of new data from

fully metallic devices, it has to be stressed that, since the derivation of the IPB98(y, 2)

confinement scaling using DB2.8, the database had already grown substantially, leading

to DB4 [4]. Hence, it should be clear that, in general, the differences between IPB98(y, 2)

and the results presented in this paper are not solely due to the addition of data from

AUG-W and JET-ILW since 2015.

With respect to DB2.8, and concentrating on ELMy H-mode plasmas, the database

has been extended to higher power, current, density and inverse aspect ratio ε. At the

same time, some important correlations across the database have been reduced, notably

between plasma current (or power loss) on the one hand, and shape parameters and

effective mass on the other hand. This is important to help disentangling the respective

confinement dependencies. As for the dimensionless variables, the range of ρ∗, βt and

qcyl has increased, while the correlation between ρ∗ and ε has decreased, but the negative

correlation between ρ∗ and Rgeo has become stronger, as well as the positive correlation

between βt and ε. In general, the dependency structure formed by several of the predictor

variables remains a point of attention.

In this paper, on the one hand standard practices have been followed to estimate the

confinement scaling, motivated by the aim to compare with IPB98(y, 2). For instance,

a simple power law on a logarithmic scale has been used, largely based on the same set

of engineering variables calculated according to the standard recipes. Transformation

of the scaling to a dimensionless form has also been demonstrated. On the other hand,

a number of potential weaknesses have been pointed out of the standard regression

methodology based on weighted least squares applied to a log-linear model. Motivated

by the aim for robustness of the results with respect to (small) changes in the data and
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the power-law model, two alternative regression techniques have been applied in this

work. The Bayesian technique (RBAYES) and geodesic least squares (GLS) used here

have the additional advantage that they can be applied in situations with considerable

uncertainty on the predictor variables in the scaling law. One notable application,

demonstrated in this paper, is the estimation of the dimensionless form of the scaling

by direct regression analysis in the space of (logarithmic) dimensionless variables.

Nevertheless, many regression results are comparable among the three methods used

in this paper, therefore most of the reported estimates were obtained with simple WLS.

The uncertainty on the parameter estimates and predictions of the scaling is difficult

to quantify precisely. This is partly due to the model uncertainty and the problem of

identifiability of the individual parameters due to predictor correlations. Apart from the

questions whether all important variables have been included in the scaling, preferably

through a causal relationship, and how accurately they have been measured, there is

the issue that a power law assumes a single turbulence mechanism characterized by one

specific scale length. Strictly speaking, this rules out the possibility of multiple physical

mechanisms of energy transport in different regions of the plasma (core versus pedestal)

or the operational space (e.g. approaching large βt). Such considerations warrant more

complex models not studied in this paper, e.g. with a term for the core and one for the

pedestal (offset linear scaling), or a power law with functional (non-constant) exponents

(log-nonlinear scalings). Model uncertainty also provides motivation for the attention

paid in this paper to the issue of practically useful uncertainty estimates for the scaling.

In [24] (and summarized in [3]), several proposals were made and evaluated to account for

violations of the assumptions underlying the classical confidence interval for predictions

from the regression model. Not accounting for model uncertainty resulted in a 95%

confidence interval of about [−20%,+25%] with respect to the ITER prediction of 3.62 s

by IPB98(y, 2) [3]. On the other hand, consideration of the variation of predictions

resulting from various log-nonlinear models suggested a confidence interval that is about

twice as wide. Admittedly, the latter approach leaves a certain degree of arbitrariness,

not unlike the Bayesian approach using a scaled covariance matrix, outlined here in

section 4.2.4. In this sense, the width of the prediction intervals provided by the

statistical analyses should be regarded as a guideline, rather than a strictly quantitative

uncertainty measure.

Analysis of data from individual devices has confirmed considerable differences

in the exponents for the energy confinement scaling between machines. Nevertheless,

generally the density dependence is weakest in the ITER-like devices (ASDEX Upgrade,

Alcator C-Mod, DIII-D and JET) and, among these devices, the level of power

degradation is lowest in the metallic machines (Alcator C-Mod, AUG-W and JET-ILW).

Several multi-machine scalings have been carried out using the standard set STD5

in the new database, confirming a number of earlier observations [12, 43, 45]. Based on

WLS regression, the ELMy H-mode plasmas in DB5.2.3-STD5 exhibit a slightly weaker

scaling with density, power loss and major radius, when comparing with IPB98(y, 2).

Restricting to a somewhat more ITER-like data set, with constraints on q95, κ, ε and



The updated ITPA global H-mode confinement database: description and analysis 38

Zeff , an even weaker dependence on density and power loss is seen for ELMy H-modes,

possibly owing to the data from the metallic ITER-like devices AUG-W and JET-ILW.

In addition, a strikingly reduced dependence on major radius is observed in this data set

(slightly above linear) and inverse aspect ratio (no dependence). A weak dependence

on the effective isotope mass is noted, although stronger than in IPB98(y, 2). These

dependencies result in a prediction toward the baseline ITER Q = 10 ELMy H-mode

scenario of about 2.7 s—25% lower than the prediction by IPB98(y, 2) under the same

operational conditions. On the same data set DB5.2.3-STD5, restricted to ELM-free

H-modes with the ITER-like constraints, the density dependence remains weak, but the

power degradation is back at the level seen in IPB98(y, 2), while also the scaling with

machine size and ε is largely restored. This results in a confinement prediction for ITER

of about 3.5 s, i.e. similar to what IPB98(y, 2) predicts for ELMy H-modes. However,

being very different from more recent approaches to ELM-free operation, it is doubtful

whether these historical ELM-free regimes have much relevance for future operational

scenarios.

Plasma triangularity appears to have some influence on global confinement in the

DB5.2.3-STD5 ITER-like data set with ELMy H-modes, while not appreciably affecting

the other exponents. Therefore, we have discussed this scaling in some more detail.

Considering the moderate sensitivity of the goodness-of-fit to variations in the scaling

exponents that respect their correlation structure, the degree of uncertainty on the

parameter estimates and predictions has been illustrated using the results from the

robust Bayesian method. It turns out that the dependencies on power loss, plasma

current and major radius are relatively well established, while the magnetic field and

line-averaged density seem to play a role of little significance. Of the three shape

parameters δ, κa and ε, it appears that only triangularity δ has some overall influence

on the confinement within the data set. The error bar (scaled standard deviation) on

the accompanying exponent α1+δ is more than 50%, however, and, while the exponents

of κa and ε are significant with respect to their original, unscaled standard deviations,

they are well within the scaled error bars. Both RBAYES and GLS yield a sizeable

isotope effect (αM ∼ 0.4 to 0.6), as does WLS, although it is weaker (αM ∼ 0.3). As for

the extrapolation to ITER, the Bayesian method predicts a confinement time of about

2.6 ± 0.5 s, which is lower than the prediction by WLS (∼ 2.9 s) and GLS (∼ 2.7 s),

although still within the typical error bar. The somewhat stronger power degradation

seen by RBAYES and GLS, compared to WLS, together with a slightly differing size

dependence, contributes to this difference.

Still in the DB5.2.3-STD5 ITER-like data set with ELMy H-modes and considering

the influence of triangularity, the methods RBAYES and GLS agree that, overall, the

experimental points from COMPASS-D are outliers with respect to the main trend

estimated by the scaling. According to GLS, also some experimental points from PBX-M

are quite remote from the main trend. This is confirmed by calculating the confinement

enhancement factor H20 with respect to the new scaling, obtained with WLS in this

data set. In addition, whereas H98(y, 2) with the new data shows a downward trend
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when approaching the Greenwald limit, this is less the case with H20. Nevertheless,

considerable residual dependence on the separatrix density is observed in the data from

ASDEX Upgrade and JET-ILW, with confinement decreasing toward higher densities.

Considering formulation of the scaling in dimensionless variables, the scalings

estimated by the three methods in the DB5.2.3-STD5 ITER-like data set with ELMy

H-modes all obey quite well the high-β Kadomtsev constraint. However, direct

transformation of the scaling from engineering to dimensionless variables results in large

uncertainties on the transformed exponents. Therefore, in this paper regression analysis

taking place directly in the space of (logarithmic) dimensionless variables has been

explored. Focusing on the results obtained with the Bayesian method, a vanishingly

small dependence on machine size has been obtained, suggesting a dimensionally correct

scaling. Overall, a Bohm-type scaling of the turbulent transport is observed, which could

be a reason for concern, although it has to be kept in mind that the corresponding error

bars are relatively large. On the other hand, the strong degradation with plasma β seen

in IPB98(y, 2) has disappeared, as also noted in [32]. Other differences with IPB98(y, 2)

are the weakly inverse dependence on collisionality and inversely linear dependence on

safety factor.

Finally, the impact of wall material has been studied, grouping data from multiple

devices in a low-Z and high-Z subset of the DB5.2.3-STD5 ITER-like data with ELMy H-

modes. This suggests vanishing dependence of confinement on the line-averaged density

in fully metallic devices and a size dependence that is even weaker than in the non-

metallic devices. However, the resulting scalings are not intended for prediction.

6. Conclusion

In conclusion, analysis of standard subsets of the updated ITPA global H-mode

confinement database has confirmed a number of earlier observations, but has also

revealed several differences in the energy confinement time scaling, when comparing to

the previous de facto standard IPB98(y, 2). Most notably, the disagreement regarding

the strength of some confinement dependencies between the global scaling and single-

machine scans has been alleviated to some extent. In engineering form, the presently

recommended scaling for ELMy H-modes, based on a power law, is obtained by weighted

least squares regression (WLS) on the standard set STD5 of the ITPA DB5.2.3 database,

restricted to the ITER-like subset and including triangularity as a predictor variable.

The estimates by WLS are selected for the proposed scaling as a compromise between

the results from the three regression techniques applied in this work, further motivated

by the simplicity of the WLS technique and the relatively minor differences among the

estimates from the different methods. The expression, obtained from table 10, is as

follows:

τE,th =
(

0.067 +0.059

−0.032

)
I1.29±0.16

p B−0.13±0.17
t n̄0.147±0.097

e P−0.644±0.061
l,th R1.19±0.27

geo

× (1 + δ)0.56±0.36 κ0.67±0.63
a M0.30±0.16

eff . (5)
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This relation will be referred to as ITPA20-IL (ITER-like) and it forms the basis for

the definition of the confinement enhancement factor H20, introduced in Section 4.2.4. It

can be used for approximate prediction by substituting values for the predictor variables

at the desired prediction point. The accompanying uncertainty estimates are derived

from the Bayesian analysis and, as such, correspond to a rough estimate of a single

standard deviation. However, it is essential to note that, for extrapolation, one must

not vary one of the exponents in this expression, even within its error bar, while keeping

the others fixed. Doing so increases the risk of an unreliable prediction. This is due

to the correlation structure between the exponents: changing one exponent in general

requires adapting others as well. For the same reason, for prediction one should generally

not ignore dependencies with exponents that are negligible within their error bar. The

exception here is the dependence on ε, which has been ignored in expression (5), as the

exponent is almost zero. Rather, the uncertainty estimates are intended to be considered

jointly for estimation of extrapolation uncertainty, for comparison with experimentally

observed dependencies and theoretical models, and as an input to modeling activities

seeking uncertainty quantification.

The most salient differences between scaling (5) and the IPB98(y, 2) scaling are the

nearly vanishing dependence on line-averaged density, the almost linear dependence on

major radius, the dependence on triangularity and the lack of dependence on inverse

aspect ratio. There is also a slightly positive dependence on isotope mass. In comparison

with IPB98(y, 2), the weaker dependence on machine size may be an important cause

for the lower confinement time prediction of 2.90 ± 0.46 s for the baseline inductive

Q = 10 ELMy H-mode scenario in ITER (2.65± 0.42 s at Pl,th = 100 MW).

Expressed in dimensionless variables, the recommended confinement scaling is

obtained by means of the robust Bayesian analysis in dimensionless space, using the

same standard set in DB5.2.3, with ITER-like constraints (table 14):

ΩiτE,th =
(

2.1 +19

−1.9

)
× 10−6 ρ−1.97±0.33

∗ β0.12±0.22
t ν−0.426±0.063

∗ q−1.03±0.43
cyl

× (1 + δ)0.14±0.64 κ1.89±0.85
a ε−0.26±0.64M0.62±0.37

eff . (6)

This scaling, not intended for the purpose of prediction, will be denoted ITPA20-

IL-dim. Notable differences with IPB98(y, 2) are the weaker scaling with normalized

gyroradius (Bohm-type scaling), normalized plasma pressure (electrostatic scaling) and

cylindrical safety factor, as well as a stronger inverse scaling with collisionality.

Slightly more general scalings are obtained from the entire set of ELMy H-modes

in DB5.2.3-STD5, not restricting to the ITER-like subset. Reproduced from table 16

by means of the same respective methodology as ITPA20-IL and ITPA20-IL-dim, these

scalings are as follows. The engineering scaling, henceforth referred to as ITPA20 (error

bars from RBAYES), is

τE,th =
(

0.053 +0.030

−0.018

)
I0.98±0.19

p B0.22±0.18
t n̄0.24±0.11

e P−0.669±0.059
l,th R1.71±0.32

geo

× (1 + δ)0.36±0.39 κ0.80±0.38
a ε0.35±0.66M0.20±0.17

eff , (7)
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yielding an ITER confinement prediction of 3.07 ± 0.46 s (2.79 ± 0.42 s at Pl,th = 100

MW). Other prediction points can be substituted. Apart from the weaker dependence

on density and major radius, and the suggestion of a weak dependence on triangularity,

this scaling is relatively similar to IPB98(y, 2). In contrast, the dimensionless scaling

that is proposed for this data set, called ITPA20-dim (not for prediction), is quite

different from the dimensionless form of IPB98(y, 2):

ΩiτE,th =
(

0.087 +0.51

−0.075

)
× 10−6 ρ−2.24±0.34

∗ β0.20±0.21
t ν−0.469±0.061

∗ q−0.70±0.37
cyl

× (1 + δ)0.36±0.64 κ1.24±0.47
a ε−1.70±0.51M0.53±0.30

eff . (8)

It is important to stress again that the parametric dependencies of the confinement

suggested by these scaling laws are averages across a multi-machine database and a

broad variety of plasma conditions. The dependencies can differ to a varying extent

from those obtained in dedicated parameter scans. Indeed, the single-machine scalings

obtained from DB5 already point at considerable differences of the exponents between

devices.

The analysis of the updated database has also raised a number of issues that

call for more detailed analysis. One important point of attention is the regression

model used for the global confinement scaling, both concerning the functional form

and the choice of predictor variables. Indeed, dependencies between predictor variables

in the regression still hamper unambiguous estimation of the individual dependencies.

From the statistical point of view, the best remedy is to acquire more data to fill

in some sparsely populated regions of the data space. Data from additional devices

regarding possible ‘hidden variables’ affecting the confinement (separatrix density,

plasma rotation) would be very useful as well. Collection of additional data should

be complemented with variable selection based on physical and statistical arguments.

Furthermore, physical constraints may be invoked to further regularize the scaling,

e.g. a soft Kadomtsev constraint imposed by a Bayesian prior distribution. Finally,

more flexible models based on simple generalizations of the power law (e.g. separating

core and pedestal, distinguishing between transport regimes or using a power law with

variable exponents) may enable faithful representation of the confinement trends over a

wide range of the parameter space, while still allowing confident extrapolation to new

devices. Thus, both maintenance and extension of the database are expected to remain

important activities.
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Appendix A. Transformation formulas between engineering and

dimensionless exponents

The transformation formulas between exponents in the engineering scaling (2) and

those of the scaling in dimensionless form (4) are provided in this appendix.§§ From

dimensionless to engineering form one finds

α =
1

1− γ

[
a A

] [ 1

αD

]
,

where

α = [αI , αB, αn, αP , αR, α1+δ, ακ, αε, αM ]t,

αD = [αρ, αβ, αν , αq, αR,D, α1+δ, ακ,D, αε,D, αM,D]t,

a = [0,−1, 0, 0, 0, 0, 0, 0, 1]t,

γ =
αρ
2

+ αβ − 2αν ,

and

A =

ρ∗ βt ν∗ qcyl Rgeo 1+δ κa ε Meff



0 0 −1 −1 0 0 0 0 0 Ip

−1 −2 1 1 0 0 0 0 0 Bt

−1/2 0 3 0 0 0 0 0 0 n̄e

1/2 1 −2 0 0 0 0 0 0 Pl,th

−5/2 −3 8 1 1 0 0 0 0 Rgeo

0 0 0 0 0 1 0 0 0 1+δ

−1/2 −1 3 1 0 0 1 0 0 κa

−2 −2 9/2 2 0 0 0 1 0 ε

1/2 0 0 0 0 0 0 0 1 Meff

.

This can be inverted for transforming from engineering to dimensionless scalings:

αD = A−1

(
α

1 + αP
− a

)
, (A.1)

§§The transformation for scaling laws without 1 + δ is obtained simply by leaving the corresponding

rows and columns out of the matrix A and vectors α, αD and a.
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where

A−1 =

Ip Bt n̄e Pl,th Rgeo 1+δ κa ε Meff



−3/2 −3/2 −2 −3 0 0 0 0 0 ρ∗

1/4 1/4 1 3/2 0 0 0 0 0 βt

−1/4 −1/4 0 −1/2 0 0 0 0 0 ν∗

−3/4 1/4 0 1/2 0 0 0 0 0 qcyl

−1/4 −5/4 −2 1/2 1 0 0 0 0 Rgeo

0 0 0 0 0 1 0 0 0 1+δ

1 0 0 1 0 0 1 0 0 κa

1/8 −15/8 −2 −7/4 0 0 0 1 0 ε

3/4 3/4 1 3/2 0 0 0 0 1 Meff

.

In particular, it follows that 4αR,D = (−αI − 5αB − 8αn + 2αP + 4αR)/(1 + αP ) − 5

and forcing this to vanish is indeed equivalent to the Kadomtsev constraint mentioned

in the main text.

Appendix B. Regression workflow

All analysis described in this paper was carried out using the MATLAB software [46].

To facilitate the workflow and reproducibility of the results, the information about each

specific analysis is kept in a configuration file. These configuration files specify the

subset of the data to be loaded from the DB5.2.3 database, as well as details about

the regression analysis (model, variables, analysis options, etc.) and the output files.

When the analysis is finished, the configuration details, the specific data set used for

the analysis and the regression results are stored in a mat file. In addition, the analysis

results (tables and figures) are automatically written to a LATEX file for publication

purposes.

Two of the regression techniques applied in this work (RBAYES and GLS) require

error estimates on the scaling variables. Depending on the device, some of the scaling

variables are expressed in terms of other database variables (e.g. the thermal stored

energy as a function of the total energy content and the fast particle contribution).

Therefore, at the start of each analysis, the data corresponding to the scaling variables is

automatically calculated based on their respective expressions in terms of other database

variables. The associated error estimates are derived by means of standard Gaussian

error propagation (based on assumptions described in the main text). To that end, for

each device represented in the database, the expressions for the various scaling variables

(engineering and dimensionless) are stored in a device-specific file, together with the

information about measurement uncertainty.
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Appendix C. Bayesian and geodesic least squares regression methods

Appendix C.1. Regression model

One of the key purposes of the Bayesian (RBAYES) and GLS methods is to take into

account the possibility of non-negligible uncertainty on all variables in a general power-

law scaling. To do this, one may consider an idealized situation where, on a logarithmic

scale, the following linear relation holds between a response variable η and a set of

predictor variables ξ1, . . . ξnpred
:

η = lnα0 +

npred∑
j=1

αjξj. (C.1)

In a next step, it is common to assume that the measured data, described by variables

y, x1, . . . , xnpred
, are related to those idealized variables by

y = η + εy, x1 = ξ1 + εx1 , . . . , xnpred
= ξnpred

+ εxnpred
.

Here, the uncertainty with respect to the idealized relation (C.1) is described by npred+1

normally distributed variables with zero mean:

εy ∼ N
(
0, σ2

y

)
, εx1 ∼ N

(
0, σ2

x1

)
, . . . , εxnpred

∼ N
(

0, σ2
xnpred

)
.

Appendix C.2. Robust Bayesian regression

Given nobs,k assumed independent observations from device k, out of a total of

ntok tokamaks, the likelihood in a Bayesian approach is obtained by marginalizing

(integrating) over the unobserved values ξj,ik,k (j = 1, . . . , npred, ik = 1, . . . , nobs,k,

k = 1, . . . , ntok) assumed by the variables ξj. This results in the following joint

distribution of the full set of measured data, conditional on the parameter values:

p({yik,k}, {xj,ik,k}|{α0, αj}, {γk})

=

ntok∏
k=1

nobs,k∏
ik=1

1√
2πγ2

kσ
2
mod,k

exp

[
−1

2

(yik,k − ηik,k)
2

γ2
kσ

2
mod,k

]
. (C.2)

It can be shown that, for a linear model (C.1), the parameters σmod,k are given

by [47, 48, 49, 36]

σ2
mod,k = σ2

y,k +

npred∑
j=1

α2
jσ

2
xj ,k

. (C.3)

We assume that, in this expression, the standard deviations σy,k and σxj ,k correspond

to the measurement uncertainties (percentage errors) provided in the database, which

vary among the different machines. The result (C.3) can also be obtained through

standard Gaussian error propagation. We call σmod,k the modeled standard deviation for

device k, as the expression (C.3) hinges on the model assumptions. At the same time,

however, we admit that the actual spread of the data around the fitted hyperplane may

differ from that suggested by the known measurement uncertainties. This is modeled
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by introducing, for each device k, an additional parameter γk that scales the respective

modeled standard deviations σmod,k. As discussed in the main text, the actual spread

can become (significantly) wider (γk > 1) than suggested by the error bars on the

measured data, e.g. due to model uncertainty. As such, a certain degree of robustness

is achieved by the RBAYES technique, as an alternative to employing for instance a

heavy-tailed likelihood distribution [49]. The following maximally uninformative priors

were used for the parameters [47]:

p({α0, αj}) =

(
1 +

npred∑
j=1

α2
j

)−(npred+2)/2

, p({γk}) =

ntok∏
k=1

γ−1
k .

The joint posterior distribution of the regression parameters and the factors γk was

sampled using a Markov chain Monte Carlo (MCMC) technique (Hamiltonian Monte

Carlo with Ns = 4 000 samples). In practice, this means that the correction factors γk
were learned from the data.

Appendix C.3. Geodesic least squares regression

GLS shares with WLS the benefit of simplicity, but, like RBAYES, GLS is relatively

robust against deviations from the model assumptions [35, 36]. For instance, the method

has been shown to yield consistent results, irrespective of log-transformation of the data.

It also takes into account errors in all variables and can accommodate heteroscedastic

errors. Somewhat akin to the RBAYES technique, GLS learns for each device the scatter

of the data around the fitted hyperplane (or hypersurface in the nonlinear case). The

method then minimizes, for each data point, the difference between two conditional

probability models for the response variable. On the one hand, a normal probability

distribution is considered, centered on the measured data point:

p(y|yik,k, σobs,k) =
1√

2πσ2
obs,k

exp

[
−1

2

(y − yik,k)2

σ2
obs,k

]
.

The device-dependent standard deviation σobs,k, which we call the observed standard

deviation, models the actual dispersion of the data and is learned from the data. This

model is designed with minimal assumptions in mind. On the other hand, the normal

distributions used for the likelihood in (C.2) (without the factors γk) can be viewed

as probability models that would be exact if all the model assumptions were perfectly

obeyed. Estimation of the model parameters and the observed standard deviations is

achieved by minimizing a sum of squared distances between each pair of distributions,

over all data points. The distance measure used is the Rao geodesic distance based

on the Fisher information metric on the Riemannian manifold of univariate normal

distributions [50].
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Appendix C.4. Weighting scheme

Both RBAYES and GLS encompass a weighting scheme, although it is different

from the weighting implemented in WLS in this paper. Specifically, the likelihood

distribution employed by RBAYES and GLS weighs the residuals by the uncertainty

on the data, taking into account a device-dependent deviation from the measurement

uncertainty (through γk or σobs,k). Hence, both RBAYES and GLS allow significant

heteroscedasticity between devices, on top of that between data points, which is a key

ingredient leading to their robustness. No additional weighting based on the number

of data points contributed by each device was implemented in the RBAYES and GLS

methods. As a result, these methods do not depend on any choice for the weights.
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