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Abstract

Recent JET D-T campaigns opened the possibility of unique isotope studies to investigate the
L—H transition physics in view of reactor plasmas and to study the origin of the observed power
threshold minimum. In the present paper, we characterise L-H transitions in the low and
high-density branches of JET NBI-heated D-T plasmas. As discussed in the paper, L-H
transition has been hypothesised to be determined by the transport power losses of plasma ions,
i.e. the so-called ion heat flux (Q;). We present the first power balance analysis of JET
NBI-heated D-T plasmas to evaluate the ion heat flux at the transition. Due to the experimental
setting being similar to previous JET D experiments, we also directly compare the results,
discussing the isotope effect and similarities between datasets. First, we find an isotope effect
between D and D-T Q;, with a lower Q; in D-T plasmas. We confirm that the ion heat flux
deviates from density linearity compared to the linear trend observed in wave-heated D plasmas
of other tokamaks. The deviation we observe in NBI-heated L—H transitions happens at an
isotope-dependent density. Plasma edge rotation correlates with Q; deviation from density
linearity in the low-density branch. However, further investigations would be required to assess
the role of rotation on Q; and the power threshold minimum at JET. At low plasma density, NBI

4 See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET Contributors.
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power dominates Q;, while increasing the density makes the equipartition power dominant. We
finally compare our results with hypotheses proposed from evidence in other tokamaks to
present a complete overview of ion heat flux analyses in D and D-T NBI-heated plasmas at JET.

Keywords: L-H transition, H-mode, ion heat flux, JET, deuterium—tritium, isotope effect

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

1. Introduction

The high confinement mode is a transport regime with
enhanced particle and energy confinement that will be
exploited in ITER [1] to achieve its main objectives. The trans-
ition from low confinement (L-mode) to high confinement
(H-mode) transport regime happens when a certain power
threshold (PL_y) is exceeded by the net power loss through
the plasma surface (Pjoss)- Ploss 1S defined as:

dw
Ploss:Paux+Pa +Pohm— 1.

it ey

where P, is the auxiliary heating power, P, is the fusion
power carried by alphas (if any), Pony is the ohmic power,
dW/dt is the temporal changes of the plasma energy content
W, taken into account due to the power ramp that drives the
plasma towards the transition. When discussing L-H trans-
itions, we sometimes refer to the non-radiating power flowing
through the separatrix (Pgep), being Pgep = Pioss—Prad (Prag 18
the radiated power inside the last closed flux surface (LCFS)).

A comprehensive L-H power threshold scaling law,
obtained from a multi-machine database of Deuterium plas-
mas is the so-called ‘ITPA 2008’ scaling law [2], which yields:

Py, _ 5 [MW] = 0.0497,* > B384 )
with the line averaged electron density 7z, in 102 m—3, the
toroidal magnetic field By in T, and the plasma surface S in
m?.

P1,_y scaling laws and understanding the L—H transition are
crucial for ITER operation and DEMO design since they affect
the prediction of plasma performance and reactor size [3].

Among other parameters that are known to influence the L—
H transition (see e.g [4].), plasma isotope mass has been shown
to have an impact on Py, for instance, during the first JET D—
T experimental campaign in 1997 [5]. It was concluded that,
for hydrogenic species, the power threshold scales as Py gy
x Ae}fl, Aefr being the effective plasma isotope mass. P _y in
equation (2) can be extended to other hydrogenic plasmas with
the factor A%", although Py _y is observed to vary significantly
even with the same A [6].

ITPA 2008 scaling law (equation (2)) has been derived
mainly from C-wall devices. JET [7] and ASDEX-Upgrade
(AUG) [8] reported a reduction of the L-H power threshold
of ~30% by installing a full metal wall. A new JET-specific
scaling law has been derived only from JET metal wall L-H
transitions [9, 10] within the ITPA task TC-26. The ‘TC26’

JET scaling law strongly depends on the divertor configura-
tion. We report here the scaling for the JET horizontal target
configuration that is of interest for this publication:

Pr_ n1ezger = 0.057m, BT 3)
where we note a larger exponent on plasma density with
respect to equation (2), suggesting that, in JET, the Py reduc-
tion with the metal wall is seen at densities below ~102° m~3.

Py scaling laws are valid in the so-called high-density
branch of the L-H transition, i.e. when Pj_g increases mono-
tonically with plasma density. Often, Py shows a minimum
at a corresponding density called minimum density, 7 min-
Below this power minimum, in some cases, Py, _y is seen to
increase again when plasma density is decreased (in the so-
called ‘low-density branch’). This behaviour was first reported
in COMPASS tokamak [11], characterised then in other toka-
maks (e.g. [12—14]) and observed for some divertor geometries
also at JET with the C-wall [15-17]. At JET, ne min reappeared
with the installation of the full metal wall. The minimum dens-
ity nemin, When observed, is seen to depend on the magnetic
field, plasma shape and current [7, 15, 18, 19]. At JET, ne min
is shown to be affected by a strong isotope effect, being lower
for higher effective mass [4, 10, 20].

Equation (1) can be written as the sum of the power carried
by plasma ions, Q;, and the power carried by electrons, Q.:
Pioss = O; + Qe. In particular:

Qi:Paux,i“i’ch,i“i’Pei*dv‘,i/dtL (4)

Qe:Paux,e+Pa,e+Pohm*Pei*dWe/dt (5)
where we introduced the ion—electron power exchange term
P.; (often called ‘equipartition power’) and the energy of
plasma ions W;. P.; is proportional to the volume integral of
nen; (Te — T;) /Te3/2, and it is positive for T, > T;. Q; is also
called ‘ion heat flux’ or ‘ion heat flow’. Subscripts ‘i’ and ‘e’
identify the power terms coupled to plasma ions and electrons,
respectively.

In wave-heated Deuterium plasmas in AUG and Alcator C-
mod (C-mod) tokamaks, the L-H power threshold is observed
to have a non-monotonic dependency on density as in many
other devices, while the power coupled to ions Q; is seen to
keep linearly increasing with density, throughout both dens-
ity branches [8, 19, 21-23]. It has been proposed that a crit-
ical edge ion heat flux is necessary to trigger the L-H trans-
ition and that the L-H power threshold non-monotonic density
dependence is explained by the equipartition power between
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electrons and ions, which strongly decreases the power flow-
ing to plasma ions at low density. Indeed, with dominant
electron heating, the auxiliary wave-heating power coupled
to the plasma must be increased to generate a larger differ-
ence in electron-to-ion temperature that compensates for the
P.; decrease at low density. A different behaviour has been
noted for deuterium Neutral Beam Injection (NBI)-heated L—
H transitions, both at AUG [19] and JET [24], with the ion
heat flux departing from linearity in density in the low-density
branch. In NBI-heated plasmas, the ion heat flux criterion for
the H-mode access may, therefore, not apply, at least below
Nemin- It is clear that s nin prediction and H-mode access cri-
terion have strong implications for H-mode scenarios in future
reactor-like experiments such as ITER.

At JET, a complete hydrogenic isotope scan has been
recently completed, including D-T plasmas [25], with ded-
icated experiments on L-H transition [4, 10]. In the present
paper, we aim at characterising the L—H transitions at differ-
ent densities of NBI-heated deuterium—tritium plasmas. We
present the first (and possibly last, before ITER) power balance
analysis at the L-H transition of D-T NBI-heated plasmas.
The scope of this paper is then to evaluate the role of the differ-
ent terms contributing to Py just before H-mode access, espe-
cially characterising the ion heat flux at different D-T plasma
densities. Experimental settings used for D-T plasmas corres-
pond to what was used for the JET NBI-heated deuterium data-
set analysed in [24], allowing a direct comparison between the
present D-T dataset and its D counterpart. We compare D-T
with previous D results to discuss the isotope effect on the ion
heat flux. Experimental settings, measurement processing pro-
cedure, and power balance analysis methodology are similar to
previous D dataset analysis [24], to which we refer for details
not repeated in this paper.

The paper is organised as follows: we first present the
experimental dataset in section 2, where we also characterise
L—H transitions. In section 3, we describe the power balance
analysis of the D-T dataset, presenting the ion heat flux ana-
lysis results. In section 4, we investigate the origin of Q; in JET
NBI-heated L-H transitions, we compare D and D-T plasmas,
and we discuss their Q; deviation from density linearity seen in
wave-heated plasmas of AUG and C-mod tokamaks. We con-
clude the paper by summarising the main results in section 5.

2. Experimental database description and L-H
transition characterisation

The dataset considered for this work consists of seven L-H
transitions in JET deuterium—tritium plasmas heated by NBI,
where L-mode plasma density in five different shots has been
controlled to vary from low to high-density branches. Other
parameters that are known to influence Pr_y have been kept
constant among shots, such as the toroidal magnetic field, set
to 3 T, and the plasma current, 2.5 MA, at the same single-
null ‘horizontal target’ (HT) divertor configuration, where the
outer strike point is on an almost horizontal divertor tile and

the inner one on a vertical tile. As for usual operations at
JET, the ? x VB drift has been directed downwards toward
the X-point. Plasma effective charge Z.g, measured by the
Bremsstrahlung diagnostic [26], is within 1.2 and 1.5. The D—
T isotope concentration, measured by high-resolution hydro-
genic Balmer a-light spectroscopy [27] and Optical Penning
Gauge technique [28], has been kept close to 50:50, except for
some L—H transitions, e.g. in shot 99470 and 99471, which
are Tritium-rich (see table 1). Unbalances in D-T concentra-
tion, though unavoidable, are not a significant concern for our
L—H power balance analysis, since, for plasma mixtures, Py
is not seen to vary linearly with 1/A.¢ for isotope mixtures
[6]. Traces of hydrogen are present (<2%) and are not con-
sidered in the transport simulations for the power balance ana-
lysis (see section 3). Auxiliary power from deuterium-only or
deuterium—tritium NBI (where D injection is from octant 4 and
T from oct. 8) [29] has been used to trigger the L—H transition.
Auxiliary power is slowly increased (~1 MW s~!, in steps of
1 MW) to identify the L—H transition time and power threshold
clearly. A summary of the L-H transitions considered for this
paper is reported in table 1, listing plasma isotope concentra-
tion, plasma density, and NBI-related quantities (evaluated by
ASCOT code [30]) at the time considered for the L-H trans-
ition analysis. For pulses 104511 and 99472, we considered
two different transitions generated by two separate NBI power
ramps.

L—H transitions are commonly identified by a simultaneous
increase of the edge density and/or temperature and a drop of
the hydrogenic Balmer a-light emission in the divertor region,
with the plasma then permanently staying in H-mode. For this
study, the analysis is done at the last L-mode time before the
transition when kinetic plasma measurements are available.
Since dithers often affect the L—H transition, especially at high
density, and they can perturb the interpretation of profile meas-
urements, when present, we decided to exclude them and anti-
cipate the analysis time. This choice, similar to what was done
in a previous power balance study [24], has a negligible effect
on Pj,g, which does not vary significantly during the dither-
ing phases. Therefore, the dithering phase does not impact the
observed Py trend in density. However, it slightly affects
the transition density, which slowly rises during dithers, even
with constant fuelling and power. Figure 1 shows relevant time
traces for the L-H transition identification in our dataset and
reports both the identified L-H transition time defined for JET
and the chosen analysis time, constrained as discussed. In the
low-density branch, we often see transitions to M-mode [31]
(e.g.in 104 511 and 99472 _1st), while transitions 99 470 and
99472 _2nd display dithers before the transition, typical of the
high-density branch side of the ne i, region. Increasing dens-
ity, divertor oscillations, and brief dithers, appear (99471 and
99472_2nd).

Pss at the L-H transition is plotted versus the line-
averaged density in figure 2, also including other trans-
itions that are not explicitly analysed in this work but
that can be useful to characterise L-H transition density
branches. D-T (isotope-corrected) ITPA 2008 (equation (2))
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Figure 1. Identification of the L-H transition (7.-p) and analysis times (Zanalysis) in the present dataset by (from top to bottom) NBI power,
D, emission in the divertor region, 7. from edge electron-cyclotron emission spectroscopy, and line-integrated pedestal density from
interferometry in the plasma edge. In abscissa, JET machine time is represented; plasmas start at # = 40s.

and TC26,JET,HT (equation (3)) Pr_y scaling laws valid
for the high-density branch are also plotted: the latter, JET-
specific, obviously shows a better agreement to experimental
points. ITPA 2008, as expected, overestimates the L-H power
threshold in the high-density branch. Estimating uncertain-
ties on P is challenging due to NBI power modulation
(see figure 1 top row) and the corresponding fast ion slow-
ing down time compared to the modulation frequency. Since
NBI is the primary source of power that triggers L-H trans-
ition, and NBI power steps are 1 MW, we decided to con-
sider +0.5 MW as uncertainty. From figure 2, we clearly see
the high-density branch of the transition where Py _y increases
monotonically with density, the minimum density 7emin at
~3- 10" m~3 (corresponding to a Greenwald density fraction
of fGwmin = Memin/Ngw ~ 0.34) and the low-density branch
with the threshold power inverting the density trend. In the
low-density branch, L-H transitions are often triggered by
sawteeth (as ‘transient L-H’ transitions in figure 2). This is
the case also for our lowest-density point analysed (104511,
1% transition), characterised by a relatively large sawtooth
inversion radius. These types of H-mode often barely show
an improvement in confinement, which can improve later in

the ramp with more power and higher density. This dynam-
ics partly explains the scatter of Py _y experimental points in
the low-density branch, which are not well aligned and do not
permit an extrapolation of Pr_g to lower densities.

Plasma kinetic profiles are a necessary ingredient for the
power balance analysis since they are required for interpret-
ative transport analysis and equipartition power calculation
discussed later in section 3. Plasma electron temperature is
measured with High-Resolution Thomson Scattering ‘HRTS’
[32, 33] and Electron Cyclotron Emission (ECE) [34] dia-
gnostics. NBI power modulation allowed the measurement of
core ion temperature by main-ion CX spectroscopy diagnostic
[35]. Core T} measurements extend up to pyr ~ 0.85 (being
Pror the square root of the normalised toroidal flux, p = 1 at
the LCES). Sparse edge T} measurements by charge-exchange
(CX) spectroscopy [36] are available in a few time slices and
indicate that T; &~ T, within error bars in py, > 0.85. Plasma
electron density is measured by HRTS and reflectometry [37,
38]. Plasma radiation losses considered for P, evaluation
in the power balance analysis (section 3) are obtained by
tomographic inversion of bolometry measurements [39, 40].
Similarly to [24], we have excluded edge bolometer channels
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Figure 2. L-H power threshold as a function of line-averaged density for D-T plasmas. We added low-density transient L-H transitions
and two high-density transitions (not analysed in the transport study below) to characterise Py density branches. Pru scaling laws are
corrected by the Al factor, assuming Aesr = 2.5. The top x-axis represents the corresponding Greenwald density fraction.

from the radiation computation due to insufficient resolution
to distinguish from the LCFS and the scrape-off layer (SOL)
regions. Uncertainties on plasma radiation power are on the
order of <10%. In figure 3, we report plasma kinetic profiles
at the analysis time selected before the L-H transition.

3. Power balance analysis to quantify the ion heat
flux at the L-H transition

A power balance analysis is needed to calculate the power
carried by plasma ions Q; during the L-H transition (i.e. the
ion heat flux) by separating all power contributions to Pjygs
(equation (1)). All terms are estimated by interpretative simu-
lations by the JETTO transport code [41] within the INTRAC
suite of codes [42]. Fusion power is included in the power
balance, though negligible since we consider L-mode plas-
mas, and it is here calculated with a fast analytical model
for alpha particle slowing down [43] and power distribution
between electrons and ions [44]. Simulations are run for 1 s
before the L—H transition to consider multiple energy confine-
ment times (typically in the order of 0.1 s), and power bal-
ance terms are then extracted at the L—H transition analysis
time. NBI power coupled to plasma ions and electrons is calcu-
lated with ASCOT code [30], considering fast particle losses.
Typical beam fast ion slowing down time is comparable to the
plasma energy confinement time and therefore shorter than
the simulation time to allow fast ion thermalisation. Plasma
equilibrium used both for profile fitting and numerical simula-
tions is obtained by pressure-constrained EFIT++- (also called
‘EFTP’ reconstruction) [45, 46]. Kinetic profiles obtained as

described in section 2 are used as input for interpretative sim-
ulations. Figure 4 shows the result of the power balance ana-
lysis at the L-H transition for the D-T dataset. We remind that
radiation power is obtained with integration up to pr ~ 0.95
to exclude significant reconstruction uncertainties at the edge.
Power terms evaluated from numerical simulations have been
considered with an uncertainty of 10%, which is a commonly
accepted error bar (similar to what was done in [8, 19]; see
also discussions in [24] and [29] for NBI power uncertain-
ties). The result of the power balance analysis is reported in
figure 4(a). First, density branches are seen in both Pjss and
Pgep terms. The time derivative of the energy content varies
between ~0.05 MW and 0.5 MW, while alpha power is neg-
ligible, below 0.03 MW. The power carried by ions (Q;) also
follows a similar non-monotonic trend in density, with a clear
minimum at the n min of this dataset. Power carried by elec-
trons (Q.) results instead almost constant, slightly decreasing
throughout density branches from 2 MW to 1.5 MW. Low- and
high-density transitions are characterised by Q; > Q., while, at
the Pjoss minimum, Q; =~ Q.. At the minimum indeed, the NBI
power ratio to electrons is the largest (see table 1), while abso-
lute NBI power coupled to ions is minimum (see figure 4(b)):
this is a similar trend to JET D NBI-heated dataset in [24],
as discussed later in section 4. NBI ratio to electrons/ions is
determined by multiple entangled effects such as plasma crit-
ical energy, strongly depending on local electron temperature,
and fast ion ionisation position, depending on plasma density
and injection energy.

Similarly to [24], due to the lack of consistent edge T meas-
urements for all time slices considered in the analysis that do
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Figure 3. Plasma kinetic profiles (electron temperature in (a), ion temperature in (b), and electron density in (c)), before the L-H transition,
obtained by fitting experimental measurements described in section 2 for the analysed D-T pulses versus the major radius in the low field
side of JET Rjs. We reported the approximate position of pwor /= 0.85, the boundary condition for core 7; measurement availability.
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Figure 4. Results of power balance analysis with terms contributing to the power coupled to the plasma at the L-H transition ( = fynatysis)
(a) as a function of the line-averaged electron density. (b) Shows the power terms contributing to the ion heat flux Q;. Power terms are

defined in equations (1), (4) and (5).

not allow to estimate (7T.—T;) terms in the edge with accur-
acy, we decided to calculate the equipartition power Pg; integ-
rating up to pyr = 0.85, assuming Pg; ~ 0 (i.e. T, ~ T;) for
Pror > 0.85. Figure 4(b) shows the magnitude of terms contrib-
uting to the ion heat flux Q;. We can observe that the equipar-
tition power P; increases with density (as expected), and it
is always in favour of ions due to 7. > Tj. Q; is therefore
determined mainly by NBI power at low density and equipar-
tition power at high density, similarly to D counterpart cases
[24]. We also report that from the minimum region to the high-
density branch, the NBI power ratio is in favour of plasma
electrons, while it is strongly in favour of plasma ions in the
low-density branch (see table 1).

We have performed a specific numerical sensitivity analysis
to evaluate the impact of assuming P.; =~ 0 for pyr > 0.85
(equivalent to T; =~ T, outside pyr = 0.85) on our results.
We tested the sensitivity of edge P.; imposing an ion temper-
ature variation outside pyor = 0.85, with Tjegee = Teedge

10% (typical temperature error bars in our dataset) and then
integrated Pg; up to per = 0.95, as done in [19] when cal-
culating the edge ion heat flux. We also note that 7;/T. at
Pror =~ 0.85 is within the range between 0.9 and 1.1 at the ana-
lysis time before the L-H transition. We finally obtain a vari-
ation of P; with respect to what was calculated for figure 4 as
reported in figure 5, where the lower error bar corresponds to
Ticage > Teedge (negative contribution to Pe;) and upper error
bars t0 T egge < Teedge- The ion heat flux Q;, also considering
these P.; variations, does not change its trend in density, and
we can consider our results robust.

4. Investigation of ion heat flux origin and
comparison to deuterium plasmas

Thanks to the experimental setup similarities to JET NBI-
heated deuterium plasmas discussed in [24], we can directly
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Figure (b) shows the comparison of the ion heat flux per unit of plasma surface ¢; at L-H transition (y-axis) versus the giy g scaling in
equation (3) of [23] (x-axis). Figure (b) includes L-H transitions of AUG and C-mod tokamaks (courtesy of J. Hughes and F. Ryter).

compare Q; at the L-H transition in D vs D-T isotope plas-
mas (in figure 6(a)) at the samemagnetic field, plasma current,
heating scheme and divertor configuration (horizontal target
‘HT’). For this comparison, we select the deuterium dataset
marked as ‘HT, low 4’ in [24] since it is the only D ‘HT” data-
set to have core 7; measurements. In both isotope datasets, Q;
is not monotonically increasing in density, with a deep min-
imum evident in the D-T dataset and a clear change of slope
in D at ne in. We also observe that D-T Q; is lower than D Q;,
possibly indicating some isotope effect on the ion heat flux.
Looking at the high-density branch of the two datasets (D from
Retine ~ 3.5 - 10" m™3, D-T from ~3 - 10! m—%), we can
estimate a ratio between Q;p T and Q;p by linear interpola-
tion, resulting in a ratio of 0.80 = 0.12, though based only on

2 points for D and 3 for D-T. This ratio would agree with the

classical Pp_y isotope effect of % = % = 0.8. The exten-
sion of Q; scaling [23], derived from wave-heated D plasmas,
to other isotopes, is unknown (see e.g. the discussion in [47]).
Assuming the validity of the 2/2.5 = 0.8 factor for D-T Q;,
the result of the scaling law is plotted in figure 6(a). Also,
for the D-T dataset, Q; scaling [23] disagrees with our experi-
mental observation, nor is it in the high-density branch, which
has a different slope in density. Looking at figure 6(b), we can
confirm that NBI-heated plasmas, also in DT, do not follow
the wave-heated (isotope-corrected) Q; scaling, similarly to D
plasmas of JET [24] and AUG [19] NBI-heated plasmas. We
also note that errors in the regression parameters of the Q; scal-

ing law are pretty significant (~10% on n, >40% on B, and
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>20% on S exponents), and Q; scaling error bars would cover
almost the entire plot of figure 6(a).

At AUG [19], NBI-heated L-H transitions are found to
deviate from Q; scaling [23], similarly to JET (see figure 6(b)).
This deviation and ne min existence is explained at AUG with
the increased plasma rotation caused by NBI, proved by L—
H transitions obtained by a scan in NBI + ECRH power
at the same plasma density, magnetic field, and plasma cur-
rent (i.e. same power threshold from scaling laws). Evidence
regarding this hypothesis at JET needs to be clarified, noting
that no significant change in the shear flow has been observed
preceding the L-H transition [48]. First, we are not aware
of well-diagnosed D or D-T experiments where H-mode is
accessed at different NBI powers at the same plasma dens-
ity, e.g. by substituting part of NBI power with ICRH power
(though ICRH-heated L—H transitions show at JET an increase
of radiated power [4]). Some experiments with NBI + ICRH
power mix were conducted in JET-ILW H plasmas but without

ion heat flux information [49]. Second, in [4], it is shown that,
in JET D and T plasmas at By = 2.4 T and I, = 2 MA, there
is not always a clear difference between Piog (and Pgep) in
NBI and ICRH-heated transitions, while no difference at all
in Ne,min-

Our D-T and D datasets only have rotation profiles up to
Pror ~ 0.85, similar to T; (while in [19], edge rotation is eval-
uated at py ~ 0.95). Plasma rotation profiles are shown in
figure 7(a) for D-T and (b) for D. We use, therefore, the out-
ermost point for the estimation of edge rotation in our ana-
lysis. Edge rotation shows, in our case, a general increase with
injected torque NBI, though with some scattering, explained
by the fact that NBI power required to access H-mode (table 1)
is larger both at low and high density, while plasma rotation
generally decreases with plasma density. Edge rotation aligns
quite well with Pxgi/n for both isotope datasets—figure 7(c).
We also note that edge rotation does not differ significantly
between D and D-T at low plasma density, while it is larger for
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Figure 8. The ratio of equipartition power and NBI power to ions to ion heat flux Q; at the L-H transition for D and D-T datasets (a). In
(b), the NBI power ratio coupled to plasma ions is represented versus plasma density for the two datasets.

the D dataset at higher densities. As discussed previously, we
noted that all Py, Oi, Pnpr, and Pypr; terms at the L-H trans-
ition show a minimum at 7 ;. Due to this non-monotonic
behaviour of Q; and due to edge rotation depending on n. and
PnB1, we do not see a clear trend in Q; versus edge rotation.
It is more interesting to plot the deviation of Q; at the L-H
transition with respect to Q; scaling [23]—AQ;—versus the
edge rotation (figure 7(d)). We do see a general increase of
AQ; with edge rotation, with a significant deviation in low-
density ‘LD’ transitions, however, we cannot conclude that a
significant deviation is (only) due to rotation. The reason is
that the ‘HD’ point at low edge rotation shows a large AQ;,
similar to ‘LD’ points. This point is not an ‘outlier’ since, if
we look at figure 6(a), we see that Q; has a significant devi-
ation from the scaling not only at low density but also at high
density, where edge rotation is low. We expect the low-rotation
high-AQ; area to be even more populated with more Q; points
from high-density transitions. With a Q; scaling law that better
fits the high-density branch Q; points at JET, we would prob-
ably exclude low-rotation high-AQ; points and see a correla-
tion between AQ; and edge rotation density in the low-density
branch. Unfortunately, we do not have sufficient data to gen-
erate a JET Q; scaling law for the high-density branch of the
transition. In conclusion, low-density branch Q; points may
deviate from density linearity due to edge rotation. Still, we
note an unsatisfactory agreement of Q; scaling also in the high-
density branch at low-rotation.

We now analyse what generates Q; in D and D-T to see
if there are common patterns, especially in the low-density
branch where data deviate from density linearity. Figure 8(a)
represents the relative contribution of the equipartition power
and NBI power coupled to the ions to the total ion heat flux
Qi. At low density, both datasets are characterised by similar
ratios of P.i/Q; and Png1i/Q;, with the contribution from NBI
dominant. Please note that P.; + Pngi, is slightly larger than

Qi due to the presence of—dWy, ;/df term in Q;. Going to high
density, we observe an increase in the equipartition power Pg;
contribution with respect to Pxg; contribution. In both data-
sets, Q; is therefore determined predominantly by NBI power
at low density. In contrast, the relative contribution of equipar-
tition power becomes larger at higher density and, in some
cases, significantly exceeds the NBI contribution, with a slight
displacement of the density at which the relative contribution
change occurs. The NBI power ratio coupled to plasma ions
at the L-H transition has a very similar dependence in dens-
ity for D and D-T (figure 8(b)). Both equipartition and NBI
power ratio to ions strongly depend on kinetic plasma pro-
files. Beam injection energy is similar in the datasets, with
the only difference that in most of the D-T dataset, NBI also
injects tritium, with a deuterium to tritium injection velocity
ratio proportional to * oc \ /7 = 1.2, which does not signi-
ficantly change the beam absorption. The similar behaviour
we note for P.; and Pngy; relative contributions to Q; might be
explained by similar kinetic properties of the plasmas at the
same plasma density, independently from the isotope. Indeed,
in JET experiments, electron temperature profiles measured at
the L-H transition show similarities independently from the
hydrogenic plasma effective mass [6].

5. Conclusion

Understanding the physics governing the L-H transition is
crucial to predicting performance and designing next-step
fusion devices. Entering the H-mode close to the minimum
density nemin Would permit the reduction of the requested
amount of power to be coupled to the plasma. The origin of
e min 18 still unclear, and it may be linked to the critical power
coupled to plasma ions Q; that is required to enter the H-
mode, as hypothesised in [19]. NBI-heated plasmas at JET
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are seen to deviate from the Q; scaling law obtained in wave-
heated D plasmas [23], which foresees a linear dependence
of Q; on plasma density. In the present paper, we character-
ised D-T L-H transitions from low- to high-density branches,
directly comparing them with similar experiments in D [24].
Regrettably, these NBI-heated D-T L-H transition experi-
ments could be the last of this kind before ITER nuclear phase
operations. Our D-T dataset clearly shows a minimum in the
L—H power threshold, at 71 min ~ 3 - 10! m—3. Through inter-
pretative transport modelling, we evaluated the power carried
by plasma ions Q; at the transition (i.e. the ion heat flux). Q;
shows a clear minimum at ne min, like the power threshold.
This finding is similar to NBI-heated JET D plasmas, show-
ing a deviation from wave-heated Q; scaling proposed in [20].
The extension of this scaling to D-T plasmas is unknown, and

we applied the classical AEA¢ = 2?5 = 0.8 factor for QQ"—:',
D-

which seems to agree when comparing JET observed D and
T Q;. In AUG NBI-heated L-H transitions [19], deviation from
Q; scaling is explained by edge plasma rotation induced by
NBI. Though we could not replicate the same mixed NBI/wave
heating experiments at JET, we compared the deviation from
Q; scaling to the edge plasma rotations in our D and D-T data-
sets. We see a significant deviation from the scaling both at
low edge rotation (high-density branch of the transition) and
high edge rotation (low-density branch). We note that Q; scal-
ing does not fit well Q; either in the high-density branch. With
a better fitting of JET NBI-heated high-density Q; points, the
deviation from a quasi-linear density scaling could be correl-
ated with high edge rotation at low density. This hypothesis,
however, would need further experiments and analysis.

We finally see a common origin of the ion heat flux in D and
D-T NBI heated L-H transitions: at low density, Q; is domin-
ated by NBI power, while, at high density, equipartition power
contribution becomes larger, approaching and, in some cases,
significantly exceeding the NBI power coupled to plasma ions.

To summarise, we leave some open questions on what gen-
erates the minimum density in JET plasmas, but we have find-
ings that the ion heat flux Q; in NBI-heated L-H transitions
deviates from linearity in density in the low-density branch,
with common features between D and D-T datasets. We also
see an isotope effect on Q;. Edge rotation can play a role,
although a direct comparison of Q; in NBI and wave-heated
plasmas at JET has not been possible.
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