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Abstract:

Unraveling the conditions that permit access to H-mode continues to be an unresolved
physics issue for tokamaks, and accurate extrapolations are important for planning ITER
operations and DEMO design constraints. Experiments have been performed in JET, with
the ITER-like W/Be wall, to increase the confidence of predictions for the L-H transition
power threshold in ITER. These studies have broadly confirmed established dependencies
of PL−H , reduced uncertainties in extrapolations, and highlighted the largest remaining
sources of uncertainty. We have also obtained unexpected results with direct relevance
for lowering PL−H during the non-active phase of ITER operation. A database has been
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compiled of JET-ILW PL−H measurements. Regression analysis of the database shows in
comparison to past scaling studies and to JET-C results, PL−H is lower for matched density
and magnetic field; however, the exponents for density and magnetic field are larger, result-
ing in possibly reduced threshold at low magnetic field operation in ITER, but increased
values at full field operation. The single largest uncertainty in extrapolating to ITER is the
effect of the divertor configuration, a factor of two difference in JET alone. The dependence
of PL−H was also studied in mixed species plasmas. It was found that most of the varia-
tion in H-D mixtures was at less than 20% or more than 80% H concentration, with little
variation in between. Helium-4 fuelling into H plasmas was also performed, resulting in a
∼ 25% reduction of the threshold with up to about 10% He concentration. This reduction
in L-H threshold in H-He mixtures may have application for the non-active phase of ITER
operations.

1 Introduction

The access requirements to achieve H-mode continue to be of interest both for the physics
involved, and for the design and planning constraints enforced on future experiments, including
ITER and DEMO. Particularly for the early, pre-fusion power phase of ITER operation, where
auxiliary heating will be installed in stages, the power required for the L-H transition will limit
experiments seeking early development of ELM control techniques. DEMO designs will also be
constrained by combinations of H-mode access, machine size, and power exhaust requirements.
We present analysis of all available L-H transition power threshold measurements in JET with
the ITER-like Be/W wall (JET-ILW) and discuss the implications of the results for future
experiments.

2 JET-ILW L-H Transition Database

Figure 1 shows the result for all available JET-ILW PL−H measurements, about 200 in total and
expanding from previous studies [1–6], spanning a range of plasma magnetic geometries, density
and toroidal magnetic field values, hydrogen isotopes, ion species mixtures, effects from impurity
seeding, and differences in heating and momentum sources. The scaling prediction is taken from
Ref. [7] adding a 1/mi dependence [8] using measurements of the ratio between hydrogen and
deuterium in the plasma such that meff=1 for pure deuterium (D) and 0.5 for hydrogen (H).
The estimated core radiated power is subtracted from the thermal loss power to yield the power
across the separatrix, Psep = PL − Prad; a significant portion of the data make use of ICRH,
where radiated power is correlated with the ICRH power, so the subtraction is necessary for the
JET data, although this is not done in Ref. [7]. The data in Fig.1 are colored according to the
location of the outer strike point, whether on the horizontal target (HT), vertical target (VT),
or in the ’corner’ (C/C) near the pump throat. It is notable that VT and C/C have about
the same threshold, which is roughly a factor of two larger than HT. VT and C/C have very
different pumping characteristics and different X-point height, which are thought to correlate
with changes in PL−H on other tokamaks.
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FIG. 1: Database of L-H transitions in JET-ILW, plotted against scaling law prediction [7]
modified to include mass dependence and colored by divertor configuration, pictured at right.

3 Isotope and mixed ion species effects

Experiments in VT and C/C configurations were consistent with the other experiments finding
PL−H in H is about twice that in D [8], for the high-density branch. Variations were found for
HT data, where it was possible to access the low-density branch in both H and D, and significant
differences depending on heating method were identified. Fig. 2 shows the results in H, D, and
50/50 mixtures, all with the same shape, toroidal magnetic field, and plasma current. We find
an isotope dependence for the value of the density at the minimum of the PL−H dependence
on density, due to a stronger isotope dependence in the low-density branch, also studied in
AUG [9, 10]. This could affect extrapolation of the density minimum for ITER. Fig. 2 also
shows that in H, PL−H is much higher with NBI than ICRH, while there is little difference in
D, which is similar to DIII-D results on the effect of torque [11]. Experiments in H were also
performed at higher magnetic field, but were unable to access H-mode due to limited power,
staying in L-mode with up to 18 MW total input power at Bt=3.2 T, even though the input
power was above the scaling [7] (including 1/mi

dependence), possibly due to the heating source
effect in Fig. 2 since the majority of the heated was NBI (10 MW).

Figure 3 shows the results of scans in concentration ratio in mixed hydrogen-deuterium and
hydrogen-helium plasmas, all with horizontal target magnetic configuration. The line-averaged
density spans 3.1 − 3.8 × 1019 m−3, which is either in the high density branch or close to the
minimum; due to the variation in density the data is normalized to the Martin scaling law[7].
Some of the variation near 50/50 H/D may be due to deviations in JET-ILW from the density
dependence in the scaling law. We observe most change occurs either H/(H + D) < 0.2 or
H/(H + D) > 0.8, while there is little change in between. This non-linear behavior differs
from a simple 1/meff dependence. The strong variation at small concentration levels may
indicate a role for ion-ion collisions between hydrogen and deuterium in mixed species plasmas,
where the product of the isotope densities gives a parabolic dependence for the collision rate.
PION ICRH simulations at the time of the transition have been performed for the H/(H+D)
scan, which predict a non-monotonic dependence of the electron heat deposition, peaking at
H/(H +D) ∼ 0.1− 0.2 and a monotonic increase in ion heating as the hydrogen fraction rises.
Further transport analysis is on-going to clarify whether energy exchange can clearly dominate
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FIG. 2: L-H transition threshold in hydrogen, deuterium, and 50/50 hydrogen-deuterium mix-
tures. Filled symbols use ICRH heating only and open symbols use NBI heating only. Upwards
arrows indicate L-mode pulses serving as lower bounds.
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FIG. 3: (a) Dependence of L-H transition power threshold in mixed ion species plasmas, in
high density branch of L-H transition. All data 1.8 T/ 1.7 MA in horizontal target divertor
configuration. (b) L-H transition power threshold for hydrogen-deuterium plasmas, from the low
density branch of the L-H transition. Line-averaged density for each point is indicated by color.

over the power deposition in all cases for these conditions, as is expected in the high density
branch.

Figure 3(b) shows the mixed isotope scan results from the low density branch of the L-H
transition. All plasmas use are 1.8 T/ 1.7 MA and use the same horizontal target shape and
ICRH-only heating. The PL−H,2008 scaling is explicitly for the high density branch only, so
no normalization is applied. The color bar indicates the line-averaged density for each point.
There is density variation, but the similarity of the power threshold for points at the same isotope
content with different density is consistent with the observation that the density dependence,
once core radiation is subtracted, for the low density branch is fairly weak. This is well illustrated
by the group of points in nearly pure deuterium plasmas, with a range of densities. Since the
density dependence is weak, most of the variation in Fig. 3(b) can be attributed to the isotope
content of the plasma. There data are more sparse than the high density branch scan in Fig. 3(a),
but there is a similar fast increase in the threshold value going from nearly pure deuterium to
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FIG. 4: (a) Electron density and (b) temperature profiles before the L-H transition for hydrogen,
deuterium, and close to 50/50 mixtures H/D with ICRH heating showing the kinetic profiles prior
to the transition are similar despite the large difference in heating power and power crossing the
separatrix.
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FIG. 5: (a) Heating to electrons and ions from ICRH, and (b) fast ion population energy
calculated by the code PION. (c) Atom flux measured by energy channels of a neutral particle
analyzer. Results are for just below the L-H transition in each plasma.

H/(H + D) ∼ 0.2. There is a weak variation of PL−H 0.2 < H/(H + D) < 0.5. There is
insufficient data to identify whether there are additional ranges with strong variation, but the
threshold increases by about fifty percent from a 50/50 mixture to pure hydrogen.

Figure 4 shows electron temperature and density profiles from the Thomson scattering mea-
surement preceding the L-H transition (5-40 ms in the different cases, all significantly less than
the energy confinement time) in three cases in the ICRH-heated H/D scan shown in Fig. 3, with
one hydrogen pulse, one deuterium, and one close to a 50/50 H/D mixture. Despite a large dif-
ference in the heating power and power crossing the separatrix, the profiles are essentially within
measurement error of each other just prior to the transition. Due to the absence of momentum
input and similar electron kinetic profiles it is reasonable to assume the edge radial electric field
is also similar in all three cases − although not measured here, the edge ion temperature in
similar plasmas in JET-ILW has always been found to be within uncertainties of Te when mea-
surements have been possible. Since the temperature and density preceding the L-H transition
appears to not change, the collisionality is the same across the isotope mixture scan. This re-
sult implies that the isotopic dependence is fundamentally due to transport, with larger heating
power required to attain similar profiles with the addition of hydrogen into deuterium plasmas.
This is consistent with analysis of L-mode edge transport in hydrogen and deuterium plasmas,
which found a large difference in edge transport depending on the hydrogenic species [12].
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Due to limited data available, a conclusive understanding of the observed non-linear de-
pendence in Fig. 3 has not been achieved. Ion temperature measurements were not available,
limiting transport analysis; however, a series of simulations with TRANSP were performed vary-
ing the Ti profile to assess how much separation in temperature between ions and electrons would
be possible for these plasmas. Any profiles with Te and Ti different by 10% or more had unphys-
ically large heat exchange compared to the input heating power, which implies Te ≈ Ti in these
plasmas. A sequence of PION [19] simulations of the ICRH heating to the ions and electrons
were performed for the high density H/D scan (Fig. 3), shown in Fig. 5, at the time just prior to
the L-H transition. The ICRH scheme was changed from N=1 minority heating at low hydrogen
concentration (. 5%) to N=2 heating above that, to enable good power coupling across the
scan. Fig. 5(b) predicts generation of a fast ion population, depending non-monotonically on
concentration, which is correlated with measured fast neutral particles by an NPA in Fig. 5(c).
This also results in a non-monotonic peak in electron heating, while ion heating increases in more
hydrogen-rich plasmas. Consider the points at H/(H + D) ≈ 0.2 and 0.6; from Fig. 3 there
is negligible difference in power threshold, but in Fig. 5 one is dominantly ion-heated and the
other electron-heated. This along with the interpretive TRANSP results suggests that in these
plasma conditions ions and electrons are sufficiently strongly coupled, that energy exchange can
dominate over heat deposition in terms of the final heat flux at the edge of the plasma. Similarly,
although the large increase in PL−H is correlated with the increase in electron heating in Fig. 5
at low hydrogen concentration, PL−H does not drop when the electron heating is reduced. These
considerations imply that the non-monotonic dependence of PL−H is not simply due to changes
in heat deposition.

One possible hypothesis for the non-monotonic dependence of PL−H would be if hydrogen-
deuterium collisions are introducing an additional time scale. Ion-ion collisions depend on the
product of the density of the species, which is a roughly parabolic dependence on H/(H +D),
such that there is rapid change in close to pure plasmas, but the collisions may quickly become
much faster than other dynamical processes such that over the broad middle range in mixed
plasmas, the dynamics are insensitive to the exact value. Recent work identifying rapid ion
particle transport in mixed species plasmas [15–17] could also play a role in allowing the plasma
to quickly re-organize its internal species concentration mixture.

4 Regression analysis of JET-ILW L-H transition data

Regression analysis of the database in Fig. 1 has been performed. In comparison to [7] and to
JET-C results, PL−H is lower for matched density and magnetic field as shown in [1]; however,
the exponents for density and magnetic field are larger, resulting in possibly reduced threshold at
low magnetic field operation in ITER, but increased values at full field operation. As highlighted
by the data in Fig. 1, the single largest uncertainty in extrapolating to ITER is the effect of
the divertor configuration, a factor of two difference in JET alone. This can be included in the
regression by introducing an additional variable depending on the position of the outer strike
point. This results in

PL−H,JET−ILW = (0.046± 0.009)B0.85±0.13
t 〈ne〉

1.31±0.09 dsp, (1)

where dsp = 1 for horizontal target pulses and dsp = 2.07 ± 0.07 for VT/Corner, and in com-
parison to [7] the surface area scaling has been assumed to be linear. It should be noted this
includes data only from a single machine, and that for extrapolation to ITER, multi-machine
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FIG. 6: Comparison of relative total input power to L-H threshold power using either (a) 2008
scaling law or (b) Eqn.1, over deuterium plasmas in JET-ILW pedestal database, showing H98

and stored energy. (c) Eqn.1 compared to deuterium H-mode threshold measurements.

data covering a larger domain in density and magnetic field should be used – in particular the
density scaling exponent is high, which may be due to much of the data coming from close the
density minimum. The leading candidate to explain the dependence on divertor configuration
observed in JET-ILW is due to SOL effects and how neutral reflection pathways may have an
effect on the radial electric field shear through differences in SOL and divertor temperature
gradients [13, 14].

4.1 Application of JET-ILW PLH scaling to pedestal database

Although Eqn. 1 should not be used for predictions of ITER due to the limited scope of the
data, it does provide a useful expression for interpretation of JET-ILW results. In particular,
good global confinement (H98 & 1) has be recovered at JET-ILW at high current and stored
energy, with high NBI power, usually greater than 25 MW. The heating power compared to the
L-H transition power, Pin/PL−H has sometimes been used as a proxy for predicting access to
type-I ELMy H-mode conditions with good confinement. If one takes the 2008 L-H scaling then
most good confinement JET-ILW results appear to be in the range Pin/PL−H ∼ 3 − 4, which
is proportionally much more input power than is expected to be available in ITER. However,
most of the high stored energy plasmas operate with strikes points in corner configuration
(dsp = 2.06) and relatively high density. Figure 6 compares all pulses in the JET-ILW pedestal
database [18], calculating the ratio between the total input power and L-H threshold using
either the 2008 scaling law or Eqn.1, over all plasmas in JET-ILW pedestal database, showing
H98 and stored energy. Radiated power is not subtracted from the total here, which further
reduces the fraction above threshold, independent of the scaling used for comparison. Fig. 6(c)
shows deuterium H-mode threshold measurements compared to Eqn. 1 The group of pulses with
H98 ≈ 1 and stored energy approaching 10 MJ all appear at significantly lower power fraction
over the threhsold when using Eqn.1.

5 Summary

The overall analysis of JET-ILW L-H transition experiments has confirmed the major trends
present in multi-machine data, while also identifying several specific effects that may be impor-
tant for ITER. We observe that the density minimum of the L-H threshold depends on isotope,
being ∼ 30% higher in hydrogen than deuterium. There is a non-monotonic dependence of
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PL−H in mixed species plasmas, with most of the change observed in small deviations from pure
plasmas. In particular we observe a significant reduction in PL−H in H-4He plasmas with ∼ 10%
4He – this could be highly relevant for pre-fusion power operation of ITER if this reduces the
L-H threshold while generally maintaining the character of the pedestal and ELMs, allowing
development of ELM control techniques. The largest uncertainty in extrapolating to ITER is
the role of the plasma divertor configuration and divertor physics, where the position of the
outer strike point can account for a factor of 2 difference in JET data alone. Regression of the
JET-ILW L-H threshold data shows a stronger scaling with density and magnetic field than
Ref. [7]; for updated extrapolation to ITER, a new scaling with multi-machine metal wall data
should be developed and used. Using the JET-ILW scaling instead of Ref. [7] shows that many
high stored energy, good confinement pulses are at significantly lower ratio of input power com-
pared to the threshold power, which is more similar to the regime ITER is expected to operate,
although the role of core radiated power should be taken into account in extrapolations.
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