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ABSTRACT.

The first systematic study on the mass dependence of the L-mode density limit is reported for

JET H, D and T divertor plasmas. The density limit, defined as the density at the onset of the X-

point MARFE, is found to scale inversely with the ion mass in vertical target configurations,

while no isotope effect is found in horizontal target configurations. 2D numerical simulations

reproduce the observed mass dependence in vertical target discharges. The experiments indicate

a coupling between the mass and power dependence of the L-mode density limit. The experi-

mental results are compared with analytic models, which suggest that the ion-neutral transverse

collisionality plays a role in the density limit.

1. INTRODUCTION

The maximum plasma density achievable in Ohmic/L-mode divertor discharges is determined

by the formation of a MARFE in the X-point region [1-2], ultimately leading to a disruption.

Prior to MARFE formation, the divertor plasma undergoes an increasing state of detachment

characterized by substantial drops in both particle and energy fluxes to the target plates as well

as in pressure along the magnetic field lines. Experimental studies of L-mode density limit

discharges have been reported by various authors [2-5] and various scalings for the density limit

have been proposed to explain the experimental findings [6-7].

While these studies mainly aimed at the scaling with discharge parameters such as heating

power, safety factor (qψ ) and toroidal field (Bt ), recent experiments performed at JET with

varying DT plasma fuelling mixtures [8-9], followed by a short campaign in hydrogen, have

allowed for the first time a systematic investigation of the isotope scaling of density limits. This

paper investigates the mass dependence of the L-mode density limit. Experiments devoted to the

study of the isotope scaling of the H-mode density limit will be reported elsewhere.

2. EXPERIMENTAL RESULTS

2.1 Experimental Identification of the Density Limit

The time evolution of a typical JET L-mode density limit discharge with the MarkIIA divertor is

shown in Fig. 1. As the plasma density is increased by gas fuelling at constant input power (in

the case of the discharge of Fig. 1 Ohmic plus additional heating using neutral beams) the inte-

gral ion flux to the outer target plate, measured by Langmuir probes, initially increases, while

that to the inner target remains low, indicating that the inner divertor leg is partially detached

from the start. If the density is increased further, detachment is subsequently achieved at the

outer divertor leg, by which time both particle and energy fluxes to the target have dropped

dramatically. Throughout this time the total radiated power is always increasing.
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In order to quantify the concept of

divertor detachment we refer to the degree of

detachment (DOD), as defined in [2]. It is the

inverse ratio of the ion flux to the target meas-

ured by Langmuir probes to that expected in a

high recycling regime, where it scales as the

square of the plasma density according to a 2-

Point model. The DOD is normalized at low

density, where it is defined to be 1 (attached

regime). For the example of Fig. 1 the DODs

are given in the bottom panel.

When detachment is approached, the ra-

diated power peaks, which in the early phase

of the discharge are localized at the strike zones,

converge towards the X-point region until a

MARFE is formed, just above the X-point. This

evolution is illustrated in Fig. 2 by tomographic

reconstructions of the radiated power in the

divertor measured by the bolometers. In con-

trast to MarkI Ohmic/L-mode density limit dis-

charges, where the onset of the MARFE was a

continuous and gradual process, in MarkIIA the
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Figure 1. Time evolution of a typical L-mode density

limit discharge in JET with the MarkIIA divertor (hori-

zontal target configuration). From top to bottom: input

and radiated power; gas fuelling rate; central and edge

line averaged density; integrated ion flux to inner and

outer divertor target; inner and outer target integral

DOD.
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Figure 2. Tomographic reconstructions of total radiated power measured by the bolometers for the discharge of

Fig. 1. The radiation peaks move from close to the target (a-b) up to the X-point (c-d). Subsequently, as the density

is further increased, a MARFE is formed in the main plasma above the X-point (e-f). The square in the bottom left

corner of each box represents the grid size of the tomographic reconstruction.
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MARFE formation is a very sudden event. The

time of the onset of the MARFE is marked by

the first vertical line in Fig. 3, where we have

expanded the time scale in the final phase of

the discharge of Fig. 1. The onset of the

MARFE coincides with complete detachment

at the inner divertor leg (integral DOD ≅4-5).

As the density is increased even further, the

MARFE moves to the inner wall, eventually

leading to a plasma disruption. By the time of

the disruption the outer divertor leg is also com-

pletely detached.

This discussion suggests two possible

choices for the density limit:

(i) the density at the point of the onset of

the MARFE, which coincides with com-

plete inner divertor detachment (in what

follows called ‘MARFE limit’ or simply

‘density limit’)

(ii) the density that is reached when the dis-

ruption occurs (in what follows called the

‘maximum density’).
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Figure 3. Expanded view of the final phase of the dis-

charge of Fig.1, showing the experimental identifica-

tion of the density limit, according to the onset of the

MARFE (marked by the solid vertical line) or the maxi-

mum density obtained before the plasma disruption (ver-

tical dashed line). The bottom panel shows the radia-

tion flux measured by an in-vessel bolometer viewing

the plasma horizontally just above the X-point.

These two density limits do not necessarily scale in a similar fashion, since they are driven

by different physical mechanisms. In fact, while the ‘MARFE limit’ is governed by SOL phys-

ics, the ‘maximum density’ limit is also influenced by MARFE and/or core plasma physics. The

importance of density limit lies in their character as operational limits. The window between

MARFE formation and disruption may be rather narrow, particularly at low qψ , and stable

operation in this window has not yet been proven. For the rest of the paper we therefore adopt (i)

as the most adequate definition of density limit. Complete detachment defines a limit of the

upstream separatrix density. A number of empirical studies have demonstrated that density lim-

its are actually limits of the edge density and this further supports definition (i). A convenient

byproduct of this choice is that fairly developed analytical gas target models exist and that this

regime is well treated by 2D edge codes. This allows us to complement the experimental find-

ings by detailed comparison with models.

Several measurements can be used to identify the ‘MARFE limit’ in a given discharge.

The most straightforward to use is the radiated power flux measured by in-vessel divertor

bolometers along lines of sight (LOS) which view the plasma horizontally above the X-point.

The onset of the MARFE is clearly seen as a sudden jump in the radiation flux measured just
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above the X-point (see bottom panel of Fig. 3). Correlated with this is the time evolution of the

C II ( λ  = 6585 Å) and visible bremsstrahlung (λ  = 5235 Å) photon flux profiles (not shown

here), measured routinely by a CCD camera viewing poloidally across the whole divertor target

from the top of the tokamak. The onset of the MARFE coincides with a sudden movement in the

peak of the C II and bremsstrahlung photon fluxes from the outer target to the X-point. We
define instead the ‘maximum density’ as the

maximum value of the density just before the

input power begins to rise strongly at the onset

of the thermal collapse of the plasma. This is

marked by the dashed vertical line in Fig. 3.

Since the density limit is a limit on the

upstream separatrix density [10], ideally we

would like to use this parameter in our study.

However, the upstream separatrix density is not

routinely measured in JET and therefore we use

the line averaged density measured along the

outermost channel of the far-infrared interfer-

ometer (see Fig. 4). We will refer to this meas-

urement as the edge line averaged density (to

distinguish it from the central line averaged

density, which is measured along a chord

through the centre of the core plasma). Also,

reciprocating probe measurements in JET have

shown that the separatrix density is proportional

to the line averaged density in L-mode density

limit discharges.
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Figure 4. Poloidal cross section of the equilibrium re-

construction of a JET discharge showing the interfer-

ometer chord measuring the edge line averaged den-

sity, and the vertical and horizontal lines of sight of the

visible spectrometer used for the measurements reported

in section 2.4. Also shown is the array of fixed Langmuir

probes embedded in the divertor target plates.

2.2 General Aspects of L-mode Density Limits in JET

Discharge parameters that may influence the density limit include, in particular, the net heating

power, Pnet , (P P Pnet in rad= − , where Pin is the total input power and Prad  the total radiated

power), the safety factor, qψ , and the toroidal field, Bt . In the database to be analysed qψ  and

Bt  are essentially constant. Further impact, in addition to the ion mass, may arise through the

divertor geometry. In JET two distinct divertors, the relatively open MarkI and the relatively

closed MarkIIA were investigated [11]. Both permitted operation on vertical (V) and horizontal

(H) plates. The flux expansion of the magnetic field in the divertor can be varied using the in-

vessel divertor coils. In this paper horizontal configurations with two different flux expansions

are considered. In the horizontal standard flux expansion equilibrium (H/SFE) the 2 cm SOL
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surface, as measured from the separatrix at the outer midplane, is tangent to the vertical target

plates of the divertor. In the low flux expansion equilibrium (H/LFE) the 2.5 cm SOL surface is

tangent to the outer vertical target plate and the 3 cm SOL surface is still clear from the inner

vertical target plate. The density limit observations made in the various configurations can be

summarized as follows: the density limit has decreased by about a factor of 2 when going from

the more open MarkI to the more closed MarkIIA divertor [11]. For a given divertor geometry

the density limit is higher in vertical than in horizontal target SFE configurations. For horizontal

target configurations, the density limit is higher in discharges with low divertor flux expansion.

This is illustrated in Fig. 5, which shows the L-mode density limit database for MarkIIA (for all

isotope masses) sorted by discharge configuration.  These comprise vertical target, standard flux

expansion (V/SFE), horizontal target standard (H/SFE) and low flux expansion (H/LFE). Fig. 5

also illustrates the power dependence of the density limit. The apparent scatter in the data, as

will be explained in the following section, is due to the different isotope mass of the working gas

used in the discharges. It is interesting to replot this set of discharges in the same edge density -

Pnet  space, but at the ‘maximum density’ (Fig. 6) rather than at the ‘MARFE limit’. The depend-

ence of the density limit on divertor configuration has vanished (while the power dependence is

still very clear), which suggests that MARFE and/or core plasma physics is at this stage deter-

mining the maximum achievable density, independently of the divertor geometry.
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Figure 5. Edge line averaged density at the ‘MARFE

limit’ versus net input power, P P Pnet in rad= − , for the

L-mode density limit discharges carried out in JET with

the MarkIIA divertor (all isotope masses). The discharges

are sorted by configuration: diamonds = horizontal tar-

get, low divertor flux expansion (H/LFE), triangles =

horizontal target, standard flux expansion (H/SFE), cir-

cles = vertical target, standard flux expansion (V/SFE).
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Figure 6. Edge line averaged density at the ‘maximum

density’ limit plotted versus net input power, for the same

set of discharges of Fig. 5. The discharges are sorted by

configuration (symbols as in Fig. 5).
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In this paper the isotope effect on the L-mode density limit in MarkIIA is investigated.

This has been possible in JET as part of the recent DT experiments, which were followed by a

short campaign with hydrogen plasmas. Therefore, with the same divertor geometry we have

been able to measure the density limit of H, D, and T disruptive L-mode discharges. Based on

recycling measurements in the divertor and at the plasma edge the T discharge was character-

ized by an isotope ratio of T/(H+D+T) = 0.9. For H and D plasmas  this ratio was H or D/

(H+D+T) ≥0.95.

2.3 Isotopic Effect on Plasma Detachment and Density Limit

Since the divertor configuration influences the

density limit, as shown in the previous section,

we have to study the mass dependence of the

density limit separately for each configuration.

The density limit database of Fig. 5 is thus plot-

ted in Fig. 7 (a) and (b) for V/SFE and H/SFE

configuration respectively, with the data sorted

by isotope mass. All the discharges were car-

ried out at a plasma current Ip= 2MA, toroidal

field BT = 2.5 T and q95 4 0 0 3= ±. . . There is

no distinction between Ohmic and additionally

heated discharges in the onset of detachment

and approach to the density limit, apart from

the power dependence. Neutral beam heating

was used for all discharges with additional heat-

ing, except one with ion cyclotron resonance

heating, which nevertheless is, in all respects,

similar to the other discharges.

It can be seen that whereas a clear isotope ef-

fect is found for V/SFE discharges, with
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Figure 7. Edge line averaged density versus net input

power at the ‘MARFE limit’ for (a) V/SFE and (b) H/

SFE JET MarkIIA L-mode density limit discharges. The

data are sorted by isotope mass: hydrogen (crosses),

deuterium (circles) and tritium (diamonds).

the density limit increasing with decreasing hydrogenic mass at fixed net input power, the den-

sity limit in H/SFE discharges appears to be independent of the isotope mass. Note that the

highest values of Pnet could only be accessed in hydrogen plasmas, due to the higher H-mode

threshold at this plasma current and toroidal field [12]. In contrast, at 2MA/2.5T density limit

discharges in tritium could only be obtained with Ohmic input power, due to the lower H-mode

threshold found in tritium plasmas [13]. The injection of the power from one neutral beam

source into such discharges (~1 MW) would trigger a transition into H-mode.
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2.3.1 Vertical Target Discharges

The mass dependence of the density limit in vertical target L-mode discharges is a direct conse-

quence of the mass dependence of divertor plasma detachment for a given upstream separatrix

density. This is illustrated in Fig. 8 for three similar Ohmic discharges, with H, D and T plasmas

respectively, where the inner target integral DOD is plotted versus central line averaged density.
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averaged density for three similar Ohmic discharges in
H, D, T (V/SFE configuration). The vertical dashed lines
mark the results of the EDGE2D/NIMBUS simulations
for the density limit in H, D, T (see section 3).

A similar behaviour is observed at the outer

divertor (not shown). The integral ion flux to

the innner and outer divertor targets for these

discharges is shown in Fig. 9. Note the typical

asymmetry and different detachment behaviour

of inner and outer divertor legs. Fig. 10 shows

the electron temperature, Te , measured at the

outer divertor target separatrix by the Langmuir

probes for the three discharges. Although the

probe interpretation in high density, low tem-

perature regimes is problematic and leads to

an overestimate of the electron temperature

[14], it is nonetheless clear that for the same

line averaged density Te  is lowest in T and

highest in H plasmas, consistent with an ear-

lier onset of detachment in T.

5

4

3

2

1

4

3

2
1.6 1.8 2.0 2.2 2.4

Line averaged density (1019 m–3)

In
te

gr
at

ed
 io

n 
flu

x 
(1

022
 s

–1
)

2.6 2.8 3.0

JG
98

.1
07

/7
c

Pulse No: 42823, 43191, 43380

HD

T

H

DT

Outer divertor

Inner divertor

Figure 9. Integral ion flux to inner and outer divertor
targets versus central line averaged density for the dis-
charges of Fig. 8. The typical scatter of the data is shown
by the error bars.

12

10

8

6

4

2

0
1.6 1.8 2.0 2.2 2.4

Line averaged density (1019 m–3)

O
ut

er
 d

iv
er

to
r 

T
e 

(e
V

)

2.6 2.8 3.0

JG98.107/6cPulse No: 42823, 43191, 43380

H

D

T

Figure 10. Outer target separatrix electron temperature,
measured by the Langmuir probes, versus central line
averaged density for the three discharges of Figure 8.



8

2.3.2 Horizontal Target Discharges

In contrast to what found for V/SFE discharges,

in H/SFE discharges the density limit does not

depend on the mass of the working gas. The

reason for this is presumably the different de-

tachment behaviour, with respect to isotope

mass, observed for horizontal target configu-

rations. This is illustrated in Fig. 11, which

shows the inner and outer target integral ion

flux for two similar L-mode density limit dis-

charges in H and D. Whereas in V/SFE dis-

charges detachment occurs in both divertor legs

at progressively lower densities as the isotope

mass of the plasma is increased, in H/SFE dis-

charges this occurs in the outer divertor only,

while the opposite effect is observed in the in-

ner divertor. The inverse dependence of detach-

ment on the hydrogenic mass in the two divertor

legs is thought to explain the lack of mass
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Figure 11. Inner and outer divertor integral ion flux ver-

sus central line averaged density for two similar dis-

charges in H and D with H/SFE configuration showing

an opposite dependence of detachment with isotope mass

in the two divertor legs.

dependence of the density limit in MarkIIA H/SFE discharges. However, the physical mecha-

nism leading to such different detachment behaviour is not understood.

2.4 Impurity Behaviour

Carbon is the dominant intrinsic impurity in the density limit discharges studied in this paper.

This is typical of all JET discharges without extrinsic impurity seeding [15]. The core carbon

concentration, measured by visible charge exchange spectroscopy and by Zeff (from visible

bremsstrahlung emission), is systematically found to be lower in H than in D and T discharges.

The core carbon concentration, CC , measured by charge exchange at normalized minor radius

r a/ = 0.26, is essentially constant throughout the discharge. Despite the large error bars associ-

ated with the measurements at high density (the enhanced cooling of the edge results in addi-

tional complications in the interpretation of the charge exchange spectra), the carbon concentra-

tion is lower in H than in D discharges: typical values are CC (%) = (0.2±0.1) for H and CC (%)

= (0.3±0.1) for D discharges at high density. Note that charge exchange measurements in T

density limit plasmas could not be obtained due to the decreased H-mode threshold in T, which

prevented the use of neutral beam additional heating in these discharges, as explained in section

2.3. The Zeff measurements, plotted in Fig. 12 for V/SFE discharges, are consistent with the

trend shown by the core carbon concentration (a similar behaviour is found for H/SFE

discharges).
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Figure 12.  Zeff measurements versus net input power

at the density limit for V/SFE discharges: H (crosses),

D (circles) and T (diamonds).
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Figure 13. C III photon flux (λ  = 4650 Å)  normalized

to Balmer-α  photon flux, measured along the horizon-

tal LOS shown in Fig. 4, versus plasma distance from

the inner wall for H (crosses), D (circles) and T (dia-

monds) discharges (all configurations) at the density

limit.

C III line emission at 4650 Å and Balmer-α  emission is routinely measured using

photomultiplier tubes coupled to interference filters along lines of sight (LOS) directed, amongst

others, horizontally at the inner wall and vertically at the outer divertor shoulder, as illustrated in

Fig. 4. The C III photon flux normalized to the Balmer-α  photon flux measured along the

vertical LOS is lowest in H and highest in T discharges, both in V/SFE and in H/SFE configura-

tions. It is interesting to note that also the photon fluxes, which a priori are not a direct measure

of carbon influxes from the vessel surfaces, decrease with decreasing plasma isotope mass in the

same way as the core carbon concentration. The ratio of C III to Balmer-α  photon flux meas-

ured along the horizontal LOS is found to depend primarily on the plasma distance from the

inner wall (see Fig. 13). However, for plasma configurations that are well clear from the inner

wall (i.e. for plasma-inner wall distances ≥10 cm) the C III normalized photon fluxes are con-

sistently lower in H than in D and T plasmas.

A possible explanation for the observed trend of decreasing carbon concentration with

decreasing plasma isotope mass could be the lower physical sputtering yield for carbon surfaces

when bombarded by hydrogen rather than deuterium or tritium particle fluxes [16]. No mass

dependence of the chemical sputtering yield for carbon is known to date. However, the relative

importance of physically and chemically sputtered carbon sources from areas of the vessel that

are and are not in direct contact with the plasma, and the link with their screening from the

confined plasma are questions still far from being understood. Whereas this investigation goes

beyond the scope of this paper, we need to address the role played by the impurities with respect

to the different density limit observed as the isotope mass of the plasma is changed. This aspect
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of the analysis will be addressed explicitly in connection with the interpretation of the experi-

mental results by comparison with 2D modelling, which is the subject of the following section.

3. 2D NUMERICAL SIMULATIONS

We have carried out simulations of H, D and T plasmas using the EDGE2D/NIMBUS codes

[17] for the Ohmic V/SFE configuration discharges of Fig. 8. The approach to detachment and

to the density limit is sought by performing a series of runs to steady state in which the upstream

separatrix density is progressively increased, while keeping all other input parameters fixed.

Constant perpendicular transport coefficients are used, with D m s⊥
−= 0 1 2 1.   (for all ions) and

χ χe i m s⊥ ⊥
−= = 1 5 2 1.  . The input power crossing the separatrix is 1.2 MW (allowing for some

small variation with increasing density, which is typical of Ohmic discharges) and is equally

split between ions and electrons. A first series of density scans was carried out without carbon

impurities (the ‘pure plasma’ case) in order to isolate the isotope effect of the pure plasma alone

on the density limit.

Fig. 14 shows the inner divertor integral

DOD for the pure plasma simulations plotted

versus upstream separatrix density. As can be

seen, the isotope effect on detachment found

in experiment is qualitatively reproduced, with

the onset of detachment (defined at integral

DOD = 2) occurring at progressively lower

separatrix densities as the isotope mass is in-

creased from H to T. The maximum upstream

separatrix density obtained in the simulations

is limited by the onset of a ‘Marfe-ing’ behav-

iour, with strong ionization above the X-point

and cooling of the edge plasma, which eventu-

ally makes the solution unstable. This defines

the density limit in the simulations. The den-

sity limit in the simulations also decreases with

increasing isotope mass, as found in experi-

ment. Similar results are obtained for the outer

divertor leg.
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Figure 14. Inner divertor integral DOD from EDGE2D/

NIMBUS simulations with pure plasma only versus up-

stream separatrix density for the discharges of Fig. 8.

As the mass of the hydrogenic species is increased the neutrals mean free path decreases,

leading to larger neutral densities in the divertor with the heavier isotope. The higher neutral

density and isotope mass in turn increase the ion-neutral charge exchange reaction rate, and thus

more momentum is lost by the ions in T plasmas at a given upstream separatrix density. In other
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words, the same momentum is lost in T at a lower separatrix density value than in D and H. This

result could be a consequence of the increased divertor closure to neutrals with increasing plasma

isotope mass for a given upstream density. Analogously, the increased recycling results in more

energy loss from the plasma. Consequently, the onset of recombination, which is important at

low divertor plasma temperature, occurs at a lower upstream density for the heavier isotope and

the total particle recombination rate is highest for T and lowest for H plasmas.

In Fig. 15 we plot the fraction of hydro-

gen ionization above the X-point (hydrogen

here denotes a generic hydrogenic isotope),

which is our definition of divertor closure, ver-

sus upstream separatrix density for the pure

plasma simulations. At low and medium up-

stream densities neutrals recycling at the

divertor target plates escape more easily from

the divertor region in the case of hydrogen

plasmas. Conversely, in the same density range

neutrals are retained best in tritium plasmas.

At higher separatrix densities the divertor tem-

perature decreases sufficiently so that the neu-

tral mean free path increases and one reverts

into an open divertor regime, with the neutrals

escaping more freely into the main plasma and

no distinction between plasmas with different

isotope masses is found.
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Figure 15. Fraction of hydrogen ionization above the

X-point (i.e. divertor closure with respect to neutrals)

versus upstream separatrix density from the EDGE2D/

NIMBUS pure plasma simulations.

The results discussed above do not depend on the choice of M = 1 (whereM is the Mach

number) as the boundary condition at the target plates in these simulations. In fact, tests were

carried out to explicitly determine if part of the observed isotope effect was due to the mass

dependence contained in the boundary condition. When a simulation is carried out with deute-

rium plasma, but imposing at the target the Mach number corresponding to tritium ions, the

solution obtained is identical to that for a deuterium plasma with the proper boundary condition.

The only difference is a small variation of the ion flow velocity in the vicinity of the target plates

(i.e. in the first few cells of the grid close to the target), which vanishes further upstream.

Whereas analysis of the pure plasma simulations is useful in bringing out the role of the

hydrogenic plasma in the mass dependence of the density limit, in the absence of impurity

radiation it is not possible to carry out a realistic comparison between the simulations and the

actual experiment. Therefore a second series of simulations was carried out with carbon impuri-

ties. In the simulations carbon production is obtained by physical sputtering (the sputtering yield

data of [16] are used) plus a constant offset - Ychem
eff = 2%, to match the total radiation in the



12

experiment - which approximates the contri-

bution of chemical sputtering. This is neces-

sary to produce carbon sources at low tempera-

ture, when physical sputtering becomes negli-

gible. The results of the EDGE2D/NIMBUS

simulations for the density limit in H, D and T

(vertical dashed lines) are overlayed on the

experimental DOD in Fig. 8. These results have

been normalized to the D simulation, since the

ratio of separatrix to central line averaged den-

sity was not measured for these pulses. With

this normalization, the separatrix density in the

EDGE2D simulations is 60% of the central line

averaged density. It can be seen that the 2D

numerical simulations reproduce the trend

found in experiment. Quantitative comparison

with the experiment, however, shows that the

2D simulations fail to reproduce the details of

the approach to detachment and the inner/outer

divertor detachment asymmetry in V/SFE dis-

charges. This is illustrated in Fig. 16, showing

the simulated ion fluxes to the divertor targets,

to be compared with the measurements plotted

in Fig. 9. The detailed simulation of actual den-

sity limit discharges still presents difficulties
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Figure 16. Integral ion fluxes to inner and outer divertor

from EDGE2D/NIMBUS simulations in H, D and T.

and discrepancies with experiment [18]. However, progress in this area is being made. The 2D

codes are robust with respect to relative trends and it is in this context that we compare the

EDGE2D/NIMBUS simulations with experiment in this paper.

Although the physical sputtering yield decreases with decreasing isotope mass at a given

energy [16], in the simulations the isotope effect on detachment is obtained at high density,

where physical sputtering is negligible and the carbon source is entirely dominated by chemical

sputtering, for which no mass dependence has been assumed. The simulations also give a simi-

lar trend of impurity behaviour with respect to plasma ion mass as the experiment. For instance,

the C III photon yield measured along the vertical LOS is consistently highest in T and lowest in

H at any given density and this trend is also obtained in the simulations. This shows that at high

density the C III photon yield is not a measurement of the carbon influx, since Yeff = 2% is

assumed for all three isotopes.
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To conclude, the fact that both the pure plasma simulations and those with carbon impuri-

ties show an isotope effect of the density limit indicates that the impurities alone cannot be

responsible for this effect. In addition, if the impurities alone were responsible for the different

density limit in H, D and T V/SFE  plasmas through the different radiated power, this would fall

into the dependence of the density limit on Pnetand there would be no explicit mass dependence

in the experimental data, as instead shown in Fig. 7. Also, the trend of lower carbon concentra-

tion and photon fluxes in H than in D and T plasmas is observed both in V/SFE and H/SFE

discharges, but an isotope effect on the density limit is measured only for V/SFE pulses.

Density scan simulations of H and D pure plasmas with H/SFE configuration do not re-

produce the inverse dependence of detachment on the hydrogenic mass in the two divertor legs,

which is observed experimentally in this configuration. The reason for this is not understood,

but it may be related to details of neutral recycling in the inner divertor corner (which results

from the inclination  of the targets in the MarkIIA geometry) not reproduced in the codes.

4. COMPARISON WITH ANALYTICAL THEORY

In this section we compare our experimental results with the analytical model for the detach-

ment limit proposed in Ref. [10], which can be extended in a straightforward manner to include

isotope dependencies. Starting from the basic equations of a 2-Point model applied to the region

upstream of the gas target, assuming Bohm-type perpendicular transport and showing that at

complete detachmentM*andγ *(the Mach number and the sheath transmission coefficient at the

gas target entrance) are solely functions of the ion-neutral transverse collisionality at the gas

target entrance, one obtains a relation for the upstream separatrix density at complete detach-

ment, nS
det (see Eq. (13) of [10]):

n m
B q

L

T

M T
S

t

n i n i

det /
/ /

/

* /

* * * * * * /
( ) ( )

∝
+[ ]{ }

⊥

− −

  
   

11 32
5 16 5 8

1 16

11 32

11 16
ν ξ γ ν

(1)

Here superscript * denotes quantities at the gas target entrance, Bt  is the toroidal magnetic

field on axis, q⊥ the power flux across the separatrix, T* the temperature (T* ≅const (≅5 eV)),

L q R≅ π ψ  the connection length and ξ*  the mean energy consumed per ionization event (ξ* ≅30

eV). νn i−
 *  is the ion-neutral transverse collisionality,

ν
λn i

n

n i

S

t

q n L

B
−

−

⊥= ∝ 

 
 

 
*

*

*

/ det / /

/
∆ 1 11 16 11 12 11

5 11 (2)

where ∆n
*  is the density decay length and λ 

 
n i−
*  the neutral mean free path with respect to ion-
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neutral collisions (charge exchange and elastic) [10]. The explicit mass dependence is intro-

duced in Eq. (1) through the ion sound speed at the gas target entrance. This is not in contradic-

tion to what is discussed in section 3, where the mass dependence of the boundary condition at

the target plates was tested in the numerical simulations. Instead there is no boundary condition

on M* , which is a strongly varying quantity. Additional mass dependencies are contained in

νn i−
 * . If Bohm-type perpendicular transport is assumed as an example, there is no mass depend-

ence in ∆n
* , whereas one has for the neutral mean free path:

λ
σ σ 

 v

 v    v ( , ) 
n i

th

n i n in T m

T

m n T m
−

− −
=

< >
∝

< >
*

*

* * *

* /

/ * * *( , )

1 2

1 2 (3)

with vth
*  the neutral thermal speed and < > −σ v n i T m( , ) the combined charge exchange and

elastic rate coefficient. Following Ref. [19] one can make the ‘ansatz’

< > ∝ 



−σ

µ
 v n i T m

T

m
( , ) (4)

where µ = 0 2.  gives a reasonable fit. This results in (see Eq. (1)):

ν µ
n i

S

t

q n L

B
m−

⊥ −∝ 
   *

/ det / /

/
/

1 11 16 11 12 11

5 11
1 2 (5)

and

n m
B q

L
T

M q n L B m T q n L B m

S
t

S t S t

det /
/ /

/
* /

* / det / / / / * * * / det / / / /
/

∝ ×

( ) + ( )[ ]{ }
⊥

⊥
− −

⊥
− − −

11 32
5 16 5 8

1 16
11 32

1 11 16 11 12 11 5 11 1 2 1 11 16 11 12 11 5 11 1 2
11 16

   µ µξ γ

(6)

The model cannot provide an explicit expression for nS
det because of the lack of informa-

tion on the type of dependence of M*and γ * on the ion-neutral transverse collisionality. Pro-

ceeding by analogy with Ref. [10], i.e. assuming that the density limit of Eq. (6) is of the power

law type (in analogy with Eq. (14) of [10]), one obtains
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where β   is an undetermined constant. This results in the following class of scalings for nS
det :

n
q B

q R
mS

x
t

x
xdet

/

/
. .

( )
∝ ⊥

−
− 

  

5 16

11 16
0 8 0 16

ψ
(8)

where x = −
+

10
16 1

β
β( )

 and µ = 0 2.  was used. Since our density limit database with the MarkIIA

divertor is at fixed toroidal field (Bt = 2.5 T) and at fixed qψ  (q95= 4.0 ±0.3), we are effectively

interested in the comparison of the experimental data with a predicted scaling of the type:

n q ms
x x∝ ⊥

−0 8 0 16. . . (9)

The relations obtained so far depend on the assumption made for perpendicular transport.

If constant perpendicular transport (D const⊥ = , χ⊥ = const ) is adopted instead of Bohm, one

obtains instead of Eq. (8):

n q mS
x xdet . .∝ ⊥

− 0 8 0 25 (10)

where now x = +
+

10
14 1

β
β( )

. The main result of Eqs. (9) and (10) is the coupling between power

and mass dependence of the density limit. We thus perform a linear regression of our experimen-

tal data to a power law function of the type n q ms
x y∝ ⊥  , with separate fits for the different

divertor configurations (V/SFE and H/SFE discharges), obtaining:

n q ms = ± ⊥
± − ±( . . ) . . . .1 79 0 22 0 18 0 05 0 2 0 06 for V/SFE (11)

n qs ⊥
±= ±5 0 34 0 032 4 0 13 . .( . . ) m− ±0 02 0 05. . for H/SFE (12)

where we have assumed implicitly a direct proportionality between edge line averaged density

and upstream separatrix density (which is not measured, as discussed in Section 2.1) and

q P P Ain rad plas⊥ = −( ) / , with A mplas
2[ ] the area of the plasma. The results of the fits to the

experimental data of Fig. 7 are shown in Fig. 17 (a) and (b). Eqs. (11) and (12) indicate a relation

between power and mass dependence of the form suggested by Eqs. (9) and (10).
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Figure 17. Ratio of measured edge density to scaled edge density, obtained from the fit of the experimental data to

a power law of the type n q ms
x y∝ ⊥ , versus measured edge density for (a) V/SFE and (b) H/SFE discharges. The

data are sorted by isotope mass: H (crosses), D (circles), T (diamonds).

If we use in Eqs. (9) and (10) the values for x obtained from the fit to the experimental

data, x=0.18 for V/SFE and x=0.34 for H/SFE discharges, the model with constant perpendicu-

lar transport provides rather good agreement with the measurements, while the scaling with

Bohm transport gives less good agreement. Although this result should not be regarded as an

argument to support one particular type of perpendicular transport, it is an interesting illustra-

tion of the effect introduced in the scalings by the uncertainties in the transport.

5. CONCLUSIONS

Operation with hydrogen, deuterium and tritium plasmas during the JET MarkIIA divertor cam-

paign has provided an ideal scenario for the investigation of the isotope scaling of a variety of

plasma regimes. In this paper we have reported a study of the mass dependence of disruptive L-

mode density limits.

Experiments in V/SFE discharges have shown a clear isotope effect on plasma detach-

ment and the density limit. The density limit decreases as the hydrogenic mass is increased. In

contrast, no isotope effect is found in H/SFE discharges. This is presumably due to the fact that

in this configuration the onset of detachment scales with isotope mass in the inner divertor leg

and inversely with mass in the outer divertor. This effect is not understood and is not reproduced

in the simulations.

EDGE2D/NIMBUS simulations of density scans in pure plasmas reproduce the trend in

the observed isotope effect on the density limit in V/SFE discharges. Simulations with carbon

impurities are in good agreement with experiment. The isotope effect on the density limit is not
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much larger than found in the pure plasma simulations. There is some increase in the difference

between H and D density limit when impurities are included in the simulations. This may be due

to the impurity content and radiated power of H plasmas being somewhat lower than in similar

D and T pulses, both in experiment and simulation.

The experimental data indicate a coupling between net input power and mass dependence

of the density limit, as predicted by the analytical model. Fitting the experimental data

to a power law function of the type n q mS
x y∝ ⊥ , leads to a scaling for the upstream density

at the density limit of n q mS ∝ ⊥
± − ±0 18 0 05 0 2 0 06. . . .  for V/SFE discharges and of

n qS ∝ ⊥
±0 34 0 03. . m-0.02±0.05 for H/SFE discharges. In the analytical model this coupling between

power and mass dependence of the density limit originates from the ion-neutral transverse

collisionality at the ionization front in the divertor. The experimental findings thus suggest that

the ion-neutral transverse collisionality may play a role in determining the disruptive L-mode

density limit.
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