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Abstract

A campaign of pure helium discharges in the JET tokamak equipped with the MarkIIGB divertor has been per-

formed. This paper describes some of the experimental observations of divertor detachment obtained in L-mode density

ramp He discharges and presents a selection of results from the application of B2.5-Eirene code modelling to a JET He

plasma. Detachment is very different from that observed in equivalent D discharges. Particle fluxes remain attached up to

higher densities and, with decreasing input power, particle detachment occurs earlier in density. However, in contrast to

comparable D plasmas, the low measured target Te at all but the lowest ne in helium leads to an earlier decrease in power
flux. Simulations show that detachment is caused by the escape of He neutrals from the target vicinity where, together

with the Heþ ions they radiate along the separatrix and above the X-point area, starving regions downstream of power.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A number of intimately linked key factors determine

the onset and nature of tokamak divertor detachment,

some related to magnetic and divertor geometry (parallel

field connection lengths, degree of neutral baffling, etc.)

and many to details of distributed power loss in the di-

vertor volume (momentum losses due to charge ex-

change and impurity and main plasma species line

radiation). These volumetric losses are in turn governed

by the material of first wall surfaces and the choice of

fuelling gas. By exchanging deuterium for helium in a

machine containing significant quantities of graphite,

whilst retaining the important geometrical parameters,

the effect on the character of detachment of a significant

change in both the principal atomic physics processes
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and the nature of the carbon impurity source can be

studied. Helium plasma discharges with He neutral

beam injection (NBI) and operating conditions matched

to previous D discharges have been performed during a

recent JET campaign in the MarkIIGB divertor config-

uration [1]. This paper concentrates on some of the

key experimental observations of divertor detachment

obtained in He L-mode density ramp discharges and

presents a selection of results from B2.5-Eirene code

modelling of these pulses.

2. Experiment

The discharges discussed here have Ip ¼ 2:5 MA,
Bt ¼ 2:4 T, with strike points on the vertical divertor
targets and are each characterized by a density ramp to

the density limit with varying levels of He NBI power up

to 5 MW. The mean purity level of the He plasma dis-

charges is around 90%, measured both by visible spec-

troscopy in the plasma edge and by monitoring partial

pressures in the subdivertor volume. As shown in Fig. 1,

these pulses have low wall clearance in the main cham-

ber (similar density limit pulses in high wall clearance

configurations are described in a separate contribution

to these proceedings [2]).

Fig. 2 compiles the density dependence of key strike

point experimental data from both target Langmuir

probes and IR thermography for the inner (Fig. 2(a)–(c))

and outer (Fig. 2(d)–(f)) targets. With the exception of

the peak IR power (for which no data is available in D),

the data are from three He discharges with varying PNBI
and a single D pulse for reference matched most closely

to the He discharge #54001, corresponding to the mid-

range power in the heating scan. Note the considerably

higher density limit in He compared with D [2]. Fig. 2

shows clearly how the observed detachment in He is very

different from that in D. At the inner divertor, particle

(Fig. 2(a)) and energy (Fig. 2(c)) detachment occurs

immediately in D. This is a common observation in JET

discharges with the B�rB drift direction towards the
X-point [3].

In equivalent He plasmas, inner target ion fluxes be-

gin to decrease at much higher densities, with the onset of

detachment coincident with the formation of a strong X-

pointMARFE. This MARFE occurs earlier in density as

input power is decreased. In common with D plasmas, Te
at the inner target in He appears to be collapsed at all

densities for the limited power scan described here (Fig.

2(c)). Note also the low peak powers (Fig. 2(b)), only just

above the experimental sensitivity of the IR camera –

although particles still arrive at the target, the energy flux

is low, even at the maximum PNBI of 5 MW.
At the outer target, particle flux detachment in He

occurs at marginally higher �nne (Fig. 2(d)) in comparison
with the inner target and is again sensitive to the degree

of input power. In D for the reference case in Fig. 2, the

outer target remains attached almost until the density

limit, where the formation of an X-point and then rap-

idly an inner wall MARFE occurs [2]. The outer target

electron temperatures (Fig. 2(f)) demonstrate clearly the

effect of increasing input power, decreasing in He, as in

D, to values of �5 eV as �nne increases. Unlike in D
however, when Te falls in the He plasma, the particle flux
does not (as also observed in the inner divertor). In D,

strong momentum loss is followed by recombination

which ultimately decreases the particle flux [4]. Note that

the known problems of Langmuir probe interpretation

at low Te prevent any knowledge of the true value of Te
at high �nne [5]. In He, for densities below the detachment
threshold, the peak IR power at the outer target (Fig.

2(e)) falls in synchrony with Te, despite the increasing ion
flux (Fig. 2(d)).

Fig. 3 illustrates the behaviour for a single discharge

of the total radiation (from bolometry) in the divertor

region as �nne rises. Initially located at both the inner
and outer strike zones at low �nne, the total radiation in-
creasingly concentrates at the inner leg and then finally

above the X-point during the MARFE phase. Likewise,

the HeI emission (HeI, 706 nm, from tomographic re-

construction of tangential CCD camera images [6]) be-

gins at the outer and switches to the inner leg at high �nne.
At high density in He, CIII emission in the divertor and

main chamber is observed to decrease to extremely low

levels. This is unlike the case in D, in which this emission

remains constant or even increases with increasing �nne
[1,2]. This is attributed to the absence of chemical

sputtering in He (and the decrease of ion energy below

the threshold for physical sputtering at high �nne) and
implies that the radiated power (Fig. 3(b)) in He plasmas

is due almost exclusively to that from He0 and Heþ at

elevated densities.
Fig. 1. (a) JET low clearance equilibrium referred to in this

paper and the simulation grid (b) in the divertor region.
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3. Simulations

The SOLPS5 (B2.5-Eirene) code has recently been

fully installed at JET and is now being routinely used for

the simulation of D plasmas [7]. However, modelling the

complex high-density detached cases has only just begun

and the results are insufficiently mature to be included

here. In helium, the absence of hydrocarbon chemistry

and molecular species renders the situation somewhat

less complex. The basic findings reported in this paper

have much in common with those found in an earlier

attempt at He plasma modelling [8] for DIII–D dis-

charges with the older, SOLPS4 version of the code. The

latter has also been used to simulate a single reference

JET He plasma case and the results found to be in good

agreement with those of SOLPS5 reported below.

The simulations are conducted on a grid (Fig. 1(b))

extending from q ¼ �4 to 3 cm relative to the outer

midplane separatrix – chosen so as to be compatible

with concurrent EDGE2D-NIMBUS and UEDGE [9]

modelling of similar discharges. Radial transport coef-

ficients D? ¼ 0:2 m2 s�1, v? ¼ 1:0 m2 s�1 are used in
these first simulations – sensitivity studies to variations

in these coefficients are underway.

Ion sputtering occurs only at the divertor targets in

SOLPS5, whilst neutral interaction with divertor and

main chamber walls is included in the model. Physical

sputtering is implemented according to the Roth–

Bodansky formula [10] with chemical sputtering (for the

D minority) fixed at 1%. Concerning the percentage of D

in these code runs, sensitivity tests have been performed

for constant ne and input power, PSOL at the inner bound-
ary of the simulation grid by varying the ratio of density

due to Dþ and He2þ ions corresponding to D concen-

trations up to 40%. No significant change in the target

profiles was observed throughout this concentration scan,

in contrast to the findings for SOLPS5 simulations with

horizontal target geometry [7]. This apparent sensitivity

Fig. 2. Experimental measurments of the plasma density dependence of ion particle flux (a, d), peak surface heat flux (b, e) and

electron temperature (c, f) at the inner (left) and outer (right) divertor targets. Data are shown for three He discharges and a single

comparable D pulse, with the exception of PIR, for which no measurements are available, in D.
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in the code to divertor geometry is the subject of on-

going study. For the results presented here, the D con-

centration was fixed at values below 8%.

For fixed PSOL ¼ 3:8 MW, comparable to discharge
#54001 of Fig. 2, Fig. 4 compiles code output and target

probe measurements, the latter averaged over 0.6 s in-

tervals, at four different times in the density ramp for ne,
Te and ion particle flux profiles across the outer and
inner targets mapped to the outer midplane. Code out-

put is plotted for four upstream separatrix densities in

an attempt to simulate the experimental density ramp.

The probe data are color coded, with each color refer-

ring to a time slice in the density ramp, corresponding to

the four times highlightened by the vertical lines in Fig.

3(a). Agreement is in general reasonable given that

transport coefficients have been fixed for code optimi-

zation and code comparison rather than providing the

best match to upstream profiles. There is however a

persistent tendency in the code to underestimate Te in the
strike point and private flux regions at all but the lowest

densities.

This does not appear to be the case for comparable

UEDGE and EDGE2D simulations in which Te is well
matched at the outer target, though none of the codes

(drifts are not included) can match the inner/outer target

asymmetries seen in experiment. Further SOLPS5 sim-

ulations are planned (variation of transport coefficients,

PSOL, etc.) in order to further investigate this interesting
discrepancy.

In Fig. 5 the variation with nibe (inner boundary

density) of total ion and power flux to the targets shows

that the general experimental observation (Fig. 2) in

helium plasmas of power flux detachment occurring

before particle loss is reproduced by the code. The

simulations also demonstrate a clear tendency for lower

total power flux to the inner target compared with the

outer.

In the context of this study, the principle differences

between He and D are the increased mean-free-path for

neutral ionisation (kHemfp � 6k
D
mfp at 10 eV) and the re-

duced CX reaction rates (factor of 3–4 at 10 eV). What

happens is simply that neutral He recycled at the targets

penetrates further upstream before being ionized than

would be the case for D neutrals. Fig. 6 illustrates this

effect from the point of view of the code. With increasing

�nne, the ionisation fronts for He0 and He
þ move pro-

gressively further away from the targets to produce a

strong radiating zone dominated by HeII line radiation,

starving the divertor of power until pressure collapse

prevents further ionisation and the target flux falls.

The main carbon sputtering mechanisms in these

simulations are physical sputtering due to Heþ and He2þ

ion impact, although D and Dþ contribute to the total

sputtered flux at levels up to 30% due to the observed (in

the simulations) accumulation of Dþ ions in the divertor

region. At high densities, this contribution can amount

to 25% of the total electron density in the target region.

With increasing nibe , the total carbon content in the
simulations decreases by a factor of �2 (the C ion fluxes
always remaining negligible compared to the He ion

fluxes at the targets), and the radiative losses due to CIII

and CIV, reaching their maximum only at the lowest

simulated densities, are always low (2–25%) compared

to the losses from HeII.

4. Discussion and conclusions

In helium, divertor detachment begins at much

higher upstream densities than in deuterium and is

similar to that in D at most in the sense that the inner

target detaches first. For varying input power, only at

the highest densities and at high input power is particle

detachment observed at both targets. Particle detach-

ment occurs close to the density limit whilst power de-

tachment is observed to occur at much lower densities.

From comparison of simulations and experimental data

Fig. 3. Density dependence of the 2-D distribution of total

radiation in the divertor for He discharge #54001. The bolo-

metric inversions (b) correspond, in the clockwise direction

starting from top left, to the times marked by the vertical da-

shed lines in the density trace (a). Note the intense emission

from the inner divertor and the movement of radiation above

the X-point at the highest density.
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it is clear that the power detachment is a consequence of

He atoms escaping further upstream compared to the

case for D neutrals, followed by power loss, mostly due

to Heþ line radiation. At the highest densities a large

enough fraction of the power entering the SOL is lost

through line emission that there is insufficient energy for

ionisation of the recycled neutrals, thereby leading to a

collapse in particle flux to the targets. This is very dif-

ferent to the situation in D plasmas where a complex

interdependence between CX reactions, radiative cool-

ing due to high carbon concentrations, recombination

and ionisation processes lead to the observed power and

particle detachments. In He, recombination processes

play no role during detachment since insufficient

momentum is removed by ion-neutral friction to allow

residence times for Heþ in the divertor region to be

sufficiently high for recombination to be effective as a

sink of charged particles. Due to the few simple atomic

key processes involved in the detachment of He plasmas

Fig. 4. Comparison of simulated (lines) ne, Te and jsat with data from Langmuir probes (circles) at four values of �nne in pulse #54001
(PNBI ¼ 3:0 MW). Data are mapped to the outer midplane. �necore� denotes the density at the inner boundary of the grid chosen for the
simulations while �nesepm� specifies the electron density at the separatrix at the outer midplane resulting from the simulations. The
sequence of colors �, �, �, � refers to rising density and corresponds to the four times depicted in Fig. 3 in the case of

the experimental data points. The experimental points are time averaged over 0.6 s. Note that the correspondence between code and

experiment for nesepm is only approximate.

Fig. 5. Simulated total ion and power flux to the inner and

outer targets indicating the experimental observation that

power flux detachment occurs before particle flux detachment

in He plasmas.
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(and the absence of molecular species) they are an ideal

subject for benchmarking SOL codes. It is not yet clear

why, for example, with vertical targets in the MarkIIGB

divertor, B2.5-Eirene produces very low electron tem-

peratures in the strike point and private flux regions

compared to higher values simulated by UEDGE and

EDGE2D-NIMBUS and measured by target Langmuir

probes. Comparisons with SOLPS5 simulations for

matched JET deuterium discharges are underway.
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