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Abstract
This work describes the behaviour of the global energy and particle confinement on JET observed
in a massive database of H-mode plasmas covering almost the whole lifetime of JET operations,
both with the carbon and metal wall. The analysis is focused on type I ELMy H-modes in
stationary phases. It is shown that plasma density in that regime is determined mainly by the
plasma current, edge safety factor, triangularity of the last closed flux surface and the hydrogenic
isotope mass. Behaviour is consistent for the whole database regardless of divertor configuration
or the plasma facing materials. On average, thermal energy confinement time in JET with the
carbon wall (JET-C) is accurately predicted by the IPB98(y,2) scaling. For JET with the ITER-like
wall JET-ILW), the energy confinement is found to be lower than expected from the scaling. The
difference is found to be much stronger in a divertor configuration with the outer strike point at a
vertical target and the pumping throat at the private flux. Observed lower confinement in JET-ILW
can partially be attributed to the additional operational constraints of the metal wall machine,
i.e. the avoidance of heavy impurity accumulation via additional gas dosing, but not fully. The
isotope effect on the energy confinement in the M. = 1-2 range is found to be the same in
JET-C and JET-ILW, thus is independent of the wall material, if correlation with plasma density
is accounted for. The effect of the toroidal magnetic field on the confinement is between zero and
slightly negative. Triangularity has a generally favourable effect on the energy confinement, but
the magnitude changes across the database. The effect of triangularity on plasma density is always
much stronger than on energy confinement however, therefore plasmas with high triangularity are
in general more dense and colder than at lower triangularities. The work described in this paper is
completed under the EUROfusion global confinement database project, and the data shown here
will be available to EUROfusion collaborators shortly. The data are also either already included in
the international H-mode confinement database, or will be in the future updated version.

Keywords: tokamak, confinement, scaling, isotope effect

(Some figures may appear in colour only in the online journal)

1. Introduction plasma performance in present and future devices. The most
well-known result of such an analysis is the H-mode energy
Statistical analysis of existing experiments is a widely used confinement time scaling, also referred to as IPB98(y,2) [1].
and relatively inexpensive tool used to make predictions of [t was derived by the international H-mode database working
group in 1998, and since then the dataset has been expanded

@ See Joffiin ef al 2019 (https://doi.org/10.1088/1741-4326/ab2276) for the ~ turther. Presently, 20 years on, a revision of that scaling is
JET team. ongoing, based on a much larger dataset [2, 3].
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Table 1. Ranges of key parameters in the three datasets used for the analysis.

Number N, M3 LCES
of samples I,, MA B, T 95 Plosss MW %10'° triangularity, § ~ Mg
JET-C1 1142 Min 0.69 0.81 2.5 1.01 1.69 0.11 1.02
Max 4.74 3.97 6.04 24.7 11.4 0.56 291
JET-C2 1968 Min 0.811 1.05 2.44 3.54 1.79 0.18 1.86
Max 4.47 3.57 7.27 27.48 12.04 0.51 2.0
JET-ILW 867 Min 0.97 0.98 2.45 3.3 1.98 0.18 1.0
Max 3.97 3.79 6.25 32.7 9.93 0.46 2.0

Among the 19 tokamaks which supplied the data to the
international database, JET is by far the biggest contributor.
It provided the largest number of datapoints in a very broad
range of plasma parameters, and it is also the tokamak closest
to ITER both in terms of geometry and the plasma facing
components, with the ITER-like wall installed in 2011 [4].

JET data had a large influence on the IPB98(y,2) scaling
and will have an influence on any further scaling derived from
the extended dataset. In this work, the JET contribution to the
international database is carefully analysed. The dependence
of the energy confinement time and plasma density on the
standard engineering parameters is derived for different sub-
sets of data corresponding to different machine configurations.
This includes the standard parameters used in the IPB98(y,2)
scaling, but also others which are not: namely triangularity of
the last closed flux surface, and the gas fuelling rate. In this work
we also tried to address the issue of correlation between the
usual regression variables, which may be due to an underlying
physics mechanism, or just a data artefact due to preferences to
certain operational space (e.g. keeping the q95 parameter close
to the ITER baseline scenario relevant value of ~3).

This paper is organized as follows. In section 2, the descrip-
tion of the dataset used in this work is given. In section 3, the
dependence of the plasma line averaged density on various
engineering parameters is described. Section 4 is dedicated to
the thermal energy confinement time; different regression fits
are shown with and without density as one of the parameters.
In section 5, comparison of the energy confinement time with
the IPB98(y,2) predictions will be shown for the different sub-
sets, and the differences between JET with the carbon wall
(JET-C) and JET with the ITER-like wall (JET-ILW) will be
discussed. In section 6, the effect of the scrape-off layer (SOL)
density on energy confinement is shown, and the summary is
given in section 7.

2. The JET database

This work uses three separate sets of data, which belong to
different periods of JET operation. The first dataset, referred
in this paper as JET-C1, comes from the currently available
public version of the international H-mode confinement data-
base [5]. It contains the data from the early period of JET
between 1986-2004, which includes the variety of divertor
configurations explored at that time [6]. That dataset contains
all JET datapoints which were part of the so called DB2v8
dataset used for the energy confinement time study in [1],

where the IPB98(y,2) scaling was derived. In addition to the
usual deuterium plasmas, it also contains those with different
isotope compositions: pure hydrogen, H/D mixtures and the
experiments of the DTE1 campaign with 50/50 D/T and close
to 100% tritium plasmas.

The second dataset, JET-C2, covers the time period 2004—
2009, which is the later carbon wall JET experiments where
the MarkII-HD divertor configuration was implemented. It
contains the largest number of datapoints, but no experiments
with different isotope masses.

The third dataset covers the whole ITER-like wall period
to date—experiments which were done in 2011-2016. The
divertor configuration in JET-ILW is identical to MarkII-HD,
only the plasma facing materials have changed. That makes
JET-ILW and JET-C2 a good matching pair of datasets to study
the effect on confinement of the metal versus carbon wall.

JET-C1 database contains data from a large variety of
plasmas, therefore the ‘standard’ selection criteria had to be
applied in the same way as for the multimachine database [1].
These can be summarised as follows:

e Only H-mode discharges with edge localized modes
(ELMs) are allowed.

e No pellet fuelling is used.

e Variation in the stored energy is limited to 0.05 < (dW'/
dr)/P < 0.35, to exclude transient conditions.

e The total radiated power fraction is below 60%.

e Fast particle contribution to the total energy is less than 40%.

For the purpose of this work, additional selections were
also made:

e Only H-modes with type I ELMs were selected. Entries
with ELMs type indicated as ‘UNKNOWN’ and discharge
phase as H-mode with giant ELMs (PHASE = HGELM)
are also assumed to be type I. Note that the ELM type
criteria was not used in previous works [1, 5] as only
ELMy and ELM-free H-modes were usually considered
separately.

e Entries corresponding to the open MarkO divertor con-
figuration without cryopump were not included.

e Helium and D/He mixture plasmas were excluded.

e Samples where measured plasma stored energy WDIA
and WMHD differ by more than 30% were excluded (here
WDIA and WMHD correspond to different methods of
plasma stored energy estimation: from diamagnetic loop
measurements and from plasma equilibrium reconstruc-
tion).



Table 2. Exponents for the OLS power law regression fit for () in the three databases.

Const Ip Bt 495 1+ 6 Ploss 1+ S/nGW Meff R2 RRMSE, %0
JET-CI1 1.28 £ 0.05 0.97 £ 0.036 —0.217 £ 0.038 — 2.09 £+ 0.089 0.0007 £ 0.017 0.72 £ 0.042 0.35+0.037  0.829 19.2
JET-CI1 1.83 £ 0.10 0.73 £0.025 — —0.32 £0.04 2.08 £0.087 0.01 £0.017 0.70 & 0.041 0.36 £ 0.037  0.834 13.7
JET-C2 1.43 £ 0.04 1.15 £ 0.018 —0.20 £ 0.025 — 2.63 +0.055 —0.096 £ 0.011 0.74 £0.032 — 0.846 14.1
JET-C2 1.833 £ 0.003 0.95 +0.018 — —0.21 £ 0.025 2.62 +0.055 —0.095 £ 0.011 0.73+£0.032 — 0.846 14.2
ILW 1.76 £ 0.058 1.34 +0.031 —0.42£0.032 — 2.18 £ 0.087 —0.13 £0.013 0.44 £+ 0.031 0.38+0.02 0916 10.7
ILW 2.84 £0.136 092+0.024 — —0.46 £ 0.033 2.25 £ 0.085 —0.12 £0.013 0.42 +0.031 0.395+0.02 0917 10.6
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Table 3. Exponents for the OLS power law regression fit for (n.) in JET-C1, in two groups of hydrogenic isotopes, Mg < 2.1 (H + D) and Mg > 1.9 (D + T).

Const I, qos 1+6 Ploss 1 + S/ngw Mg R? RRMSE, %
JET-CI, 1.854+0.11 0.72 +0.03 —0.33 £0.04 2.08 £ 0.09 0.018 £ 0.017 0.70 4 0.04 0.35 £ 0.043 0.8313 19
Mg < 2.1
JET-CI, 1.80 +0.14 0.72 £+ 0.025 —0.33 £0.04 2.06 £ 0.09 0.019 +0.017 0.70 & 0.04 0.40 & 0.08 0.8075 19
Megs > 1.9
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Figure 1. Left: residual of (n.) regression fit in JET-C1 dataset performed without Mg, plotted versus log(M.g); right: scaling versus

measured line averaged electron density in the JET-ILW database.

JET-C2 and JET-ILW samples were already selected from
the stationary phases of H-mode plasmas with type I ELMs
only, therefore additional selection for that purpose was not
required. Plasmas with pellet fuelling, induced toroidal mag-
netic field ripple, induced error field or additional impurity
seeding were also excluded from the database. The remaining
selection rules were as follows:

e Samples where WDIA and WMHD differ by more than
30% were excluded.

e Only samples with thermal stored energy exceeding 60%
of the total stored energy were considered.

e Only samples with fast ion energy induced by ion cyclo-
tron resonance heating (ICRH) not exceeding 20% of
WDIA were included. This only affected a small number
of pulses and is done to limit the errors of the stored
energy caused by inaccurate estimation.

The summary of all three datasets is shown in table 1.

3. Plasma density behaviour

It was shown in [7] that the H-mode plasma pedestal den-
sity strongly depends on plasma current, magnetic field and
the triangularity at the last closed flux surface. Similar results
have been reported previously [8, 9], particularly in relation
to the effect of triangularity on plasma density. In this work,
the ordinary least square (OLS) regression analysis is done for
the plasma line average density dependence on the other engi-
neering parameters, in the form of the power law model, for the
three datasets separately. Last closed flux surface (LCES) tri-
angularity is used in the form of (1 + ¢) to allow extrapolations
to circular plasmas. Particle source S* is used as S* =1+ S
(1 x 102 e s Yngw (1 x 10" m™3), where S is the sum of
neutral beam injection (NBI) deposited particles and additional
gas dosing, and ngw is the Greenwald density [10], and the unit
e s~ ! stands for electrons per second due to the complete ionisa-
tion of the injected gas. Similar to the triangularity parameter,
unity was added to allow samples with near zero additional
particle source to be included in the fit. Results are shown in
table 2. The last column in all the tables with OLS results in
this paper contains the relative root mean square error, defined
as RMSE divided by the average value of measure data, in %.
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Figure 2. Fast ion energy component from ICRH, PION code [14]
calculation versus approximation (2) in the JET-ILW dataset.

Scaling expressions for plasma electron density in H-mode
plasmas with type I ELMs are consistent across the three data-
sets. There is a strong correlation between I, and B, in each
dataset, with the cross-correlation coefficient ranging between
0.8 and 0.9 (see the appendix). This is due to the preference
to perform plasma experiments in a small range of gos ~ B/I,
close to three, as was mentioned in the introduction. Therefore,
regression with gos instead of B; was also performed for each
of the datasets, as the correlation between I, and gos is much
weaker. We find similar variation for the exponents of the gos
parameter between the datasets, and only a marginally larger
R? value for the fits with g95 compared to those done with B.
Large cross correlation between I, and By also makes the sum
of the two exponents similar between the datasets, and the
exponent is consistently reduced whenever the B, variable is
replaced by gos. In this work, core and pedestal confinement
are not considered separately, although since the dependen-
cies found here for the line averaged density are consistent
with those found in [7] where the H-mode pedestal density
was studied, we can conclude that the averaged plasma den-
sity is mostly determined by the edge, rather than the peaking
of the profile in the core.

We also performed separate regression fits in two ranges of
hydrogenic isotope mass: Mg = 1-2 (Hand D) and Mg = 2-3
(D-T) for the JET-C1 dataset—the only one that contains the
whole isotope range. The results are shown in table 3. Plasma
density consistently increases with isotope mass in both cases.



Table 4. Exponents for the OLS power law regression fit for the 75, parameters as defined in (4). M. was not included in JET-C2 regression due to the lack of experiments with isotopes.
IPB98(y,2) scaling is shown for comparison.

Const I B, 495 P Tle Mgt R? RRMSE, %

IPB98(y,2) 0.0562 0.93 0.15 —0.69 0.41 0.19 — —

JET-C1 0.073 + 0.002 1.04 + 0.026 0.11 +0.027 —0.76 + 0.011 0.31 +£0.015 0.20 + 0.026 0.887 11.5
JET-C1 0.0635 £ 0.0025 1.15+£0.018 0.12 4+ 0.028 —0.76 £ 0.011 0.32 £0.015 0.20 + 0.026 0.887 115
JET-C2 0.0897 + 0.002 1.175 + 0.017 —0.09 + 0.02 —0.63 +0.01 0.13 £ 0.01 0.894 10.2
JET-C2 0.095 + 0.003 1.104 4+ 0.016 —0.051 £ 0.02 —0.64 +0.01 0.13 £ 0.01 0.894 102
JET-ILW 0.059 + 0.0022 1.16 + 0.047 —0.22 4+ 0.034 —0.585 4+ 0.014 0.08 4 0.025 0.37 4+ 0.023 0.851 10.2
JET-ILW 0.066 + 0.004 0.947 £ 0.034 —0.13£0.036  —0.59 +0.014 0.11 4 0.025 0.35 4 0.023 0.846 104
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Table 5. Regression results with triangularity and particle source instead of the plasma density.

Const I, B, 95 P 1+6 1 + Singw Megr R? RRMSE, %
JET-C1 0.068 £0.002  1.36 £0.027  0.033+£0.028 — —0.74+£0.012  1.18 £0.065  —0.155 £ 0.031 0.33+£0.03 0877 12.6
JET-C1 0.068 +£0.003  1.38+0.02  — —0.01 +0.03 —0.74+£0.012  1.194+0.065 —0.156+0.031  0.344+0.027 0.877 12.6
JET-C2  0.088+£0.002 137+0.014 —0.11+£002 — —0.66 £0.008  0.67+£0.042 —0302+£0.024 — 0.904 9.9
JET-C2  0.098+£0.003 127+0.014 — —0.09 +0.02 —0.66 £0.008  0.66 +0.042  —031+0.024  — 0.903 99
JETILW  0.066 £0.002  1.31+£0.029 —028+0.03 — —0.598 £0.012  0.25 +0.08 —0.33 +£0.03 0415+£0.02 0871 9.56
JET-ILW  0.0836 £0.004  1.06 £0.023 — —-0.23+£0.032  —0.60£0.013  0.30=+0.08 —0.33 +£0.03 0.41+0.02 0866  9.76
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That trend can also be observed in figure 1, where the resid-
uals of the fit performed without Mg are plotted versus the
isotope mass.

In the above regression, the particle source term 1 4 S/ngw
is only an approximate estimation of plasma fueling, since
it does not include the recycling term, which is not an engi-
neering parameter and is also the one which is difficult to
quantify. The uncertainty is likely to be larger for the JET-C
data as the retention of the hydrogenic fuel by the plasma
facing materials is a factor of ~10 larger with the carbon wall
than in the all-metal wall. Also, the relative effect of recycling
is larger if additional gas fuelling is low or even zero, which
is also characteristic for JET-C plasmas, as will be discussed
in section 5. These are probably the underlying reasons for the
better regression fit of the line averaged density found in the
JET-ILW dataset, compared to JET-C1 and JET-C2. In fact,
plasma density can be predicted with much greater confidence
than the thermal stored energy in JET-ILW, which will be
shown in section 4.

4. Thermal energy confinement time

The definition for the thermal energy confinement time is
shown in (1).

Tt = Wain/Prn = (Waia — 1.5 % W fagt)/
(Pon + Pgr + Picru — dWaia /df — Pey). 0

Wiia 18 the total plasma stored energy measured with the
diamagnetic loop, W pgis the gyromotion part of the fast
ion energy content, Poy, Png1, Picry are the Ohmic, NBI
and ICRH heating power deposited in plasma, and P is the
power lost due to charge exchange and first orbit effects. To
be consistent with the IPB98(y,2) scaling, radiation losses
are not included into the thermal power loss term Py, the
denominator in equation (1). Measurement errors of the
total heating power are determined by the Pygy, which is the
largest contributor and estimated in [12] to be of the order
of 10%, including uncertainties in the shine-through calcula-
tion. Uncertainties in the stored energy are also discussed in
[12] and believed to be under 5%, based on a comparison of
different measurement methods. Note that the 30% discrep-
ancy limit between Wy;, and Wypp set in the database selec-
tion criteria is merely to remove cases with artefacts in the
measurements, and does not represent the uncertainty in the
stored energy. Uncertainty in 7g ¢, calculated here is therefore
estimated under 15%.

For JET-C1, the values already stored in the database were
used, while for the new datasets JET-C2 and JET-ILW they
were calculated in a similar manner. W g, is calculated with
the PENCIL code [13] for NBI and the PION code [14] for
ICRH. Where PION calculations are not available, the ICRH
contribution to the fast ion energies was approximated with
(2), where Picry is the absorbed ICRH power in MW, ne g
is the core electron density, m—3, and T, is the core electron
temperature, eV (see figure 2).

14 | Tefir = 0.0841530B 008 4 p 075
*(1 +6)1'] (1 +S/n(;w)70'14

e °
= ®
< 1.0 | .. ° )}
% ‘; - —e -
G‘ : —_ ’.— - e
3 ...
Qe L3
O
°
eeH H/D
0.6 ] ] ]
1 2 3

Meys

Figure 3. Residual of 737, regression fit performed without M.y,
plotted versus log(Mcg).

1014PICRH

WicRH.approx = 0.1 T )

Neo

Py is approximated as Pex = Pngr * exp (3.35 — 0.667  |I| —
0.2 %7;) * 0.01 in all three datasets [11]. It constitutes only
a small fraction of Py, and so this approximation has little
influence on the main results of this work.

The IPB98(y,2) scaling expression (3) was derived by the
OLS method on the power law model. In the JET datasets con-
sidered here, variation of the geometry parameters R (major
radius), k (plasma elongation) ande (inversed aspect ratio a/R)
is insufficient for a regression analysis. Therefore, to facili-
tate the comparison with the results done on the multimachine
database, the exponents for these parameters are fixed to the
values from IPB98(y,2), and regression fit for the normalised
T¢ o s defined in (4), will be performed instead. Results of
the OLS regression applied to the three datasets give the expo-
nents shown in table 4.

093 10.15,0.41 p—0.69 1.97 .0.78 _0.58 5 £0.19
Teh = 0.0562 1,7 By "n, " Pl R TR T Mg (3)

1.97 _0.58  .0.78
leEk,m = TE, th/R SR )

All three datasets show strong positive correlation with /1,
and negative exponent for P 4, consistent with the IPB98(y,2)
scaling. The B, dependence (albeit rather small) varies between
the datasets and even changes sign. Replacing B, with gys to
reduce the cross correlation between the two variables does not
affect the trend significantly. The density exponent in JET-C1
is somewhat lower than derived in the IPB98(y,2) and is sig-
nificantly lower in JET-C2 and JET-ILW datasets. The expo-
nent for the isotope mass in JET-C1 is similar to IPB98(y,2),
but is almost a factor of two larger in the JET-ILW, consistent
with the observations in dedicated isotope studies [15].

Regarding the power confinement degradation (the expo-
nent for Py4), it should be noted that the dependencies found
here and in the IPB98(y,2) database are only valid for a data-
base with a broad variety of parameters and are not reproduced
in dedicated power scan experiments with strong variation of



Table 6. Regression analysis results for 7, in the JET-C1 dataset, performed at two different ranges of isotope mass.

Const I, q9s P 1+6 1 + Sigw Mgy R? RRMSE, %
JET-CI, 0.065 £ 0.003 1.36 & 0.02 —0.016 £ 0.029 —-0.73 £0.013 1.18 £ 0.065 —0.18 £ 0.031 0.42 £ 0.03 0.875 12.6
Mg < 2.1
JET-CI, 0.083 + 0.004 1.36 £ 0.018 —0.022 £ 0.029 —0.73 £0.013 1.17 4 0.066 —0.17 £+ 0.031 0.07 £ 0.06 0.866 11.1
Mg > 1.9
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experimental value. Right: histogram of H98 coefficient for all JET-C2 samples.
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Table 7. Regression analysis results for 7, in JET-C2 dataset, performed for data points with S/ngw > 0.1 only.

N samples const I, B qos P 146 1+ S/ngw R? RRMSE, %
JET-C2 1 613 0.081 +0.003 15240024  —025+0.033 —0.64+0016 07240064 —026+0031 0912 92
Singw > 0. 0.11240.007  1.29 + 0.024 02640036 —0.644+0016  0.695+0064 —026+0032 0912 94
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the experimental value. Right: histogram of H98 values.
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Figure 9. Three examples of divertor strike point configurations,
with outer leg on tile 5 (red), 6 (blue) and 7 (black).

0, as was shown in [16] and then reproduced in modelling
[17].

As has been shown in section 3, plasma density in these
JET experiments is not an independent variable but a strong
function of the other engineering parameters. The magnitude
of density dependence as calculated in the multiparameter
regression therefore affects the exponents for other variables,
particularly I,,, B; and Megr. To demonstrate that, we performed
another regression fit for the 7g,, without n. and with LCFS
triangularity 1 + ¢ and particle fuelling 1 + S/ngw included,
as done in the regression analysis for the density. The results
are shown in table 5.

The most significant change in the dependencies after
replacing density with 1 + 6 and 1 + S/ngw is observed in the
JET-C1 dataset, where the density exponent was the largest.
Consistent with the trends shown in table 2, the exponents
for I, and M.z increased, and reduced for B; (and gos). The
exponent for the particle fuelling is negative, which represents
energy confinement degradation with an increase of the addi-
tional gas dosing [9, 18]. Note that if we were to substitute the
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results for the density regression of table 2 into 5, we would
find a positive exponent for the gas dosing, which would be
inconsistent with the experimental observations. Apparent
favourable density dependence on confinement is a common
observation in tokamak devices [2]. There could be multiple
reasons for this, such as a direct correlation between energy
and particle confinement (e.g. plasma with better confinement
would have larger density). There could also be more com-
plex mechanisms at play, such as increased equipartitioning
between electrons and ions at higher density and more bal-
anced ion and electron heat fluxes, or the effect on the fast ions
energy which is used in the calculation of Wy, In any case,
direct control of density by increased gas injection has a nega-
tive effect on energy confinement, therefore use of density as
a predictor variable can be misleading for the type of plasmas
considered in this work.

Difference in the isotope mass dependence between
JET-C1 and JET-ILW in table 5 is reduced in comparison with
the results in table 4. To look deeper into the M. dependence
in the JET-C1, we split the dataset into H/D and D/T subsets,
as was done for the density in table 3. The results are shown in
table 6. In the range of H/D isotopes, confinement dependence
on the isotope mass in JET-C1 is the same as in the JET-ILW,
while for the heavier isotope branch D/T the favourable effect
is found to be significantly weaker. This can also be seen in
figure 3 where the 75 /75, ratio for a regression which was
performed without the M. variable is plotted versus log(M.g),
in a similar manner as for the density in figure 1.

Among the 1142 data points in JET-C1, 1034 belong to
deuterium plasmas (1.9 < Mg < 2.1), and only 108 to the
other isotope masses and mixtures (57 in the Mg < 1.9 range
and 51 in the Mg > 2.1 range). Therefore, all the exponents
for the main engineering parameters (except the isotope mass)
shown in tables 3 and 6 are the same or very similar for both
H/D and D/T isotope branches, as they are overwhelmingly
determined by the deuterium plasmas. In these conditions the
isotope mass dependence of the global energy and particle
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Table 8. Dependence of the H98 factor and the confinement factor derived from the datasets themselves on the divertor outer strike point

position.
Tile 5 Tile 6 Tile 7
JET-C2 All samples (H98) 0.99 1.076 1.03
(Tscaling Tmcasured) 0.98 1.023 1.04
Samples with S/ngw > 0.1 (H98) 0.905 0.968 0.98
(Tscaling / Tmeasured) 0.98 1.018 1.06
JET-ILW All samples (H98) 0.787 0.862 0.688
(Tscaling / Tmeasured) 0.996 1.02 0.908
45 dosing, which is an operational requirement in JET-ILW, in
sl ' general causes degradation of the energy confinement, thus
o contributes to the differences between JET-ILW and JET-C,
X 33 where H-mode plasmas with naturally low ELM frequency
ﬁi’_‘ 30 and zero additional gas fuelling were achieved.
£ 25 In figure 7, H98 versus the gas fuelling parameter S/ngw is
§20F plotted for two datasets: JET-C2 and JET-ILW. The trend of
S I5F energy confinement degradation with gas dosing is clearly vis-
§ 1.0 |- ible, particularly at the lower branch of fuelling S/ngw < 0.4,
Sost where the majority of the experiments is performed. As can be
0.0 L seen, there are very few points in the S/ngw < 0.1 area in the

3.76 3.78 3.80

midplane coordinate, m

Figure 10. Examples of the Li-beam density profiles overlaid,
indicating the assigned separatrix position and the area where n. soL.
is measured.

confinement found is this work are only indicative, as they
can only be true if dependencies on all other parameters are
similar for each isotope, which is not necessarily the case. To
establish the true isotope effect on the global energy confine-
ment, either a careful analysis of dedicated experiments with
different isotopes and otherwise similar conditions is needed,
such as [15], or a statistical model, more flexible than the
simple power law model implemented here, is required.

5. Energy confinement time versus IPB98(y,2)

Despite the differences between the individual exponents
of the scaling expressions shown in table 4 for JET-C1 and
JET-C2 with those in the IPB98(y,2) scaling, the thermal
energy confinement time in these datasets is very consistent
with the IPB98(y,2) predictions, so the average H98 factor is
found to be close to 1.0 (see figures 4 and 5). The RMSE for
both regressions, 12.6% and 10%, is also slightly better than
the value indicated in [1] for the IPB98(y,2), which is 14.5%.
Nonetheless, in the ITER-like wall, the energy confinement
time is generally below the IPB98(y,2) predictions (figure 6),
which has already been highlighted in various publications
[19-21].

One of the differences between the JET-ILW and JET-C
plasmas is that in the presence of the Tungsten divertor, addi-
tional gas dosing is always used to avoid impurity accumula-
tion in the core [22]. As mentioned in section 4, additional gas
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JET-ILW figure, although the same area in JET-C2 is densely
populated with average H98 slightly above unity. To compare
the carbon wall and metal wall datasets in the same condi-
tion, we have recalculated the energy confinement time in
the JET-C2 dataset for the datapoints with S/ngw > 0.1 only.
Results of the regression are shown in table 7 and figure 8.
While the reduction of the data to the samples containing
additional gas dosing does decrease the average H98 factor
down to 0.94, the shortfall in the energy confinement between
JET-C and JET-ILW still remains.

In addition to the change in the average energy confine-
ment time, JET-ILW H-mode plasmas also exhibit noticeable
dependence of the global energy confinement time on the
divertor strike point positions ([18, 23]). In JET, a set of four
in-vessel poloidal field coils is able to create various divertor
magnetic configurations, but for simplicity of classification
we divide them into three groups only, differentiated by the
position of the outer strike point. This normally falls onto JET
divertor tiles number 5, 6 or 7 (see figure 9). This configuration
is applicable for the Mark2-HD divertor, i.e. for the JET-C2
and JET-ILW datasets only. To illustrate how the energy
confinement changes for different strike point positions, we
have shown in table 8 the confinement scaling factor for the
JET-C2 and JET-ILW datasets for different configurations.
Both (H98) and confinement scaling factors derived in this
work (tables 5 and 7) are shown. In the latter case, the average
value should be equal to unity since the scaling was derived
on the same dataset, but in table 8 it is split into three subsets
of data and therefore indicates how the confinement behaves
in each group with respect to the average. In both JET-C2 and
JET-ILW, tile 5 plasmas have lower confinement than tile 6.
This shows up clearly in the H98 coefficient but is less pro-
nounced for the scaling expressions derived in this work. That
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Table 9. Results of the OLS regression analysis for r,:;,th made on the reduced JET-ILW dataset with 238 samples containing n. sor. data.

Const Ip Bt Pl,th 1+ 6 14 S/nGw 1+ ne,SOL/nGw Meff R2 RRMSE, %
0.0657 £ 0.004 1.41 £0.068 —0.357 £ 0.06 —0.60 £+ 0.026 0.23 £0.154 —0.25 £ 0.054 0.39 £0.034 0.851 10
0.070 £ 0.004 1.38 £0.065 —0.301 £+ 0.059 —0.62 £+ 0.025 0.22 £0.148 —0.23 £0.036 0.43 +0.034 0.862 9.7
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Figure 11. H98 versus ne sor/ngw for JET-ILW data samples where
ne sor is available. ne sor, is in units of 10" m—3, and ngw is in
102 m=3,
can be explained by the stronger effect of the gas dosing on
the confinement in tile 5 configurations due to increased recy-
cling [23]. One can also observe it in figure 7(b), where the
red points (tile 5) are shifted to the left with respect to the blue
points (tile 6), also occupy the area with lower S/ngw where
stationary plasmas with outer strike point at tile 6 do not exist.
A noticeable difference in the energy confinement time for
tile 7 configurations (strike point on the vertical target, with
pumping duct in the private flux) is observed between JET-C
and JET-ILW. In all JET-C2 cases shown in table 8, tile 7 con-
figurations had a normalised energy confinement marginally
above the other cases (tile 5 and 6). Nonetheless, in JET-ILW,
tile 7 configurations show the lowest energy confinement for
both the H98 factor and for the derived scaling. These are the
grey points in figures 6(a) and 7(b).

6. Energy confinement versus SOL density.

In the previous sections we used additional gas dosing as one
of the parameters for thermal energy confinement scaling.
As was noted, the gas dosing rate itself is not a particularly
suitable parameter to describe the effect, since plasmas with
different divertor configurations can have different responses
to the same fuelling (e.g. tile 5 versus tile 6 on JET). In addi-
tion, pumping also plays a role. In the datasets considered
in this work, all the samples had a full divertor cryopump,
but plasmas with reduced pumping capability [23] have been
demonstrated to have a reduced energy confinement for the
same gas dosing rate.

In an attempt to account for the recycling and pumping
effects on the confinement, we used the scrape-off-layer den-
sity instead of the gas dosing rate as a regression variable.
The SOL density was extracted from the Li-beam diagnostic
measurements [24]. n.soL 18 defined as the plasma density
averaged over pps; = 1.01-1.03. The position of the separa-
trix (pps; = 1.0) cannot be determined on JET by means of
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the equilibrium reconstruction to the required accuracy, there-
fore for the purpose of this work, we assigned the ppsy = 1.0
position to the pivot point on the profiles at the bottom of the
pedestals, where the gradient changes sharply (see figure 10).
Note that this definition is different from the one typically used
in pedestal studies [25], where the position of 7. = 100eV is
assumed to be the last closed flux surface. Unfortunately, elec-
tron temperature measurements are not available at the loca-
tion of the Li-beam diagnostic.

Li-beam data on JET is not routinely available, so the anal-
ysis had to be completed on a significantly reduced dataset of
the JET-ILW period only: 238 samples out of 867. OLS regres-
sion for the energy confinement time was done separately for
1 + S/ngw and 1 + nesor/ngw, results are shown in table 9.
In figure 11 we show the H98 factor calculated for these sam-
ples versus n. sor/ngw. In general, the dependence of confine-
ment on n. sor 1S similar to that for the the gas dosing level:
higher energy confinement is only possible at low values of
ne sor, and/or low gas dosing. We also note that the tile 5 (red)
points in figure 11 overlap with the blue (tile 6) points, whilst
in figure 7(b) they are shifted with respect to each other, so to
achieve the same effect on the confinement and ELMs, plasmas
with an outer strike point on tile 5 require less gas.

7. Conclusions

In this work we analysed the JET global confinement data-
base, covering nearly the whole lifetime of JET operations
with ELMy H-mode plasmas. This partly consists of the data
stored in the international H-mode database, which was also
the basis for the multimachine energy confinement scaling
IPB98y,2. The rest of the database was assembled under the
EUROfusion global confinement database project. The inter-
national database is currently being extended further there are
also plans to include the JET-ILW data described in this work.

We have shown that in JET H-mode plasmas with type I
ELMs and gas + NBI fueling (but no pellets), the electron
density scales as a function of the engineering parameters
I, B, or gos, LCFS triangularity and the hydrogenic isotope
mass (M.g). Density control by additional gas dosing which
is required operationally in ILW is inefficient and negatively
impacts on confinement.

In this work we have also shown separate scaling expres-
sions for plasma density and the energy confinement time
derived for the same set of variables. Both regressions have
good predictive capability, and in JET-ILW regression for the
density even has significantly larger R* than for the stored
thermal energy. Consideration of the density and stored energy
behaviour separately provides a much better insight into the
dependence of plasma performance on the individual engi-
neering parameters. For example, an increase in plasma current
while keeping other parameters the same causes a proportional
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increase in the stored energy, but this mostly comes from the
increased average plasma electron density (which followed the
increase of the density at the pedestal) at a roughly constant
temperature, as the /, exponents in both fits are close. The
same applies for the isotope mass dependence. Triangularity
generally has a positive effect on the energy confinement with
the exponent for (1 + ¢) varying between 0.2 and 1.2, but the
exponent for the same variable in the density fit is consistently
2.0 or above. Therefore, more triangular plasmas are always
denser and colder than the plasmas with low 0.

Correlation between the parameters traditionally used in
the statistical analysis for the energy confinement time poses a
risk of misinterpreting the results, or incorrectly extrapolating
them. The dependence of plasma density on other engineering
parameters in gas fuelled type I ELMy H-modes observed in
this work is a good example. The scaling expression derived
here may still provide a good extrapolation for plasmas
achieved in a similar way, but may be inadequate for a pellet-
fuelled case, or for H-modes with ELM control, where the
processes of settling the pedestal density can be very different
from the plasmas which this analysis was based on.

A large variation of the energy confinement dependence on
the triangularity (1 + 0) is consistent with observations done
at different times. The strong positive effect was found in the
early carbon wall period and reported in [26]—that corre-
sponds to a larger exponent derived from the JET-C1 dataset.
On the other hand, the effect of the triangularity on the energy
confinement was shown to be much smaller or absent with the
metal wall [18], which is consistent with a very low depend-
ence derived from the ILW dataset.

In JET with the carbon wall, in both datasets considered
here, the thermal energy confinement time can be quite accu-
rately predicted by the IPB98(y,2) scaling expression. Some
differences between the C1 and C2 datasets do exist in the
trends of the individual parameters, particularly in the density
dependence, but the average result is not affected. Notably,
the different density dependences between JET-C1 and JET-
C2+4-JET-ILW are correlated with the different dependences of
the confinement time on the triangularity.

Experiments with different hydrogen isotopes are present
in the JET-C1 and JET-ILW datasets. We have shown that
the isotope effect on the confinement for the Mg < 2 range
is consistent between JET-C and JET-ILW, if the correlation
of the isotope composition with plasma density is accounted
for (e.g. by replacing it with the triangularity in the scaling
expression). Extending the JET-C1 dataset to T and DT exper-
iments reduces the derived exponent for M. dependence,
since the benefit for the energy confinement appears to be
much smaller. At the same time, the effect of the isotope mass
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on the density is linear and consistent for the whole range of
Mg = 1-3. Unfortunately, only a handful of experiments with
tritium have been completed at JET so far, and the operational
space is poorly explored. More information will be available
once the tritium and DT experiments in the JET-ILW are per-
formed [27].

In JET-ILW, global energy confinement is found to be
lower than in JET-C. This can be partly explained by opera-
tional constraints, namely the fact that a certain amount of
additional gas dosing is required in JET-ILW H-mode plasmas
to control the ELM frequency and mitigate the W accumula-
tion. However, similar levels of gas dosing in JET-C caused a
smaller confinement reduction than the observed difference
between JET-ILW and JET-C, so the rest must be attributed
directly to the wall material and/or the difference in plasma
impurity composition. There is an additional effect on the
confinement observed in the JET-ILW, linked to the position
of the divertor strike points. Notably, the vertical target (tile
7) configurations with the cryopump throat located in the pri-
vate flux show reduced confinement in comparison with the
other JET-ILW experiments. In the datasets studied here, that
behaviour was not observed in the JET-C.

Based on the observation at JET it can be concluded that
the IPB98y,2 scaling predictions may overestimate the energy
confinement time in future tokamaks with a Be/W plasma
facing component, e.g. ITER. A revision of the multimachine
global H-mode confinement scaling is underway [2, 3], with
one of the main goals to account for the recent results from the
metal wall machines and review the extrapolations to larger
tokamaks. The updated international database will contain all
JET data points discussed in this work.
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Appendix

Cross correlation coefficients between logarithms of all used variables for three separate datasets.

JET-C1 Ip B, 495 Pioss <ne> 1+6 Mgt 1+ S/ngw
I, 1 0.922016 —0.34379 0.782 667 0.778107 —0.10226 0.33575 0.125804
B 0.922016 1 0.003877 0.78616 0.727 643 —0.02609 0.350057  0.158637
495 —0.34379 0.003877 1 —0.12506 —-0.30774 0.136246 —0.01356 —0.0096
Ploss 0.782 667 0.786 16 —0.12506 1 0.721956 0.142896 0255172 0.310689
(ne) 0.778107 0.727 643 —0.30774 0.721956 1 0.31695 0.339934  0.448538
1406 —0.10226 —0.02609 0.136246 0.142896 0.31695 1 —0.10667 0.369183
Mg 0.33575 0.350057 —0.01356 0.255172 0.339934 —0.10667 1 0.043235
1 + Singw 0.125804 0.158637 —0.0096 0.310689 0.448538 0.369183 0.043235 1
JET-C2 [p B, q95 Pioss <ne> 1+6 Mg 1 + S/ngw
I, 1 0.799243 —0.69777 0.550956 0.76049 —0.28133 —0.07211 0.184 647
B 0.799243 1 —0.16099 0.567258 0.58272 —0.16806 —0.14681 0.170587
q95 —0.69777 —0.16099 1 —0.23449 —0.58179 0.241927 —0.04535 —0.14377
Pioss 0.550956 0.567258 —0.23449 1 0.41001 —0.00255 —0.04629 0.120396
(ne) 0.76049 0.58272 —0.58179 0.41001 1 0.225681 0.015057 0.431686
146 —0.28133 —0.16806 0241927 —0.00255 0.225681 1 0.036321 0.138115
Mg —0.07211 —0.14681 —0.04535 —0.04629 0.015057 0.036321 1 0.096738
1 + Singw 0.184 647 0.170587 —0.14377 0.120396 0.431686 0.138115 0.096738 1
JET-ILW I, B qos Ploss (ne) 1+46 Mesr 1 + S/ngw
I, 1 0.916 067 —0.18804 0.805334 0.86571 0.052035 0.563085 0.139697
B 0.916 067 1 0.211826 0.78905 0.73633 0.031244  0.584791 0.097 684
q95 —0.18804 0.211826 1 —0.02298 —0.2904 0.015978 0.089113 —0.14608
Piross 0.805334 0.78905 —0.02298 1 0.594271 0.029314  0.375857 0.089 157
(ne) 0.86571 0.736 33 —0.2904 0.594271 1 0.307417 0.668526 0.248304
146 0.052035 0.031244 0.015978 0.029314 0.307417 1 0.109916 —0.12027
Mg 0.563085 0.584791 0.089113 0.375857 0.668526 0.109916 1 0.105184
1 + Singw 0.139697 0.097 684 —0.14608 0.089157 0.248304 —0.12027 0.105184 1
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