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Abstract  

We present an overview of results from a series of L-H transition experiments undertaken at JET since the 

installation of the ITER-like-wall (JET-ILW), with Beryllium wall tiles and a Tungsten divertor. Tritium, 

Helium and Deuterium plasmas have been investigated. Initial results in Tritium show ohmic L-H transitions at 

low density and the power threshold for the L-H transition (PLH) is lower in Tritium plasmas than in Deuterium 

ones at low densities, while we still lack contrasted data to provide a scaling at high densities. In Helium 

plasmas there is a notable shift of the density at which the power threshold is minimum (𝑛̅𝑒,𝑚𝑖𝑛) to higher values 

relative to Deuterium and Hydrogen references. Above  𝑛̅𝑒,𝑚𝑖𝑛  (He) the L-H power threshold at high densities is 

similar for D and He plasmas. Transport modelling in slab geometry shows that in Helium neoclassical transport 

competes with interchange-driven transport, unlike in Hydrogen isotopes. Measurements of the radial electric 

field in Deuterium plasmas show that Er shear is not a good indicator of proximity to the L-H transition. 

Transport analysis of ion heat flux in Deuterium plasmas show a non-linearity as density is decreased below 

𝑛̅𝑒,𝑚𝑖𝑛 . Lastly, a regression of the JET-ILW Deuterium data is compared to the 2008 ITPA scaling law. 

1. INTRODUCTION 

Characterizing and understanding the power threshold conditions 

for ITER to achieve H-modes (PLH) is a major goal of a series of 

L-H transition experiments undertaken at JET since the 

installation of the ITER-like-wall (JET-ILW), with Beryllium 

wall tiles and Tungsten divertor [1-4]. In JET it has been shown 

[1, 2] that the metal wall affects the L-H transition power 

thresholds. In consequence here we report only on JET-ILW L-H 

transition experiments, with slow power ramps, of order ~1 

MW/s. As usual, the L-H transition power threshold, PLH, is 

measured either as 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑂ℎ𝑚 + 𝑃𝐴𝑢𝑥 − 𝑑𝑊/𝑑𝑡 or as 

𝑃𝑠𝑒𝑝 = 𝑃𝑙𝑜𝑠𝑠 − 𝑃𝑟𝑎𝑑,𝑏𝑢𝑙𝑘. For fixed shape, current and toroidal 

field, it is conventional to display plots of Ploss or Psep as a 

function of electron line-averaged density, 𝑛̅𝑒, to identify the 

density at which the power threshold is minimum, 𝑛̅𝑒,𝑚𝑖𝑛 . It is 

also conventional to label L-H transitions as taking place in the 

high or low density branch accordingly. High density branch 

data, with ne>𝑛̅𝑒,𝑚𝑖𝑛 , was used to build the multi-machine ITPA 

2008 L-H transition power threshold scaling [5], often displayed 

with threshold data for reference. 

The effect of strike line location on the L-H power threshold is 

very strong in JET-ILW [1]. All plasmas discussed in detail in 

this manuscript have the same shape, HT shown in Fig. 1c, with 

the inner strike line on the vertical target and the outer strike line on a tilted target. Other shapes shown in Fig. 1 

will be discussed only in section 4.3, showing the influence of plasma shape on power threshold scaling. 

In this contribution, we present a progress report on results from L-H transitions studies in Tritium in section 2 

(preliminary, data points in plots in magenta), and in 
4
Helium (data-points in plots in green), Deuterium (data-

points in plots in blue) and matching Hydrogen (Proteum) plasmas (data points in red) in Section 3 [6]. We 

include a brief study of ELMy H-mode in Helium, the regime in which ELM mitigation and control will need to 

be tested in ITER.  

We also present results from recent Deuterium L-H transition studies. An upgraded Doppler reflectometry 

diagnostic enabled measurement of fluctuation velocities in the plasma edge region, revealing that in fact there 

is no noticeable evolution of the radial electric field along the power ramp, shown in Section 4.1 [7]. We infer 

that shear of time-averaged perpendicular fluctuation velocity or radial electric field is unlikely to control the 

transition. A study of the ion heat flux at the transition time as a function of target plasma density in Deuterium 

plasmas is presented in section 4.2. In section 4.3 we present an update the JET L-H power threshold scaling. 

Summary and discussions are presented in Section 5. 

Our intention is to highlight recent studies and results at JET, rather than to present an extensive overview of L-

H transition studies. 

 
Fig. 1: typical plasma shapes at JET: a) CC, 

Corner, b) VT, Vertical Target and c) HT, 

Horizontal Target.  

a)

b)

c)
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2. PRELIMINARY RESULTS FROM L-H TRANSITION STUDIES IN TRITIUM PLASMAS  

L-H transition studies in Tritium were performed in plasmas with Btor=1.8 T, Ip=1.7 MA, HT shape, to be 

compared with the available Deuterium PLH matching dataset, described in more detail later. 

In December 2020, while waiting for the Neutral Beam Injection (NBI) system to change-over from 

Deuterium (D) to Tritium (T), and after a few Hydrogen (Protium, H) plasmas, we had the opportunity to 

investigate L-H transitions in plasmas with varying mixtures of Hydrogen and Tritium (H+T), and in Tritium 

plasmas. We reported on the RF Tritium L-H studies in the proceedings of the IAEA FEC 2021 conference [8], 

with the puzzling result that the L-H threshold power was higher in T than in D. Since then we have found that 

the phase control of the RF wave launched in those plasmas was inadequate. This affects the evaluation of the 

power delivered to the plasma, and may also explain in part the increased radiation observed since part of the 

RF power possibly interacts directly with the wall. Those results are presently being revised and will be reported 

in a forthcoming publication. 

Shown in Fig. 2, on the left, are two ohmic L-H transitions observed in a Tritium plasma. No auxiliary 

power is applied, and during this phase of the pulse, the density is feedback-controlled. At 6.55 s the plasma 

spontaneously enters H-mode, as evidenced by the increase in pedestal density and the appearance of an M-

mode [9], evident in divertor magnetics as an n=0, in ECE edge channels and in divertor Talpha signals. The gas 

is reduced by the feedback system and this leads to a density drop and a back-transition into L-mode at 8.7 s, 

soon followed by another brief L-H and H-L phases. We observed quite a few transient ohmic H-modes in 

various Tritium pulses. On the right, we show L-H transitions during a Tritium-NBI power ramp later in the 

same pulse. The second transition is discarded as an accurate measurement of the power threshold because of 

the large transient peak in the radiated power just before the transition. 

In Fig. 3 we show Ploss and Psep as a function of 𝑛̅𝑒 for Deuterium and Tritium plasmas. The ohmic 

transitions, marked with *, indicate that in Tritium 𝑛̅𝑒,𝑚𝑖𝑛  is lower than in Deuterium, as expected from the 

experimental fact that 𝑛̅𝑒,𝑚𝑖𝑛 is higher in Hydrogen than in Deuterium (shown below, in Fig. 4). The NBI data 

point indicates that the power threshold in Tritium is somewhat lower than in Deuterium as well, but no isotope 

scaling of the power threshold can be attempted yet. Further L-H transition experiments in Tritium are planned 

for early 2022. We also plot in figure 3 the corresponding ITPA 2008 scaling law for D, marked with a blue 

dotted line. Assuming that the power threshold scales inversely with isotope mass, we compute the Tritium 

ITPA scaling, plotted with a magenta dashed line. The ITPA scaling was constructed for Ploss values, typically in 

situations with low Prad. Since high Prad is unavoidable in many RF-heated plasmas in JET, we compare Psep with 

the ITPA scaling, following the lead of the ITER team [13], assuming low Prad is to be expected in ITER. 

      
Fig. 2: On the left, ohmic L-H transitions in Tritium, on the right, NBI L-H transitions. : a) NBI and Ohmic power and 

bulk radiation, Prad; b) Tfrom inboard divertor; c) line-integrated pedestal density, measured with a vertical 

interferometer line that crosses the plasma edge region.  
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 Measurements of H, D, and T concentration in the JET sub-divertor region are made with an Optical 

Penning Gauge [10,11]. In all T cases reported here nT/nH+D+T>95%, and nD/nH+D+T <1%. In these pulses, no D 

was injected, but trace concentrations of residual D were present. Using a combination of TRANSP modelling 

[12] and neutron measurements we find that nD/ne<1%. At an average neutron rate of approximately 2·10
12

 s
-1

, 

about 75 % of neutrons were calculated to be produced by the T(T,2n)
4
He reaction, with the remainder 

stemming from DT fusion [13]. Therefore neutron measurements confirm the purity assessment of the 

spectroscopic measurements for these Tritium plasmas. 

3. L-H TRANSITION AND ELM STUDIES IN HELIUM PLASMAS 

The ITER Research Plan includes a Pre-Fusion Operation Power (PFPO) phase with either Hydrogen or 

Helium (or mixed) plasmas to investigate ELM suppression (at low toroidal field) as early as possible, before 

the nuclear phase that starts with Deuterium plasmas. We studied the L-H power threshold in 
4
Helium plasmas 

in the JET-ILW to compare with Hydrogen and Deuterium plasmas. We present here a summary of a more 

extended study of L-H transitions in Helium plasmas [6]. 

To ensure minimal contamination of the Helium plasmas in this study, we took advantage of 18 

calibration pulses taken with only Helium gas injection (no injection of Hydrogenic species). These pulses, 

unrelated to our experiments, ensured Helium purity before we started our Helium experiments: they had 

Zeff=20.05. Throughout the calibration pulses and the L-H transition pulses, the divertor cryopump operated as 

usual, removing Hydrogenic species. No Argon frosting was used to pump Helium. For RF heating the H 

concentration nH/ne was kept below 5%. Spectroscopic measurements of 
4
He concentration show that in all cases 

the L-H transition happens with Helium concentration nHe/ne> 0.48, and corresponding Helium fraction 

nHe/(nHe+nH+nD)> 0.92. 

3.1. L-H transition power threshold in Helium, Hydrogen, Deuterium 

A prediction for the L-H power threshold in ITER in Helium plasmas was made inspired by the AUG 

observation that in their electron heated plasmas a sufficient edge ion heat flux is necessary to achieve a 

sufficient radial electric field (shear) for the transition to take place [14]. Assuming pure electron heating in 

ITER, 𝑛̅𝑒,𝑚𝑖𝑛  has been evaluated based on 1.5-D transport modelling as the density at which the ratio of edge 

ion power flux to total edge power flux starts to saturate with increasing electron density (line-averaged). The 

result of this modelling is the prediction that in ITER 𝑛̅𝑒,𝑚𝑖𝑛~0.4ne,GW for q95= 3 and it is almost independent of 

the ion species, (D, H or He) [15]. The transition condition in that model is itself based on the assumption that 

the Helium power threshold, PLH(He), is 1.4PLH(D), while PLH(H)=2PLH(D), a result from earlier  JET-C L-H 

transition studies [16]. 

In our recent L-H transition studies in Helium at JET, the ICRH (H minority heating) power ramps 

reached a flat-top and were then augmented by D-NBI blips (50 ms at 1.3 MW, followed by 50 ms at 2.7 MW of 

NBI, added to the stationary ICRH power reached in each pulse). The blips were added 450 ms after the RF 

power had reached its maximum value, both to increase the total auxiliary power and to enable CX 

measurements of Ti.  

         
Fig. 3: a) Ploss and b) Psep as a function of line averaged density for Deuterium (blue squares) and Tritium. In Tritium 

the points marked with an * are ohmic transitions, the circle is quasi-ohmic (0.5 MW of RF, 1.3 MW ohmic), while the 

diamond has an NBI power ramp. The blue dotted line shows the 2008 ITPA scaling for D, dashed magenta for T. 
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Conventionally, Ploss at JET is computed smoothing the input power, the ohmic power, the plasma energy 

and its time derivative dW/dt, with a smoothing window of 235 ms, and the values are averaged 70 ms before 

the L-H transition, to avoid using values affected by the post-transition conditions. But because most of the L-H 

transitions observed in the RF-heated Helium plasmas actually took place during the short-lived additional NBI 

blips we evaluate Ploss and Psep for those cases with only 30 ms smoothing.  

Shown in Fig. 4a is Ploss at the L-H transition as a function of density for Hydrogen, Deuterium and 

Helium in 1.8 T, (mostly) 1.7 MA HT plasmas, while Fig. 4b shows the corresponding Psep values. The H and 

He datapoints surrounded by black circles correspond to lower plasma currents, they are discussed later in this 

section and in section 3.3, the reader should ignore them for now. The horizontal axis along the top labels the 

Greenwald fraction fGW (the ratio of average plasma density to the Greenwald limit density) for the 1.7 MA 

plasma current. The Helium data points in dark green reflect pure RF heating, while the He triangles filled in 

light green with black outline correspond to transitions during the added NBI blips. The transitions during the 

NBI blips are necessarily brief, and yet more power may be necessary for a transition to steady H-mode. 

We see in Figs 4a and 4b that the density at which PLH is minimum, 𝑛̅𝑒,𝑚𝑖𝑛 , is considerably higher for 

Helium than for Deuterium, and somewhat higher than for Hydrogen. In terms of the Greenwald limit density, 

𝑛̅𝑒,𝑚𝑖𝑛(𝐷) ~0.4×nGW, 𝑛̅𝑒,𝑚𝑖𝑛(𝐻)~0.5×nGW, 𝑛̅𝑒,𝑚𝑖𝑛(He)~0.6×nGW for the 1.7 MA dataset. The shift in  𝑛̅𝑒,𝑚𝑖𝑛 is 

clearer in Ploss, Fig. 4a, but can still be seen in Psep, Fig. 4b. We have found a similar shift in  𝑛̅𝑒,𝑚𝑖𝑛  with a 

different plasma shape (Corner, CC, see Fig. 1) at the same field and current, and at a higher field, with D-NBI 

heating [6]. In all Helium plasmas, we find that the L-H transition takes place when the outer strike line is 

attached, even at the highest densities. At the inner strike line, the plasma is partially detached. Note that the 

difference between Ploss and Psep correspond to radiation in the plasma core, inside 0.95. This radiation is 

considerable in Helium plasmas at JET [6]. As shown in Fig. 4b, above 𝑛̅𝑒,𝑚𝑖𝑛(He), Deuterium and Helium have 

similar Psep, below the ITPA 2008 scaling. At high-density Hydrogen has much higher Ploss and Psep: L-H 

transitions couldn’t be obtained at high density with the available RF heating at JET at the time, 6 MW. 

 In DIII-D L-H studies of Ip = 1.0 MA, BT = 1.65 T, q95=4.1 plasmas report a ~20% increase in 𝑛̅𝑒,𝑚𝑖𝑛  in 

Helium, from 0.33nGW to 0.4nGW [17] a noticeable change, although lower than the 50% change we report. 

AUG studies, in mixed currents and fields, show no difference in 𝑛̅𝑒,𝑚𝑖𝑛  between H, D and He, and the same PLH 

for D and He [18]. C-Mod L-H transition data at 5.4T, 0.9 MA, q95~ 3.65-> 3.9 [19] report a 40% shift, from 

𝑛̅𝑒,𝑚𝑖𝑛(𝐷) =0.17nGW to 𝑛̅𝑒,𝑚𝑖𝑛(𝐻𝑒)=0.24nGW. It is not understood why AUG is different, but it must be 

remembered that 𝑛̅𝑒,𝑚𝑖𝑛  can depend on plasma shape, current, field, etc… and those dependencies are not 

understood yet, in any device.  

While discussing the comparison of our results from those in other devices we must mention that, since 

the installation of the ITER-like wall at JET, the intrinsic Carbon content of the plasma has been too low to 

allow routine charge exchange measurements of Carbon temperature and rotation across the pedestal formation 

region [20]. Typically Neon is injected to facilitate core CX measurements, but low Z impurities alter the power 

  
Fig. 4a) Ploss and 4b) Psep at the L-H transition as a function of line averaged density (lower horizontal axis) and 

fraction of Greenwald density fGW (upper horizontal axis) for Hydrogen, Deuterium and Helium 1.7 MA HT plasmas. 

The dark Helium symbols correspond to pure ICRH, lighter ones with black boundary have added NBI blips. The 

datapoints circled in black have lower plasma current and correspondingly lower power threshold. Vertical lines 

indicate 𝑛̅𝑒,𝑚𝑖𝑛 and respective fGW for each species: blue for D, red for H, green for He. Dotted blue line indicates 2008 

ITPA Deuterium scaling law.  
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thresholds [2], so this is avoided in L-H experiments at JET. Additionally in Helium plasmas we lack the 

calibration necessary to measure edge Doppler shifts, so again we have no edge rotation measurements. 

Therefore we can’t comment on the impact of torque reported in DIII-D [21] and AUG [14], or ion heat flux 

[22] on the L-H transition power thresholds for NBI vs. wave heating in these H or He plasmas in JET. 

We must note that no significant differences are observed in the L-H threshold between NBI or RF 

heated Deuterium plasmas, especially in the high density branch [23]. The notably higher threshold in NBI vs. 

RF heated Hydrogen plasmas in JET, also displayed in Fig. 3 and discussed in [23], remains unexplained for 

now. 

From the 1.8T, 1.7 MA data set shown we can infer that the potential increase in the predicted Psep for 

ITER due to higher 𝑛̅𝑒,𝑚𝑖𝑛  in He (compared to H and D) is compensated by the lower power required to access 

it, and in consequence the predicted PLH for ITER remains unchanged. The ITER team had assumed 

PLH(He)=1.4PLH(D), while our experiments find PLH(He)=PLH(D) in the high-density branch of Helium. The 

predicted threshold remains unchanged, provided radiation won’t be significantly higher in Helium plasmas 

compared to Hydrogen plasmas in ITER. 

We now turn to the Hydrogen and Helium data points circled in black in Fig. 4a and 4b, with 1.2 MA, 

1.8 T, instead of the 1.7 MA plasma current of the rest of the data presented in that figure. The Helium point 

illustrates that, like in D and H, at low density the power threshold drops when the plasma current drops, 

shifting  𝑛̅𝑒,𝑚𝑖𝑛 to lower values [18, 24, 1]. Further, for 1.2MA we can compare D-NBI and RF heating: Psep is 

the same in Helium for both, but not so Ploss, since radiation is quite high for the RF heated Helium plasma at 

low density. Note that for these low current points the upper axis fGW values of Fig. 4 don’t apply. 

3.2. Helium plasma simulations with HESEL 

The HESEL code [25,26] was applied to 

investigate the L-H transition in a pure Helium plasma 

JET#93870 with an L-H transition at 15.45 s and 

ne,av=4 10
19

 m
-3

, comparing it with a Deuterium pulse 

of similar high density. HESEL is a four-field 

(Vorticity, Density, Ion, and Electron pressures), 

energy-conserving, drift-fluid model based on the 

Braginskii equations, describing interchange-driven, 

low-frequency turbulence in a plane perpendicular to 

the magnetic field at the outboard mid-plane of a 

Tokamak plasma. It includes the transition from the 

confined region to the SOL and the full development 

of the profiles across the LCFS.  

Experimental parameters and edge profiles of 

electron temperature and electron density just before 

the LH transition are used as the initial condition. The 

increasing energy input to the ions is modelled by 

artificially increasing the ion temperature at the inner 

boundary of the computational domain throughout the 

simulation. Thermal coupling between electrons and 

ions is included in the model, but it is found to play only a minor role in the dynamics. Since a plasma of doubly 

ionized 
4
He has ni=ne/2,  greater Ti is needed to reach a comparable ∇pi to trigger a transition. The resulting 

evolution is displayed in Fig. 5, where we show the evolution of the energy fluxes across the last closed flux 

surface. The initial phase 0<t<1is dominated by transient adjustments and it is not plotted. The figure shows the 

full (conductive and convective) turbulent heat fluxes for electrons (red) and ions (blue), due to the fluctuations. 

The dotted line depicts the collisionality driven heat flux (neoclassical), and the black line shows the sum of all 

these components. Early on the turbulent fluxes increase due to the forced increase in ion temperature gradient. 

We observe a transition from an L-mode to H-mode-like confinement at the time marked with a vertical dashed 

line, when Ti ~ 3Te at the LCFS. At that time there is a  significant reduction of the turbulent transport of 

energy across the last closed flux surface, both for ions and electrons, even though the ion temperature gradient 

rise is still being imposed. The power threshold was in the same range as the one for a similar Deuterium plasma 

corresponding to JET#90993, with Ti ~ 1.5 Te at the LCFS [27]. The neoclassical collisional transport 

(proportional to Z
2
, where Z is the charge) for the Helium case is significant when compared with the turbulent 

transport, especially after the transition, when the turbulent fluxes are lower. In hindsight this is not unexpected, 

due to the Z
2
 dependency of collisionality. Earlier simulations for Hydrogen isotopes [27] found collisional 

 
Fig. 5: Energy fluxes across the separatrix as a function 

of time: electron and ion turbulent fluxes, the 

collisionality driven energy flux and the total flux. The L-

H transition time is marked with a vertical dashed line.  
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transport to be much smaller than the turbulent transport, both before and after the L-H transitions. The model 

shows that the improvement in confinement after the L-H transition is less notable in Helium than in 

Hydrogenic species due to the larger contribution of the collisional fluxes in Helium plasmas. 

3.3. ELMs in Helium plasmas 

In Hydrogen and Deuterium plasmas, 

with sufficient NBI heating, it is common to 

observe the coherent M-mode [9] at the L-H 

transition. As input power increases small ELMs 

appear mixed with the M-mode, until eventually 

isolated ELMs appear, often described as Type I 

ELMs. The same pattern is observed in Helium 

plasmas, as shown in Fig. 6. The pulse shown in 

Fig. 6 is the 1.2 MA Helium D-NBI heated data 

point of Figs. 4a and 4b, marked in those figures 

with hollow triangles circled in black. Entry into 

H-mode took place at ne,av=2.810
19

 m
-3

 with 

Psep= 2.8 MW. During the ELMy H-mode, the 

average density rose slightly to 3.210
19

 m
-3

, 

even though He gas fuelling was turned off by 

the density feedback system as soon as the 

plasma entered H-mode. Eventually the plasma 

displays well separated large ELMs. The Psep 

required to reach these “large” ELMs in Helium 

is of order 5 MW. It was not possible to 

document an increase in ELM frequency as power increases. The high natural ELM frequency, of order 100 Hz, 

and low Te,ped <0.5 keV, imply that ELM pacing techniques such as kicks or pellets (technically limited to lower 

frequencies at JET) can’t be tested in these Helium plasmas.  

The estimated drop in plasma electron energy per ELM is 30-40 kJ, compared to 130 kJ electron pedestal 

energy. This is high, but comparable to similar ELMs in Deuterium. An MHD stability analysis of peeling-

ballooning modes, assuming Ti=Te, finds stable conditions just before the ELM, as is often the case in high-

density plasmas in JET-ILW [28,29]. We can’t identify these ELMs conclusively as type I or type III. The very 

limited duration of this Helium campaign didn’t allow further investigation of ELMs in Helium. 

4. L-H TRANSITION STUDIES IN DEUTERIUM 

4.1. Evolution of edge radial electric field along power ramp 

Measurements of the propagation velocity of edge fluctuations, v⊥= vE×B+vphase, can be obtained at JET 

with Doppler Reflectometry [30, 31]. Typically in the edge vphase is ignorable and v⊥ is a good proxy for the 

radial electric field. To localise the measurement, accurate electron density profiles are necessary. The density 

profiles from the profile reflectometer [32] were calculated from the time-of-flight, extracted from spectrograms 

stacked from 10 probing frequency sweeps [33].  

A detailed comparative study of the pre-transition v⊥ profiles across electron density scans in Deuterium 

and Helium plasmas is presented in [7]. Here we discuss one of the most interesting results: the evolution of the 

v⊥ profile along the power ramp characteristic of L-H transition studies. 

In Fig. 7, on the left, we present electron density and v⊥ profiles taken along a heating ramp used to 

induce the L–H transition in a 2.4 T 2 MA RF-heated Deuterium plasma in the low-density branch. On the right 

hand side we show the temporal evolution of the RF power ramp. Initially, as the plasma enters L-mode, the 

pedestal density drops. This is then compensated by the gas puff system. The initial density value is recovered 

during the L-mode, up until the transition. The L-H transition time is obvious in rise of ne,ped and the drop of Dα 

 
Fig. 6: ELMs in Helium D-NBI heated plasma. a) NBI input 

power, measured and smoothed; b) ne,ped; c) Te,ped; d)IR-

measure heat flux at outer target; e) spectrogram of inboard 

Mirnov signal (log scale colour contours), showing M-mode 

and quiet periods in between ELMs 
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at 14.69 s.  The RF heating ramp was designed to be especially slow to allow acquisition of a full profile of 

Doppler reflectometry (it takes 308 ms) within each power step. The vertical dashed lines on Fig 7 mark the end 

of each 308 ms time interval used to produce the profiles shown on the left, the arrows connect profiles and 

times. Depicted are the steps at 1, 1.7 and 2.3 MW, with very similar density profiles. The SOL flow is observed 

to increase when the auxiliary heating is applied but then exhibits no variation with applied ICRH power up to 

the transition. The L-H transition takes place 200 ms later when 2.5 MW of heating is applied. 

Interestingly, no significant change in the v⊥ profile is observed during the power ramp preceding the L–

H transition at the various ICRH power steps. On the other hand, an analysis of the edge kinetic profiles 

indicates that there is increase of edge ∇p (diamagnetism) along the power ramp [7]. We cannot probe faster 

time-scales, or edge rotation measurements in this dataset. 

Similar behavior was reported in JET NBI-heated plasmas vertical target plasmas [34]: a significant 

difference in v⊥ profiles was observed between Ohmic and L-mode phases, but also no change was observed 

during the heating ramp in L-mode.  

Our data suggests  that the apparent critical inner Er (or its shear) in Deuterium, discussed in AUG [35], 

or a critical E×B velocity [36] before the L-H transition could in fact be a characteristic of L-mode plasmas, at 

any distance from the L-H transition. The fact that no variation is observed in v⊥ shear (inner or outer), and that 

if anything the v⊥ well becomes shallower as the transition is approached, appears to indicate that a (time-

averaged) critical mean Er profile or its shear do not provide the trigger for the L-H transition. Similar 

phenomenology was already described in JET-C [37], with Er profiles obtained from impurity charge exchange 

measurements. A clear and sudden change of Er, as well as many other variables, is described between before 

and after L-H transitions.  

More details and other L-H transitions in He and D plasmas have been studied with Doppler 

reflectometry, and they are presented in [6]. We chose to highlight this particular result here because it signals a 

departure from conventional ideas. 

4.2. Ion heat flux analysis near 𝒏̅𝒆,𝒎𝒊𝒏: 3 T, 2.5 MA 

L-H transitions in Deuterium plasmas at high field, 3 T, 2.5 MA, were obtained to optimise threshold 

measurements. NBI heating ramps were used to obtain ion temperature (Ti) measurements of the main ion 

species [38], to ensure the power threshold was not modified by injected impurities, which are usually needed 

for CX measurements in JET-ILW [20]. Experimental profiles of density and temperatures were used to 

calculate heating deposition profiles and fast ion losses. Ploss and Psep values are shown as afunction of density in 

Fig. 8, a clear minimum is observed in both, although Psep at the lowest density may be underestimated (that is a 

sawtooth triggered transition). As usual, their error bars are estimated to be of order 10%.  

 
Fig. 7, left: Radial profiles of a) density and b) v⊥ for Deuterium plasmas at different ICRH power levels (𝑛̅e= 2.7×1019 

m-3). The separatrix (dashed line) is at 3.83 (±0.01) meters. (Reproduced from Silva et al [7], with permission) 

Fig. 7 right: temporal evolution of a) Psep, RF heating; b) line averaged pedestal density; c) Inboard Dα 
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A detailed transport analysis was carried out for this set of JET-ILW NBI-heated Deuterium pulses to 

investigate the possible relationship between the edge ion heat flux at the L-H transition and  𝑛̅𝑒,𝑚𝑖𝑛  [39].  

In all cases, we found experimentally that Te > Ti 

in the plasma core. Although direct NBI ion heating and 

significant electron to ion exchange power resulted in a 

larger power coupled to plasma ions than to electrons, 

ion energy transport is shown to be dominant by 

gyrokinetic transport simulations, explaining the 

observed core Te > Ti.  

Like the power threshold, Ploss or Psep, the edge ion 

heat flux at the L-H transition, also shown in Fig. 8, 

exhibits non-linear behaviour as a function of density. A 

linear trend of the critical edge ion heat flux would have 

been expected if the ion heat flux dominated the 

threshold, as in the wave-heated AUG [14] and C-mod 

discharges [40]. Instead NBI pulses both for JET, shown 

here [39] and also for AUG, shown in [14], deviate from 

linearity. Whether this is due to the role of NBI torque on 

the power threshold, as described in DIII-D [21] is still 

unclear. 

 

4.3. L-H transition scaling laws in Deuterium 

A database of L-H transitions in Deuterium in the JET-ILW has been assembled as part of the ITPA TC-26 [41]. 

It contains 107 L-H transitions in a variety of plasma shapes, currents and fields.  

Table I lists the  𝑛̅𝑒,𝑚𝑖𝑛  values of each dataset/shape. HT-R and HT-L are versions of the HT shape (see Fig. 1) 

with the outer strike line shifted outward and inward relative to HT, respectively. Only data above the densities 

quoted on the table was fitted for each plasma configuration. The various shapes and their impact on PLH were 

described in [1, 2, 3]. 

The ITPA 2008 scaling law [5] is the starting point. The conventional fitting variables are the line 

averaged density in units of 10
20

m
-3

, ne20, the toroidal field BT in T and the plasma surface area S in m
2
: 

PLH=(0.0488±0.006) ne20
0.717±0.035 

BT
0.803±0.032 

S
0.941±0.019

     (4.1)  

Fig. 9a displays the new data vs. the ITPA 2008 scaling law, showing the clear impact of shape on the 

power threshold: HT data points have a lower threshold than the 1:1 line, while CC and VT have higher 

thresholds. The grey points are from JET-C. 

A fit with a similar functional form, but assuming S
1
, is sought for Ploss in the high density branch, 

assuming 10% uncertainties. It is found that the data naturally falls in one of two branches: the power threshold 

is lower for the HT configurations, with the outer strike line on the tilted target, and higher for VT and CC, 

when the strike lines hit vertical targets or the corners of the divertor. It is possible to develop separate scaling 

laws for each combined dataset:  

Table I 

Btor (T) Ip(MA) Shape 𝑛̅𝑒,𝑚𝑖𝑛  

1.8 1.7 HT 2.2±0.3 

1.8 1.7 HT 2.2±0.3 

2.4 2.0 HT 2.85±0.1 

2.4 2.0 HT-L 2.7±0.2 

2.4 2.0 VT < 2.0 

2.4 1.5 HT-high  2.2±0.1 

3.0 2.75 HT-R 3.3±0.2 

3.0 2.5 VT 2.3±0.2 

3-3.4 various CC 2.5±0.2 

Table I: 𝑛̅𝑒,𝑚𝑖𝑛  as a function of Bt, Ip and shape in the JET-ILW Deuterium database 

 

 
Fig. 8: Power terms at the L-H transition for a set of 

JET-ILW Deuterium, NBI-heated pulses. Ploss is 

shown with black asterisks, Psep with magenta 

triangles, edge ion heat flux Qi with red stars  
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PL-H(HT) =  (0.057±0.012) ne20
1.43±0.10

 BT
0.77±0.015

 S
1
,          RMSE=17%    (4.2) 

PL-H(VT/CC) = (0.031±0.013) ne20
0.77±0.20

 BT
1.29±0.24

 S
1
,             RMSE= 10%    (4.3) 

Here we note that the sum of density and field coefficients is similar in both cases, with stronger density 

dependence for the HT shape. Combining both datasets with a simple factor to account for the difference in 

power threshold due to plasma shape, we obtain a single scaling law with hardly any change of relative RMSE:  

PL-H=  D (0.046±0.009) ne20
1.31±0.09

 BT
0.85±0.13

 S
1
,    RMSE= 16%   (4.4) 

           with D=1.0 for HT,HT-R and HT-L and  D=2.06 +/- 0.07 for VT/CC 

This scaling law is plotted in Fig. 9 b. The density scaling coefficient has increased relative to ITPA 2008, 

largely due to the HT dataset. 

The reason for the very strong shape dependence of the power threshold in JET-ILW remains unknown, 

despite edge modelling and additional experimental studies with intermediate shapes. 

5. SUMMARY, DISCUSSION AND OUTLOOK 

Recent L-H transition studies at JET have obtained novel results for the dependence of the L-H transition 

power threshold on plasma ion species. 

An NBI-heated Tritium pulse displays lower power threshold than the one inferred from the Deuterium 

dataset, while ohmic transitions were observed in Tritium plasmas at low density. At the moment we lack the 

Deuterium references at high density, or NBI heated Tritium at low density, which would be necessary to 

quantify the impact of ion mass on the L-H threshold. 

The Helium power threshold results indicate that access to H-mode in the PFPO phase of the ITER 

Research Plan may be easier in Helium than in Hydrogen at higher densities. Still, the He H-mode threshold 

power itself is comparable to D and, not 40% higher as previously assumed, compensating the increase in 

required power to access the H-mode in Helium at higher densities and providing the same expected threshold.  

Modelling shows that heat transport is quite different in Helium plasmas compared to Hydrogen plasmas, 

with a large collisional contribution both in L and H-mode. Isolated “large” ELMs with frequencies of order 100 

Hz, are observed in Helium plasmas with NBI heating, with about twice the heating power required for the 

transition. 

Novel Doppler reflectometry measurements in RF-heated Deuterium plasmas challenge the common 

assumption that the radial electric field shear builds up along the power ramp until a critical value stabilises 

turbulence and triggers the transition. This opens up the possibility that alternative explanations for edge 

transport barrier formation might be applicable, e.g. diamagnetic effects [42, 43], as also pointed out for the 

transition to Internal Transport barriers [44]. In particular, electromagnetic effects could play a significant role 

as it happens in core plasmas when diamagnetic effects are important [45]. Actually, even if beta is relative low 

in L-mode edge plasmas, electromagnetic effects have been shown to play a strong role to explain differences in 

edge transport for H vs D plasmas in JET [46]. Strong electromagnetic effects would explain the insensitivity to 

ExB shearing as it has been shown that in plasmas with transport strongly reduced by finite beta the ExB 

shearing is no longer stabilizing [47]. This will be analysed in the future. 

 
Fig 9a): Ploss data vs ITPA 2008 scaling, equation (4.1),       9b) Ploss data vs TC-26 2017 scaling, equation  (4.4). 
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Transport analysis of NBI heated Deuterium plasmas near  𝑛̅𝑒,𝑚𝑖𝑛  finds the ion heat flux departs from a 

linear dependency in ne as density decreases. 

Scaling laws for the L-H transition power threshold in the JET-ILW (restricted to the high-density 

branch) have been derived, accounting for shape dependency. 

The results presented in this paper contribute to advance understanding of the L-H transition and improve 

the predictive capability towards operation in ITER and future tokamaks. 
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