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Abstract

Detailed experiments have been carried out with the JET Mark I pumped divertor to characterise high recycling and
detached plasma regimes. This paper presents new measurements of high resolution divertor ion flux profiles that identify
the growth of additional peaks during high recycling discharges. These ion flux profiles are used in conjunction with Da and
neutral flux measurements to examine the physics of divertor detachment and compare against simple analytic models.
Finally, problems are highlighted with conventional methods of single and triple probe interpretation under high recycling
conditions. By assuming that the single probe behaves as an asymmetric double probe the whole characteristic may be fitted
and significantly lower electron temperatures may be derived when the electron to ion saturation current ratio is reduced.
The results from the asymmetric double probe fit are shown to be consistent with independent diagnostic measurements.
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1. Introduction

Given the large power exhaust expected from a reactor
plasma (such as ITER) it is evident that the divertor target
will not survive without some additional means to dissi-
pate a significant fraction of the power. By creating a cold
and dense plasma in the divertor it is possible to access the
detached regime whereby atomic physics loss mechanisms
reduce the particle and power fluxes to the target plates.
During the 1994-95 JET Mark I divertor campaign, de-
tailed experiments have been carried out to characterize
high density discharges with intrinsic impurities. Improved
and new diagnostic systems have allowed the detailed
study of the ion flux, electron temperature, D& photon
flux and neutral flux in the divertor region during the
transition from the high recycling regime through to diver-
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tor detachment. This paper reports upon the interpretation
of these measurements to study the physics of plasma
detachment. In addition, problems are highlighted with
conventional methods of Langmuir single and triple probe
interpretation. An alternative interpretation method is de-
scribed which provides results which are more consistent
with independent diagnostic measurements.

2. Experimental details

An extensive array of single and triple Langmuir probes
have been installed in the divertor target to provide lo-
calised measurements of the ion flux and electron tempera-
ture. During discharges with 4 Hz strike point sweeping,
the triple probes provide radial profiles with high spatial
resolution (~ 2 mm) across the target [1]. Spectroscopic
measurements of the divertor De, CIII and Bell photon
fluxes are integrated across the inner and outer strike zones
as shown in Fig. 1. Jonisation gauges are used to measure
the neutral particle flux in the subdivertor volume [2] and
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Fig. 1. Cross-section of the JET Mark I pumped divertor showing the location of relevant diagnostic systems.

infra-red thermography of the divertor target surface is
used to evaluate the deposited power at the inner and outer
strike zones [3].

3. Observations during the approach to divertor de-
tachment

During discharges in which the density is increased by
gas fuelling, the ion flux measured by the divertor probes
is observed to increase quadratically with the main plasma
density as expected for the high recycling regime. How-
ever, as the main plasma density is increased further, the
divertor ion flux eventually begins to decrease while the
divertor D& photon flux and neutral pressure continue to
increase indicating the onset of divertor plasma detach-
ment [4]. In the following subsections, these observations
will be discussed in more detail and compared with simple
models of detachment.

3.1. Behaviour of the divertor ion flux

During high recycling discharges, the outer divertor ion
flux profiles often exhibit an additional peak which grows
with the fourth power of the main plasma density to
produce strongly peaked non-exponential profiles (Fig. 2).
The features are often observed by spectroscopic CCD
cameras. The profiles are observed to be toroidally sym-
metric and therefore cannot be attributed to locked modes.
Such profile effects are poorly understood and are not
reproduced by 2D fluid edge codes [5].

Upon the transition to plasma detachment, it is ob-
served that the peak divertor ion flux may decrease by an
order of magnitude on both the inner and outer strike

zones. However, to evaluate the degree of detachment it is
more meaningful to examine the behaviour of the inte-
grated ion flux at each strike zone. The integrated ion flux
may be determined from the triple probe measurements
during 4 Hz strike point sweeping and is shown in Fig. 3
as a function of main plasma density for a 2 MA, 28 T
ohmic discharge with the ion VB drift directed towards the
divertor target. On the inner divertor it is observed that
both the peak and integrated ion flux decrease by over an
order of magnitude indicating complete detachment. In
contrast, the integrated ion flux to the outer divertor falls
by less than a factor of two due to broadening of the
profile and indicates partial detachment. The reduction in
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Fig. 2. Ion flux profiles at the outer divertor showing the growth
of the additional peak as the density is increased during an ohmic
discharge.
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the peak ion flux at the outer divertor during detachment is
primarily due to the decay of the non-exponential peak
highlighted above. Similar behaviour of the ion fluxes
have been observed for additionally heated discharges [1].
Measurements from probes mounted in the vertical plates
of the divertor may be used to show that the radial ion
fluxes increase only slightly during detachment. Therefore,
anomalous perpendicular diffusion alone cannot account
for the observed decrease in the parallel ion flux particu-
larly at the inner divertor.

3.2. Behaviour of the divertor Do photon flux

While the divertor ion fluxes decrease during plasma
detachment, the divertor Da photon flux is observed to
continue increasing. Such behaviour may be understood by
an increase in the number of photons per ionisation as the
divertor electron temperature decreases. An average num-
ber of ionisations per photon may be directly determined
by dividing the integrated ion flux to the target with the
line-integrated divertor De photon flux. Using the sepera-
trix temperature and density derived from the divertor
single probes, the equivalent S/XB ratio is derived from
the ADAS database [6] where S is the ionisation rate, X
the excitation rate and B the branching ratio. The results
are plotted for comparison in Fig. 4. During divertor
detachment the number of ionisations per photon decreases
from 25 at both divertors during the low recycling phase to
~ 0.1 at the inner and ~ 5 at the outer. On the inner
divertor the large decrease in the number of ionisations per
photon is not reproduced by the §/XB calculation unlike
the outer divertor. This suggests that the electron tempera-
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Fig. 3. Peak and integrated ion fluxes to the divertor strike zones
as a function of main plasma density.

Pulse No: 31627
25+

—O— Inner divertor
—&— Quter divertor

ton flux / Hg flux

S/XB (Te, ng)

1 { 1 L

1 | |
° 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Volume averaged density (101® m-3)

Fig. 4. Behaviour of the number of ionisations per photon derived
directly from the ion flux divided by the Da photon flux com-
pared with the §/ XB from the ADAS database using the tempera-
ture and density from the divertor probes.

ture at the inner divertor may be underestimated by the
probes (see Section 4). However, the decrease in the
number of ionisations per photon of over two orders of
magnitude also indicates very low divertor temperatures
and volume recombination.

3.3. Behaviour of the divertor neutral flux

In the model of self-sustained divertor detachment pro-
posed by Stangeby [7], the reduction of the parallel ion
flux may be caused by elastic and charge-exchange colli-
sions of ions with recycled neutrals which subsequently
transfer momentum back to the divertor plate. To signifi-
cantly reduce the parallel ion flux, there must be a large
number of effective elastic /charge-exchange collisions that
each recycling neutral undergoes before being ionised
(N,). The resulting neutral flux to the divertor may be
approximated by

o)

where 1, is the ion saturation current measured by the
probes, A, and A, are the areas of the divertor target over
which the plasma and neutrals are distributed and B,/B is
used to determine the component of the ion flux that is
arriving normal to the surface. By extrapolating the inte-
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Fig. 5. Comparison of the measured neutral flux in the sub-diver-
tor volume with calculations using the Stangeby model during
detachment.

grated ion flux from the high recycling regime through to
detachment, the reduction factor (I /I**"d) can be
determined and used to directly calculate N, In this way,
it is assumed that the extrapolated ion flux is that which
would be measured in the absence of the momentum
removing collisions associated with detachment. By nor-
malizing the calculated ¢, to the ion flux at low density
using A,/A,=0.1, the neutral flux is calculated and
compared with the measurements from the sub-divertor
ionisation gauges in Fig. 5 for an ohmic discharge. Consid-
ering the simplicity of the model, there is reasonable
agreement with experiment although during the latter stages
of detachment the neutral flux is predicted to increase
more strongly than observed. This effect is mainly caused
by the large decrease in the integrated ion flux at the inner
divertor.

(a) Low recycling
<Ng>= 2.4 x10 19m-3

(b) High recycling
<f_1e> =35x1019m-3

4. Electron temperature measurements with Langmuir
probes

Langmuir probes mounted into the divertor target plates
are commonly used to determine the localised electron
temperature and density. Such measurements are essential
for validating predictive edge code calculations and for the
interpretation of spectroscopic measurements. The new
array of single and triple Langmuir probes installed in the
JET Mark I pumped divertor has facilitated an extensive
study of probe measurements under a wide range of plasma
conditions [1].

During discharges in which the main plasma density is
steadily increased by gas fuelling, it is observed that the
functional form of the probe current~voltage (I-V) char-
acteristics may evolve as shown in Fig. 6. At low density,
the electron to ion saturation current ratio is large (j_/j+,
> 10) and the characteristic may be fitted with the conven-
tional single probe exponential formula. Under high recy-
cling conditions, however, the electron saturation current is
suppressed (jo/jo ~2) and the exponential fit can no
longer be applied to the whole characteristic. In this case,
it is commonly assumed that fitting an exponential up to
the floating voltage may be used to derive the correct
temperature [8].

An alternative approach which has been recently
adopted at JET is to assume that the single probe behaves
as an virtual asymmetric double probe [9] upon which the
whole characteristic may be fitted. The asymmetric double
probe fits are shown in Fig. 6 and reproduce well the shape
of the measured /-V characteristics. During strike point
sweeping the ion flux and electron temperature profiles at
the outer divertor for three phases of an ohmic discharge
are shown in Fig. 7. The electron temperature from the
asymmetric double probe fit is compared with the expo-
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Fig. 6. Evolution of the single probe current—voltage characteristics with increasing main plasma density.
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Fig. 7. Comparison of the ion flux and electron temperature profiles at the outer divertor for three phases of an ohmic density ramp
discharge. The electron temperature measurements are derived from the single probes (using the exponential and virtual double probe fit)

and triple probes.

nential fit and the triple probe measurements. Under low
recycling conditions, all three methods of probe interpreta-
tion are in agreement. However, under high recycling and
detached conditions the temperature derived from the vir-
tual asymmetric double probe fit is significantly lower than
conventional methods due to the reduction of the electron
to ion saturation current ratio. Under these conditions, the
triple probes can measure unphysically high values of the
electron temperature (> 70 eV in this example) and should
be used with caution due to the implicit assumption of
Joa > Jo used for their interpretation.

4.1. Comparison with infra-red thermography

Infra-red thermography of the divertor plate has been
used to calculate the power deposition during additionally
heated discharges [3]. In order to assess the probe interpre-
tation models described above, the power from IR ther-
mography may be compared with the power derived from
the probes where a sheath power transmission factor of
y=8 is assumed (7, =T, and &, =0). The results are
shown in Fig. 8 for a series of 4 MW L-mode discharges at
different main plasma density. Under low recycling condi-
tions, the power derived from the probes is in good
agreement with the IR thermography measurements. How-
ever, at higher density the triple probes clearly overesti-
mate the deposited power while the asymmetric double
probe fit remains in agreement with the IR thermography.
It is proposed that the overestimation of the electron
temperature due to the low electron to ion saturation
current ratio may account for earlier observations of appar-
ently low values of the sheath power transmission factor in
DIII-D [10]. In the case of the JET experiments, one would
infer from the triple probes that v = 8 at low density and

falls to unphysically low values of y=2-3 under high
recycling conditions.

4.2. Comparison with spectroscopic measurements

Interpretative DIVIMP modelling [11] has been used to
simulate spectroscopic measurements of the CIII and Bell
photon flux at the divertor using the different methods of
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Fig. 8. Comparison of the deposited power derived from triple
probe and single probe (asymmetric double probe fit) measure-
ments with IR thermography for 4 MW additionally heated dis-
charges at different main plasma densities.
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probe interpretation. In the case of the carbon divertor
target, the analysis was inconclusive due to the assump-
tions required for the form of the chemical sputtering yield
{12]. In the case of the beryllium target, the DIVIMP
simulations using the virtual double probe fit were in
better agreement with the spectroscopic measurements than
for the conventional methods of probe interpretation. It
was, however, necessary to assume that the sputtering
yield approximated to beryllium oxide rather than pure
beryllium [1]. Direct comparison of the electron tempera-
ture with spectroscopic line ratios of CII at the inner
divertor from VUV spectroscopy and the outer divertor
from the thermal helium beam has shown that results from
the asymmetric double probe fit are in good agreement

{13].

5. Conclusions

During high recycling discharges, the ion flux profile at
the outer divertor often exhibits an additional peak which
is toroidally symmetric and grows rapidly with increasing
main plasma density. These features are not understood
and cannot be reproduced by 2D fluid edge codes.

Divertor detachment is characterised by large decreases
in the peak ion flux at both strike zones. By itself, how-
ever, this measurement can be misleading since the inte-
grated ion flux at the outer divertor does not decrease by
the same amount due to broadening of the profile. Using
measurements from probes in the vertical divertor plates it
has been possible to show that anomalous perpendicular
diffusion cannot, by itself, explain the large decrease in the
parallel ion flux observed at the inner divertor during
detachment. At the outer divertor, the decrease in the
number of ionisations per photon during detachment is
consistent with the decrease in the electron temperature
while the larger decrease at the inner strike zone cannot be
reproduced. The large decrease in the number of ionisa-
tions per photon at the inner divertor indicates very low
electron temperatures and volume recombination. With
suitable assumptions, the evolution of the neutral pressure

during detachment may be approximately described using
the model by Stangeby [7].

Divertor probe current—voltage characteristics become
increasingly distorted away from the simple exponential
during the high recycling and detached discharges. Under
these conditions, the ratio of the electron to ion saturation
current is reduced and the conventional single probe can-
not be used to fit the whole characteristic. It is also
observed that triple probes can produce large overestimates
of the electron temperature. By assuming that the single
probe behaves as an virtual asymmetric double probe [9], it
is possible to fit the whole characteristic and significantly
lower electron temperatures are derived when the electron
to ion saturation current ratio is low. The temperature from
the virtual double probe fit is shown to be consistent with
independent diagnostic measurements. During the forth-
coming Mark II divertor campaign at JET ‘pin and plate’
probes [14] will be used to further investigate the effects of
plasma resistivity on the measurements.
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