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Abstract 

This paper presents a spectroscopic study of deuterium and impurity radiation in the Mkl divertor of JET in different 
experimental regimes. Radiated power measurements using absolutely calibrated VUV spectroscopy are consistent with 
bolometer measurements in a variety of impurity scenarios. These observations, combined with measurements of visible 
emission, are compared with code predictions of divertor radiation distributions, highlighting uncertainties in the description 
of the background plasma and of the carbon source, which affect detailed modelling of divertor impurity transport. 
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1. Introduction 2. Intrinsic impurities 

When modelling hydrogenic and impurity emission 
from the divertor the overall experimental features can be 
well reproduced, especially in low density regimes. On the 
other hand, the understanding of the transport mechanisms 
that determine the specific radiation profiles, both in terms 
of spatial distributions and of ionization balance, is far 
from complete, especially in high density and plasma 
detachment regimes [l]. A further complication is due to 
the large uncertainties associated with modelling of the 
impurity source, as exemplified by carbon in this study. 
Simultaneous spectroscopic observations of divertor plasma 
emission, both in the VUV and visible region, provide 
essential information in this area of study. In this paper 
spectroscopic measurements from the JET divertor and 
their comparison with interpretative code modelling are 
presented. 

Corresponding author. Tel.: +44-1235 465335; fax: +44- 
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2.1. Spectroscopic  obsert ,ations 

VUV line emission was measured at JET by an abso- 
lutely calibrated double SPRED spectrometer along a verti- 
cal line of sight (LOS) directed at the inner target of the 
Mkl divertor. The double SPRED spans simultaneously a 
wavelength range of 150-1450 ,~. The spectrometers were 
calibrated in situ by means of branching ratio techniques, 
using a visible LOS through the central bore of the VUV 
system. The uncertainty in the absolute calibration is 50%. 
The radiated power measured by VUV spectroscopy in 
different impurity scenarios and plasma regimes is consis- 
tent with that measured with a bolometer with a view 
similar to that of the double SPRED. This view, which 
traverses the X-point region, also corresponds to that of 
maximum radiation at high density. 

In the absence of impurity injection, emission from D l 
and C l I - IV dominates in the divertor in Ohmic, L-mode 
and H-mode discharges at moderate to high densities. The 
deuterium radiated power is measured spectroscopically 
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from L~ and Lg. The C I I - l I I  radiated power is measured 
from the resonance transitions, while the C IV line power 
has the largest uncertainty, since the C IV resonance line is 
not measured and the power is calculated from line ratios 
of the measured n = 3 - n  = 2 transitions (which depend 
weakly on the electron temperature) using a collisional 
radiative model [2]. From this analysis C III is the strongest 
radiator of the carbon ionization stages. Radiated power 
components measured by VUV spectroscopy are shown in 
Fig. 1 for an Ohmic discharge in which the density was 
ramped, by means of deuterium gas fuelling in the diver- 
tor, from 2.0 to 5.6 X 10 j9 m 3, when the density limit 
occurred (not shown in the figure). The spectroscopic 
signals are more strongly influenced by the strike point 
sweeping across the target, due to the narrower acceptance 
cone of the VUV spectrometer. When comparing with 
spectroscopy, the core contribution is subtracted l¥om the 
bolometer measurement using a near-horizontal bolometer 
view and assuming uniform emission inside the last closed 
magnetic flux surface. Radiation from C 1 was not mea- 
sured and was estimated to be negligible, consistent with 
simulations. The resonance transitions of C V - V I  were not 
measured, but from the Balmer~ transition in C VI and the 
n = 3 - n  = 2 transitions in C V it was estimated, over a 
range of divertor-relevant electron densities and tempera- 
tures, that emission from these ionization stages did not 
contribute significantly to the power balance, as confirmed 
by the simulations. 

These results apply to discharges operated both on 
carbon and beryllium divertor targets, suggesting that dur- 
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Fig. I. Bolometer and VUV spectroscopy radiated power mea- 
surements for an Ohmic density limit discharge on Be target. The 
vertical dashed lines mark the time slices chosen for comparison 
with modelling. 
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Fig. 2. Radiated power components measured by VUV spec- 
troscopy during a discharge with Be target melting. 

ing beryllium operation the target surfaces were coated 
with a carbon layer, possibly originating from sputtering at 
the carbon walls of the JET tokamak. This observation 
shows why characteristics of plasmas on beryllium and 
carbon targets were similar [3]. 

A series of experiments was carried out in the final 
period of the Mk|  divertor campaign to assess plasma 
performance on molten beryllium divertor target plates [4]. 
Fig. 2 shows VUV emission measured during one such 
discharge, when about 15 MW of additional heating was 
applied without sweeping of the strike points. During this 
phase beryllium is the strongest radiator, with Be I |  carry- 
ing most of the power towards the end of the heating 
phase. At the same time, the carbon line radiation is 
observed to decrease by an order of magnitude. Radiated 
power components for Be II are derived from n = 4 - n  = 2 
transitions and for Be I I I - IV from n = 3 - n  = 2 transitions 
with collisional radiative calculations [2]. The lack of 
measurements of resonance line emission leads to large 
uncertainties (a factor of 2 or more) in the evaluated 
beryllium radiation. As the power load to the target is 
increased and melting occurs, oxygen is released (Fig. 2), 
most likely following molecular breakup of beryllium ox- 
ides. The oxygen radiation level, measured from the reso- 
nance transitions of O III-V1, returns to negligible levels 
when the targets cool after the additional heating is 
switched off. Of the oxygen ionization stages, O VI is the 
strongest radiator. 

2.2. Comparison with code simulations 

The Ohmic discharge shown in Fig. I was modelled in 
the low density and plasma detachment phases using 2D 
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Monte Carlo simulations (DIVIMP [5]/NIMBUS [6]) of 
impurity and neutral hydrogen transport. These simulations 
are used to interpret the spectroscopic measurements in the 
divertor environment and, in turn, the physics assumptions 
in the models are questioned by the experimental findings. 

In the low density phase of the discharge, the hydro- 
genic background plasma is obtained by solving the steady 
state fluid equations for classical transport along the mag- 
netic field, with boundary conditions from Langmuir probe 
measurements of n~, T~ at the divertor target ( 'onion skin' 
model within DIVIMP [7]). The target ion temperature is 
not measured and is therefore assumed equal to the elec- 
tron temperature. A converged plasma solution is reached 
by iterating with NIMBUS, thus obtaining the hydrogen 
ionization source distribution, as well as the neutral carbon 
ionization distribution. Physical and chemical sputtering 
from the background plasma and impurity self-sputtering 
determine the carbon source. Carbon production due to 
physical sputtering is obtained using the revised Bohdan- 
sky formula, with data as in [8]. The chemical yields are 
taken from the measured CD 4 yields as in [9]. Chemical 
sputtering is then modelled by releasing 0.1 eV carbon 
atoms from the target/wall surfaces. A constant D z = 1 
mZ/s for all impurity ionization stages is assumed. Physi- 
cal sputtering only accounts for the beryllium source, but 
BeO has to be assumed as target material in the model to 
reproduce Be II emission, measured by a flux camera 
viewing the divertor region from the top of the machine 
(Fig. 3a). This has the effect of both lowering the sputter- 
ing yield and increasing the threshold energy for sputtering 
with respect to the case of pure beryllium. This choice is 
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Fig. 3. Experimental and simulated Be II (a) and D,~ (b) emission 
at low density for the Ohmic pulse of Fig. 2. Also shown is the 
comparison for L~ emission along the VUV spectrometer view. 
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Fig. 4. Experimental and simulated bolometer radiated power at 
low density for pulse 34859. 

also supported by the spectroscopic observations during 
beryllium target melting experiments, reported earlier, 
showing that under normal operation oxygen is gettered by 
beryllium. In principle, a more realistic picture would have 
been to include in the model the effect of carbon contami- 
nation of the beryllium target surfaces, but sputtering 
yields for beryllium carbides are not available. 

The simulated beryllium radiation (Fig. 4) is negligible 
( < 1 k W / m  2) as expected from the spectroscopic observa- 
tions. The total radiated power is a factor of two lower 
than that measured with the bolometer. This discrepancy is 
mostly due to underestimation of the deuterium radiation, 
especially in the private flux region (Fig. 3b). The reason 
for this is still unclear, although neutral recirculation in the 
subdivertor region is thought to play a role [1]. The total 
carbon radiation is in agreement with the VUV measure- 
ments (Figs. 1 and 4), but the ratio of C III to C 1V 
radiation is underestimated by a factor of five with respect 
to the experimental value. This is attributed to incorrect 
modelling of the carbon source from the private plasma 
target due to the incorrect description of the deuterium 
density in this region. In fact the VUV spectrometer LOS, 
which does not view the strike points, is particularly 
sensitive to carbon sputtering yields in the private plasma. 
Instead, C II-IV visible spectroscopy measurements inte- 
grated over the entire emission profiles are well repro- 
duced. 

In the detached phase of the discharge, the background 
plasma is prescribed both in the SOL and private flux 
region, so as to reproduce the measured bremsstrahlung 
and D,~ emission profiles from the divertor. In the SOL the 
hydrogenic plasma is prescribed according to a 3-zone 
(collision, radiation, conduction) detachment model, which 
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Fig. 5. Experimental and simulated bremsstrahlung emission at 
detachment for pulse 34859. Two experimental profiles, within 
one cycle of the strike point sweeping, approximate the full profile 
measured by the flux camera. 

is an extension of the model proposed in [10]. In the 
collision zone the solution starts with Langmuir probe 
measurements of he, T e at the targets. The density is then 
raised a factor of 10 some distance along the field lines, 
while the temperature is kept constant. In the radiation 
zone the solution is obtained according to power balance, 
with specified radiated power fraction with respect to the 
power flow to the divertor target. In the conduction zone 
the fluid equations are solved. A 10 eV MARFE is also 
prescribed in the core at the X-point, to reproduce the 
measured bremsstrahlung emission (Fig. 5), specifying the 
values of the temperature on each flux tube in the core at 
the location on that tube nearest to the X-point. The 
density is adjusted to give pressure balance along the flux 
tubes and to match the midplane value. The private plasma 
is prescribed independently, starting from Langmuir probe 
measurements at the target and increasing n e along the 
field, while T~ is kept constant. 

The simulated deuterium radiated power is in agree- 
ment with the VUV measurements and 90% of the total D~ 
emission is due to recombination. The carbon source, 
which is mainly due to chemical sputtering, is overesti- 
mated by the model by a factor of 10 and thus the 
chemical yield has to be reduced to 0.5% in order to obtain 
overall agreement with C II visible emission integrated 
over the inner and outer divertor target region. It is possi- 
ble that this large discrepancy is due to considerably 
reduced C D  4 fuelling efficiencies at high deuterium fluxes 
to the divertor targets, as already reported in other ma- 
chines, such as AUG [11]. In the simulation, the ratio of C 

Ill to C IV radiation (0.3) is inconsistent with the VUV 
measurements (5.0). This is thought to be due in part to 
underestimation of the carbon source in the private flux 
region and to a greater extent to the effect of the tempera- 
ture-gradient force driving the impurities away from the 
X-point in the SOL towards higher temperature regions 
where C IV radiation dominates. DIVIMP simulations of a 
similar discharge using an EDGE2D/NIMBUS [12] self- 
consistent background plasma solution produce a higher 
value of C I I I / C  IV radiation (0.7), which is still much 
smaller than the experimental one. In this solution the 
impurity radiation is well concentrated in a region close to 
the X-point, indicating the presence of a strong neutral 
friction force which equilibrates the thermal force on the 
impurities. 

3. Effect of change in the divertor flux expansion on C 
versus D radiation 

The effect of plasma-wall clearance on the relative 
importance of carbon and deuterium radiation is studied 
for a series of Ohmic density limit discharges with deu- 
terium gas fuelling in the divertor. All these discharges 
were very similar but are distinguished in two sets by the 
difference in the divertor flux expansion. For all of the 
discharges the ratio of carbon to deuterium radiation, 
measured by VUV spectroscopy, progressively decreases 
with increasing plasma density and radiated power frac- 
tion, PRAD/P1N. However, in the case of high plasma 
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Fig. 6. Ratio of carbon to deuterium radiated power versus volume 
averaged density for low flux expansion (#34859, #34530) and 
high flux expansion (#34855, #34856, #34866) discharges. Also 
shown is the density at the occurrence of the density limit (DL). 
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clearance from the vertical walls (i.e. low flux expansion 
in the divertor), deuterium radiation strongly dominates at 
high density, whereas at low wall clearance (i.e. high flux 
expansion) the radiated power is equally distributed be- 
tween deuterium and carbon (Fig. 6), presumably due to 
increased impurity influx from the walls. These observa- 
tions are correlated with the occurrence of the density limit 
at higher densities for discharges with high wall clearance, 
though PRAo/PIN ~ 80% for both high and low wall 
clearance cases at the density limit. 

4. Nitrogen seeded radiative divertor 

Radiative divertor discharges have been studied in JET 
during the Mkl divertor phase by means of combined 
nitrogen seeding and deuterium fuelling in the divertor 
chamber [13]. As the plasma density increases, the peaked- 
ness of the X-point radiation increases and at detachment 
tomographic reconstructions show the radiation peak to 
occur above the X-point [14]. The nitrogen radiation was 
measured spectroscopically from line emission of the reso- 
nance transitions of N II-V, Li-like nitrogen being the 
strongest radiator. 

The detached phase of a nitrogen radiative divertor 
discharge was modelled, following trace nitrogen particles 
(DIVIMP) on a self-consistent, 2D multi-fluid background 
plasma solution obtained with EDGE2D as reported in [1]. 
At the time chosen for the simulation this discharge was 
characterized by 1 1 MW of total input power, with nitro- 
gen gas rate of 3 × 10 22 electrons/s, deuterium gas rate of 
1 × 10 22 electrons/s and volume averaged density of 4 × 
1019 m-3. The total radiated power was 8 MW, with about 
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Fig. 7. Experimental (total) and simulated (nitrogen) bolometer 
radiated power at detachment for a radiative divertor discharge 
with combined nitrogen seeding and deuterium fuelling in the 
divertor. 

6 MW radiated in the X-point/divertor region. The nitro- 
gen radiation, measured by VUV spectroscopy, was about 
80% of the total power measured by the bolometer at 
detachment, while the remaining 20% was observed to be 
radiated by carbon and deuterium. 

Since in the simulation nitrogen is treated as recycling 
impurity, the nitrogen source has to be normalized with 
respect to the experiment. This is obtained by normalizing 
the calculated radiated power to the power radiated in the 
X-point/divertor region as measured by the bolometer. 
However, the calculated Zen- is a factor of three lower than 
the experimental one, measured by visible bremsstrahlung. 
A similar discrepancy for Zef r is found when simulating 
the same discharge with EDGE2D/NIMBUS [1], but the 
reason of this is still unclear. The comparison between 
experimental and simulated bolometer radiated power at 
detachment is shown in Fig. 7. The calculated radiation 
profile is in good agreement with the experimental one, but 
the measured ratio of N V to N IV radiated power (3.0) is 
not reproduced in the simulation, which weights the radia- 
tion distribution around N IV. This is thought to be due to 
underestimation of the electron temperature in the divertor 
region, thus suppressing the contribution from Li-like ni- 
trogen radiation. 

5. Conclusions 

Absolutely calibrated VUV measurements of deuterium 
and impurity line emission in the JET MkI divertor have 
been presented. They provide essential information to- 
wards improved understanding of hydrogenic and impurity 
transport and production mechanisms in the divertor re- 
gion. 

In the absence of impurity injection, carbon and deu- 
terium account for the total radiated power in diverted 
discharges on both carbon and beryllium target plates, 
consistent with simulations. This suggests that the beryl- 
lium targets were coated with carbon sputtered from the 
walls of the tokamak. In medium/high density divertor 
discharges C III is found to be the strongest radiator of the 
carbon ionization stages. More work is in progress to 
ascertain if this is due to modifications of the carbon 
equilibrium power function due to transport in the divertor 
or to the lack of measurement of the C IV resonance line. 
The measured beryllium emission is reproduced in the 
model if physical sputtering from BeO target surfaces is 
assumed. Beryllium radiation dominates only during beryl- 
lium target melting experiments, when significant addi- 
tional heating is applied without sweeping of the strike 
points. In Ohmic density limit discharges the ratio of 
carbon to deuterium radiation is observed to vary by a 
factor of two at high density, when varying the divertor 
flux expansion. This can be explained by the relative 
importance of sputtering from the divertor sidewalls and 
has a significant effect on the density limit. 

Discrepancies in the detail of the radiation distributions 
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between measurements and simulations are attributable to 
underestimation of the carbon source in the private plasma 
region. This is caused by inadequate modelling of the 
neutral deuterium density in the private plasma. These 
discrepancies are accentuated at detachment by the diffi- 
culty in describing the impurity forces which can produce 
the radiation profiles observed experimentally. Further 
work is needed in order to understand the transport mecha- 
nisms connecting the impurity sources and the radiation 
distributions measured spectroscopically. 
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