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ABSTRACT

The experimental characteristics of divertor detachment in the JET tokamak with the Mark |
pumped divertor are presented for Ohmic, L-mode and ELMy H-mode experiments with the
main emphasis on discharges with deuterium fuelling only. The range over which divertor
detachment is observed for the various regimes as well as the influence of divertor configuration,
direction of the toroidal field, divertor target material and active pumping on detachment will be
described. The observed detachment characteristics such as the existence of a considerable electron
pressure drop along the field lines in the scrape-off layer, and the compatibility of the decrease
in plasma flux to the divertor plate with the observed increase of neutral pressure apd the D
emission from the divertor region will be examined in the light of existing results from analytical
and numerical models for plasma detachment. Finally, a method to evaluate the degree and
window of detachment is proposed and all the observations of the JET Mark | divertor experiments
summarised in the light of this new quantitative definition of divertor detachment.

1. INTRODUCTION

In recent years it has become evident that the problems of power deposition and wall erosion are
of paramount interest to be addressed for the development of next-step tokamak devices such as
ITER. While the high recycling divertor regime may be a marginally acceptable regime of
operation from the viewpoint of power handling, the erosion associated with the large incident
ion fluxes may limit seriously the lifetime of the divertor target, making the applicability of the
high recycling divertor questionable for next step devices [1]. Furthermore, if the high recycling
regime is extrapolated to some of the operating modes proposed for ITER even the power
deposited onto the divertor by the recombining ions and electrons in the material surface will
exceed the steady-state power handling capability of the divertor target [2]. As a solution to
these two problems, the so-called “detached” divertor regime was first proposed to be the
preferred divertor regime of a next-step device [3].

The basic physical features of the detached divertor rely upon the transfer of parallel
momentum from the plasma to the recycling neutral atoms and subsequently to the divertor
target and vessel walls. This has two important effects : the plasma pressure at the divertor is
reduced with respect to that expected from the high recycling regime; and, together with
ionisation losses and impurity radiation, it leads to low electron temperatures at the divertor
which allow volume recombination processes to take place. The combination of the pressure
reduction and hydrogen recombination leads to lower incident ion fluxes to the divertor target
and potentially allows one to achieve higher radiative power fractions in the scrape-off layer
(SOL) and divertor. This comes about because the recombination power deposited on the target
decreases with the reduction of the plasma flux [4]. A further beneficial effect of the detached
divertor regime is that the largest particle flux impinging on the surfaces is in the form of



hydrogenic neutral atoms and molecules scattered from the plasma, which are not accelerated
by the sheath potential and hence have lower energies than the corresponding ions. This
minimises the amount of physical sputtering suffered by the divertor target, although it is not
expected to significantly reduce chemical sputtering from carbon based divertor targets.

A regime that displays most of the characteristics described above has been obtained in
many divertor experiments by increasing the deuterium (or hydrogen) fuelling rate at constant
input power [5, 6, 7, 8, 9, 10, 11, 12]. The basic features reported previously from JET
experiments during the 1990/91 experimental campaign [5, 7] have been confirmed in the
experiments carried out in JET with the Mark | Pumped Divertor but with a much improved
diagnostic capability, which has allowed the quantitative characterisation of this regime.

The divertor configuration is obtained in the JET Mark | pumped divertor by using the
four divertor coils at the bottom of the vacuum vessel. The divertor target is situated on top of
these coils and consists of rows of tiles (made of Carbon (CFC) or Beryllium) with toroidal gaps
that allow an efficient divertor pumping by means of the divertor cryopump. For further details
of the JET Mark | divertor hardware and a summary of the experimental results the reader is
referred to [13,14].

Dedicated experiments have been carried out during the JET Mark | pumped divertor
1994/95 experimental campaign to study the detached divertor regime. In this paper we report
upon the detailed analysis of measurements obtained during these experiments and interpret
them in the light of existing results from 1-D SOL analytical/numerical models and 2-D SOL
computer codes for the plasma edge. In Section 2 we describe the experiments performed in JET
together with the available diagnostic information. In Section 3 we concentrate on a detailed
description of the evolution of the main plasma, SOL and divertor plasma parameters for few
selected discharges in different confinement regimes as the fuelling is increased, causing the
divertor to change from low to high recycling and ultimately access the detached regime. In
Section 4 we describe the influence of additional factors on the detached divertor regime such as
divertor geometry, wall clearance, divertor pumping and the effect on detachment of the toroidal
field direction. In Section 5 we concentrate on the behaviour of impurities during divertor
detachment, including the effect of different divertor target materials. In Section 6 we define and
quantify the degree of detachment by extrapolation of experimental scaling laws for the high
recycling regime and summarise the results of the JET Mark | detached divertor experiments in
this new context. We use the new definition to illustrate concepts such as partial detachment and
the window of tokamak operation in terms of main plasma density over which the detached
divertor regime exists (detachment window). Finally, in Section 7 we summarise the findings of
this paper.



2. DIAGNOSTICS AND EXPERIMENTAL METHOD
2.1 Diagnostic Systems

The range of diagnostics used to characterise the main plasma, SOL and divertor plasma has
been very extensive in the JET Mark | Divertor 1994/95 experimental campaign. In addition to
the routine diagnostics for the main plasma that provide measurements of density, electron and
ion temperature, bulk plasma radiation and the concentration of impurities, the following
diagnostics have been operated in the experiments described in this paper to characterise the
plasma and hydrogenic neutrals in the main SOL and divertor region :

. Main plasma edge and SOL diagnostics :

Reciprocating Langmuir Probe. Provides profiles of electron density and temperature in
the main SOL.

Main Chamber Visible Spectroscopy. Provides information on the influxes of deuterium
and impurities that enter the plasma from the main chamber walls.

Edge ECE Heterodyne Radiometer. Provides electron temperature profiles in the outer
regions of the main plasma.

. Divertor diagnostics :

Divertor Target Langmuir Probes. They provide detailed information on the ion flux,
electron density and temperature profiles at the divertor target. With the use of 4Hz strike
point sweeping, the radial resolution of these profiles approaches 2 mm at the divertor,
limited only by the width of the probe tips.

Divertor Microwave Diagnostics : They provide information on the line integrated and
peak electron density across the inner or outer divertor leg.

Divertor Infrared Thermography : Provides the power deposition profiles on the divertor
target. Due to the large radiated power fraction during detachment, the power arriving at
the divertor is usually very low and under the detection limit of the JET diagnostic.
However, this diagnostic can be used with a different purpose for detached divertor
experiments, in which very high electron densities=(6*° - 16"'m™®) and low electron
temperatures (JJ< 5 eV) are observed in the divertor region. The Bremsstrahlung
emission of such a plasma in the wavelength of the JET IR diagnostic (1.6 mm) is
sufficiently intense to be detected by this system and, hence, it can be used to estimate the
maximum plasma density in the divertor region during detached divertor experiments.



Divertor Visible Spectroscopy : Provides the emission profiles of the recycling species in
the divertor such as Deuterium, Carbon and Beryllium, which are used to estimate the
influxes of these species into the divertor plasma.

Divertor Thermal Helium Beam : Provides electron temperature and density profiles along
lines of sight at various heights above the divertor target.

Divertor VUV Spectroscopy : Provides the emission intensity of the spectroscopic lines
that account for most of the radiation of the recycling species at the inner divertor.

Divertor Bolometers : They provide detailed information of the profiles of radiation in the
divertor and are essential to follow the movement of the region of highest radiation intensity
as detachment proceeds.

Divertor Pressure Gauges : These gauges are installed at various poloidal positions under
the Mark | divertor target and provide information on the neutral flux to the divertor target
and its poloidal distribution.

Figures 1.a-d show the spatial location of the various diagnostics described above together
with one of the typical reconstructed MHD equilibria used for the experiments discussed in this
paper.
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Fig.1: a) Lines of sight of the Divertor Microwave diagnostics and Main Chamber Interferometer. b) Lines of sight
of the various Bolometer cameras in JET used to calculate the radiation emissivity profiles by tomographic
reconstruction. d) Spatial location of the Divertor Langmuir Probes, Reciprocating Probe and Divertor Pressure
Gauges. c¢) Lines of sight of various diagnostics used in this paper such as Visible Spectroscopy, VUV Divertor
Spectroscopy and Thermal Helium Beam. A typical MHD equilibria used in the experiments described in the paper
is shown for comparison.



2.2 Experimental Characterisation of Detachment in the Mark | Pumped Divertor

An exhaustive series of experiments has been performed to characterise divertor detachment in
the JET Mark | pumped divertor including input power scans, divertor geometry scans, forward
and reversed toroidal field comparison, variation of the divertor target material and the
influence of active pumping. Only limited scans of the plasma current have been attempted
given the high risk of disruptions for detached discharges operating in close proximity to the
density limit. Consequently, most of the data presented in this paper corresponds to discharges
with 2-2.5 MA of plasma current, which is a relatively low level of current for the JET device
which is capable of operating divertor configurations at up to 6 MA [15].

The majority of the experiments performed to characterise detachment for Ohmic and
L-mode regimes are discharges in which the main plasma density is increased slowly by deuterium
gas fuelling, while maintaining constant levels of additional heating power (for L-mode
discharges). The obvious advantage of this type of experiment is that different divertor regimes
can be obtained under identical machine conditions. This removes the uncertainty introduced by
insufficient characterisation of the machine conditions, which may vary within a given
series of discharges. The disadvantage of this approach is the lack of true steady-state conditions
for these experiments and one may call into question the relevance of such results. However, it
has been found experimentally that, provided
that the density ramps are performed slowly 6;”'% Hos I BB
enough (with respect to the typical particle 5,
diffusion times), the density profiles have time 41
to adapt to the changing particle balance. Und%r 30
such conditions, the results obtained from theé 20
density ramps are similar to those obtaineé 10
during steady-state density variationé 60
experiments in separate discharges, and hen%éo
the density ramps can be representative ofza“o*
series of steady-state density points. Typical 30
density ramp speeds that guarantee quasi®’|”
steady-state particle balance in JET are 1.0-1.5"C : L L L L 4
10" m°s* for Ohmic discharges and 1.5-2.0 Line averaged density (1019m-3)

10"m*s™ for L-mode discharges. Acomparisorfig-2: Measured peak ion fluxes at the inner and outer
givertor for a density ramp in L-mode (4MW of NBI)

i dd ity f d i compared to the corresponding discharges in steady
versus line averaged density for a density ramgate. The density at which detachment occurs at the

together with the corresponding steady stajgher divertor is found to differ by less than 15% in the
discharges in L-mode is shown in Fig. 2wo type of experiments.
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In the case of ELMy H-mode discharges, density ramps are difficult to obtain
experimentally since the density of the plasma appears to be more resilient to gas fuelling than
in Ohmic and L-mode discharges. By using the divertor cryopump it has been possible to vary
the main plasma density by up to a factor of two [16]. To study divertor detachment in this
regime we have performed gas fuelling scans on a shot-by-shot basis, while the plasma density
varies according to changes in the ELM behaviour caused by the level of gas fuelling.

3. BASIC OBSERVATIONS ON THE APPROACH TO DETACHMENT FOR
DISCHARGES WITH FORWARD FIELD AND VARIOUS CONFINEMENT
REGIMES

3.1. Ohmic Discharges

The typical evolution of the plasma parameters measured at the divertor and SOL during a
guasi-steady state density ramp is shown in Fig. 3. With increasing main plasma density, the
divertor evolves through a series of well defined phases which we describe in the detail in the
following sections.

3.1.1. Low recycling divertor

This phase is characteristic of low plasma densities during which the measured temperature
gradients along the field line are small. The losses of momentum in the SOL are small in this
regime and, hence, the plasma pressure at the divertor target is a factor of two smaller than in the
SOL, due to the acceleration of ions to the sound speed at the sheath. Numerical 2-D simulations
of the SOL plasma show that most of the pressure drop from the SOL to the divertor target
occurs in the ion channel [17]. Therefore, for this regime the electrons are in pressure balance
over the whole of the SOL and divertor, within the experimental uncertainties of the position of
the magnetic separatrix at the reciprocating Langmuir Probe and divertor target. These features
have been commonly seen in most experiments [18, 19, 20]. In fact, we use the assumption of
pressure balance during the low recycling phase to accurately determine the distance between
the reciprocating probe and the magnetic separatrix. It is subsequently assumed that the absolute
error between the estimate from magnetic measurements and that deduced by pressure balance
during the low recycling phase remains constant throughout the discharge. Such a cross-calibration
is needed to accurately determine the change in parallel electron pressure for detached regimes
where electron pressure conservation is no longer applicable.

One consequence of the small parallel temperature gradients and pressure balance observed
for low recycling divertors is that the divertor density is similar to that of the SOL since there is
little amplification of the incident ion flux due to the re-ionisation of neutrals in the divertor.
Under these conditions, it is found that the ratio of the total ion flux to the tp&hi3sion from
the divertor is approximately 20, which is in good agreement with the calculated
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Fig.3: Evolution of the measured core and divertor plasma parameters during an Ohmic density ramp. (a) Ohmic
power and radiated power, (b),@as fuelling rate, (c) Main plasma line average density, (d) Inner divertor ion

flux, (e) Average inner divertor Jphoton flux (note the increase of Bs the ion flux decreases characteristic of
divertor detachment), (f) Outer divertor ion flux, (g) Average outer diverfgutidpton flux, (h) Radius of the inner

strike point on the divertor target (4 Hz strike point sweeping), (i) Neutral hydrogen flux in the subdivertor module
at the cryopump location, (j) Main plasmg;Znote that it does not increase as the main plasma density increases).
The vertical dashed lines indicate the times at which the upstream SOL profiles measurements are taken with the
reciprocating probe.

Johnson-Hinnov factor [21] (ionisations pey Photon emitted) for these measured plasma
conditions. The profiles of electron pressure, density and temperature at both divertors and in
the SOL are shown in Fig. 4. It is important to note that while the electron pressure is similar at
both divertors, the inner divertor electron temperature is much lower than that of the outer one
and, hence, its density is much higher. This observation is typical of discharges with forward
toroidal field [22, 23] and causes the inner divertor to access the high recycling and detached
divertor regimes at lower main plasma densities. Hence, in this figure only the outer divertor is
in the low recycling regime while the inner divertor has already accessed the high recycling
regime which is described below.
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3.1.2. High recycling divertor

As the main plasma density increases, the divertor enters the high recycling regime in which
large electron temperature gradients along the field line are measured and large amplification of
the plasma flux is observed at the divertor target. However, parallel electron pressure balance
remains approximately conserved along the whole SOL and divertor and consequently the divertor
density is considerably higher than the SOL density. For the discharge shown in Fig. 3 and
Fig. 4 the peak outer divertor density increases approximately witi daring this phase,
while the temperature decreases asriThis results in a approximate increase of the measured
peak ion flux with <g>°. These trends hold with increasing density until the separatrix divertor
temperature reaches a value of 3 - 5 eV, at which point the peak ion flux density ceases to
increase with main plasma density (more quantitative comparisons for various discharges and
conditions will be described in Section 6). During the high recycling phase it is frequently observed
the appearance of very peaked ion flux profiles which we will describe at the end of this section.
Associated with this observation is the existence of a region close to the separatrix in which the
electron pressure at the target exceeds the SOL electron pressure, as show in Fig. 4 for the outer
divertor. While the detailed mechanism that leads to this over-pressure remains unclear, this
phenomena is commonly observed in other divertor experiments such as in high recycling
discharges in Alcator C-Mod [24] where it is known as “death rays”.

The achievement of low temperatures at the divertor is observed to be fundamental to
trigger the so-called “roll-over” and divertor detachment phase in all divertor experiments
[8, 20, 25, 26]. As the ion flux increases with main plasma density, the neutral hydrogen pressure



under the divertor and the,[@mission from the outer divertor also increase (see Fig. 3). The
ratio between the integrated ion flux to the integratgémission from the outer divertor drops

from the value of 20, typical of low recycling conditions, to values of 5, which is consistent with

the corresponding decrease in temperature and increase in density observed at the outer divertor.

During the high recycling phase, the upstream SOL density profiles broaden considerably
(see Fig. 4), as expected from the enhanced ionisation in the divertor and the smaller neutral
hydrogenic leakage to the main plasma. However, the divertor density profiles show a clear
steepening in the region near the separatrix, which reflects the fact that local ionisation, radiation
and transport processes are dominating the divertor plasma during this phase [27]. The inner
divertor undergoes the same transitions seen at the outer divertor but at lower main plasma
densities and, hence, while the outer divertor is in the high recycling regime, the inner divertor
has started to detach.

It is important to note that the main SOL separatrix electron pressure increases from the
low recycling to the high recycling phase, which is consistent with the increase in main plasma
density and the fact that the power that crosses the separatrix, as estimated from the input power
and the bolometers, stays approximately constant during this evolution. During the high recycling
phase, the radiation emission peaks near the divertor target and is very localised within the
divertor legs, as deduced from tomographic reconstructions of measurements by bolometer
cameras in the divertor. In the next section we present detailed measurements of the divertor
radiation profiles and the way in which they evolve as detachment progresses.

3.1.3. Roll-over and Detachment phase

The beginning of the roll over phase is marked by the start of a plateau in the time evolution of
the peak ion flux to the divertor target as the density increases. This is the primary experimental
indication that detachment processes are occurring in the divertor. The typical level of radiated
power at the so-called “roll-over” phase is around 55-70% of the total input power depending
somewhat on the machine conditions and magnetic configuration. The roll-over phase starts
first at the inner divertor and the subsequent time evolution is similar for both divertors, although
the level of detachment reached at the inner divertor is larger than that of the outer one when the
density limit is attained. Initially, only the ion flux near the separatrix ceases to increase with
density, while it still rises in the outer regions of the SOL. As the density increases further, the
ion flux near the separatrix starts to fall, while the flux to the outer regions in the SOL may be
still increasing. This fall of the ion flux marks the beginning of the detachment phase. The
region over which the ion flux drops widens with increasing density (detachment region) until
the radiation escapes the divertor region and a MARFE [5] is formed in the main plasma and the
discharge eventually disrupts. Fig. 5 shows the evolution of the ion flux to the inner and outer
divertors at various distances from the separatrix (mapped to the outer midplane). It is clear
from this figure that the degree of detachment (measured by the ion flux drop) and the extent of
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observed in linear devices [28]. According to this mechanism, the low electron temperature and
high neutral densities, characteristic of detached divertors, produce an enhanced perpendicular
transport which increases radial particle losses to the side walls, thereby reducing the parallel
ion flux incident on the horizontal divertor target. This process is not observed experimentally
as shown in Fig. 6, where the time evolution of the ion flux to probes in the horizontal inner and

10



outer divertor targets and embedded in the side walls (which can be used as vertical divertor
target) of the JET Mark | divertor are shown. These observations demonstrate that the ion flux
drop to the horizontal divertor does not lead to any significant increase of the ion flux to the side
walls, besides that associated with the increase of the main SOL plasma density in the outer
regions of the SOL which follow the main plasma density increase (note that the measured
values of the ion flux to the side walls are one to two orders of magnitude lower than those
measured at the horizontal target).
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to an overestimate of the real electron temperature. This fact is routinely confirmed by measure-
ments of the inner divertor electron temperature with line ratios of Cll (904A and 1335A) for the
same discharge, which are also shown in Fig. 7. It is important to note that these spectroscopic
measurements are not localised at the divertor plate but intrinsically linked to the ion emitting
the line (C) and, hence, are affected by the change in the ionisation mean free path of neutral
carbon. This is particularly important for the detached phase, during which the temperature
determined by this method is likely to reflect the electron temperature near the X-point, where
most of the radiation is emitted, as will be described later. Hence, under these conditions, the
actual electron temperature at the plate is likely to be lower than that determined using line ratio
methods.

During the final stages of detachment, the
separatrix electron temperature at the outer %
divertor (determined from Langmuir probes)
drops to values in the region of 2-3 eV. This 360
drop of electron temperature has also been2
confirmed by measurements from a thermal
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Fig.8: Profiles of electron temperature at the outer

of low temperature (J= 10 eV) expands along divertor leg from thermal Helium beam measurements
the field lines from the divertor target up to th@&r an Ohmic density ramp, as a function of the height
X-point. The final stage of the detachmenrgbove the divertor target and main plasma line average
process is achieved when total detachmentq%nsity. At the highest densities the outer divertor is
. . artially detached and a region of low electron

reached at inner divertor and, subsequently, the oY gion

) } o temperature extends between the divertor target and the
region of high radiation moves away from thg(_poim_
divertor and a MARFE develops in the main

chamber.
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We will now consider in more detail the experimental observations that characterise divertor
detachment, specifically, the increase of the divertpami neutral pressure in the subdivertor
volume as the main plasma density increases, despite the drop in the ion flux to the divertor
plates. In principle, this seemingly contradictory observation can be qualitatively reconciled
with the model for divertor detachment proposed by Stangeby [29], in which the plasma
momentum flux is reduced by charge exchange collisions with recycling neutrals in the divertor.
As the divertor electron temperature decreases to values approaching 5 eV, the charge-exchange
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processes in the divertor begin to dominate over ionisation, and neutrals produced at the divertor
plate have a very large probability of being scattered back to the divertor before they are ionised.
In this process the neutrals can carry to the target a significant fraction of the momentum of the
incoming ions and, therefore, decrease the ion flow to the divertor. This mechanism removes the
apparent incompatibility of a low ion flux and a high neutral pressure in the subdivertor module.
The decrease of the Johnson-Hinnov factor with decreasing temperatures also removes, in
principle, the apparent incompatibly of a decrease in the divertor ionisation source (decrease in
the ion flux to the divertor) and the largg @mission. As the temperature decreases, the number

of ionisations per P photon decreases and, correspondingly, themission increases for a

given ionisation source.

However, when a detailed quantitative  Pulse No:31627 o5 201
Inner divertor
—e— Integrated

analysis of the measurements is performed, s- o e
some difficulties for this relatively simple 7 sf- — 6
picture arise. Firstly, the behaviour of the peak 4| da
ion flux and its integral is substantially diﬁeren% oL 15
for both divertor targets. This is illustrated ing
Fig. 9 for an Ohmic density ramp : the pealtz Outer divertor
ion flux decreases by a factor of 5 for the outeE
divertor during the detachment process Whil§ ,
the integral barely decreases from its higheg
value (high recycling point) during the roll-over

and detachment phase (characteristic of partial 2525 30 35 40 45 50°
detachment). In the case of the inner divertor Line averaged density (101° m~3)

the picture is completely different, as both thBig.9: Outer and inner divertor peak and integral ion

. . fluxes for an Ohmic density ramp. The outer divertor
peak ion flux and integral, decrease by more

. ) shows a decrease of the peak ion flux with density, while
than an order of magnitude during the rOll'ovethe integral ion flux remains approximately constant,

and detachment phase (characteristic of toighich characterises partial divertor detachment. The
detachment). Using the measured total ion fluirner divertor shows a large decrease of the peak ion
to both divertors, we have derived an empiricﬂPX and its integral, which is characteristic of total
Johnson-Hinnov factor and compared it witﬁ“vertOIr detachment.
that derived from the measured divertor parameters and using the atomic data from the ADAS
[35] database (Fig. 10). While it is clear that the change in the Johnson-Hinnov factor is similar
to that expected for the variation of plasma parameters (and the small total ion flux drop) at the
outer divertor during detachment, there is a large discrepancy between the calculated and measured
factor for the inner divertor. Experimental uncertainties in the exact value of the electron
temperature at the inner divertor do not allow a more precise determination of this discrepancy
but are not enough, on their own, to explain this discrepancy For example, assyumeVT

and n=10"m" for detached divertor conditions results in ~1 photon per ionisation compared

Integrated ion flux (1022 s-1)

-2
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with <0.1 for the directly measured value at the inner divertor.

This discrepancy for the inner divertor is typical of totally detached divertors (only seen at
the inner divertor in JET). It provides an indication that additional processes which modify the
ionisation balance, such as recombination, and the distribution of the deuterium atoms in the
different excited states (such ggé&-absorption [36]), are taking place in the experiment, during
total divertor detachment. There is indeed experimental evidence of these phenomena, for instance,
in the increase of the measured ratig/I, from the divertor as detachment proceeds. This
observation indicates that the excited levels of the deuterium atoms are more populated than the
normal distribution governed by electronic excitation/de-excitation consistent with deuterium
recombination taking place (see Fig. 11). For some detached divertor discharges, it is also observed
that there is a decrease of the ratjff, [37] which indicates that radiation re-absorption is also
taking place at the inner divertor (lwould be strongly reabsorbed for such conditions). The
detailed interpretation of these measurements needs highly sophisticated atomic population
calculations [38], in conjunction with realistic plasma modelling [39] for these conditions. It is
important to assess with these models the role and mechanisms of the plasma recombination
processes that occur during total divertor detachment [17], as proposed in [40] on the basis of
simulation studies of the maximum drop of the ion flux associated with momentum removal by

neutral particle interaction in the divertor.
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Fig.10: Experimentally determined (Top) and calculatedig.11: Evolution of the [YD, ratio with increasing
(Bottom) Johnson-Hinnov factors for the inner and outedensity for an Ohmic density ramp in JET. Also shown
divertors for an Ohmic density ramp in JET. There simulations with the EDGE2D/U-NIMBUS code of
experimental Johnson-Hinnov factor for the innethese conditions and the effect of including or excluding
divertor changes by approximately two orders ofecombination in the computation of these line ratios
magnitude from the low recycling to the detached phada7].
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Fig.12: Profiles of ion flux, electron temperature, Bell Fig.13: Evolution of the plasma density for an Ohmic
and visible Bremmstrahlung emission from the divertiensity ramp in JET at various locations within the
during low recycling, high recycling and divertodivertor : target, divertor leg and X-point. These are
detachment, for an Ohmic density ramp in JET. measured respectively by the Langmuir Probes
embedded in the target, a microwave diagnostic that
views across the divertor leg between the target and the
X-point and an interferometer channel that passes
through the X-point. The visible Bremsstrahlung
emission at the X-point is also shown for comparison.

At the final stages of divertor detachment, theebnission and the radiation migrates
towards the X-point, where a very dense radiating region is formed (with MARFE-like struc-
ture). An example of such divertor Bmission behaviour is shown in Fig. 12, together with the
visible Bremmstrahlung emission measured at the same position. From the Bremsstrahlung
emission, it is clear that a very dense and cold plasma region is formed in the vicinity of the X-
point, with densities of the order of Pom® [10]. These are indeed the densities which are
measured at the divertor leg and the X-point with the microwave and interferometer diagnostics
for these discharges, as shown in Fig. 13. The region of highest density moves away from the
divertor (outer target), up the divertor leg (outer leg), towards the X-point (X-point), where the
Bremsstrahlung emission increases considerably, until the radiation escapes from the divertor
and a main plasma MARFE is formed. The same picture of migration away from the target
towards the X-point can be drawn from the line integral of the bolometers located at the divertor,
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which is shown in Fig. 14. It is important to note that at the very late stages of detachment, the
peak of the radiation emission is located well above the X-point in the main plasma. This is in
agreement with the measurements of the reciprocating probe shown in Fig. 4, that display a
substantial pressure drop at the main SOL separatrix, consistent with the decreased power flux
across the separatrix. Despite the migration of radiation above the X-point region, the impurity
concentration in the main plasma, as measured_pyletived from visible Bremsstrahlung,

does not change significantly (as shown in Fig. 3). This indicates that either the impurity con-
centration in the main plasma is not dominated by the divertor or that the impurities are well
confined in this MARFE-like structure and do not diffuse into the main plasma, despite their
proximity to it during the detached divertor phase.
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Fig.14: Evolution of the measured radiation along various chords within the divertor showing the migration of the

radiation towards the X-point during the detachment process.

The use of strike point sweeping during these density ramp experiments has allowed the
detailed characterisation of the shape of the ion flux profiles from the low recycling to the
detached regime. It is routinely observed that during the transition from the low recycling to the
high recycling regime ion flux profiles at the divertor develop a double peaked structure with the
dominant peak growing from the private flux region side of the separatrix [27]. This peak finally
dominates the ion flux profiles during the high recycling phase and disappears as detachment
proceeds. There are indications that the formation of these peaks is related to anomalous trans-
port in the SOL and divertor region but the detailed structure of these high recycling peaks has
not been yet successfully reproduced [17]. Fig. 15 shows the measured ion flux profiles at the
outer divertor target during an Ohmic density ramp to detachment where the evolution of the
high recycling peaks is clearly displayed. Similar observations of peaked ion profiles during
high recycling conditions have been made in Alcator C-Mod [24] where they are known as
“death rays”. In this experiment the appearance of these peaks has been linked to anomalous
transport of perpendicular momentum [17] in vertical plate divertors. Although this mechanism
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describes satisfactorily the observations of vertical plate discharges in Alcator C-Mod, it cannot
explain the observations from JET Mark | horizontal plate discharges.
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Fig.15: Measured ion flux profiles at the outer divertor during an ohmic density ramp discharge. With increasing
density the profiles develop a second peak which grows from the private flux region side of the separatrix and
dominates the ion flux profiles during the high recycling phase (13.56 s). This peak disapears during the partially
detached phase (15.23 s).

3.2. L-mode Discharges
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when detachment sets in. This trend of increasing density with increasing power weakens at
higher additional heating power as the divertor radiative losses increase to compensate.

As a consequence of the increase in divertor radiative losses, the overall increase in density
range for L-mode discharges obtained by using additional heating is much smaller than that
deduced from simple scalings based on power balance arguments sych B@JS’S [41],
where R is the separatrix density (which is assumed to be proportional to the average density)
and Ry, is the total input power. This subject will be discussed in more detail in section 6,
where the concept of the detachment window is introduced. The total radiation level at which
detachment starts for Ohmic and L-mode discharges is typically around 50-60 % (composed of
30-40% divertor and X-point radiation and 10-20% bulk radiation), for which around 50% of
the power that enters the SOL is radiated in the divertor.

. P<ur|]:§ No. 34355 — Measurements taken during an L-mode
ZE 4LWMWW density ramp to detachment (Fig. 17) confirm
g g: || the experimental observations in Ohmic
pn / discharges, with the appearance of a pressure
g :jWWJ drop along the field line, when the divertor
0 -”| electron temperature reaches values close to 5
‘g jz eV, as measured by Langmuir probes. The main
< . | e SOL profiles (Fig. 18) broaden as the main
T, 4 "D, (Inner) plasma density increases and, for instance, the
gﬁ 2 JMWN“ pressure profile e-folding length mapped to the
=7 o outer midplane increases from 1.3 cm to 1.6
E iz :jsat+(OUter) “-J cm at the beginning of detachment and finally
< o . to 2.1 cm just before the MARFE escapes the
T% o 4 "p,(Outer) divertor. The broadening of the density profile
g‘g 21 M\/\M is the dominant term in this pressure profile
- Op—~——™ broadening (2.2 cm (low recycling), 3.3 cm
A o| D2Gasinput /’—/K (high recycling), 4.0 cm (detached)) which
(;é éJ/ raises questions about the possibility of having
255 low interaction with the walls (high wall
Eiigyw W\“ £ clearance) under high recycling and detached
241 \ ! : & divertor conditions. This observation also calls

10 11 12 13 14 1
Time (s) into question the influence of the detailed

Fig.17: Evolution of main plasma and divertordesign of the divertor under such detached

parameters for an L-mode density ramp in JET (4.6 MW, jisions  In contrast to the Ohmic discharge

of additional heating). The vertical dashed lines indicateh b Fia. 4). for L de disch
the times at which the upstream SOL profileg own a ovef( '9. )’_ or L-mode discharges
measurements are taken with the reciprocating probeth€ pressure in the main SOL, measured by the

reciprocating probe, does not decrease even at
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the very late stages of detachment. This is consistent with a significant proportion of the input
power still crossing the separatrix during this phase.
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Fig.18: Main SOL and outer divertor profiles of electron pressure versus distance from the separatrix at the outer
midplane, at three stages for the same L-mode density ramp shown in Fig. 17. Note the pressure drop of more than
an order of magnitude during the detached phase of the discharge. During this phase the electron temperature is
2 - 3 eV at the outer divertor target, as measured with Langmuir Probes.
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Using the measured Demission from Z; 2: i WN\WWV"
the divertor and the integrated divertor ion flux S i e
we have calculated the empirical Johnsonz *°F T Veimum |15
Hinnov factor for the L-mode density ramp éﬁ;g: ﬁw :ég%
shown in Fig. 17. It exhibits the same trendgr:v; oL SEeEE- §+Tim'f§° ;f
observed for Ohmic discharges which indicate%i m@iz* — J;?:uii'z =
that recombination is taking place, when total§ .| M%m 40:53
detachment is obtained in the inner divertor™ o e o E
(Fig. 19). The parameter that controls the on- £ 220 Wv\,\ "+ Guterdiverr
set of plasma detachment is also the electroné 12: \*x‘\‘w ¢
temperature as seen in Ohmic discharges, S I i i e g e
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which reaches low values (under 5 eV) when Time (s)
detachment sets in. These low values are alsig.19: Peak and integrated ion fluxes to the inner and

: ; ; uter divertors for the same L-mode density ramp shown
confirmed by spectroscopic observations (Cﬂ1 Fig. 17. The inner divertor shows the typical drop of
VUV line ratios for the inner divertor and therthe peak and integral ion flux, characteristic of total
mal Helium beam for the outer divertor), as igivertor detachment, while the outer divertor shows the

rop of the peak value but not its integral, characteristic
is shown in Fig. 20 for an L-mode density rampf partial divertor detachment. The empirical Johnson-
Hinnov factors derived from the integral ion flux and

the measured divertor lemission are also shown for

comparison.

19



Pulse No's. 31163,'70,'72

Pulse No: 35723
4%
- 40~ Inner j*sat
@ 3
§> 20~ 2 o p
=~ o 1| IR Detection s T
threshold PR v
15— Inner Te 0
E 10—
57
0
o 40— outer j*sat
5 20—
<
0 °
301~ ° Outer Te
i . g
=~ 10~ ® 2 g
0k ! ! ! | A &
12 14 16 18 20 22 7
Time (s) Line averaged density (101° m=3)

Fig.20: Evolution of inner and outer divertor ion fluxFig.21: Power deposited onto the divertor from main
and electron temperature for an L-mode density ramplasma (radiation and input power) and IR
The values of the electron temperature measured witiermography () and derived from Langmuir probes
Langmuir probes are in reasonable agreement witfP.p = P,on + Pred for a series of L-mode discharges
spectroscopic measurements from line ratios (Cll VUWith increasing densities to divertor detachment. The
line ratios for the inner divertor and thermal Heliumtop figure shows the total power balance, the central
beam for the outer divertor). figure shows the power balance for the inner divertor
(P,on is the sheath power measured with Langmuir
probes and R is the recombination power) and the
bottom figure the outer divertor. The power that is
deposited on to the divertor target as the plasma flux
recombines (Reo is shown for comparison and is
observed to decrease during plasma detachment.

One of the main characteristics that makes detached divertor regimes attractive for next-
step devices is related to the increase of the radiated power and plasma density in the divertor
region, since not only is the erosion of the components reduced by the reduction of the ion flux,
but also volumetric losses (including ion-neutral interactions) in the divertor dominate and the
power deposited at the divertor target decreases. This is indeed observed in the experiment, as
shown in Fig. 21 for an L-mode density scan. In this figure we compare the power deposited
onto the inner and outer divertor plates as measured by the Langmuir prghbesdRR ther-
mography (). As the plasma accesses the high recycling and, subsequently, detached divertor
regimes, the power deposited on the divertor plate decreases (in the case of the IR thermography
under the detection limit of the JET diagnostic). It is also important to note that the power
associated with the potential energy of the electron-ion pairs that recombine at the plate (in this
case less than 0.5 MW at each divertor) also decreases as detachment proceeds and the ion flux
decreases, particularly at the inner divertor.
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The detachment process in L-mode is 11.05 7,22 MW m-l?*)2
also simultaneous with a movement of the '
radiation away from the divertor and, at the
latter stages of plasma detachment, the
radiation is concentrated in the vicinity of the
X-point. This is clearly seen in the tomographic
reconstructions for the same L-mode density
ramp (Fig. 22). However, as indicated also in
this figure the concentration of impurities, as
given by Zg, does not increase dramatically
when detachment sets in. This observation is

0.6

Z(m)

0.4
consistent with recent results from a multi-

machine radiation database scaling [42], which
show that the level of£in the main plasma is
correlated to the level of radiation and the -15
plasma density with very little influence of the oolo |
regime of the divertor (i.e. high recycling or 2.0 2'5R (m?)"o
detached) during the experiment. Fig.22: Bolometer reconstruction profiles for three
A distinctive feature of L-mode detachegynases of the L-mode density ramp in Figs. 16 and 17.
plasmas is the occurrence of the so-called the onset of detachment the radiation peak moves
divertor oscillations [26]. These oscillationgway from the divertor towards the X-point. In spite of
appear when the main plasma density is in ﬂ%’s, the Z; values do not increase significantly during

. 3 . this phase. The box shown in the bottom left hand corner
region of 4.0-6.0 1§ m® and the additional .__ . .
indicates the mesh size used for the reconstruction.

heating power exceeds 3.5 MW. At higher input

0.2

O 52287°969¢

w

powers the discharges undergo a transition to the H-mode regime and the situation becomes
more complicated by the presence of ELMs. Once the density goes through these values, the
oscillations disappear and the evolution towards detachment follows in a similar way to the
Ohmic discharges. The general behaviour can be clearly seen in Fig. 23 for a L-mode unswept
discharge, as large amplitude oscillations in the divertor ion saturation current and diyertor D
photon flux which cease above a certain main plasma density.

Fig. 24 shows the characteristic observations during divertor oscillations : periods of very
low ion fluxes simultaneously at both the inner and outer divertor strike zones followed by large
peaks in the ion fluxes with a repetition rate of approximately 10Hz. During the low ion flux
phase, the inner divertor,[decreases while the outer divertgribcreases to make the distribution
more symmetric between the strike zones. At the same time, the CIlI emission from the divertor
target plate is strongly reduced (as shown in the contour plot in Fig. 24) and the radiated power
in the vicinity of the strike zones decreases and increases near the X-point. As
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Fig.23: Main plasma and divertor parameters for an L¥ig.24: Behaviour of divertor and core plasma

mode discharge in which the level of detachment wasrameters during bi-stable divertor behaviour. Shown

controlled by the feed-back of the gas fuelling level drom top to bottom are the ion flux to the divertor, divertor

the measured ion flux to the inner divertor (bottom tracelp,, emission, neutral fluxes under the divertor, line

Note the large scale oscillations in the ion flux anéhtegrated density in the main plasma and at the edge,

divertor D, emission before detachment starts. Cll emission from the divertor and radiated power from
three Bolometers channels (SZ looks near the divertor
inner and outer strike points and XPT looks near the X-
point).

the ion flux decreases, the neutral flux under the inner strike zone (gauge #41) also shows a large
drop while, at the private flux region (gauge #23) the neutral flux increases.

These oscillations are not only seen at the divertor but also affect the plasma parameters at
the outer regions of the core plasma. During the low ion flux phase, there is a significant increase
in the core plasma density and a decrease in the edge plasma density, as deduced by using two
interferometer chords viewing different regions of the plasma. The density increase during the
low ion flux phase is also measured by the LIDAR Thompson scattering diagnostic and appears
to be localised to the outer regions of the main plasma leading to the formation of a hollow
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density profile. Measurements of the electron 1000

------- 0.00ms
N\

; ; 2 —— 8.00ms
temperature profile at the outer edge of the main N N — 9.99me
plasma from an ECE heterodyne radiometer soo- % ‘\ T TEaams

N PeakPy, —-— 15.99ms

diagnostic are shown in Fig. 25. As the plasma 2t target
density rises in the edge of the core plasma, g ‘
the electron temperature falls sharply in thg
outermost 20 cm (r > 0.7a), this fall appearing Jo0-
to propagate from the plasma edge towards the
centre. The electron temperature profile
contracts during the low ion flux phase (labelled 200
as 0.00ms) and recovers over a period of 16
ms, after which the divertor is fully attached.
By further increasing the main plasma density R (m)

with gas fuelling, the oscillation frequencyFig.ZS: Measurements of the electron temperature profile

decreases until they cease (see Fig. 23). Beyd[ft! ECE at the edge of the main plasma during the bi-
Sstable behaviour of the divertor plasma.

JG96.97/1c

the density window over which the oscillation
occur, the divertor plasma can be driven further into detachment to eventually reach the density
limit. The oscillations are observed in the density ramp up (strong gas puff) to detachment and
ramp down (weak or no gas puff) and, hencenatelue to a fuelling effect. It is also interesting
to note that these oscillations have also been induced during experiments in which neon is injected
in short bursts into the divertor region, but that they are not generally observed during vertical
plate and reversed toroidal field discharges.

Given that the occurrence of the oscillatory divertor behaviour requires a minimum level
of additional heating power and main plasma density, we believe that the observed phenomena
are caused by impurity production from the divertor target. A possible interpretation of the
observation is as follows : during the high ion flux phase carbon production reaches a maximum,
this leads to the radiation moving above the X-point and, hence, a sharp decrease of the power
that crosses the separatrix. After this period, the plasma is effectively totally detached from all
material surfaces and the impurity production decreases, leading to a decrease in the radiation
and to the re-attachment. The exact reasons as to why the MARFE becomes stabilised around
the X-point when the density is increased further and the oscillations cease is not understood.

Similar observations of oscillatory divertor behaviour have also been reported in ASDEX-
Upgrade [43, 44]. In that case, the oscillatory behaviour was attributed to the gas feed-back
system which reacted to the increase in main plasma density as the MARFE moved up to the X-
point region. In JET, the gas fuelling feed-back system has an overall response time greater than
150 ms and, therefore, is too slow to react at oscillation frequencies that are typically observed.
Transport phenomena in the scrape-off layer will occur on the timescale of few milliseconds, i.e.
much more rapidly than the divertor oscillations. The timescale of the oscillations is more
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consistent with diffusive processes at the edge of the core plasma. While the mechanism proposed
above may account for many of the experimental observations, it is clear that the phenomena
associated with the self-sustained divertor oscillations are extremely complex and involve changes
in plasma parameters in both the divertor and core plasma regions.

Despite the occurrence of such oscillations, the regime of divertor detachment in L-mode,
in which the inner divertor is totally detached while the outer one is partially detached, has
proven to be a fairly robust regime. It has been possible to keep the divertor in this regime by
means of feed-back control of the gas puff on the level of ion flux to the inner divertor [13]. In
this experiment (Fig. 23), the plasma was driven to detachment by feed-forward control of the
gas puff and subsequently maintained in the detached state by controlling the gas puff (increasing
or decreasing it) as the divertor flux increased (attachment) or decreased (too detached) with
respect to a reference ion flux request waveform.

3.3. H-mode Discharges

The response of the divertor to the increase of main plasma density during H-mode discharges is
significantly different from that described above for Ohmic and L-mode discharges, due to the
occurrence of the ELMs associated with this confinement regime. As is observed in most divertor
tokamaks, the ELM characteristics change as the rate of fuelling of the plasma is increased with
gas puffing and the ELMs become more frequent with increasing fuelling rate [45,46].

The typical behaviour observed during H-mode discharges is shown in Fig. 26.a & 26.b
for a series of discharges with increasing gas fuelling at the same input power. As the gas puff
rate increases, the main plasma density increases and the ELMs, as seen by the divertor D
emission, evolve from being large and sparse (Type I) to higher frequency and smaller ELMs.
Beyond a certain level of gas fuelling rate, the main plasma confinement deteriorates (for this
series of discharges it corresponds to the density reaching the Greenwald density [47], but it is
usually lower) and the discharge falls back into L-mode, with the corresponding decrease in
main plasma density [48]. The typical level of total radiation reached at this point is only
approximately 50% of the input power, which is clearly insufficient for the levels foreseen to be
required in next step devices such as ITER [2]. This fact has led to the exploration of a similar
regime to this one, but with the use of extrinsic impurities, which allow higher radiation fraction
together with reasonable levels of energy confinement in the main plasma [11, 49]. This regime
is the subject of separate studies [11] and we will only discuss it briefly in this paper.

The pattern of increasing divertog Bmission, subdivertor neutral pressure and ion flux
up to high recycling followed by roll-over and detachment, as seen in Ohmic and L-mode regimes,
is also observed in the ELMy H-modes, albeit between the ELM events. This is highlighted in
Fig. 26.b for the discharges described above, where the ion flux and diygetoidbion between
ELMs increases with the increase of gas puff and then rolls over (while the divgamgion
continues to increase). It can also be seen that at the ELM events reattachment occurs and large
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Fig.26:.a Main Plasma parameters for a gas fuelling scan in 2.5MA ELMy H-mode conditions showing the loss of
confinement (transition to L-mode) at the highest fuelling rate. In Figure 26.b. the ion flux measured at the outer
divertor shows a decrease between ELMs, as the main plasma density increases, but not at the ELM event (detachment
between ELMs but not at ELMSs) typical of these discharges.

plasma fluxes to the target are measured (larger than 106 Aleng the field). Reattachment
between ELMs can be eliminated, albeit at the cost of increasing the impurity content of the
main plasma, if impurities are added to the gas fuelling of the discharge achieving the so-called
impurity seeded H-mode or CDH-mode [11,49]. In these discharges the divertor remains de-
tached throughout the H-mode phase and larger radiative losses can be achieved. Fig. 27 shows
the ion flux profiles measured at the divertor for three characteristic examples of (a) H-mode
without gas fuelling, (b) Deuterium gas fuelled H-mode and (c) impurity seeded (Nitrogen) H-
mode. The unfuelled discharge has infrequent ELMs while the gas fuelled H-mode has a very
low ion flux in-between ELMs with large fluxes at the ELMs (detachment between ELMs and
attachment at the ELMs). The Nitrogen seeded discharge has very high frequency ELMs (simi-
lar to the gas fuelled case) but the divertor remains detached throughout.

This change of the characteristics of attachment/detachment with the ELMs is corroborated
by measurements of the electron pressure in the SOL and at the divertor as shown in Fig. 28 for
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the discharges of Fig. 27. While for the discharge without gas puff the electron pressure in the

SOL is the same than at the divertor in between ELMs, for the gas fuelled discharge there is

more than an order of magnitude pressure drop from the SOL to the divertor in between ELMs

close to the separatrix. At the ELM event the pressure balance is restored indicating the

reattachment of the divertor plasma. Similar pressure drops can be deduced for impurity seeded
H-modes but in this case the divertor remains attached even at the ELM at least for the region
close to the separatrix.
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target for three H-mode discharges : (a) No Deuteriurdivertor for the discharges in Fig. 27. Note the large

fuelling, (b) Strong Deuterium fuelling and (c) Deuteriunpressure drop close to the separatrix between ELMs for
and Nitrogen Fuelling. Note the low values of the iodischarge (b). In the case of discharge (c), there is
flux between ELMs (detachment) and high values at tdetachment both between and during ELMs (note that
ELMs (attachment) for discharge b). For the impuritythe separatrix electron pressure is extrapolated from
seeded discharge the pertubations caused by the ELMgasurements futher out in the SOL).

are very small and the divertor remains detached at the

ELM events.

Another characteristic observation at the inner divertor of this detached (between ELMS)
/attached (at ELMSs) regime is the appearance of the so-called “negative” ELMs. In this case, the
level of D, emission from the inner divertor decreases at the ELM, in contrast to the typical
ELM picture [50] (see Fig. 29). This phenomenon has also been reported for high density
regimes in DIII-D [6] and it can be explained by considering the effect of the energy pulse
associated with the ELM on the detached plasma. As the ELM energy pulse arrives at the inner,
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a discharge in which a gas fuelling rate scan is performdaetween ELMs (full lines, note that the inner divertor
in ELMy H-mode conditions. As the fuelling rate i, signal is saturated) and at the ELMs (dashed lines)
increased with time the ELMs, as measured by the Bhowing the detachment between ELMs and
emission from the inner divertor, evolve into “negativereattachment at the ELM during the high density ELMy
ELMs, as detachment between ELMs starts. Note thidtmode discharge of Fig. 29.

at the ELMs the divertor reattaches again, as shown by

the large measured values of the ion flux at the inner

divertor.

detached, divertor, the electron temperature increases from very low values between ELMs
(Te<5eV), hence, ionising the neutral gas confined in the divertor during the detached phase by
charge-exchange and recombination, and causing the number of ionisatiospbetdh to
increase. This process actually reduces the diverjoerbission despite the increase of the
lonisation in the divertor. This observation is illustrated in detail in Fig. 30 for a discharge with
the Mark | Beryllium target, where the divertog Bmission profile, Be Il emission profile and

ion flux to the divertor target are compared for a high density discharge with 15 MW of NBI
(that of Fig. 29), where the inner divertor is detached while the outer remains attached. Between
ELMs, the inner divertor Pemission signal is saturated and decreases at the ELM (“negative”
ELMs), while it increases at the outer divertor in the normal fashion. However, for both divertors
the ion flux increases at the ELM event. This confirms that the inner divertor is detached
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between the ELMs and reattaches at the ELM. It is important to remark that no significant
increase of the Bell emission is observed at either divertor at the ELM, with the levels being
negligible for the inner divertor. This lack of Beryllium emission from the inner divertor is
consistent with a very low divertor temperature even at the ELM since, as it has been established
experimentally in JET, Beryllium is produced by physical sputtering processes which have a
very low energy threshold (10 eV-20 eV incident ion energy, depending on the degree of oxida-
tion) [51]. Consequently, as soon as the electron temperature increases beyond 5 eV a
significant Bell emission would be expected (see Section 5 for a more detailed discussion on
this topic).

4. EFFECTS OF DIVERTOR GEOMETRY, WALL CLEARANCE, TOROIDAL
FIELD DIRECTION AND DIVERTOR PUMPING ON DIVERTOR DETACHMENT

4.1. Effects of the divertor geometry and wall clearance on plasma detachment.

A systematic study has been performed at JET to understand the effect of divertor geometry on
the onset and stability of plasma detachment. During this study, it was found that there is an
additional factor that affects detachment at least as much as the divertor geometry : the clearance
between the separatrix and the nearest material surface. This fact somewhat complicates the
study of divertor geometry effects as, in changing the divertor geometry, the clearance from the
wall is unavoidably varied too. Hence, we will firstly discuss the observed effect of a controlled
change of the wall clearance on plasma detachment with fixed divertor geometry before describing
the effect of the divertor geometry on detachment.

In Ohmic discharges, it has been found that discharges which are well separated from the
walls (where approximately the 5 cm line in the SOL, mapped to the outer midplane, intersects
a material surface outside the divertor) have a higher density threshold for detachment and
density limit by about 35% [26], than those which have less clearance from the walls (2.5 cm at
the mapped to the outer midplane). The proximity of the walls also affects the split between the
bulk and divertor+X-point radiation, which is about 1/3 bulk and 2/3 divertor+X-point for high
clearance discharges, while it is 1/2 bulk and 1/2 divertor+X-point for low clearance discharges.
A comparison of two identical discharges, except for the clearance to the top of the torus, is
shown in Fig. 31a & 31b, exhibiting the typical features illustrative of the influence of wall
clearance on the main plasma parameters and divertor detachment.

The influence of wall clearance in L-mode and H-mode detachment is found to be much
weaker (10-15 % difference in main plasma density to achieve detachment) [26]. A possible
explanation of this effect is that the L-mode profiles tend to broaden very strongly at the beginning
of detachment, as discussed in section 3.2 and, hence, in all configurations there is some degree
of interaction with the walls for these discharges. In the case of H-mode detachment, the same
argument would apply due to the interaction of the ELMs with the main chamber walls.
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Fig.32: MHD equilibrium reconstructions of typical
configurations used for the studies of the influence of
the magnetic configuration on plasma detachment. The
flux surfaces correspond to a spacing of 1 cm at the outer
midplane.
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4.1.1. Divertor geometry variation with “fixed” magnetic configuration : vertical/horizontal
comparison at low perpendicular flux expansion

There are no substantial differences in the access to detachment for similar discharges in horizontal
and vertical divertor configurations. Detachment occurs at similar plasma density, gas fuelling
rate and radiation levels for both cases in Ohmic, L-mode and H-mode regimes.

This observation is in contrast to expectations from 2D modelling calculations of the closure
to neutrals of both configurations [52, 53] and this discrepancy is believed to be due to the
existence of by-pass leaks for neutrals from the divertor to the main chamber (which are present
in the experiment and not in the original calculations) and the possible existence of an inwards
particle pinch in the SOL [54]. Both factors, when taken into account, modify substantially the
neutral reionisation pattern and the calculated divertor closure and therefore the dependence of
detachment on the divertor geometry. For
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recycling phases of both divertor configurations. However, as discussed insection 3.1.3, it must
be stressed that the electron temperature measurements with Langmuir probes under these
conditions become questionable.

A characteristic behaviour of vertical plate divertor discharges, not found for discharges
on the horizontal plate, is the sensitivity of detachment to the exact position of the strike point on
the vertical plate [53]. When the divertor strike points are swept across the horizontal divertor
plate, no noticeable difference is seen in the ion flow profiles measured with probes at different
positions in the target (for instance see Fig. 33 for an Ohmic discharge where the measurements
of several probes are overlaid). In this case, the profiles maintain the same shape and degree of
detachment as the strike point moves across the divertor target. However, when the strike point
is swept across the vertical plate, the profiles of ion flux and the degree of detachment may
change considerably, depending on the position of the strike point. While the divertor is detached
when the strike point is at the lower part of the vertical plate (near the corner between vertical
and horizontal plate), the plasma re-attaches as the strike point moves to the upper part of the
vertical plate (Fig. 34 for an L-mode example). This strong dependency of detachment on the
strike point position on vertical plate is consistent with expectations of the estimated divertor
closure for neutrals in both geometric configurations on the vertical plate [53]. However, it is
important to note that the degree of detachment achieved on the any zone of the vertical plate is
never larger than that obtained on the horizontal plate, and this goes against our general
expectations and is not yet fully understood.
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Fig.34: lon flux profiles at the outer divertor, during an L-mode density ramp discharge in the high recycling and
detached divertor phases. Profiles are shown for two probes on the vertical plate (squares refer to the upper part of
the vertical plate, triangles lower part of the vertical plate). The degree of detachment differs substantially at each
probe position, being much larger when the separatrix is located in the lower part of the vertical plate.

In summary, vertical and horizontal divertor discharges display very similar
characteristics in the approach to detachment and operation on the vertical plate does not lead to
a larger operating regime for detached plasmas, in contrast to original expectations from code
calculations. While there is evidence that part of this behaviour can be attributed to the existence
of by-passes for neutrals to escape from the divertor into the main chamber and SOL plasma
perpendicular transport processes, the similarities between vertical and horizontal divertor are
not yet fully understood.
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4.1.2. Divertor magnetic geometry variation on horizontal plates

The strongest effect of the divertor magnetic geometry on detachment seen in the experiment is
associated with the increase of flux surface separation (flux expansion) at the divertor target. For
Ohmic discharges, it has been found that discharges with lower flux expansion (inner divertor
4.9, outer divertor 2.1) have a threshold density for detachment and a density limit which is
about 30-40% larger than that of a similar discharge with higher flux expansion (inner divertor
6.3, outer divertor 3.2) (Fig. 35). The open question regarding this comparison is the fact that the
clearance from the walls (particularly to the inner divertor wall and to the top of the vessel) is
significantly decreased when the divertor flux expansion is increased (from 5 cm at the midplane
for low flux expansion to 2.5 cm for large flux expansion). This change in clearance may be the
dominant effect that accounts for the observations, rather than the flux expansion itself. The split
between divertor radiation and main plasma radiation seems to be consistent with the wall
clearance being the dominant factor : for low flux expansion discharges the radiation split is
approximately 1/3 bulk radiation and 2/3 divertor radiation, while for high flux expansion the
split is 1/2 bulk to 1/2 divertor radiation. This observation is in agreement with those from
discharges in which just the wall clearance is changed without needing to include any additional
effect of changing the divertor geometry. Measurements of the carbon radiation in the visible
and VUV wavelengths from the inner divertor indicate that the contribution of carbon to the
measured radiation dominates as the clearance to the inner divertor wall (see Section 5 for a
detailed discussion).
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A similar behaviour is found in L-mode and H-mode discharges, although the differences
between configurations are somewhat smaller (Fig. 36). The reason is likely to be associated
with a stronger interaction with the walls for any configuration caused by the ELMs or the
flattening of the SOL profiles in the approach to detachment for L-mode density ramps.

4.2. Effects of the toroidal field direction on divertor detachment

Dedicated experiments have been carried out in JET to compare the effect of the toroidal field
direction on detachment. Reversed toroidal field Ohmic and L-mode discharges tend to display
more symmetric divertor parameters between the inner and the outer divertor [56] for, otherwise,
identical core plasma parameters. This leads, in horizontal divertor high clearance configurations,
for detachment to take place more symmetrically at the inner and the outer divertors for the
reversed field discharges. However, in contrast to forward field discharges which are fairly
stable, reversed field discharges tend to form a MARFE in the main plasma as soon as detachment
starts at the outer divertor. The trend of the radiation to escape the divertor in reversed field
discharges had been observed previously in the JET 91/92 experimental campaign [57] and in
ASDEX-Upgrade [44,58] and JT-60U [12] and it is not well understood. A comparison of two
Ohmic discharges, identical but for the toroidal field direction, is shown in Fig. 37. In general, it
Is observed that, for similar main plasma densities, thenéasured in forward and reverse

field discharges is similar and, hence, increased impurity levels in the main plasma for reversed
field discharges (as proposed in [58]) can be ruled out as the explanation for this behaviour in
the JET experiments.
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The more symmetric approach to detachment in reversed field discharges is, however, not
seen in all magnetic configurations. In particular, vertical plate and corner configurations are
more symmetric in the approach to detachment with forward direction of the field. Fig. 38 shows
two discharges in corner configuration with different directions of the toroidal field. However,
the unstable approach to detachment of the reversed field discharges is clearly seen and, hence,
does not depend on details of the magnetic configuration but principally on the direction of the
toroidal field.

L-mode discharges behave similarly to Ohmic ones with respect to the dependence of
detachment on toroidal field direction. Therefore it has not been possible to obtain steady state
L-mode detached discharges with reversed field. Although the instability of divertor detachment
in the reversed field case is not understood, it highlights one of the major disadvantages of
operating the JET device with this direction of the toroidal field. Although the power load may
be more symmetric for reversed field in some configurations, the stability of high density operation
is significantly compromised, which, therefore, limits access to regimes with low power loading
on the divertor target.

4.3 Effects of divertor pumping on divertor detachment

By using the cryopump installed in the JET Mark | divertor it has been possible to study the
effect of active divertor pumping on detached plasmas. The cryopump is situated at the outer
side of the divertor and it has a measured effective pumping speed o?/$qm6]1 The use of

the cryopump has many beneficial effects with respect to the general wall conditioning of the
machine but has no significant effect on detachment in Ohmic and L-mode discharges. For
discharges with the cryopump at liquid Helium temperature, higher gas fuelling rates must be
used in order to increase the main plasma density to values similar to those obtained in discharges
where the cryopump is warm, as expected. However, the plasma density at which detachment
takes place and the density limit are found to be very similar for discharges with/without
cryopumping. For H-mode discharges, the influence of divertor cryopumping is more significant,
as in this case confinement effects at high densities play a dominant role [48]. Examples of this
influence will be discussed in more detail in Section 6.

Despite the gross similarities between discharges with and without divertor cryopumping,
subtle effects of the cryopump on plasma detachment have been observed for Ohmic and L-
mode discharges. When the strike point of a detached horizontal divertor discharge is moved
towards the corner of the divertor, where the particle removal by the cryopump is at a maximum
[16], the plasma attaches again (Fig. 39). This effect proves experimentally the importance of
maintaining a large neutral pressure and low electron temperature in the divertor to achieve
plasma detachment.

Finally, it is very important to note that since the neutral pressure in the subdivertor module
remains high during plasma detachment, active pumping can be very effective, even more so
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than for the high recycling regime (which has a lower neutral divertor pressure). Hence, in terms
of convection in the SOL and pumping, the detached divertor regime compares very favourably
with the high recycling regime.
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Fig.39: Plasma density, strike point position and ion flux to the inner and outer divertor (at the corner of the
horizontal plate) for two identical discharges with (full line) and without (dotted line) divertor cryopumping. Note
that the ion flux to the inner divertor is larger for the case with the cryopump on and that the discharge with the
cryopump off is partially detached at the inner divertor.

5. DIFFERENCES IN DETACHMENT BETWEEN CARBON AND BERYLLIUM
DIVERTOR PLATES AND IMPURITY BEHAVIOUR DURING DETACHED
DIVERTOR PLASMAS.

Detached divertor experiments have been carried out in the JET Mark | divertor with two different
divertor plate materials : Carbon and Beryllium. However, the remaining plasma facing
components remained unchanged throughout the Mark | experimental campaign. These first
wall components are mainly made of carbon (except for the ICRH antenna Faraday screens
which are made of Beryllium) but Beryllium evaporations are routinely performed at JET that
covers the plasma-facing surfaces with a layer of Beryllium. The general behaviour of discharges
with both divertor target materials are very similar and within the experimental uncertainties of
the experiments carried out with either divertor material [59]. Fig. 40 compares two steady-state
L-mode detached plasmas on the carbon target and on the beryllium target. The reason for the
similarity between the two cases is due to the fact that, regardless of divertor target material, the
radiation is dominated by Carbon coming from redeposited layers at the divertor target and the
plasma facing first wall components [60].

There is a clear experimental difference in the behaviour of beryllium and carbon impurities,
which is due to the different generation mechanism that produces these impurities. In all the
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Fig.40: Input power, total radiation, plasma density, @mission and ion flux to the inner and outer divertor for
two L-mode discharges on the horizontal divertor with Beryllium and Carbon targets.
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The spatial origin of the chemically produced carbon has not been precisely identified
(horizontal divertor target, side plates or inner wall), but it is seen to depend strongly on the
magnetic configuration. Fig. 42 shows two L-mode steady state detached plasmas on the horizontal
plate with low flux expansion (high wall clearance) and with high flux expansion (low wall
clearance). The measured intensity of the carbon emission from the divertor is larger for the
discharge with high flux expansion (low wall clearance). These differences highlight once again
the strong influence of the interaction of the plasma with first wall structures other than the
divertor plate itself and whose effect may be as important as that of the divertor target in the
experiment.

The same difference between high clearance and low clearance discharges is reflected in
the split of the divertor radiation between the different species, as measured with VUV
spectroscopy [60]. Fig. 43 shows this effect for a series of Ohmic discharges with different wall
clearance (high flux expansion with low wall clearance and low flux expansion with high wall
clearance). One can see that for the discharges with high wall clearance the ratio of carbon to
hydrogen radiation falls continuously as the density increases, to values of about 0.3. In contrast,
for discharges which have low wall clearance this ratio falls initially and then stays approximately
constant at a value of 0.9 until the discharge ends in a density limit disruption. For L-mode and
H-mode discharges similar trends are found, but the differences between the configurations are
smaller in accordance with the observations presented in section 4.
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The simple picture of impurity contamination of the main plasma and its dependency on
detachment seems not to be followed by the experiment. In a simple physical picture, one would
expect that the impurity retention in the divertor would increase, as the main plasma density is
increased and the high recycling regime is achieved. From the roll-over phase towards detachment,
one would expect the impurity contamination of the bulk plasma to worsen, as the radiation
moves from the divertor plate to the X-point. However, there is no clear experimental indication
that this simple picture is reproduced. There is no significant impurity concentration increase in
the main plasma with the onset of detachment and the movement of the radiation maximum
from the divertor target to the X-point region. Fig. 44 shows this typical behaviour for an Ohmic
and an L-mode discharge. The physical basis behind this unexpected behaviour can be understood
in two ways : MARFE modelling [61], shows that impurities can be well confined in the radiating
region by strong recirculating flows and, hence, the fact that the radiating region is close to or
within the separatrix does not necessarily imply a large contamination of the main plasma;
alternatively the impurity level in the main chamber may be determined by processes of interaction
of the plasma with the main chamber walls that are not related directly to the divertor and,
hence, the divertor regime does not have a major influence on the main plasma impurity
concentration. The second line of argument is also in agreement with recent multi-machine
scalings for radiative divertors [42] which show thatiZ linked to radiation and plasma density
for every machine regardless of divertor regime (attached or detached). Although by using impurity
seeding or changes in the edge electron temperature can shift the radiation distribution
significantly, the robustness of thgs&caling shows that impurities themselves are not strongly
retained in the divertor for highly radiative regimes.
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Fig.44: Input power, total radiation, plasma density, outer divertor ion flga@d P*¥ . 4/<n>2 (which should be
proportional to Z ) for an Ohmic (full line) and L-mode discharge (dotted line) on the horizontal divertor plate.
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6. THE DEGREE AND WINDOW OF DETACHMENT

In order to summarise and compare quantitatively many of the observations described in the
previous sections, detachment has to be defined in a precise way. For this purpose we introduce
the concepts of “degree of detachment” and the “detachment window”. These parameters will
be based upon simple plasma edge models and the experimental measurements of the measured
ion flux to the divertor plate.

The simple two-point model of the divertor [62] gives the following scalings for the divertor
parameters as a function of the separatrix temperature (or the power flow into the SOL) and the
separatrix density :

7 Lo \re
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nd=(—y L) ™ (1)
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where , T are the density and temperature at the separairi,are the density and temperature
at the divertor, B is the power flux from the main plasma into the S®ls the sheath
transmission coefficienk, is the electron thermal conductivity coefficient,isrthe ion mass, R
is the major radius of the tokamak, a is the minor radiys the connection length from the
stagnation point (or watershed) to the divertor target in the SON anthe SOL width. In the
above derivation it has been assumed that there are no significant energy and momentum losses
in the SOL, there is no pressure loss along the field lines and that the electron and ion temperature
are the same.

Within these approximations the divertor ion flux is given by :

2
ld = Ngcq = (87 K\g tn) _:5/2 (4)
Hence, the ion flux scales with the square of the separatrix SOL density under the above
approximations. We use this scaling as a reference to quantify the degree of detachment achieved
in the experiment.
In order to apply this scaling to the experimental data, we start by selecting a series of
discharges (or a single density ramp discharge) with the same input power. We then take the
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measured ion flux at the divertor for low density conditions and extrapolate its value for higher
densities assuming a square law dependence on the main plasma density (which is assumed to
be proportional to the separatrix density). In this way, we obtain the extrapolated ion flux following
the two point model :

iF=c (o)’ ®)
where fca'd is the extrapolated “attached” divertor ion fluxxrs the main plasma line average
density and C is a normalisation constant, which is obtained experimentally from the low density
phase of every density ramped discharge (or series of discharges) considered. We use this
procedure not only for the separatrix ion flux but also for the integrated ion flux to the divertor
and the maximum ion flux to the divertor. A comparison of the extrapolated ion flux and the
measured ion flux, obtained using the above procedure, is shown in Fig. 45, for the inner and
outer divertor of an Ohmic density ramp. The same normalised scaling is used for the separatrix
ion flux, the integral ion flux and the peak ion flux (which may be found in different flux tubes,
at different stages of the discharge) for both the inner and outer divertor. One may notice from
Fig. 45 that while the integrated ion flux to the outer divertor follows the two-point model
scaling up to the onset of detachment, the peak and separatrix ion flux increase more rapidly.

This effect is due to the strong peaking of the divertor ion flux profiles highlighted towards the
end of section 3.1.3.
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Based on this very simple scaling, which is adequate for our purposes, we define the
degree of detachment (D.O.D.) as the ratio of the extrapolated ion flux (following Eq. 5) to the
measured ion flux (separatrix, peak or integral) as follows:

154

D.OD. = W (6)

When the experimental scaling with density is stronger than quadratic, this definition gives
values smaller than one, indicating that the flux amplification is higher than that expected from
simple models. Detachment can be identified as the point at which the degree of detachment
starts to be significantly larger than unity.

This new method of characterising detachment produces very similar results to the typical
procedure based upon the measured parallel pressure drop between the SOL and the divertor
which is associated with divertor detachment [63,64,9]. It has the advantage, however, that
divertor ion flux measurements are generally more readily avaliable that the pressure and do not
rely upon accurate determination of the SOL seperatrix location. In fact, the degree of detachment
is very closely linked to the pressure drop along the field from the SOL to the divertor since one
can show that :

pop. = far o __ n¥d 1% T 7)
ngqeasured C(rjneasured 2 ngweasured T(rjneasured T?jcal
Hence, provided that the two point model pyise No: 34358 Outer divertor
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in the SOL (J) that is derived approximately from the experimental bolometer measurements, it
can be shown that the appropriate reference scaling for the divertor ion flux under those
conditions is modified as follows:

ga=c (e ®)
d 1-0°

We shall use this definition when discussing the degree of detachment for impurity seeded
H-modes.
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the separatrix and the peak ion flux, itis possibleg 10F
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for various configurations and the differenc?s 103
between partial detachment and tofal
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shown in Fig. 47 using the scaling showndn 10(1)
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the integral ion flux does not decreaseig.47: Measured degree of detachment for the discharge
significantly and as a result the degree of Fig. 45 for the separatrix, peak, an integral ion flux
detachment stays close to unity for the ion fluf)?r both the inner and the outer divertors, versus line
oteral. A the onset o ot detachmen, 05 75 N e e e o een
degree of detachment for all thregguischment.
measurements (separatrix, peak and integral)
increase considerably (typically more than an order of magnitude). Following these comments,
it can be clearly seen from Fig. 47 that only partial detachment is achieved at the outer divertor
before the density limit disruption and the separatrix degree of detachment reaches 13, while the
integral degree of detachment only reaches 3. In contrast, the inner divertor exhibits total
detachment since the separatrix degree of detachment reaches 90 and the integral degree of
detachment reaches 22.

Given that detachment is a gradual process, it is difficult to define precise borders that
distinguish weakly detached plasmas from attached plasmas. For JET discharges we have found
that a convenient set of criteria to characterise detachment in most regimes is shown in the

following table :
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Detachment state D.O.D.Pek D.O.D.ntevrd
Partial Detachment >2 <10
Total Detachment >2 >10

Consequently, the window of divertor detachment may be defined as the density range
between the onset of divertor detachment (D.Eﬁ?bz 2) and the density limit for either divertor
. The density limit in this context is given by the formation of a MARFE in the main plasma for
Ohmic and L-mode discharges or the loss of confinement in H-modes.
Using the D.O.D. definition we can
. L . Inner divertor
compare, in a quantitative way, the influence 190

Quter divertor

« Low flux expansion
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magnetic configuration for a series of Ohmgc:x 10 ,-"l ¥ .
£ I s Ai““
" Aj‘:‘“ ‘%“‘A
density ramps with forward toroidal fleld‘D gl %f‘f
Although there is some scatter for dlschar®s 100k it
with the same magnetic configurations_ .
: : . E 2.
(probably due to different machine conditions),g 10 A
. < E 2 A R o
it is clear that the degree of detachment reachéd ) SVl
egree oraetachment T i
before the density limit is similar in all I e e I R

configurations. However, clear dependencies Line average density (1010 m-3)
are highlighted, which we have alreadyig.48: Measured degree of detachment (separatrix,

discussed, such as the lower density at Whi@ﬁak and integral ion flux for both the inner and the
outer divertors) for a series of Ohmic discharges with
high flux expansion discharges detach and the el ) J

ifferent magnetic configurations, versus line average

smaller detachment window. For the reasongsity.

explained in section 4.1.1, it is meaningless to

calculate the integral degree of the detachment for vertical plate divertors, as it depends on the
precise strike point position, which changes continuously with strike point sweeping. Hence, we
can only compare the degree of detachment for the separatrix and the peak ion flux when the
separatrix is located at the lower part of the vertical plate. It is worth noting that the window of
stable detachment is similar for both vertical and low flux expansion horizontal divertors.
Fig. 48 also shows a more symmetric (inner/outer divertor) detachment for vertical divertor
discharges. It is also clear that for the horizontal divertor discharges it is only possible to achieve,
in a stable way, discharges in which the outer divertor is partially detached (integral degree of
detachment around 4) while the inner divertor is totally detached (integral degree of detachment
around 20).
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In Flg 49, we compare the dependence 100.nner divertor Outer divertor

on magnetic configuration of the degree of- St _-h*
detachment (peak and integral) for a series:goé 1 - :{:1:? : o ngf:
L-mode density ramps with forward toroidd | ., é.,g::;ei.w’&f‘“ S éﬁ-:.:fi':‘::a." i s
field. For this regime, there is more scatterin 100 et " s

the plots (particularly for the peak valu%@ ol &

because of the appearance of divert‘%é e -a.‘; . ;"g .
oscillations (section 3.2) with the onset of 1l .- ¥4 ™ e
detachment. The first difference to be noticed 3 4 5 6 73 4 5 6 71

Line average density (1019 m-3)

in these plots, with respect to those of the _
Fig.49: Measured degree of detachment (separatrix,

preceding figure, is the higher densities that aﬁgak and integral ion flux for both the inner and the
achieved. This is associated with a weaduter divertors) for a series of L-mode discharges (4AMW
dependence of the detachment density antineutral beam heating) with different magnetic
density limit on the input power (also illustrate@onfigurations, versus line average density. The
below). For L-mode discharges, the detachmeiﬂfreased s.catt'er in the data is due to the presence of

. divertor oscillations.
window does not depend strongly of the
magnetic configuration, with differences of approximately 10-15 % in the maximum density
achieved in different configurations. One striking difference in the onset of detachment for L-
mode discharges compared to Ohmic ones, is the strong dependence of the degree of detachment
on the plasma density. This steep rise of the degree of detachment with main plasma density
coincides with the decay of the divertor oscillation. It is also worth noting that the maximum
integral degree of detachment that can be achieved in a stable manner for L-mode is a factor of
2-3 larger than that achieved in similar Ohmic discharges.

While the previous figures used to illustrate the degree of detachment are plotted versus
line average density, the physical parameter that controls the detachment process is the electron
temperature in the divertor region. The differences seen in the plots versus density are only
associated with the differences in the divertor electron temperature for each configuration. This
is illustrated in Fig. 50, where we have re-plotted the degree of separatrix detachment at the
outer divertor for a series of Ohmic density ramps on the horizontal divertor with high and low
flux expansion (those of Fig. 48) versus the separatrix electron temperature at the divertor as
measured by Langmuir probes. It is clear that the differences between high and low flux expan-
sion illustrated in Fig. 48 disappear when the temperature is assumed to be the key controlling
parameter that characterises divertor detachment. However, it is more convenient to use the
main plasma line average density as the independent variable since this is the parameter that is
controlled in the experiment and we will continue to use it throughout this section. Nevertheless,
it must be stressed that the physical parameter that controls detachment is the divertor electron
temperature.

The degree of detachment can also be used to illustrate quantitatively the strong dependence

of detachment on the strike point position on the vertical plate. This is shown in Fig. 51, where
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we have plotted the measured degree of detachment for three probes located at different heights
on the vertical plate, for L-mode density ramp discharges with forward field. When the separatrix

is located at the lower part of the vertical plate, it is possible to achieve a similar degree of
detachment to that on the horizontal plate. However, when the separatrix is located at the upper
part of the vertical plate the discharges remain more attached up to the onset of the density limit
disruption.
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Fig.50: Measured degree of separatrix detachmerti9.51: Measured degree of separatrix detachment
versus separatrix electron temperature at the divertofersus line average density for probes at different

for the horizontal plate discharges shown in Fig. 48. Positions at the vertical target during L-mode density
ramp discharges. Note the reduced degree of detachment

reached at the upper part of the vertical plate.

From Figs. 48 and 49, it is obvious that

the density at which detachment is observed  Inner divertor Outer divertor

and the maximum density achieved increase 1% *im n
weakly with the input power. In order to studg@ 10 *‘“ ﬁf
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the characteristics of detachmentin Ohmic a
L-mode, as compared to those in H-mode, are
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very different. Whereas for Ohmic and L-mode regimes the density range is controlled by the
density limit disruption, the density range in H-mode is limited by the degradation of confine-
ment that occurs at high gas fuelling rates. From Fig. 52 one can also see that this difference is
evident from the degree of detachment reached by the Ohmic and L-mode discharge, as com-
pared to the H-mode, which barely detaches at the inner divertor before the H-mode confine-
ment is lost (note that the scatter in the H-mode experiments is due to the presence of ELMS).
Hence, we have demonstrated that the window of divertor detachment is weakly expanded with
additional heating while the discharge remains in the L-mode. Unfortunately, this expansion of
the operating window cannot be fully exploited to achieve high densities because, as the input
power is increased, the discharge undergoes a transition into H-mode confinement after which
the plasma density is primarily determined by the particle confinement associated with this
regime of confinement rather than external gas fuelling.

As discussed in section 3.3, with [Pulselo:34358

deuterium fuelling in H-mode discharges it isp | o Gner dveror ] . @
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associated with the increased ELM frequenc§
rather than detachment. It is important to
highlight that the loss of confinement observed

in high density H-modes is correlated to the _
. o Fig.53: Measured peak degree of detachment during
detachment of the divertor. This is illustrateg ys (a) and between ELMs (b) for an H-mode density

in Fig. 54 where the confinement is shown tecan (11 MW of NBI). Note the low degree of detachment

deteriorate as detachment prc)gr(:“ss’e?ached at the ELMs for both divertors with the large
egree of detachment reached at the inner divertor

Ultimately, this loss of confinement dictates thgetween the ELMs. This is characteristic of detachment
maximum attainable density in H-mode td" H-modes where the divertor is detached between

| icallv bel h fthe G | LMs and reattaches at the ELMs. The integral degree
values typically below that of the Greenwa f detachment (c) includes the ELMs in its calculation

limit [48] as shown in Fig. 55. The confinemenknd remains under 10 up to the highest densities.
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H-mode density scan of Fig. 53. As the density

detachment proceeds the energy confinemeapproaches the Greenwald value the degree of
deteriorates reaching values close to L-mode at th@detachmentincreases and confinement deteriorates (see

highest detachment.

loss may be due to the increase of neutral pres-
sure in the main chamber (Fig. 56) which has
been previously shown to adversly affect H-

Fig.

54).
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mode performance [16,46]. However, at present
it is difficult to determine the causality of the=
confinement loss and it is also possible that thg
perturbation to edge gradients caused by trge
MARFE moving to the x-point region could &
be the dominant effect.

Similarly, have used the degree of
detachment definition to illustrate the benefit (L
in terms of detachment of several impurity ;——
seeded H-modes compared to the

corresponding deuterium gas puffe&ig.SG: Measured integral degree of detachment versus
main chamber neutral pressure for the H-mode density

discharges. In Fig. 57 we have plotted thgan of Fig. 53. With increasing degree of detachment
degree of detachment achieved versui neutral pressure in the main chamber increases. Figs.

. ) ) 53-56 show the interdependence of detachment, energy
confinement time (normalised to the ITER Hzonfinement, main chamber neutral pressure and density

89P scaling) for a series of H-mode dischargé@it in H-mode discharges. While it is obvious that all
four factors are linked, is not clear, at present, which is

(cryopump on) where several impurity SPECI&R,, one that drives the observed phenomena.
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have been injected. It is clear that puffing gPulseNo: 34358, 34361 and 32755

Nitrogen leads to a larger degree of detachment 1 R fzz ng
while maintaining a better confinement than o Ne+D,
discharges in which only deuterium is puffed, 6

although at the expense of an increase@ L “

impurity content in the main plasma. Neorg 8 4

seeding does not have any major advanta@ie 4 OO% A

with respect to Deuterium puffing or Nitrogeng 3 )
which is probably due to the fact that it radiateS ) % ~
[ A

O

more in the main plasma than Carbon and o Aoo 40 O@ﬁg oo
. . . L A
Nitrogen which leads to a large confinement 1 %0:‘.5“0,%‘“‘ g
deterioration before detachment can be o T T TR SR |
. 1.2 1.4 1.6 1.8
achieved. ITER H-89P

The dependence of detachment 0gg 57: Inner divertor integral degree of detachment for
toroidal field direction is shown in Fig. 58 fora series of H-mode discharges (11MW of NBI) with

the peak degree of detachment, at the inner iediterium puffing alone and with Neon and Nitogen
outer divertor, for Ohmic discharges at thgeeding versus energy confinement (normalised to the

) . ) ) ITER-98P scaling). Note the larger degree of detachment
horizontal divertor with low flux expansionand_ , . . L . .
achieved for discharges with Nitrogen seeding, while

corner configuration. The onset of detachmefaintaining an improved confinement. This behaviour
occurs at similar densities for either directiors not observed with Neon seeding which is probably
of the toroidal field while the symmetry of theelated to the temperature dependence of its radiation

detachment changes not only with fiel§Mcency
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divertor (low flux expansion) and corner configuration with forward and reversed field.

48



direction but also with magnetic configuration. While for low flux expansion horizontal divertor
detachment is more symmetric for reversed field discharges, for the corner configuration the
forward field discharges reach detachment more symmetrically. In any event, the reversed field
discharges do not have a broader detachment window, as had been previously anticipated, since
they reach the density limit at similar (or somewhat lower) main plasma densities than forward
field discharges under the same plasma conditions.

In vertical plate L-mode discharges with reversed field the outer divertor is very resistant
to detachment. This makes the final state reached by the plasma more asymmetric for reversed
field vertical plate L-modes, than comparable discharges with forward field. Fig. 59 shows the
degree of peak detachment for L-mode discharges with the strike zone at the lower part of the
target and with forward and reversed field. The range of stable operation is similar for both
directions of the field but the degree of detachment reached, in particular at the outer divertor, is
much smaller than for discharges with reversed field. For this reason, the experiments with the
reversed toroidal field were not pursued further, as they do not provide any benefit with respect
to the achievement of detachment compared to those with forward field and have a significantly
higher H-mode threshold.
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Fig.59: Measured degree of peak detachment versus ”E

average density for L-mode dlscharges on the Vemcaverage density for Ohmic and L-mode discharges with
target and forward and reversed field. The range o ) . , .
eversed field and several divertor configurations. The

densities achieved in a stable way is similar for both . S . o
- . etachment window is widened with the additional power
directions of the field but the degree of detachment . . .
. . : particularly for vertical plate discharges). However, the
obtained at the outer divertor is much smaller fo

) ] degree of detachment obtained at the outer divertor is
reversed field discharges. .
very small for L-mode discharges.

w

eg.60: Measured degree of peak detachment versus line
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The effect of configuration on detachment has also been explored for discharges with
reversed toroidal field in Ohmic and L-mode regimes Fig. 60. The increase of the detachment
window with additional heating is also found for discharges with reversed field and it is particularly
large for vertical plate divertor discharges. However, it is also important to note that the degree
of detachment achieved for the peak ion flux is very small in this case, particularly for the outer
divertor, which shows again the problem of the unstable approach to detachment for reversed
field discharges already discussed above.

7. CONCLUSIONS

In this paper we have presented results from dedicated experiments carried out to characterise
plasma detachment in the JET Mark | divertor. New and enhanced diagnostic systems have
provided detailed measurements of core, scrape-off layer (SOL) and divertor plasma parameters
on the approach to detachment. Experiments have been carried out to assess the range over
which divertor detachment is observed in Ohmic, L-Mode and ELMy H-mode confinement
regimes. In addition, the effect of additional parameters has been considered including, the divertor
configuration, direction of the toroidal field, divertor target material and the influence of active
pumping. Finally, the concept of the “degree of detachment” has been introduced as a quantitative
means of comparing the results from the whole range of experiments described above.

During Ohmic discharges in which the density is increased by gas fuelling, it is observed
that the divertor exhibits the three characteristic phases of low recycling, high recycling and
detachment. The low recycling phase is shown to be characterised by small parallel temperature
and density gradients which increase as the high recycling regime is accessed. The ratio of the
total ion flux to the total Pemission from the divertor is approximately 20 and in good agreement
with the calculated Johnson-Hinnov factor. As the divertor electron temperature approaches
5eV, firstly at the inner divertor, the ion flux “rolls-over” and begins to decrease, indicating the
onset of detachment. During this phase it is observed that the parallel electron pressure is no
longer conserved in the SOL. Throughout the transition from low to high recycling and
detachment, it is shown that the SOL broadens considerably, highlighting the importance of
providing sufficient clearance between the separatrix and vessel walls. The degree and spatial
extent of the detachment reached in the experiment (as determined from the divertor ion flux
profiles) show that the inner divertor is completely detached while the outer is only partially
detached. These measurements have also allowed enhanced perpendicular transport to be
eliminated as the mechanism which accounts for the reduction in parallel ion flux during
detachment. While the divertor ion flux is observed to decrease during detachment, the divertor
D, emission and subdivertor neutral pressure continue to increase. In principle, these seemingly
contradictory observations can be partially reconciled with the model proposed by Stangeby
[29] in which the plasma momentum is removed by charge-exchange collisions with recycling
neutrals. It is also shown that the decrease in the number of ionisationg jpleotbn at the
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outer divertor may be explained by the change in the Johnson-Hinnov factor resulting from the
decrease in divertor electron temperature and density during detachment. However, the order of
magnitude decrease in the total ion flux at the inner divertor cannot be reconciled in this way and
additional processes such as volume recombination must be invoked. Experimental evidence is
presented for changes in thg/D,, ratio that are consistent with volume recombination processes
taking place. During the final stages of detachment, the ionisation front and peak radiation emission
are observed to migrate away from the target to the X-point region.

Similar general trends for detachment are observed during density ramp experiments in L-
Mode neutral beam heated (NBI) discharges. During these discharges, the onset of detachment
and the density limit occur at higher main plasma density than comparable Ohmic cases.
Unfortunately, this trend is weaker than simple scalings based (BgyT , Since the divertor
radiative losses increase with input power. The total radiation level at which detachment begins
in Ohmic and L-mode discharges is typically 50-60%, of which around 50% of the power entering
the SOL is radiated in the divertor region. Stable detachment can be obtained in L-mode discharges
and feedback control of the gas fuelling using the divertor ion flux measurements has been
successfully demonstrated. One distinctive feature of L-mode discharges is the occurrence of
the so-called divertor oscillations, which are observed as large amplitude variations in the divertor
ion flux during the approach to detachment. This complicated phenomenon also affects the
temperature and density profiles in the outer region of the core plasma and it is proposed that
impurity production at the divertor target coupled with the instability of the MARFE position
controls the oscillations.

Due to the presence of ELMs, the general character of H-mode discharges is different
from the Ohmic and L-Mode cases. As the gas fuelling is increased in H-mode discharges, the
ELMs decrease in amplitude and increase in frequency. Beyond certain levels of gas fuelling,
the confinement deteriorates and this ultimately limits the maximum density and radiated power
fraction (50%) that can be attained in H-mode. Nevertheless, similar detachment behaviour of
the ion flux and [ emission is observed, albeit between ELM events. During the ELM event,
detachment is not sustained and large ion fluxes are measured at the divertor target, although the
divertor D, emission may actually decrease. These so-called “negative” ELMs may be understood
by taking into account changes of the Johnson-Hinnov factor resulting from the energy pulse
associated with the ELM.

Detailed experiments have been carried out to assess the influence of divertor geometry
and wall clearance on plasma detachment. It is shown that Ohmic discharges with low wall
clearance have lower threshold densities for detachment and density limit by about 35%. This
results can be related to the relative proportions of bulk and divertor plasma radiation, the fraction
of bulk radiation being significantly higher in the low wall clearance discharges. Experiments to
assess the effect of divertor flux expansion for discharges with the strike zones on the horizontal
targets are complicated by the wall clearance issue. In the case of the high flux expansion
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configuration, the wall clearance is reduced and this lowers both the threshold density for
detachment and the density limit by the same degree as is observed for experiments in which the
wall clearance is reduced independently of the flux expansion. These observations lead to the
conclusion that the wall clearance may be the dominant effect in these experiments rather than
the flux expansion. Similar behaviour is observed during L-mode discharges although the
influence of wall clearance was found to be much weaker.

In the JET Mark | divertor configuration, it is possible to operate with the strike zones
located on either the horizontal or vertical target plates and experiments have been carried out to
assess the relative merits of these configurations. In contrast to predictions from 2D modelling
codes, there were no significant differences between the onset of detachment and the density
limit for the two configurations. Detailed comparisons of the ion flux profiles for the vertical
target case show that the detachment occurs over a smaller density range for the inner and outer
divertor and that the degree of detachment is larger at the lower part of the vertical plate. It
should, however, be stressed that the degree of detachment on any part of the vertical plate is
never larger than for the horizontal target. There is some evidence that the presence of neutral
by-pass leaks and the existence of an inwards SOL particle pinch may yet account for the
discrepancies between code and experiment.

Dedicated experiments have been carried out to assess the effect of the toroidal field
direction on the detachment behaviour in JET. It was expected that, due to the more symmetric
divertor plasma parameters in reversed field discharges, the onset of detachment should occur
over a smaller density range for the inner and outer divertors. This has been only confirmed for
one divertor configuration while it seems to produce the opposite effect in the rest of
configurations. Regardless of divertor configuration, almost immediately after detachment, the
reverse field discharges form a MARFE in the main plasma, which produces a density limit. The
levels of radiated power are similar for both forward and reversed field, so that this behaviour
cannot be explained by increased impurity contamination. In the case of L-mode reversed field
discharges, it was also not possible to obtain steady-state detached plasmas.

By using the cryopump installed in the JET Mark | divertor, the influence of active pumping
on detached plasmas has been studied. It was found that the overall density threshold for
detachment and the density limit are similar with and without active pumping. However, during
some Ohmic discharges the inner divertor is observed to re-attach when moved into the corner
region of the divertor where the maximum particle removal rate is obtained, thereby highlighting
the importance of large divertor neutral pressures to achieve detachment.

An important aspect of the JET Mark | divertor campaign was to assess the relative merits
of Carbon and Beryllium as divertor target materials. In terms of the approach to detachment,
the general behaviour of discharges with different divertor target materials is very similar. It
should, however, be highlighted that throughout this comparison, the other first wall components
were unchanged and, as a result, Carbon remained the dominant impurity species. Clear differences
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in the sputtering behaviour of the divertor are observed between Carbon and Beryllium targets
on the approach to detachment associated with the absence of chemical sputtering for Beryllium.
It is also found that the ratio of Carbon to Hydrogen radiation is highest for discharges with low
wall clearance. However, contrary to expectations the impurity contamination of the core plasma
does not increase on the approach to detachment, even when the region of peak radiation is
located at, or above, the X-point region. Such observations indicate that the impurities may be
well confined within the MARFE, or that the impurity contamination does not depend strongly
on the divertor regime.

In order to compare and contrast all the results described above it is convenient to develop
a quantitative scaling by which the “degree of detachment” may be defined in terms of the main
plasma density. We use the result from the two-point model for the quadratic dependence of the
divertor ion flux on main plasma density and compare it with the measured ion flux from low to
high recycling and then extrapolate it through to detachment. The degree of detachment is then
defined as the ratio of the extrapolated ion flux to the measured ion flux.

Such an analysis has been carried out
using the JET discharges described in this papers
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(HFE = High Flux Expansion, LFE = Low Flux Expansion, VER = Vertical Divertor) and confinement regimes
(©, L) with forward and reversed field.

Finally, we propose the quantitative framework offered by the definition for the “degree of
detachment” as the tool to compare experiments from different divertor tokamaks.
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