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A B S T R A C T

Analysis of comparable discharges fuelled by either deuterium or protium reveals a clear relationship between
the isotope mass and the H-mode density limit. Notably, the density limit is significantly lower in protium,
showing a reduction of up to 35 % compared to identical deuterium plasma conditions. Within mixed H-mode
density limit (HDL) plasmas, the maximum achievable density, or H-mode density limit, decreases with
increasing protium concentration, denoted as cH. For instance, the highest corresponding maximum Greenwald
fraction (fGW) of about 1.02 was observed in the pulse with the lowest cH value of 4.4 %. This fGW decreases to
0.96 at cH = 48 %. The average atomic mass, A, of the plasma species decreases in these pulses from the value of
1.96 (cH = 4.4 %) down to 1.52 (cH = 48 %). Interestingly, the maximum achievable density appears to be largely
unaffected by the applied power value, regardless of whether deuterium or protium is used, as well as under
mixed H/D fuelling conditions.

Additionally, the measured Greenwald fractions are agreed with a heuristic model based on the SOL pressure
threshold of an MHD instability, as proposed by Goldston. This comparison, especially concerning the model’s
dependence on isotopic mass, shows full consistency between the measured and predicted Greenwald fractions.
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1. Introduction

The baseline operational scenario envisioned for ITER [1], DEMO
[2], and future fusion power plants involves operating in high confine-
ment mode (H-mode) with a partially or fully detached divertor at the
highest possible densities. Achieving a detached divertor at high den-
sities is crucial for maximizing fusion power and successfully operating
future reactors with reduced thermal heat loads on the plasma-facing
components.

However, at sufficiently high densities, a back-transition from H-
mode to low confinement mode (L-mode) is observed. The density is
constrained by the so-called Greenwald limit, an operational threshold
for density in magnetic confinement devices [3]:

nGW =
Ip

πa2 (1)

where nGW is the line averaged density in 1020 m− 3, Ip the plasma current
in MA, and a the minor radius in m.

The H-mode density limit (HDL) in D-plasmas typically occurs at
Greenwald fractions (fGW = ne/nGW) of 0.8–1.1 [3] and is assumed by R.
Goldston [4] to be caused by the MHD instability in the SOL near the
separatrix. However, it should be noted that there is no common
acceptance of the physics behind the H-L transition. The publication [5]
concluded that the HDL is not linked to reaching the ballooning mode
limit.

Density limit studies have been intensively conducted in the last ten
years on machines with fully metallic walls such as JET and AUG ma-
chines [6,7]. Despite considerable efforts, not all the underlying mech-
anisms responsible for the H-L transition are comprehensively
understood. Specifically, the influence of isotope effects can signifi-
cantly affect the HDL. Most H-mode density studies have been per-
formed in pure D plasma, with only a few experiments in pure H [8] and
He plasmas [8]. At JET-ILW, by comparing similar discharges fueled
with either deuterium or protium, it was shown that the H-mode density
limit in protium is 35 % lower compared to similar deuterium plasma
conditions, as depicted in Fig. 1.

Both plasma discharges have been carried out in a similar vertical
target magnetic field configuration with Ip/BT = 1.9 MA/1.8 T and q95 =
2.8. The observed HDL pulses in JET, in both protium and deuterium
plasmas, exhibit similar operational phases, indicating identical phys-
ical processes underlying the H-L transition.

Despite successful research in pure plasmas with different hydrogen
isotopic species, the HDL in mixed plasmas remains unexplored. Given
that both ITER, DEMO, and future fusion devices will operate with

mixed deuterium/tritium plasmas, understanding the physics of the H-L
transition in mixed plasmas is crucial. However, experiments on HDL in
mixed D/T plasmas are complex and consume a significant portion of the
tritium budget allocated for allowable tritium injection during DT
campaigns. Therefore, a mixture of H and D in JET-ILW is selected for
the HDL study during the D campaign.

In this contribution, for the first time, the influence of the hydrogen
isotope mixture on the HDL in the fully metallic machine JET-ILW is
investigated. Additionally, the measured Greenwald fractions are
compared to a heuristic model based on the SOL pressure threshold of an
MHD instability as proposed by Goldston [4], particularly regarding the
theory’s dependence on isotopic mass. The magnetic field configuration
in the analyzed pulse was as depicted in Fig. 5b and Fig. 6b and
remained consistent across all analyzed pulses.

2. Experimental results

2.1. H-mode density limit experiment in mixed protium–deuterium
plasmas at JET with ITER-like wall

To explore the impact of different compositions of mixed protium-
deuterium plasmas on the HDL, a series of experiments commenced on
JET with ITER-like wall (JET-ILW): beryllium in the main chamber and
tungsten in the divertor. The standard scenario for these investigations
involves a gas ramp discharge with a plasma current of Ip = 1.85 MA, a
toroidal magnetic field on-axis of BT = 1.85 T, corresponding to a q95 of
approximately 3.2. The average configuration triangularity falls within
the low range, approximately δav ≈ 0.26. Auxiliary heating power of
around Pheat = 8.0–10.0 MW is applied to the discharges, exceeding the
L-H power threshold of about 5.0 − 6.5 MW. The ohmic heating power
in the investigated plasma pulses is about 1 MW. The PL-H threshold is
defined by the ITPA scaling law [9], established by Y. Martin, taking into
account the dependence of the threshold power on the ion mass number
(Meff): PL-H ∝ 1/Meff.

This HDL represents an effective, non-disruptive density constraint,
known as a ’soft limit’, as it entails a back transition to L-mode, allowing
plasma operation to continue with lower confinement. Please note that
this is not a universal phenomenon observed across all tokamak devices.
For instance, in JET-ILW, the central averaged density decreases
following the H-L transition, and L-mode remains sustainable. However,
in ASDEX Upgrade tokamak, the plasma density increases during the
unsustainable L-mode, eventually reaching the L-mode density limit,
which ultimately results in a disruption [5,7].

In order to minimize total gas consumption, experiments with mixed
hydrogen isotopes were performed using a “warm” cryopump with

Fig. 1. Time traces from a standard density ramp-up experiment conducted on JET-ILW with D-plasma (left) and H-plasma (right). The onset of the HDL limit is
indicated by dashed lines.
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divertor cryo-panels cooled with liquid nitrogen (LN2). It is worth
noting that conducting of high-density experiments with cryo at LN2
temperature on the JET-C with a carbon divertor was previously un-
feasible due to substantial fuel retention in the wall and significant gas
outgassing during plasma pulses, leading to inadequate plasma density
control. However, this has changed with the entire JET wall being
equipped with metallic plasma-facing components (PFC), reducing fuel
retention by a factor of 10 and significantly decreasing wall outgassing
during plasma pulses [10]. By operating the JET-ILW vessel with
reduced divertor pumping speed, we replicate conditions similar to the
base gas pressure on ITER, ensuring the experiments are directly rele-
vant. We conducted the experiment with a base pressure of 1.55×10− 6

mbar before initiating the HDL pulses with a warm cryopump. This is
significantly higher than the typical base pressure at JET-ILW with a
cold cryopump, which usually ranges from 10− 7 to 10− 8 mbar. ITER
aims for a base pressure of 5×10− 6 mbar before each pulse [11], and the
pressure achieved in our experiments closely matches these conditions,
making the results applicable to ITER’s operational environment.

Fig. 2 illustrates the comparison between HDL pulses in JET-ILW
with cold and warm cryo-pumps. The graph depicts the line-averaged
density versus gas injection rate for these pulses. Remarkably, the
HDL remains consistent between the cold and warm cryo-pump exper-
iments, despite the differences in neutral pressure in the SOL. A detailed
discussion of the impact of detachment on the HDL is beyond the scope
of this paper. Detachment physics, however, strongly depends on the
neutral pressure in the SOL and may vary between cold and warm
cryopump conditions. However, we should reference an earlier assertion
that detachment plays a negligible role in the H-L transition in fully
metallic wall machines [7,28]. Furthermore, all phases typically
observed in HDL pulses with cold cryo-pumps are also evident in pulses
with warm cryo-pumps. Notably, the total gas consumption is reduced
by a factor of 13 in plasmas utilizing warm cryopumps. In the following,
we will discuss the H-mode density experiments performed under the
warm cryo-pump condition.

2.2. Time evolution of a typical HDL gas ramp discharge

Fig. 3 displays time traces of a typical H/D mixed HDL-plasma
discharge in JET-ILW with a warm cryo-pump, with plasma parame-
ters and shape as mentioned in section 2.1. To increase plasma density
up to HDL, a gas ramp-up is implemented by external gas fuelling of
neutral protium and deuterium. At the H-L transition, fuelling rates for
H2 and D2 reach the values of 6.3×1021H/s and 5.5×1021D/s respec-
tively. The D2 was to a large extent fuelled into the inner and outer

divertor legs, H2 mainly into the inner divertor. Additionally, a small
amount of neutral particles was fuelled into the main chamber: H2 at a
constant rate of 2×1020 H/s and D2 at another constant rate of
1.15×1021D/s. During the gas ramp-up, the H concentration cH = nH
/(nD + nH) increases slightly (from 0.35 to 0.37), with a mean value of
0.37 at the H-L transition. The maximum achievable density is
6.4×1019m− 3 with a Greenwald fraction of about fGW = 0.98. The total
heating power (Pheat = PNBI + PICRH + Pohmic) of 9.5 MW, along with the
bulk radiation power Pradbulk = 1.5 − 1.7MW, ensures that the discharge
at the H-L transition time is above the 6.5 MW L-H power threshold, as
defined by the ITPA scaling law [9], established by Y. Martin, taking into
account the ion mass dependence of fuel species. Immediately after the
H-L transition, following a very short period, the tripping of the NBI
beams (the shutdown of all NBI beams) was often observed at JET-ILW.
This tripping is triggered by the H-L transition, which leads to an abrupt
increase in the neutral pressure inside the NBI duct. There is a certain
threshold of neutral pressure beyond which the protection system stops
the operation of the NBI beams. This protective action is intended to
avoid the reionization of the NBI neutral atoms, which could be
deflected in the NBI duct toward the wall and potentially cause serious
damage to the duct wall. NBI operates in interlaced mode, delivering 4
MW on average. Fig. 3 also shows the Be II fast emission signal in the
divertor, indicating ELM behavior during density ramp-up. The
confinement remains constant (H98Y = 0.71) up to ne/nGW = 0.8. Sup-
plementary gas puffing leads to a moderate increase of the density, but
the confinement deteriorates strongly down to H98Y = 0.57, usually
transitioning to L mode.

This H/D mixed HDL pulse exhibits similar operational phases (sta-
ble H-mode, degrading H-mode, breakdown of H-mode, and L-mode) as
observed in pure H and D plasmas [6,7]. These phases are indicated with
colored bars at the top of Fig. 3. Similar to the HDL experiments in pure
H and D plasmas, a sequence of H-L-H transitions, known as the ’dith-
ering H-mode’ phase, has been observed prior to the final transition into
L-mode during both the “Degrading H-mode” and the “Breakdown of H-
mode” phases. The intensive discussion about the ’dithering H-mode’
can be found in [6,8], and it is beyond the scope of this paper.

The total radiated power, measured with help of the metallic resis-
tance bolometer system [12], increases slightly during the H-mode
phase up to the H-L transition, from 4.0 MW to 4.9 MW. The observation
that the radiation fraction remains around γrad = Prad/Pheat = 0.52

Fig. 2. Line averaged density versus gas injection rate for the plasma pulses
with cold cryo-pump (#96395) and warm cryo-pump (#96397). The density
evolution is shown only up to the starting of the density drop after the H-
L transition.

Fig. 3. Time evolution of a typical HDL discharge on JET-ILW.
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without any significant change during the density ramp-up indicates
that the HDL is neither associated with additional energy losses from the
confined region due to radiation nor with an inward collapse of the hot
discharge core caused by overcooling of the plasma periphery from ra-
diation. The effective ion charge, Zeff, ranges around 1.6 during the
density ramp-up pulses.

2.3. Impact of the H/D composition on the H-mode density limit

Plasma pulses under identical plasma conditions but with different
cH was carried out in mixed H/D plasmas. The plasmas were heated
using deuterium neutral beam injection and ICRH, and the heating
power, magnetic configuration, and H2/D2 gas fuelling locations
remained consistent throughout the experiments. Fig. 4 shows the time
traces of line-averaged densities in the HDL pulses with varying con-
centrations of protium, cH. Measurements of D and H concentrations in
the JET sub-divertor region were conducted using Optical Penning
Gauge Spectroscopy [13,14]. The sub-divertor region specifically refers
to the part of the divertor located below (or underneath) the primary
divertor target plates.

The maximum achievable density, i.e., the HDL decreases with
increasing cH concentration. The corresponding maximum Greenwald
fraction was approximately 1.02 in the pulse with the smallest cH = 4.4
%. This fraction fGW decreases to 0.96 at cH = 48 %. The average atomic
mass, A, of the plasma species reduces in these pulses from value of 1.96
(cH = 4.4 %) to 1.52 (cH = 48 %).

The Goldston model (fGW,Goldston ∝ A 9/16
)

predicts a slightly

larger reduction than observed in this experiment; for instance, at cH =

48 %, the predicted fGW is 0.89, whereas the experiment shows fGW =

0.96. This disparity could be explained by the Goldston model sug-
gesting that the HDL is caused by MHD instability in the SOL near the
separatrix and that the isotopic composition at the separatrix and in the
sub-divertor region is not identical. Further discussion on this topic is
provided in the following sections.

2.4. Isotope ratio composition in the scrape-off layer (SOL)

At JET-ILW, the isotope ratio in the scrape-off layer (SOL) in the
main chamber as well as in the divertor is measured using passive Hα
high-resolution spectroscopy (HRS):

The high-resolution divertor spectroscopy system on JET, referred in
this paper as the KSRB diagnostic, enables measurements of Balmer-
alpha deuterium and protium spectral lines with a resolving power of
λ/Δλ ≈ 27000 and a Full Width at Half Maximum (FWHM) of the
instrumental function of Δλins = 0.024 nm. With 10 lines-of-sight (LOS)

observed from the top of the machine, the KSRB spectrometer covers the
outer divertor. Fig. 5b displays the poloidal cross-section of the JET-ILW
divertor with the lines of sight (LOS) of the KSRB spectroscopy system.

High-resolution main chamber Hα spectroscopy is based on an
Echelle overview spectrometer (Spectrelle 20000p, Systematix and
GWU Lasertechnik GmbH cooperation, 110 mm focal length) with radial
LOS provides the high resolution measurements in the wavelength range
of 365–720 nm. The resolving power of the spectrometer is approxi-
mately λ⁄Δλ ≈ 20000 and the FWHM of the instrument function is about
Δλins= 0.033 nm. The radial LOS is directed towards the inner wall in the
main chamber (recessed W-coated CFC tile) (see Fig. 6b). It is important
to note that measurements in the main chamber SOL present challenges
in signal decomposition, particularly in separating the light from the
SOL on the high field side (HFS) and the SOL on the low field side (LFS).
In this article, we focus on the mean value of the isotope ratio averaged
over the HFS and LFS SOLs.

Fig. 5 shows spectra observed in the mixed H/D plasmas shortly
before the H-L transitions. The spectral lines represent line-integrated
contributions along the line of sight indicated in Fig. 5b, which is
directed towards the outer strike point in the divertor. To determine the
H/D composition, a function comprising a sum of Gaussian distribution
functions was fitted to the measured spectrum:

I fit (λ) = a0 + 2
̅̅̅̅̅̅̅̅
ln2
π

√ [

IHα

(
CHc

ΔλcoldH
exp

(

−
ln2
2

(
λ − λHα

ΔλHcold

)2
)

+
(1 − CHc)

ΔλHwarm
exp

(

−
ln2
2

(
λ − λHα

ΔλHwarm

)2
))

+ IDα

(
CDc

ΔλDcold
exp

(

−
ln2
2

(
λ − λDα

ΔλDcold

)2
)

+
(1 − CDc)

ΔλDwarm
exp

(

−
ln2
2

(
λ − λDα

ΔλDwarm

)2
))]

, (2)

Where λHα = 656.279nm and λDα = 656.103nm [15] are the wave-
lengths for the Hα and Dα spectral lines of H and D atoms respectively, IHα

and IDα are the total line intensities, ΔλHcold, ΔλDcold, ΔλHwarm and ΔλHwarm
are full Width at Half Maximum (FWHM) for cold and warm components
respectively, a0,CHc and CDc are the fitting parameters. Similar to [16],
we assume multiple fractions of atoms with different temperatures to
characterize the spatial profile of the emissive layer along the LOS.

In this work, we utilize only two fractions, cold and warm, to char-
acterize the spectral profile of each hydrogen species. With this
approach, the fitting function aligns closely with the experimental
spectral profile, as depicted in Fig. 5.

The I fit (λ
)

spectrum allows for the determination of the isotope
concentration either using the cold fraction of atoms alone or by
considering both fractions. In this work, we employ the approach of
utilizing both fractions:

cH =
nH

nH + nD
=

IHα

IHα + IDα

; cD =
nD

nH + nD
=

IDα

IHα + IDα

(3)

In Fig. 5c, the determined cH concentration is depicted as a function
of cH in the sub-divertor. Spectroscopically determined cH concentration
appears to be smaller than that measured in the sub-divertor (KT5P),
with values ranging between 75 % and 100 % of the KT5P measure-
ments. This variance can be attributed to the fact that divertor spec-
troscopy evaluates concentrations from line-integrated measurements
along the line of sight of the emission layer, where the electron tem-
perature Te varies between 6 eV and approximately 30–40 eV.

Fig. 6 illustrates the results of fitting the measured spectral profile
obtained with the Echelle survey spectrometer. The arrangement of the
radial line of sight of the Echelle spectrometer to the JET inner wall area
(W-coated CFC tiles) at octant 7 is depicted in Fig. 6b. The fitting
function of Eq.2 comprising a sum of cold and warm components of both
hydrogen species aligns well with the measured spectra. The evaluated

Fig. 4. The time traces of the line-averaged densities in the H-mode density
limit pulses with different concentrations of protium, cH.
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cH concentration exhibits a slight disparity (less than 25 % − the cH
values measured by Echelle specrometer consistently fall below the sub-
divertor values) from the concentration measured in the sub-divertor.

The FWHM of the fitted Gaussian profiles can be expressed by Δλi,j:

Δλij = 2
̅̅̅̅̅̅̅̅̅̅̅
ln(2)

√
λiα

̅̅̅̅̅̅̅̅̅̅

2kTij

Mic2

√

= 7.7 × 10− 5λiα

̅̅̅̅̅̅
Tij

Mi

√

(4)

where i is the hydrogen isotope index (H or D), j is component index
(cold or warm), c is the speed of light, k is the Boltzmann constant, Mi is
the mass of the hydrogen atoms in atomic units (MH = 1 for H and MD =

2 for D) and Tij is the temperature of the hydrogen species in electron-
volts.

In experiments with mixed H/D plasma, we observe that both the
Δλicold and Δλiwarm values are nearly identical for H and D atoms,

resulting in the best fit between I fit (λ
)

and the experimental data.
Consequently, both hydrogen species, H and D, exhibit the same ve-
locities but different energies. This finding aligns with a previous
observation by A.N. Dmitriev [17], where almost identical velocities of
H and D were reported in the SOL of tokamaks.

TD,cold varied in the studied plasma pulses from 3.9 eV to 6.2 eV for D
atoms and TH,cold from 2.0 eV to 3.1 eV for H. These atoms, referred to as
Franck-Condon atoms, result from the dissociation of molecules into the
ground state and acquire Franck-Condon energies in the range of 2.2 eV.
Upon interacting with the plasma in the SOL, these atoms could be
heated to energies above 2.2 eV, as observed in the experiment. This
process is described in detail in the following articles [18,19,20].

TD,warm of the hot fraction of deuterium atoms ranges from 36 eV to
42 eV, while TH,warm of the H atoms ranges from 18 eV to 21 eV. The

Fig. 5. A) Typical Dα/Hα spectra measured with high-resolution divertor spectrometers before the H-L transition in the mixed H/D plasmas with different H/D
composition. The best fit to the measured spectra is shown by the solid line. b) Poloidal cross-sections of the JET-ILW divertor with lines of sight (LOS) of the KSRB
divertor spectroscopy system c) Spectroscopically determined cH concentration versus the cH concentration measured in the sub-divertor (KT5P).

Fig. 6. A) typical dα/Hα spectra measured with high-resolution main chamber Hα spectroscopy before the H-L transition in the mixed H/D plasmas with different H/D
composition. The solid line represents the best fit to the measured spectra. b) Poloidal cross-sections of the JET-ILW divertor with lines of sight (LOS) of the Echelle
overview spectrometer c) Spectroscopically determined cH concentration versus the cH concentration measured in the sub-divertor (KT5P).
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warm fraction of the hydrogen isotopes may arise from collisions be-
tween cold H/D atoms and fast H/D ions (charge exchange reaction).
Additionally, the warm fraction may originate from D/H ions reflected
on the W wall. At low energies, the reflection coefficient of the hydrogen
isotope ions on W could be significant, exceeding 50 % [21].

In conclusion, the Balmer alpha spectral profile originates from the
emission of recycled H/D on the wall, and the spectra reflect the
hydrogen composition of the far SOL region.

3. Comparison with the theoretical model

The experimental results regarding the HDL limit from various to-
kamaks highlight the significant role of the edge plasma region, which
extends from the separatrix into the scrape-off layer (SOL). In the cur-
rent study by Eich et al. [22], it is demonstrated that the MHD
normalized pressure gradient at the separatrix, denoted as αMHD,sep in
both fully-metal machines, AUG Upgrade and JET, exhibits a linear in-
crease with nsep/nGW, where nsep represents the density at the separatrix
and nGW is the Greenwald limit density. This analysis, as presented in
[22] utilizes a comprehensive dataset encompassing a wide range of
plasma parameters and confirms previous predictions by Goldston based
on the heuristic drift-based model.

This model, proposed by R. J. Goldston [4], suggests that the HDL is
caused by an MHD instability in the SOL close to the separatrix rather
than originating in the core plasma or pedestal. As demonstrated in the
study by Eich et al., αMHD,sep reaches values around ≈ 2.0 − 2.5, which
were compared with the theoretically predicted onset of ballooning
modes. For comparison, numerical calculations of global stability by
Bernard et al. [23] yielded αcrit ≈ κ1.2(1+1.5δ).

For typical triangularities in the analysed data base of δ = 0.2 and
elongations of κ = 1.7 one obtains αcrit ≈ 2.5. Numerical calculations by
Makowski for DIII-D tokamak, just inside the separatrix, also give
αcrit ≈ 2.5[24]. These values are in close consistency with the measured
values by Eich et al., around ≈ 2.0 − 2.5. In the subsequent analysis, we
will utilize the expression αcrit ≈ κ1.2(1+1.5δ) for the evaluating fGW.
Note that the critical ballooning parameter increases with increasing
triangularity, resulting in larger HDL. This increase in the HDL with
larger δ was experimentally observed in JET-ILW device [25].

Here in this paper, we will compare the HDL results with the Gold-
ston model, which provides

fGW,Goldston = 8.13 Cα
n
nsep

(
qcyl R B

a
PSOL

)− 1/8(
1 + κ2)γ− 3/2

[
2A

(1 + Z)

] 9/16 (Zeff + 4
5

)− 1/8 (5)

where qcyl is the cylindrical approximation for the safety factor, κ is the
plasma elongation, R and a − the major and horizontal minor radiuses,
PSOL = PΩ +Paux − dWdia

dt − Pradbulk is the power flowing from the core re-
gion into the SOL, PΩ and Paux are ohmic and auxiliary heating
powers, Pradbulk is the radiated power from the bulk plasma, B is the total
magnetic field strength, n and nsep are the line-averaged and sepa-
ratrix densities, Zeff and Z are the “effective charge” and “average
charge” of all ions.

The Goldston model assumes that the SOL β limit is defined by
criticality to MHD instability and is characterized as αcrit = Cα

(
1 + κ2)γ

with some parameters γ and Cα. By replacing this critical ballooning
parameter through αcrit ≈ κ1.2(1+1.5δ), the modified fGW,Goldston can be
rewritten as:

fGW,Goldston = 8.13 κ1.2(1 + 1.5δ)
n
nsep

(
qcyl R B

a
PSOL

)− 1/8(
1 + κ2 )− 3/2

[
2 A

(1 + Z)

] 9/16 (Zeff + 4
5

)− 1/8

(6)

The derived scaling shows small variations in the most important
plasma parameters. At the same time, it shows a relatively strong
dependence on the average atomic mass of the plasma ion species A:

fGW∝A 9/16. Note that the Greenwald fractions, fGW, observed in JET-
ILW experiments in H and D plasmas with wide range of variation of
the plasma parameters are consistent with the Goldston’s prediction
[6,8]. In our comparative analysis, we used Greenwald fractions for the
H/D mixed HDL plasmas, normalized to the fGW in pure H-mode
deuterium HDL plasma. The measured effective charge Zeff was 1.6 and
the estimated average ion charge Z ≈ 1.12 assuming Be as main impu-
rity. All magnetic shape parameters (δ for triangularity and κ for elon-
gation) in the investigated plasmas were identical. The electron density
at the plasma edge in all the pulses, measured by High Resolution
Thomson Scattering (HRTS) system [26], showed identical absolute
values and profiles, corresponding to the same nsep. The reference pulse
with pure deuterium plasma shows fGW, which agrees well with Gold-
ston’s prediction, up to a factor of 0.86: fGW ≈ 0.86 × fGW,Goldston. We
assume that this factor is machine-independent and will be used for fGW
calculations.

As already mentioned, the model shows the strong dependence on
the average atomic mass at the separatrix. As shown by M.Z. Tokar’[27],
the plasma isotope composition in a tokamak reactor divertor scrape-off
layer (SOL) changes along the magnetic field and can differ significantly
from the gas composition in a pumping chamber. Thermal forces push
heavier deuterons towards the higher temperature region, i.e. away
from the divertor targets, and lighter hydrogen ions towards the colder
divertor area. Hence, thermal forces can induce significant isotopic
separation within the scrape-off layer (SOL), causing deuterium to
accumulate far from the divertor plates at the equatorial plane. Addi-
tionally, the H/D composition in the far SOL may differ from that at the
separatrix (cD concentration at the separatrix larger than the cD in the far
SOL). Local measurement of the hydrogen composition at the separatrix
is not feasible in any tokamak. However, spectroscopic measurement of
the cD/cH ratio in the far SOL region at the midplane of JET provides the
minimum boundary for the cD value.

The H/D composition distribution also strongly depends on the
plasma temperature T0 (Te = Ti is assumed in the Tokar’ analytical
approch) in the main part of the SOL, which has maximum values at the

Fig. 7. Comparison between the measured values of the Greenwald fractions
and the values predicted by the Goldston model.
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separatrix in the vinicity of the stagnation point. This temperature
correspond to the upstream separatrix temperature and can be calcu-
lated using the two-point model [29] of SOL transport and is about 100
eV.

Thus, Tokar’s equations of the isotope separation in the SOL (taking
into the account the maximum T0 = 100 eV) establishes the upper
boundary for the cD value. Consequently, we can anticipate the opera-
tional parameter space where the HDL values of mixed plasmas are
expected. Fig. 7 illustrates the operational parameter space in terms of
Greenwald fractions and protium concentrations, cH, measured in the
subdivertor. The lower boundary curve represents the modified Gold-
ston prediction of the Greenwald fraction, considering the cH and cD
values measured by divertor spectroscopy, and therefore does not take
into account isotope separation in the SOL. The upper boundary depicts
the Goldston prediction using the cH and cD concentrations at the stag-
nation point predicted by Tokar’s equations with T0 = 100 eV. In this
modelling, the segregation factor of protium fc = cH (divertor) /cH
(stagnation point) is approximately 2.5, indicating significant isotopic
separation of hydrogen within the SOL. In addition, the experimentally
determined Greenwald fractions have been incorporated into the Fig. 7.
Here, the fGW values are normalized to the Greenwald fraction achieved
in pure D plasma (fGW (cD= 1.0)). As depicted in Fig. 7, the experimental
HDL values align well within the expected operational parameter space,
thereby confirming Goldston’s prediction.

Additionally, Fig. 7 represents the modified Goldston prediction,
taking into account the isotope separation for different T0 values: 40 eV,
50 eV, and 60 eV. One can see that the experimental values match well
with the prediction for T0 ≈ 50 eV. This temperature is lower than T0 =
100 eV, which is not surprising because the H-L transition process is
initiated by ballooning instability in the outboard plasma region, where
the temperatures are somewhat lower than those at the stagnation point.

4. Extrapolation to ITER

In this section we will try to predict the density limit for the ITER
fusion device.

The design parameters for ITER in the baseline scenario (15MA Q =

10 inductive H-mode burning plasma discharges) are as follows [1]: R =

6.2 m, a = 2.0 m, κ = 1.85, δ = 0.48, BT = 5.3 T, Ip = 15MA, qcyl = 2.42,
Zeff = 1.6, and n/nsep = 3. The ion ratio of the fusion fuel, nT/(nD + nT),
is a key plasma parameter that must be tuned to maximize the power
output of a tokamak fusion device and will be likely to be continuously
monitored, for example, using neutron time-of-flight spectrometry.
Assuming that ITER operates in deuterium–tritium (D-T) mixtures with
50 % D and 50 % T in the plasma core, the nominal operation of ITER
with Q = 10 corresponds to PSOL = 100 MW.

For such PSOL, the expected separatrix electron temperature Te,
calculated from two-point model [29], at the stagnation plane is of about
270 eV. Let us assume that the composition of cT/cD at the separatrix at
the stagnation point isidentical to the hydrogen isotope composition in
the plasma core: 50 % D and 50 % T.

Based on Tokar’s modelling, there is a significant change in the
plasma isotope composition in the ITER tokamak reactor scrape-off layer
(SOL) along the magnetic field due to the action of thermal forces. With
the stoichiometric composition of cT = cD at the separatrix in the stag-
nation plane, the plasma and gas in the divertor contain no more than
10 % tritium. Conversely, reducing cT along the magnetic field toward
the divertors lowers the high-density limit (HDL). Let us assume that the
H-L transition occurs at the last closed flux surface, where the temper-
ature varies between 270 eV and 150 eV. In this temperature range, cT
varies between 0.5 and 0.4, according to the Tokar’s equations.

The reference pulse with pure deuterium plasma on JET-ILW shows
fGW, which agrees well with Goldston’s prediction, up to a factor of 0.86:
fGW ≈ 0.86× fGW,Goldston. We assume that this factor is machine-
independent and apply it for the ITER prediction of HDL.

Goldston’s predicted fGW scaling gives an estimated value of fGW ≈

0.96 for a 50 %/50 % D-T mixture, considering the main ITER param-
eters mentioned above. Taking into account the variation of cT between
0.4 and 0.5 in the region where the H-L transition occurs, fGW ranges
from 0.94 to 0.96. The lower boundary is only 10 % higher than the fGW
= 0.85 projected for ITER in the baseline scenario.

It is important to note that ITER will operate with impurity seeding,
which can also influence the HDL. This scaling should be confirmed in
dedicated experiments with impurity seeding. Further investigations
into the physics of the HDL are required.

5. Conclusion

To comprehend the fundamental mechanisms governing the H-mode
density limit in fusion devices with all-metal walls, extensive in-
vestigations have been carried out on JET-ILW.

In this study, the influence of the hydrogen isotope mixture on the
HDL in the fully metallic machine JET-ILW is investigated for the first
time. The H-mode DL experiments with mixed hydrogen isotopes were
performed with a divertor warm cryo-pumps where the cryo-panels
were cooled with liquid nitrogen (LN2). By using a reduced divertor
pumping speed in the JET-ILW vessel with a warm cryo-pump, we create
conditions that closely resemble the base gas pressure on ITER, making
our experiments directly relevant. It was shown that the HDL limit is
identical for the cold and warm cryo-pump experiments, confirming our
earlier statement that detachment does not play a significant role for the
H-L transition in fully metallic wall machines [28,7]. In addition, all
phases typically observed in cold cryo-pump HDL pulses appear in warm
cryo-pump pulses. At the same time, the total gas consumption is
reduced by a factor of 13 in the plasma with a warm cryo-pump.

By comparing similar discharges but fuelled with either deuterium or
protium, it was found that the HDL limit exhibits a dependence on the
isotope mass: the density limit is up to 35 % lower in protium compared
to similar deuterium plasma conditions. In mixed HDL plasmas, the
maximum achievable density and HDL limit decrease with increasing
protium concentration, cH. The corresponding maximum Greenwald
fraction fGW of approximately 1.02 was attained in the pulse with the
smallest cH at 4.4 %. The fraction fGW decreases to 0.96 at cH = 48 %. At
the same time, the average atomic mass, A, of the plasma species de-
creases in these pulses from 1.96 at cH = 4.4 % to 1.52 at cH = 48 %.
Notably, the maximum achievable density remains nearly independent
of the applied heating power in both deuterium and protium plasmas, as
well as mixed H/D fuelling conditions.

In addition, the measured Greenwald fractions were also compared
to a heuristic model based on the SOL pressure threshold for MHD
instability, as proposed by Goldston. This comparison specifically ex-
amines the theorys reliance on isotopic mass.Notably, the measured
Greenwald fractions closely match the predictions from the heuristic
model. Slightly higher HDL measured values for cH concentrations above
30 % can be explained by Tokar’s analitical solution, which predicts
isotope separation in the SOL and greater cD concentration at the sepa-
ratrix in the stagnation point.

The H-mode density limit prediction for the ITER fusion device has
been performed based on Tokar’s equations and Goldston’s scaling.
ITER’s baseline operation involves a 50 % deuterium–tritium (D-T)
mixture, with the separatrix electron temperature around 270 eV.
Tokar’s analytical solution suggests a change in plasma isotope
composition along the magnetic field, impacting the high-density limit
(HDL). Using data from JET-ILW and applying a scaling factor, the
estimated fGW for ITER is between 0.94 and 0.96 in unseeded scenarios.
Impurity seeding and further experiments are needed to refine this
prediction.
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