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1. Introduction

The installation of the pumped divertor with 4 internal coils has consequences
for the cleaning and conditioning of the JET vessel prior to plasma operation. A
new Glow Discharge Cleaning (GDC) system has been commissioned and
exploited during the 1994 restart of operation and the standard conditioning
procedures have been adapted to suit the new in-vessel configuration. In
addition, the glow discharge has been characterised with a number of plasma
diagnostics specifically adapted for the parameters of the discharge. First results
from initial plasma operation are used to evaluate the level of the present
machine conditioning compared to that of past operation periods.

2. Conditioning procedures

To obtain long lasting effects from in-situ gettering (Be evaporation in the case of
JET) the vacuum vessel has to be cleaned to high-vacuum standards. The
previous standard conditioning procedure (high pressure water wash, bake at
350 °C + GDC in D and He in preparation for Be evaporation [1]) was not used
because of the presence of the 4 internal divertor magnetic coils, in particular no
water wash was carried out before closure, and the baking temperature (Tygggel)
was limited to 250 °C. Moreover, the coil cases and the multilayered radiation
shields (area = 1600 m?2) are out of reach of the glow, and are maintained at
low T (from 250 down to <100 C). The present procedure is :

1. Vacuum vessel baking at 250 ©C.

2. High pressure (3 mbar) N, purge of vacuum vessel (to heat in a controlied

way the radiation shields and coil case)




3. D and He GDC at T, gge; = 250 °C

4. Be evaporation

3. Vessel cleaning after in-vessel coil construction

Of particular relevance for the vacuum vessel contamination was the in-situ
construction of the 4 divertor coils (including brazing, impregnation and curing).
Surface analysis (by 4He induced x-ray emission) of metallic in-vessel
compoﬁents at the end of the construction phase showed that manual wiping
with either water or solvents was not effective in removing trace contaminants,.
such as Si, P, S and Cl. Therefore a new technique, high pressure blasting with
frozen CO, pellets, was tested as an alternative to a water wash. Analysis of the
test pieces indicated a reduction by a factor of 2 to 5 in the surface
contamination levels. This method was then used to decontaminate the vacuum
vessel after completion of the in-vessel construction phase [2]. More than 200 gr
of material were removed from the vacuum vessel surfaces, of which 100 gr
were inorganic compounds. Metals (Ni, Cr and Fe) and fairly large amounts of Cl,
S and P were identified in the removed materials. It is estimated that between 50
and 95% of the contaminant material was removed from the vessel surface [2].
4. Vacuum baking and N, purge

In the previous bakeouts at 350 °C, two main thermal desorption peaks were
measured, one at 210-240 °C and one at 320 °C. With the present limitation in
temperature only the first thermal release peak is achieved. No desorption peaks
are observed during a second bakeout cycle, carried out 24 h later and after a
short venting. The lower baking temperature implies that a larger reservoir of
H,0, CO and CO, remains in the wall components, in particular for H;0. In fact,
the ratio mqg/myg after bakeout is 10, compared with 5 or less, which was
typical of the vacuum achieved after high T baking. However, the level of
gaseous impurities is low (H,0 pp = 2x10°6 mbar, CO and CO, pp = 2-3 x10°7
mbar), and represents less than 1% contamination for typical JET glow discharge
pressures.

The radiation heat shields insulating the divertor coils from the hot vessel remain
at temperatures as low as 80 °C during baking. To promote H,0 release from

the inner layers of the heat shields, a continuous flow of N, at 3 mbar (contact



gas) was established in the JET vessel. The temperature of the shields increased
by approximately 25 °C and the H,0 removal rate increased, on average, by a
factor of 10. This procedure resulted in the release of = 1x1022 water molecules,
or 0.1 monolayer for an estimated area of the cold surface of 600 m2,

5. Glow Discharge Cleaning

A new and improved GDC system was installed in JET during the 1992-93 shut-
down. It consists of 4 (instead of 2) electrodes equally spaced toroidally situated
at the top of the machine (see figure1). The electrodes are fed by current
controlled power supplies, capable of 80 A total DC current (instead of 10) and
maximum DC voltége of 1500 V. RF power up 150 W is available, to assist the
breakdown and stabilise the glow at low pressures [3].

For the first time in JET the glow discharge has been diagnosed by using a real
time wide-angle view colour CCD camera, fixed and movable Langmuir probes
for current density and floating voltage measurement, visible spectroscopy and
surface collector probes for the monitoring of metal sputtering. These were in
addition to the standard mass spectrometry measurements of impurity partial
pressures for cleaning rate calculation and vacuum assessment. The location of
the diagnostics is shown in figure 1. In order to assess the influence of the gas
species, total current and discharge base pressure on the glow uniformity and
impurity removal efficiency, the following parameter space was investigated :

gas species : (H), D and He

glow currents : from 4 to 28 A

glow pressures : from 1x10-3 to 1x10-2 mbar

number of electrodes : 1 electrode at 4 A and 4 electrodes at 1 A each.

Ba. Langmuir probe measurements.

One of the key elements that determines the cleaning efficiency of the glow
discharge is the current density distribution, i.e. the effective surface area of the
vessel influenced by the glow. In addition, the impurity removal rate from the
walls depends on the voltage drop at the edge of the discharge, since it
determines the incident energy of the ions (both ion-induced desorption and
chemical sputtering are energy dependent). Moreover, for each impurity species,

the global cleaning efficiency (the ratio between the characteristic pump out time




Tp and the ionisation characteristic time 1;) is a function of the glow background
parameters in particular, the electron temperature T, and density n,. The main
results of the measurements are summarised as follows (figures 2 and 3):

1. For all discharge conditions, the He GD is more uniformly distributed than D
GD (figure 2), both on the walls and in the divertor region, in full agreement with
CCD camera observations. The current densities at the limiters in He are, on
average, a factor of 2 to 8 higher compared with D GD, and the effect is
stronger at lower pressures. The current density at the divertor target achieved
during He GD is a factor of 10 to 50 higher that achieved with D.

2. For both D and He, the CCD camera shows that the discharge stability
deteriorates at high pressure. Uniform spreading of the glow is observed for p <
1x10°2 mbar. This stability threshold is particularly pronounced in He (figure 3).
3. To maintain the same current, larger applied voltages at the electrode are
required for D, compared to He GD (typically 300 V for D and 100-150 V for
He). The corresponding potential drops measured at the edge of the glow follow
the same trend (150 to 250 V for D and 20 to 120 V for He). For both D and
He, the plateau value and the shape of the floating voltage profile (V) are not
constant and are a function of the total current. Variation of the discharge
pressure also causes changes in the plateau value of V. Also, for D, the shape
of the V¢ profile varies with pressure, in agreement with the CCD camera
observation of increased discharge instability at high pressure. For most of the
glow conditions the plateau value of V; is reached at 10 to 15 cm from the
vessel walls. The e-folding length mapped across equipotential surfaces varies
from 7 to 10 cm.

4. The temperature and density of the glow have been derived from the I/V
characteris‘gic measured with the movable Langmuir probe. Typical values are T,
= 2 eV and ng = 102 m3. The corresponding 1; for CO and H,0 are >200 s,
compared with 1, =27s, therefore the ionisation of impurities removed from the
walls is unlikely to play a major role in determining the glow cleaning efficiency.
5. The current density distribution is strongly dependent on the number of the
electrodes. When only 1 electrode only is used instead of 4 (at constant total

current), the average flux to the walls is reduced to 40% (D) and 60% (He). The



reduction in the divertor region is even more pronounced where the current
density reduced to 20% and 40% for D and He respectively.

5b. Metal sputtering during glow discharge

The occurrence of metal sputtering during GDC has been monitored by analysis
(RBS and PIXE) of the surface collector probe, exposed to several hours of GDC
and with a visible spectrometer, configured for glow discharge measurements.
Preliminary results show that during D GD, no metal sputtering is observed. Both
collector probe results (=60 Ah exposure) and visible spectroscopy show no
significant levels of metal deposited or in the glow. In contrast, during He GD the
analysis of the visible emission spectra show traces of Cr at 12 A and 16 A total
GD current . No collector probe measurements are available to correlate the
measured line intensity to sputtering/deposition rates.

The occurrence of metal sputtering only during the He glow may be related to
the more uniform spreading of the glow in the vessel, and therefore the larger
metal surface reached by the glow.

5c¢c. Glow discharge cleaning results

The restart of JET operation in early 1994 has been troubled by the presence of
large air leaks, and the conditioning procedures had to be repeated. The main
events and procedures that occurred during the machine restart, from the point
of view of conditioning, have been :

1. Leak repair

2. Baking + N purge + D GDC (80 Ah) + He GDC + Be evaporation

3. Short period of plasma operation

4. In-vessel intervention (opening to air)

5. Full conditioning cycle (2) repeated but D GDC for 180 Ah and He GDC for
100 Ah.

At the start of JET operation, the first D GDC cycle was interrupted prematurely
(the D cleaning is usually stopped when CD4 and C,D, production due to
chemical sputtering of graphite dominate over ion induced desorption of CO).
The subsequent Be evaporation was not very effective and D GDC was repeated.
Probably due to the Be coating on the surfaces, a large part of the "dirty"

surfaces were not exposed to the glow and the cleaning efficiency was close to




zero. In total, only 5x1022 CO molecules were removed, that is only 30% of the
typical amount of CO removed during the first conditioning after a shut-down.

A new D GDC cycle was carried out after baking and N purge (procedure 5).
Good cleaning was achieved after 15 h of glow, or 180 Ah, at an average
current of 13 A. The amount of CO and H,0 removed (= 8x1022 CO molecules)
is similar result to that obtained in 1991 after short a in-vessel intervention, but
with the vessel walls at 350 °C.

The time evolution of H,O and CO removal is dominated by the effects of the
source depletion (accessible O in the near surface layers). It is found that at the
end of the glow the partial pressure of CO scales with t0-5, compared to t-0-85-t-
0.7 at the beginning. This indicates that a "diffusion dominated” release regime
has been reached.

The fact that the removal rate depends at any time on the actual wall source
(unknown) complicates the assessment of D GDC efficiency. Therefore a
systematic discharge parameter scan was carried out in the phase of the glow
dominated by hydrocarbon production ("infinite source"), to distinguish the
variations in impurity removal efficiency due to changes of the glow parameters
(I and p) from the source time evolution. The results are summarised in figure 4.
1. The removal rate increases very strongly with glow current, for |<4 A (figure
4a). For I > 4A the removal rate remains proportional to the glow current, but
the dependence is weaker. Some increase in the removal rate is observed above
20 A, possibly related to the measured increase of V¢ from 150 to 250 V.

2. No strong dependence of the removal rate on glow pressure is observed.

He GDC was carried out after the D glow. The main aim of the He glow is to
remove the residual CO and H,0 in the walls while avoiding C sputtering (during
He glow, the measured peaks 18 and 28 are due the release of CO and H,0 and
are entirely determined by ion induced desorption), and also to deplete the wall
from D. The CO removal rate was quite low, and consistent with "clean"
surfaces. D is also removed during the glow, as shown by the presence of mass
6 in the residual gas analysis spectra and also indicated by the DY line measured
by the visible spectroscopy . The results of the glow parameters scan are (figure

4 b and d):



1. The removal rate is independent of the glow current. This is consistent with
the observation of diffusion limited CO release during the D glow preceding the
He glow.

2. In contrast to D, the cleaning rate for both CO and HyO shows a clear
dependence on the glow pressure and it is maximised at low pressures, below
about 4x10-3 mbar. The roll over of the impurity removal rate could be related to
the measured sharp increase in the edge V¢ (from 20 to 120 V), for p> 4x10-3
mbar. The decrease in the CO removal rate associated to the increased energy of
the bombarding ions could be related to a decrease of the desorption cross
section with increasing ion energy, observed in some cases for light primary ions
[4].

Be evaporation was carried out after the glow discharge cleaning sequence. The
average thickness of the layer deposited in each 45 minutes evaporation is
estimated to be around 20 nm (collector probe data). A further 9 Be evaporations
have been carried out in the following 4 weeks of regular plasma operation, in
same cases preceded by overnight He GDC. The vacuum conditions have slowly
but continuously improved. The main impurity partial pressures have been
reduced below the 1x10-8 mbar level, with an improvement of an order of
magnitude over the pre-Be vacuum.

6. Overview of the first JET plasmas

The level of conditioning of a Tokamak is ultimately measured by the plasma
performance and characteristics. Due to the very limited time of JET operation to
date, only a preliminary assessment is presented here.

A good indication of the global level of impurities in a plasma is given by the
radiated power levels. Figure 5 shows the levels of P .4 for previous operation
and the current 1994 campaign. The 1994 values (0.44 MW) compare well with
the typical values achieved in the 1991 campaign (0.52 MW). However, this
initial 1994 database includes only 2 MA plasmas, while the 1991 pulses were
mostly at 3 MA.

Additional information on the impurity content of the plasma is obtained by the
analysis of the data obtained with a broad band soft x-ray spectrometer (impurity

survey in the 1 to 100 A range) [5]. Although Be is rapidly eroded from the




plasma facing surfaces, the impurity ccntent (C, O, Cl and metals) remains fairly
constant over a large number of pulses. Quantitative analysis is in progress, and
first indications are that the levels of impurities in the 1994 plasmas are
comparable to the past, with the exception of O, that appears to be somewhat
higher.

7. Conclusions

1 The standard cleaning and conditioning techniques developed at JET in the
past have been modified and adapted to the new machine characteristics. The
improved GD system has been successfully commissioned and exploited for the
1994 restart.

2. The achieved impurity removal during conditioning is similar to that achieved
in the past, in spite of the lower baking temperature and the presence of large
cold and surfaces not in the reach of the glow.

3. The depletion of the near surface reservoir of O is successfully achieved by D
GD, as shown by the diffusion limited release rate of CO.

4. For the first time at JET, the glow discharge cleaning has been extensively
diagnosed and the glow current distribution, edge potential, density and
temperature measured in conjunction with systematic scan of the glow gas,
current and pressure. The overall cleaning efficiency and the impurity removal
rate are related to the measured current density distribution and to the variation
in the edge potential. These tests have also established that for a Tokamak of
the size of JET the minimum number of GDC electrodes for an uniform glow
coverage is 4, in particular for D GD. Location of the electrodes at the midplane
could be beneficial for improved conditioning of the divertor target.

5 The "base level” impurity content of the plasma is low, and comparable to the
1991 levels. A possible exception is O, for which the source is likely to be the
leaks that occurred during the restart of the machine while the vessel was hot.
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Abstract : A moce! based on a local mixing model has been previously developed at JET
to explain the recovery of tritium after the first PTE experiment. This model is extended by
a 0-D plasma pa—icle balance model and is applied to cata from Tore Supra walls
saturation experirents. With only two free parameters, representing the diffusion of
hydrogen atoms znd the volume recombination process between hydrogen atoms into
molecules, the mocel can reproduce experimental data. The time evolution of the after-shot
outgassing and the :ntegral amount of particles recovered after the shot (assuming 13 m2 of
interacting surfaces between plasma and walls) are in good agreement with the experimental
observations. The same set of parameters allows the model to simulate after-shot outgassing
of 5 consecutive discharges. However, the model fails to precict the observed saturation of
the walls by the plasma. Results from helium glow discharge (HeGD) can only be partially
described. Good agreement with the experimental hydrogen release and its time evolution
during HeGD 1is observed, but the model fails to describe the stability of a saturated
graphite wall.

I) INTRODUCTION

The study of the retention and recycling of hydrogen in tokamak walls is of crucial
importance in the understanding of particle inventory and of particle control.

The plasma particle balance in Tore Supra has been extensively studied using a
special experimenmli procedure (Grisolia er al., 1992). This procedure consists of doing a
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long series of Dy shots beginning with deeply desaturated graphite walls obtained after a
very long helium glow discharge (HeGD). The essential results obtained during this special
procedure are:
o The HeGD removed 4x1021 atoms/m? from the vessel walls with a
decreasing rate falling as t-0.5 (60 hours of HeGD; glow current=3 A; glow
pressure=0.3 Pa of He; graphite surface=100 mz).
» Throughout the series of tokamak shots, the hydrogen release in the 600s after
the shot was 20% of the total gas input. For typical shots studied here, the total
amount of particles recovered is 8x1020 atoms. During this time, the hydrogen
release rate decreased as t-0-775 (these results are typically observed in
tokamaxs with graphite or carbonised walls).
» After a certain number of consecutive shots (18-20), it is no longer possible to
control the plasma density and the series ended with a density-limit disruption.
Data from :ie JET Preliminary Tritium Experiment (PTE) has been used to develop
a model of recovery of tritium from vessel walls (Andrew er ci.. 1994).
In this paper, following a concept introduced previcusly (Ehrenberg, 1992), this
PTE model is exiended by the addition of a 0-D plasma particle balance model which
calculates for a given plasma density the flux impinging on the wall during a shot. In order
to validate the JET PTE analysis, the new model is then applied to the Tore Supra

experiments described above.

II) WALL MODEL
This model is based on the local mixing model developed to explain the ion-induced
release of deuterium from carbon in laboratory experiments (Brice, 1990). In this model,
hydrogen in the grephite walls is described by means of 2 populations, one which is trapped
and another which s mobile and can diffuse in the material.
The time evolution of these populations is given by 2 coupled equations:
o ol

&
- s —x)ore2
=0 — + @ x xo) rc? (1)
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and
X,

1
e fimg ey -eolerer

where Cg (Cy) are the concentration of mobile (trapped) particles in the wall (m'3). Here
Cq¢ represents the trap concentration. In graphite, saturation is reached when the
concentration of hvdrogenic atoms is equal to 0.4 the carbon concentration. So Cor=4x
1028 m-3,

x (m) represents the depth into the material with x = 0 at the surface.

The first term of the right hand side of equation (1) is a diffusion term where D is
the mobile particle diffusion coefficient (m2s-1y.

The seconc ierm represents the particle source. @ is the hydrogenic flux onto the
surface and will be defined below (m’zs‘l). The particles are assumed to be deposited at a
depth of xg = 5 nm which corresponds to the average penetration depth of 100 eV
deuterium ions in arbon.

The third :2rm corresponds to a volume recombination process introduced by
Andrew er al. to explain the JET PTE results. Here it is assumed that it applies between the
surface and x = Zx( on the assumption that this volume recombination process occurs at
interior surfaces created by ion induced damage to the bulk material within the range of
their depth of penetration. I' is the volume recombination rate coefficient (m3s-1) and is
defined below (see boundary conditions).

The first term of the right hand side of equation (2) is a trapping term. This process
is high when the traps are empty and it decreases when the concentration of occupied traps
increases.

The second term is the thermal detrapping term. B = exp(-E¢/kT) where T is the
wall temperature (+50 K in these experiments) and E; is Lheltra'pping energy. Different
values of E; can be found in the literature between 0.3 and 3 &V (Brice, 1990). However, if
E; is too high, the trapped particles cannot be detrapped by thermal activation and so the
concentration of mobile (diffusing) particles is low as long as saturation has not been

reached. This is ‘nconsistent with the results from HeGD where the total number of
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hydrogen atoms released is larger than that trapped in the material within the range of the
bombarding helium ions. Hence a suitable reservoir of mobile hydrogen must be present.
Therefore E; is assumed to be small, here 0.3 eV, and thus 8 =5*10-4.

T, is the time constant for the trapping/detrapping process. Here it is assumed that
the two populations are in quasi-equilibrium and so 1, is small (here, t5= 102 s).

The third term of equation (2) represents the induced detrapping term where ¢ is the

detrapping cross section (mz).

Boundary conditions:
@x=0 [ &)-xc

At the suriace of the material, the diffusion flux is equal to the surface
recombination flux. Kr is the surface recombination coefficient (m4s'1). In addition, the
volume recombinzZon coefficient. I', is chosen to be Kr/x. During all the experimental
situations studied in this paper (except at the very beginning of the HeGD), the volume

recombination procsss is much greater than the surface recombination one (see IV a))

@x =x D(g)ﬂ)

(29

Initial conditions :
At the beginning of the He GD procedure, the walls are saturated and Ct=0.99x
Cot. At this time, the two hydrogenic concentrations are in equilibrium (cCy/ot) = 0 and

Cs=BCy/(1-Cy/Cop=4.95x10"2 Cy.

Expression of @ :

During HeGD, the re-implantation of deuterium is assumed to be nil and the source
term for the hydrogenic content is set to zero. Therefore. ® plays only a role in the
induced detrapping term in equation (2).

®=(//q9)/S, =2x1017 m=2s-:
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where I is the glow current (=3 A), Siq is the total graphite wall surface (=100 m?2 in
Tore Supra) and q=1.6x10'19 C.

During the shot, ® is given by a classic 0-D plasma particle balance model
between the plasma and the graphite wall. The time evolutions of the plasma (Np) and wall

(Ny) populations are described by the two following equations:

p = —_
dt - Qiﬂ + ¢SOL
and
dN,
dt = = ¢SW t @

Some hypotiesis are made in this simple model:
o due tc the very small particle residence time and volume of the SOL, this third
reserveir is neglected.
o all the particles reflected by the wall are supposed to gain sufficient energy
during :heir acceleration by the Langmuir sheath :0 be directly injected in the
plasma.

All the fluxes involved in the two equations above are defined using the next

drawing :
Plasma SOL Wall
<,
R\l[(‘ ﬂOSN] \\
Q;, Q, O
(1-H) O -
fosn Oy
where:
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 Rn is the particle reflection coefficient (=0.25) (see Eckstein, 1991)
» Qin represents the flux coming out the plasma = (Np/'cp)x(l/S) where p is
the pardcle confinement time (=0.2s) and S is the wall surface area (=5m2)
interacting directly with the plasma . Here Np=5.4x1020 particles and
Qin=5.4x1020m-2s-1,
o the particle flux coming out from the wall (=ogw) is given by the wall
model. It is divided into two components. One which is directly injected into
the plasma (=fx@gw) and another one which falls back onto the wall (=(1-f)x
®SW)- 7 is the fuelling efficiency and is supposed to be equal to 0.15.
* 0g is e particle flux incident on the wall. g = Qin + (1-f)xpgw.
o @ is e particle flux entering the wall and it is the input to the wall model. ®
=0gx(--Rn)
* O] s the particle flux entering the plasma = Rn<og + fxogw.

In this mocai. Np 1s assumed to be constant.

Equilibrium is reached when the particle flux coming out the plasma is equal to the

flux entering the piasma : Qin = @4].

I WALL DEPLETION OF HYDROGENIC PARTICLES BY HeGD
As indicatec above, ® is acting only by the induced detrapping term and c=8x10"
21 p2.
The hydrogen released by HeGD as calculated with the model is presented figure 1.
The set of parameters used is:
I = 1028 m3s-l (Kr = 5x10-37 més-1)
D = 7.5x10"19m2s-1
The hydrogen release quickly follows a t-0-3 time evolution in agreement with the
experimental observations. This suggests that the release is diffusion limited. The total
amount of atoms removed from the walls during this long HeGD is 1.4x102! atoms/m?

which is within a fzctor of 3 of the experimental value.
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However, the same results are obtained with o=0 e.g. without particle induced
detrapping which means that release of hydrogen would also take place without HeGD.
This is because the volume recombination process is much larger than the particle induced
detrapping one (even if much larger values of ¢ are used). Two attempts to remove this
weakness in the model were unsuccessful:

« if 1, is increased, the detrapped particles stay longer in mobile form. Then the
jon induced detrapping term becomes more important during HeGD. But, und'er
these conditions, it becomes impossible to simultaneously match the measured
total release and the t-0-3 time evolution.

o if Cqy is increased to mimic the high surface roughness of a tokamak graphite
then again the ion induced detrapping term becomes more important in HeGD
and a good fit for both experimental results (total -elease and time evolution) is
obtained. But now it becomes impossible to fit the time evolution of the after-

shot outgassing release (see below).

IV) AFTER-SHOT OUTGASSING

a) Wall conditions before outgassing

Before the irst shot, the trapped and mobile particle profiles in the wall are given
by results obtained after the HeGD.

During the shot, the trapped and mobile particle profiles are calculated using the 0-
D plasma model and the 1-D wall model described above.

In figures 2 and 3, trapped and mobile particle profiles are presented before and
after a discharge. During the discharge, Qi is high and the wall traps are quickly
saturated. By the end of the discharge, the mobile particle concentration reaches a high
value (see figure 3) which is almost reproducible from shot to shot for a given value of Np.
This reproducibility of the mobile particles profile leads to the reproducibility of the after-
shot outgassing production (see point V).

With this mobile particle profile, it is obvious that the volume recombination
process is much greater than the surface recombination one.
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In figure 4, the time evolution of pgQL (the flux entering the plasma) during a shot
is presented. With constant plasma density, it takes only 3 t0 4 s to get the equilibrium

between Qin and ogQL.

b) After-shot outgassing

During the first 20s after the shot, the calculated after-shot outgassing release is
much higher than the experimental observed release.

To improve this during the first 20s, a "current ramp down" phase is introduced at
the end of the shot for 5s during which @, the particle entering the wall, is set to 0. During
this "current ramp down", particles outgassing from a high flux implanted surface are
supposed to be sprayed onto a much larger surface. This larger surface is far from
saturation (€. g. ¢c§OL < <Qjn ) and pumps particles which are released from the highly
implanted surfaces during the rampdown. After transferring particles, the after shot
outgassing releases from the two surface areas are identical. This transferring process
homogenises the wkamak surface conditions in terms of hvdrogen content of surfaces
which are near the last closed flux surface.

The same set of parameters (I' and D) gives good agrsement with the experimental
results (see figure 5) :

o the calculated after-shot outgassing rate follows a t-0.73 evolution which is
very close to the experimental one.

o the wtal number of particles recovered is between 5x1019 and 6x1019
particles/m2. Therefore, 13 m2 of wall surfaces have to be involved to obtain

the total measured production which is in good agreement with estimates of

surface areas interacting with the plasma given by Hq measurements.

V) SERIES OF TOKAMAK DISCHARGES

In figure 6. the after-shot outgassing releases for a series of consecutive shots are
presented (for the sake of clarity, only the after-shot outgassing after the first, the second
and the fifth shot zre shown)
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During this series, the releases follow almost the same time dependence which is in
agreement with experiment. For the same shot conditions, the total number of particles
recovered during aZter-shot outgassing is identical (61019 particles/ m2).

The calcula:ed particle balance during and after the 4th ghot is (all the quantities
expressed per m2) :

+ 2.28x1020 which is the total amount of particles deposited in the wall
during the shot.
- 1.60x1020 is the quantity of outgassed particles during "current ramp
down".
- 6.00x1019 corresponds to the outgassed particies during the following
600 s.

This gives z net result of + 5.40x1018 particles left ‘n the wall at the end of one
cycle.

This low ceposited amount obtained for every simuiated shot cannot be used to
reproduce the sma’ number of experimental shots done before reaching the density limit.

The descripdon could be improved if the model incluced implantation of energetic
neutrals during a saot (e.g. particles whose energy is higher than 100 eV). These neutrals
penetrate deeper iato the material, beyond the zone where the volume recombination
process takes place and thus would be trapped in the material. This new deposition process

could increase the wall loading and has to be included in future studies.

VI) CONCLUSIONS

The JET PTE local mixing model including volume recombination process has been
applied to a TORE SUPRA wall saturation experiment.

With T = 20-28 m3s-l (Kr = 5x10-37 m4s'l) and D = 7.5x10"19 m2s7, this
model gives a reasonable fit to the measured after shot outgassing release. This value of D
compares well witt those previously published (see Grisolia. Grosman and Bardon, 1992).
I represents here a new process only introduced by Andrew and coworkers. However, ' =
K./xg and Kr = 5:10-37 m4s-1 is in the range of the values found in the literature. A t-
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0.73 time evolution of the outgassing production is calculated which is very close to the
experimental one. The total amount of particles recovered after a shot is 6x1019 atoms/m2
and 13 m2 of interacting walls have to be used to match the total experimental outgassing
after a discharge.

Using the same set of parameters, the experimentally observed reproducibility of
after shot outgassing is also simulated in a series of 5 consecutive shots.

The model fails to describe the experimentally observed saturation of the walls by
consecutive discharges. Energetic charge exchange neutrals that penetrate deep into the
surface beyond the recombination zone may need to be included.

Again using the same parameters, the model is only in dartial agreement with HeGD
experimental results:

» the cziculated total release of hydrogen by HeGD is a factor of 3 smaller than
the experimental one, whereas

e a t'0.3 time evolution hydrogen release rate is calculated similar to the
experimental one.

The model :ails to describe the stability of a hydrogen saturated graphite wall in the

absence of ion induced detrapping.
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1. Introduction

JET has successfully operated since 1983 with plasma facing components comprising fine
grain graphite tiles, a wide variety of carbon fibre reinforced graphite (CFC) tiles as well as
beryllium tiles. The experience at JET has highlighted the advantages and disadvantages of
the various materials from a point of view of plasma wall interactions, plasma disruptions, as
well as design and procurement. The new Mark II Divertor for JET has been designed to
investigate the effects of divertor geometry on plasma performance. Actively cooled divertor
target systems are difficult to exchange easily, quickly and, in particular, using remote
handling tools. The new Mark II divertor incorporates large CFC tiles (approximately
400 x 180 mm) which are shaped and supported in a way that ensures maximum power
handling capability and the elimination of carbon blooms caused by hot spots. The Mark 11
design relies on the thermal inertia of the target tiles in order to maintain acceptable target
surface temperatures.

2. Mark II Design

The Mark II divertor, shown in Fig. 1, consists of a toroidally continuous U-shaped
structure which is internally stable, and a set of three rings of tile carriers bolted onto the
bottom and sides of the structure. The structure itself consists of 24 individual water cooled
modules bolted together into a continuous ring in the vessel and attached to the vessel via the
36 main clamps of the two central divertor coils. It provides a flat and rigid base and
cylindrical inner and outer sides for the attachment of the tile carriers. The tile carriers can
vary depending upon the chosen divertor shape and are fully equipped with tiles and any
associated diagnostic systems prior to being installed in the vessel. The exchange of tile
carriers, which is an easy and rapid procedure, can be performed by the remote handling
tools available in JET. A

The tile carriers to be initially installed, Fig 1, allow the investigation of a large variety of
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plasma configurations including high power discharges and discharges with the separatrix
intercepting either the side or the lower target tiles. In order to allow for a high power
handling capability the total area wetted by the plasma has been increased as far as practicably
possible, in both toroidal and poloidal direction. The design has resulted in a calculated
maximum power density of less than 5MW/m?2 on the tiles for most plasma configurations
and up to 15MW/m2 for particular discharges envisaged, assuming full power operation of
which 50% is conducted to the divertor target.

The toroidal wetted length is optimised by using target tiles which are long in the toroidal
direction and mounted in a way which guarantees a minimum tile-to-tile misalignment. The
tiles are attached to the tile carrier by a single spring loaded central bolt attached to a
dumbbell shaped rod inserted in a hole drilled into the tile, and supported on four corner
pads, Fig. 2. Each tile carrier is fitted with tiles but adjacent tiles always share the corner
support pads. The tile-to-tile step accuracy is not therefore dependent on the exact alignment
of adjacent tile supports but only upon the tolerance of the tle thicknesses.

The poloidal inclination of the target tiles was chosen so that the poloidal area wetted by the
plasma scrape-off is increased as far as possible for the plasma configurations envisaged.
Tile-to-tile steps, designed to protect tile edges, are also included in the poloidal direction and
shown in Fig. 1.

The front surfaces of the tiles are, without exception, free of holes or cut-outs either for tile
attachment or for diagnostic purposes.

3. Tile Material Requirements

The 400 x 180 x 40mm Mark Il divertor tiles can be made of either beryllium or carbon fibre
reinforced carbon (CFC) material. CFC was chosen as the tile material for the first
installation because it provides a robust and forgiving solution. It can be followed up by a
beryllium tile design once the optimum divertor geometry has been identified.

The design was based on material properties such as thermal conductivity, thermal expansion
coefficient and flexural strength that were know to be readily achievable by CFC

manufacturers.
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3.1 Thermal Conductivity Requirements

A high thermal conductivity into the thickness of the tile is an important factor for the choice
of material as it is the surface temperature of the plasma facing tiles that limits the operation.
When CFC tiles over-heat they are likely to cause a run-away influx of carbon, a ‘carbon
bloom'. The design of the Mark II divertor has been based on the requirement that no tile or
part thereof should be heated to more than 1600°C under the expected heat load.

3.2. Thermal Expansion Coefficient Requirements

The power handling capability of a tile in the Mark II divertor depends not only on the value
of the thermal conductivity but also on the thermal expansion coefficient. This is because as a
tile is exposed to a heat flux a temperature gradient will be set up and the tile will tend to
bow. This will locally increase the power density still further. The optimum solution
corresponds to a high thermal conductivity into the tile and a low thermal expansion along the
tile.

3.3. Mechanical Strength Requirements

The divertor tiles are exposed to a variety of mechanical and thermal stresses that they must
withstand. Mechanical loads are applied to the tiles due to the method of attachment and the
pull down force (1 kN) as well as during disruptions when it is likely that large currents
(‘halo currents') pass through the tiles and interact with the magnetic field in the torus.
Thermal stresses arising in the tiles will be high in particular at the intersection with the
separatrix.

4. Tile Material Tests

JET undertook an extensive testing program of available (CFC) tile materials simulating the
expected tile loading. The suitability of the various materials was tested empirically in order
to find the best and most cost effective solution to the JET requirements including a delivery
time no longer than six months. Firms were required to provide specimen tiles for testing
purposes with guaranteed properties representative of those expected for the production
tiles, as shown in Table 1.

JET investigated ten different tile materials including quasi uni-directional material, two-

dimensional materials, and quasi three-dimensional or random materials, Fig. 3. Materials
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were tested in the JET neutral beam test bed at fluxes of between 5 and 30 MW/mZ2, Testing
concentrated on the thermal éonductivity, bowing and mechanical integrity of the tiles.

4.1. Thermal Conductivity

The surface ternperamre rise of the sample surface was observed with an IR camera. The
camera was calibrated by comparing the signals it gave at temperatures up to 800°C with
thermocouples placed in the body of the tile. The sample surfaces were also viewed with a
CCD camera.

The time taken for the surface temperature to reach 1600°C was regarded as the first figure of
merit for the materials, Fig. 4. This was determined for 5, 10 and 15 MW/m2. An overview
of the results is presented in Table 2.

1D and 2D modelling was performed to try to fit the curves generated by the I.R camera.
Typically, when the surface effect (see point 4.4) was subtracted, a good fit was obtained
between the data and the manufacturers supplied thermal conductivity.

4.2. Tile Bowing

The test piece sample holder was fitted with 10 Linear Voltage Displacement Transducers
(LVDT's) to measure the bowing of the tiles during power deposition to determine whether
the models used for determining the MKII performance were valid. Bowing up to 1 mm was
observed in the test pieces and using Finite Element Modelling this was matched within the
experimental accuracy of the data, Fig. 5.

4.3. Mechanical Integrity

The thermal tests indicated that, due to the large thermal stresses, some of the large tiles
tended to crack along the fibre planes. Such cracking had previously not been seen for
similar materials in smaller sizes exposed to the same power fluxes. 2D materials all cracked
after one or a few pulses at ~20 MW/m2. The quasi 3-dimensional or random materials
performed well up to the maximum flux density. The cracked tiles did not fall apart during
the tests and after the initial crack formation the tiles appeared to be stable.

As a result of these failures, tests were performed on tiles which were mechanically
constrained against cracking by the insertion of inconel 718 tie bars, as shown in Fig. 6.

Such tiles performed well with no degradation at 200 pulses at 15 »MW/mz..
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4.3. Density considerations

A detailed study of DMS 704 material supplied under the contract for the MKI target plates
showed a linear rclationshié between the thermal conductivity and the density, Fig. 7.
Grouping the tiles in terms of their thermal conductivity by measuring their density allows
the performance of thé target plate tiles to be increased from that of the sample with the
lowest conductivity to that of medium conductivity.

4.4. Hot spots

All the samples tested showed, to a greater or lesser extent, a jump in the temperature of the
surface within milliseconds of power deposition, Fig. 8. This jump is due to the rapid over-
heating of particles on the tile surface, which are not inherently thermally connected to the
bulk of the material, to temperatures in excess of 1000°C. This effect can potentially cause a
'carbon bloom' at relatively low power loads. Graphite dust on the surface explains the effect
only partially as careful cleaning in an ultrasonic bath only reduced the effect on some of the
materials. Some materials exhibited the effect more strongly than other materials. The effect
is clearly related to details of the material properties and manufacturing process, the surface
cleanliness as well as the machining procedure used on the surface.

5. Conclusions

The power deposition tests performed at JET on large CFC tiles from a variety of
manufacturers have provided support for the Mark II divertor design. In general the tests
showed most of the materials to have properties within the limits specified by the
manufacturer. Fig. 9 shows a summary of the data evaluated in such a way as to provide a
figure of merit for the various tiles for use in the Mark II divertor. The figure shows the time
it takes for the tile, or a part of it, to reach a surface temperature of 1600°C assuming a
4.5 MA plasma with a conducted power of I0MW per divertor leg and a two degree angle
between the field lines and the surface of the tiles. The figure takes into account both the
thermal conductivity and thé thermal expansion coefficients of the materials and shows that,
within the given boundary conditions, there are only small differences in the performance of
tiles T2,T6, T1S, T16 and T18. The tests pointed out that some tile types tend to exhibit

more or larger particles on the surface which over-heat as well as the importance in the
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choice of the tile surface machining method and of the tile surface cleaning. The cracking of
the 2D and uni-directional tiles due to thermal stress indicated the requirement for tie bars in
the tiles. The final choice of DMS 704 (T02) as the material for the Mark II divertor was

made on the basis of the tests as well as on price and delivery.

Guaranteed Properties. Direction Units 300 °C 1000 °C

Thermal conductivity X Wm-1K-1 >140 >75
y,z Wm-1K-1 >40 >25
Thermal expansion X,y K-1 <6x10-6 <6x10-6
Flexural strength in all MN m-2 as high as as high as
directions possible possible
Room Temperature
Porosity % <15
Density gem3 >1.75
Homogeneity of density % <+/-5
Impurity content ppm <200
Electrical resistivity X,y,Z to be provided
Young modulus X,Y,Z "
Poissons ratio X,y,Z "

Interlaminar shear strength

Table 1 Material properties required for Mark II divertor tiles. For x, y, z directions

see Fig. S.



250- 250- 300-
Test Material Type | Density | 15000C 15000C 15000C
name [g/cm3] at at at
SMW/m2 | 10MW/m2 | 15MW/m?2
[s] [s] [s]
T02 DMS 704 2D 1.79 11.81 2.84 1.19
T03 DMS 704 2D 1.85 12.94 4.22 1.49
T06 DMS 704 Al | ~1D 1.89 15.84 5.14 1.91
T08 DMS 705P ~1D 1.73 7.79 1.98 0.86
needled
T12 N1l ~3D 1.82 9.83 2.44 0.99
T14 1002ZV22 2D 1.53 7.72 1.85 0.86
T15 1502ZV 2D 1.76 7.85 2.44 1.19
T16 1502ZV22 2D 1.73 10.30 2.54 0.99
T17 AO35 ~3D 1.76 6.86 1.55 0.73
T18 MFC-1 1D 1.97 7.5
Table 2 Overview of results of high heat flux tests on Mark I tiles.
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Fig. 3

Mark Il divertor tiles, power scans 5 MW/m?
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Sketch of required tiles and samples
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Fig. 4 Required tile material for Mark II divertor.
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Fig. 5 Bowing measurement at several points along tile T06 exposed to 10 MW/m2.

A good fit to the model was achieved with a 14% higher value of the thermal

expansion coefficient than that given by the manufacturer.
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Fig. 6 CFC tile showing inconel 718 tie bars designed to mechanically constrain tile

against cracking.
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tile surface, taking into account tile bowing.
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Abstract

A general model for hydrogen retention in tokamak walls is presented which assumes that a
discharge results in a hydrogen saturated layer over a large fraction of the first wall, well
beyond the main limiter or divertor. The outgassing of this layer between discharges is
modelled using mechanisms previously applied to ion beam experiments. This short-term
outgassing rate is determined by only two parameters: 1) the number of absorption sites and 2)
a parameter which describes the overall hydrogen release rate given that a quasi-equilibrium
exists between atoms in solution and in traps. To explain the long term build-up of hydrogen
isotopes in the first wall, it is necessary to extend the simple two-parameter model to include

the effects of diffusion of hydrogen into the bulk of the material and co-deposition.

Introduction

The capacity for the plasma facing surfaces of a tokamak to retain hydrogen determines the
quantity of tritium which will be lost from the fuel cycle. The purpose of this paper is to
explain the hydrogen retention observed in tokamaks in terms of the physical processes which

have been used to describe the behaviour of hydrogen implanted in solids.

In tokamaks, although hydrogen is observed to be lost to the first wall during a discharge (wall
pumping), some of this gas is observed to be released from the walls after the discharge [1].
This effect is referred to as dynamic retention. Inion implantation experiments however, it is

observed that temperatures much higher than those in a tokamak first wall are needed to release
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hydrogen from graphite. In this paper, we will show that both the above observations are

consistent with the model presented.

The outgassing rate ¢ as a function of time after a discharge, t, has been described as ¢ = Atn
withn ~ 0.5 - 1.0 [2 - 5]. It has been shown that a summation of different processes can
explain such behaviour [6]. Diffusion of a uniformly distributed source from a semi-infinite
wall gives n=0.5 [7]. It should be noted that for a finite source, the power law must
eventually breakdown as the time integrated release does not converge. It will be shown that

mechanism for outgassing considered here leads ton ~0.7.

Analysis of first wall tiles removed from tokamaks show that a large concentration of hydrogen
remains in the material, even through the outgassing had been observed to virtually cease, [8,
9]. The model presented in this paper allows for the outgassing rate to decrease by orders of

magnitude while the concentration in the material only varies by a factor of 2.

The Model

The two aspects of a model which must be considered separately are the mechanisms, such as
diffusion and charge exchange and the actual rate constants, such as diffusion coefficients and
cross sections. Because the plasma facing surfaces in tokamaks are often a mixture of
materials, using material constants measured in laboratory experiments may not be the best
starting point. However, if material properties are taken to be adjustable parameters we can
examine which mechanisms can describe the temporal behaviour of the outgassing. Once the
mechanisms have been identified, the values of the fitting parameters can be compared to

material constants.

The release of hydrogen from the surfaces, as well as controlling the outgassing between

discharges, has an effect during the discharge. However, to be sure we are actually studying
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the effects the surfaces as opposed to the plasma, we will focus on data pertaining to periods

between pulses.

1. Loading The First Wall With Hydrogen

Before the problem can be reduced to one of hydrogen in a solid, we must first consider how
the surfaces are loaded with particles by the plasma. We know that the major particle flux is
concentrated on a very small fraction of the total vessel wall, specifically where the surfaces
intercept the scrape-off layer. In addition to this there is a relatively more uniform, but smaller

flux which results from charge exchange.

If the amount of hydrogen retained is proportional to the incident fluence, then surfaces would
be very non-uniformly loaded. However, it is well known from ion beam experiments that
above a critical fluence the amount of hydrogen implanted saturates. For 100eV deuterium in
graphite the saturation fluence would be ~3 x 1020 D/m2. The fluence needed to saturate the
implantation layer will be less than this since the layer will already be partially filled with
hydrogen prior to a discharge. Charge exchange atoms will actually have a distribution of
energies which results in the level of retention increasing weakly with fluence, instead of a
fixed saturation level [10]. Calculations of charge exchange fluxes using the NIMBUS Monte-
Carlo code [11] for a typical JET discharge indicate that the critical fluence for saturation is
attained over ~50% of the total vessel surface area. Therefore as a first approximation, the
effect of the discharge is to load the whole of the plasma facing surfaces (not just the plasma
contact surfaces) with atoms to saturation. In this case, the walls of the tokamak may be
treated as a single surface. That the whole wall area is available to "pump" out the plasma
helps explain the observation that in JET~4 x 1022 D atoms (> 10 x the plasma content) can be

fuelled to a plasma with only a few square metres of direct contact area [2].

For JET discharges, it was observed that the quantity of gas pumped by the first wall during a

discharge increased following the incorporation of beryllium [12]. One would not expect the
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deuterium capacity of the saturated layer nor the charge exchange flux distribution to be very
different under these first wall conditions. We postulate that the different behaviour arises due

to different degrees of depletion of the saturated layer by outgassing between discharges.

i) Release Of Hydrogen Between Discharges

The above concept of loading surfaces to saturation is described by the local saturation model
[10, 13]. However, only recently has this model been extended to include physical processes
which describe how atoms entering a saturated layer may be released [14 - 17]. Although there
are some minor difference between these models, the important features are common to all of
them. First it is assumed that there ée two possible bound states for atoms: one in solution

and one in deep traps. The exchange of atoms between traps and solution is described by

where K5 and Kg; are the rate constants associated with thermal detrapping and retrapping
respectively. The concentration of atoms in solution and traps are given by cg and ¢;. The
finite number of traps, co, results in a saturation effect: ¢, < ¢,. In principle cg will saturate at
some level [16] but we will assume that cg is always small. Loss of atoms from the whole
system (traps and solution) is assumed to be due to recombination of atoms into molecules,
with the recombination rate proportional to the square of the concentration of atoms in

solutions:

a(cs +Cl)

Lt -K,c? 2)

where K; is the recombination rate coefficient.



If both the detrapping and retrapping are rapid compared to the net loss from the system (i.e.,
each term in the RHS of Eqn. 1 is large compared to the RHS of Eqn. 2) then a quasi-

equilibrium will exist between the trapped hydrogen:

d
1-cy/cq

(3)

K - . . . . .
where B=—8 =0 e E/KT and E is the potential energy difference between solution sites
st

and traps. The quasi-equilibrium assumption implies that release is limited by recombination,
not by detrapping.

If ¢ = cg+cy ~cy, then the outgassing in the absence of implantation is given by

-==K—— (4)

where K = K,f2.

The solution to the above equation forc =cgatt=01s

Koot = 2 - = 4+ 2 1n(-9-) (5)

c Co Co

This is a special case of the more general equations derived by Richards et al. [18], Brice [16],

and Morita et al. [17].

Using equations (4) and (5), the outgassing ﬂux,¢)=—Ax0—d—c, where A and xo are

respectively the volume and depth of the implantation layer is shown in Fig.1.
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In this example, ¢ = 0.89 ¢, after ~10 min., but ¢ ~ 0.25¢, 1s only reached after twelve days. It
is therefore misleading to think of (Kcg)-! as a characteristic time for release. It is the sensitive
dependence of outgassing on concentration (eqn. 4) that makes the retention of hydrogen

appear static in certain conditions and dynamic in others.

Effect Of Wall Initial Conditions

In the above model, the action of the plasma over one tokamak discharge is to re-saturate the
implantation layer. The quantity of gas required to fuel the plasma will simply depend on the
length of time since the previous discharge. The amount of gas released after hydrogen
discharges, according to the model, will always be the same since the plasma retumns the wall
to the same saturated condition. Fig. 2 shows the gas fuelling requirement and amount of
outgassing for a sequence of similar JET discharges. The gas injection rate is controlled by
feedback to give a constant plasma density, so that the fuel requirement is a measure of the wall
pumping. The first discharge requires more gas input since the walls are initially more depleted
of deuterium due to the extra long outgassing period. The model calculation shown in Fig. 2

reproduces the basic trends.

The number of traps used to fit the data in Fig. 2 was AxoCo = 1.65 x 1023 traps. This should
be compared to the saturation fluence over the whole vessel surface area, 3 x 1020 D/p,2 x
200m? = 6 x 1022 traps. The discrepancy between these two values could easily be accounted

for by the uncertainty in the mean energy of the charge exchange neutrals.

He-conditioned walls are observed to pump deuterium more rapidly, but the effect is quickly
lost as the wall subjected to further deuterium discharges [19]. This can be understood with
the present model since helium conditioning discharges deplete the walls of hydrogen faster

than thermal outgassing, providing more empty traps to pump deuterium.
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Effect Of Wall Material And Temperature

Larger values of the release rate parameter, Kc,, will result in more empty trapping sites for the
next discharge, hence strong wall pumping. In the diffusion/recombination model usually

applied to metals [20], the magnitude of wall pumping has the opposite dependence on the rate

of recombination.

Fig.3 shows data for the fraction of the gas fuelled to a JET discharge recovered in the 540
second period following discharges. The data are grouped according to what materials made
up the first wall. The curves show lines of constant gas recovery, and the corresponding
values of the Kcg, for a common number of traps (AxqCo = 1.65 x 1023). The effect of adding
beryllium to the JET first wall has been accelerated outgassing resulting in more empty traps to

pump deuterium out of the next discharge.

Eqn. 5 was fitted to isochronal anneal data [21, 22] by allowing K¢, to be temperature

dependent: Kc, e exp(-}/T). These fits, together with values of Kcy measured by Morita et

al., [17] are compared with the values for JET in Fig. 4. The values of K¢y from the

isochronal anneal experiments are consistent with those for the JET all-carbon data.

Extended Sequences Of Discharges

Hydrogen is observed to build-up in the first wall, over months of operation, well beyond the
implantation depth xo. This is possible either by 1) diffusion of H atoms into the bulk or
2) growths of new material over the wall (co-deposited films) which bury previously

implanted material.

1) Diffusion Of Hvdrogen Atoms

Following the suggestion of Méller [15] we will consider the possibility of atoms diffusing
within the material, beyond the implantation layer. This makes the problem one-dimensional

and adds a third adjustable parameter, the diffusion coefficient, D:

59




The diffusion is taken to be sufficiently slow that no significant diffusive transport occurs
during the discharge, only the relatively long periods between discharges. To account for

diffusion of atoms in solution, eqn. 4 must be replaced with:

%i(x) _ _ e Cilxex) Dyt |

% ( c<x)J2 a7 | - )
1- =2 co
Co

(6)

where Deff = D and the subscript i denotes isotopes i and Y ¢;(x) = ¢(x).
i

The magnitude of the diffusion coefficient is set by modelling the results of the tritium release
per discharge long after limited tritium fuelling [23] (Fig. 5). The concentration of the old
isotope does not drop off exponentially with increasing shot number. This is because the
concentration of the old isotope in the implantation layer, although being diluted by repetitive
discharges, is being replenished by diffusion from the bulk of the material. This effect has

previously been noted in TFTR [24] and DITE [25] isotope exchange experiments.

11) Co-deposition

To extend the two parameter model to include co-deposition, we add a thickness Ax of
hydrogen saturated material to the surface after each discharge. The source of this material is

erosion from a small minority of the total plasma-facing surface. Co-deposition is known to
occur in tokamaks. The thickness of the film deposited in a single discharge, however, is

smaller than the implantation depth xo.

The amount of substrate material deposited during a discharge will be directly proportion to the

incident fluence: it will not saturate in the way the retained hydrogen saturates with fluence.



However, for simplicity, the problem will be kept one dimensional when considering the effect

of co-deposition.

Fig. 5 shows a calculation for a codeposited film growing Ax = 0.1 x, each discharge. It was
found that as soon as a layer was buried to a level x > xq, hydrogen from that layer outgassed
at a dramatically slower rate. Although the calculation including diffusion gives a much better

fit to the JET data, co-deposition would be expected to dominate in a relatively cold walled

graphite tokamak such as TFTR.

Conclusions

It is possible to understand a large variety of hydrogen release data using a two parameter

model which assumes:

D a tokamak discharge results in a H-saturated layer over a large fraction of the first wall.

2) Outgassing occurs accordings to the mechanisms usually applied to graphite. The value

of the release rate parameter, Kcy, depends on material and temperatures.

The value of K¢, needed to fit ischronal anneal data for graphite is in good agreement with the
magnitude and time dependence of JET outgassing during its all carbon phase. The increased
wall-pumping effect observed in JET upon incorporation of beryllium, is understood as a
larger number of empty trays becoming available before the next discharge due to enhanced

outgassing.

The two parameter model needs to be extended to include the effects of either co-deposition or
diffusion to explain the gradual build-up of hydrogen deep in the material. Including diffusion
gave a superior fit to outgassing of tritium from JET, yet co-deposition would be expected to

dominate in a machine with cold graphite walls.
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Fig. 1 Outgassing of an initially saturated surface layer as a function of time.
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Fig. 2 The total gas input to a discharge and the gas recovery in the following 560

second period. The sequence of JET discharges starts following a 40h period

without plasmas, while the time between discharges in the sequence is typically

0.5h.
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Fig. 3 JET data (Sartori et al. [1]) on the recovery of gas during the 10 minute period

after the plasma (T = 300°C). A different value of Kc, is used to fit the data for

each different wall material group (AxoCo = 1.65 x 1023 atoms).
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Quantity of tritium in the exhaust gas following tritium fuelled discharges in JET
[23]. Two model calculations are shown: 1) Diffusion included.

2) Co-deposition included.
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Currently there is much interest in the application of sophisticated 2D
codes to model the scrape-off layer (SOL) plasma in divertor tokamaks.
These models generate the plasma solution at the divertor target starting
from boundary conditions defined on a closed flux surface near the
separatrix. An alternative approach, used within the DIVIMP code [1], is to
anchor the boundary conditions at the divertor target using experimental
Langmuir probe measurements and then solve the 1D fluid equations
along each flux tube in the SOL generating an "onion-skin" model.
Interaction of the plasma with recycled neutrals is included by coupling to
a 2D neutral transport code. Such a model has been applied to analyse
the SOL plasma transport in JET divertor discharges from the previous
experimental campaign. Following the approach of Shimizu et al. [2], the
radial variation of the anomalous cross-field transport coefficients (D, .y .)
are evaluated over a range of discharges and compared with results from
a 2D predictive code. In addition, preliminary divertor Langmuir probe
measurements from the new pumped divertor phase of JET will be
presented.

1. Introduction

In recent years much effort has been devoted to applying sophisticated two-
dimensional fluid codes to model the tokamak scrape-off layer (SOL) plasma [3].
This approach relies upon specifying the boundary conditions on a closed flux
surface near the separatrix and assuming values for the anomalous cross-field
transport coefficients. Results from the model can then be compared with

experimental data, the code assumptions varied, and iterated until good agreement

is obtained.

An alternative approach, central to the plasma model used within the DIVIMP
(Divertor Impurity) code [1], is to define the boundary conditions at the divertor target

using experimental Langmuir probe data. The fluid equatiohs are then solved in one-
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dimension along each flux tube assuming that the plasma transport is dominated by
flow parallel to the magﬁetic field lines. Interaction of the plasma with recycled
neutral particles and the associated source terms are included by coupling to a 2-D
neutral transport code. By repeating this procedure over all the SOL flux tubes, one
then constructs a pseudo-2D model that resembles an "onion skin" (O-S). Several
advantages of this interpretative modelling approach over the conventional predictive

approach become apparent :-

« Uncertainty at the most physically important and numerically sensitive end of the
system is minimised.

« Cross-field transport is implicitly included in the experimental data used to define
the boundary conditions.

« Convergent solutions are rapidly obtained since the plasma conditions at the

divertor plate (the main source of recycled neutrals) are fixed.

N

. The Interpretative "Onion-Skin" Plasma Model

The one-dimensional plasma model is based upon the steady-state Braginskii
conservation equations [4] for classical transport parallel to the magnetic field with

the following assumptions :-

» Electron and ion temperatures are equal.
« lon viscosity and momentum sources are neglected.

« Heat transport is dominated by electron conduction.

Boundary conditions are provided by Langmuir probes (7)**,n/!***') at the divertor
target and the parallel heat flux to the divertor target is calculated using the standard
sheath condition g,**" = 7n,**'c kT, where c, is the ion acoustic sound speed. The
conservation equations are integrated and numerically solved for T(s),n(s) and v(s)
along each flux tube. The plasma model is generated on a non-orthogonal mesh

which is derived from the MHD calculation of JET magnetic equilibria.

NIMBUS [5], the full 2D Monte Carlo neutral transport code, is used to define the

spatial distribution of ionisation sources due to recycled particles. Real wall geometry
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is used and perfect recycling is assumed. The plasma model is iterated with the
NIMBUS code to solve the continuity equation for the particle source terms. Figure 1
illustrates that, following the initial analytic approximation to the ionisation
distribution, the convergence is very rapid and requires few iterations compared to
the predictive codes. Fast convergence is obtained because, unlike the predicitive
codes, the particle flux to the divertor target plates (the main source of recycled
neutrals) is fixed. At present, the energy source terms due to ionisation are not
iterated with the energy conservation equation for the calculation of the temperature
profile. Both inboard and outboard sides of the plasma are solved separately by
imposing stagnation of flow velocity at the point midway along the field lines

connecting the divertor targets.
3. Experimental Measurements

Given that the modelling approach relies upon fixing the boundary conditions at the
divertor target good Langmuir probe measurements are required. Table 1 outlines
the discharges [6] selected for this study and the corresponding global plasma
parameters. All the discharges were carried out in hydrogen with an upper x-point
configuration (carbon fibre target piates) and 3MA plasma current. Unfortunately,
CCD camera information on divertor particle fluxes or reciprocating probe SOL
profiles were not available during these discharges. It is estimated that the spatial
agreement between the probes and equilibrium reconstruction is <1cm at the divertor
target [7]. However, one should also be aware of the following difficulties with

Langmuir probe measurements

« Electron density is calculated using the assumptionthat 7 = T..
« Projected area may be uncertain for some probes due to erosion by the plasma.
+ During H-mode discharges the probes underestimate the power deposited to the

divertor target [8].
4. Model Results

Following Loarte and Harbour [9], exponential profiles are fitted to the Langmuir

probe data in midplane flux co-ordinates and then mapped back onto the target
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resulting in Gaussian profiles. These are then used as input to the code which uses
approximately 15 minutes of computational time on a dual-processor IBM 3090 to
generate the plasma model. This compares with typical computational times of >1hr
to obtain convergence using the EDGE2D/U [10] predictive code. Profiles of electron
temperature and density for the H-mode discharge #24174 are illustrated in figure 2.
The radial profiles are plotted in midplane co-ordinates and the profiles along the

field line are for the first flux tube outside the separatrix.
5. Calculation of the SOL Transport Coefficients

In moving toward next-step tokamak devices it is important to have more information
on the scaling of cross-field transport in the SOL, particularly the anomalous heat
diffusion coefficient () which influences the distribution of power deposited at the
divertor target. Direct calculation of the transport coefficients (particularly D ) from
the width of the SOL relies upon there being negligible particle sources due to

ionisation, which is a poor assumption for divertor tokamaks.

As demonstrated by Shimizu et al. [2], the O-S model provides a useful means by
which the cross-field heat transport coefficient can be estimated. The technique is
lustrated by considering the balance of energy or particles in the flux tubes
(i=1—> n) adjacent to the separatrix, see figure 3. Assuming that volume energy
losses in the SOL can be neglected, the total heat flow crossing the separatrix,

QO (0), is equal to the sum of the parallel heat fluxes in the magnetic flux tubes.
0.(0= 0, (M
i=l
Therefore, the perpendicular heat flux flowing from the first tube outside the

separatrix to the second is given by @, (1)= 0, (0)- Q.(1). This cross-field transport is
driven by a temperature gradient and associated heat diffusion coefficient such that

0. (1) ((T, —m)“ (2)

D=
0= s s\ o
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where Ar is the radial separation between the flux tubes and 4,,,, is the surface area
of the plasma. However, to extend the technique and evaluate the particle diffusion
coefficient (D, ), the neutral sources within the SOL cannot be ignored and must be

used to evaluate the particle flux crossing the separatrix

n

I, (0)=YAT() - S, (O} (3)

i=l

where T,(i) is the particle flux to the divertor target, and S, (i) is the integrated
particle source due to recycled neutrals within the flux tube. The perpendicular
particle fluxes passing between the flux tubes is then calculated as for the heat flux

(see above), and applying Fick's law

D. ()= W)((m —m))" (4)

surf Ar

The radial variation of these transport coefficients can be determined by repeating
the above procedure for the remaining flux tubes. Considering the m'th radial value

(from m=1 to n-1), equations (2) and (4) can be generalised to

1 . (5)
X (m) = 'IE'IQH(I) ((T;n — Tm+l ))_1
. A.s'm_'f 0.5(}’1," + nmd ) Ar
” r( /)= Sion ' - (6)
DJ_(m)= I;‘( l) (l))((nm-nmn)) 1
A.\'ud Ar

The resulting radial profiles of D, ,y, are shown in figure 4 for pulse #24174 during
L-mode and H-mode regimes. The values are small and appear to be radially

constant taking into account the uncertainties involved in the calculation.

In determining the cross-field transport coefficients, two methods of calculating the

density and temperature gradient have been employed :-
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« Taking the gradient at the respective midplane such that the diffusion coefficients
(D,.%.) are effectively constant in magnetic flux co-ordinates .

+ Taking the average gradient between adjacent flux tubes around the main
plasma so that the diffusion coefficents (D,,y ) are sensitive to the variation in

the radial separation of the flux surfaces .

Using the first method we obtain comparable results (see table 2) to the transport
coefficients required by Loarte et al. [11] to model a similar subset of JET discharges
using the full 2D predictive code, EDGE2D/U (outer side only). Applying the second
gradient calculation method yields transport coefficients that are approximately twice
as large as the midplane values (i.e. D, ,x, ~2(151,>A(¢)), also in agreement with

reference [11].

6. Conclusions

"Onion-skin" modelling is a potentially useful approach for interpretative analysis of
the scrape-off layer plasma using experimental data for the boundary conditions.
Due to the rapid convergence of the code solution, the computational times are
greatly reduced compared to the full 2-D predictive code calculations. Cross-field
transport coefficients are evaluated for JET divertor discharges and found to be
small for all confinement regimes, particularly in H-mode discharges (over one order
of magnitude smaller than Bohm scaling) and appear to be radially constant. The
values are in good agreement with those required to match similar experimental data
using a full 2D predictive fluid code [11]. The transport coefficients are calculated to
be typically 2-4 times larger on the inner side of the plasma than on the outer side
(particularly for D, ). This is associated with the broader scrape-off width observed on
the inner side [12]. At present this phenomenom is not well understood and further

experimental measurements are required.
7. Future Work

Improvements planned for the 1D plasma model include :-
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« Separate lon and Electron temperaturés with energy equipartition

« Fully self-consistent treatment of hydrogenic and impurity radiation.

which will be implemented in conjunction with work to establish the limits of validity
for the technique using simulated probe data from EDGE2D. Clearly, in the event of
volume recombination at the divertor, the boundary conditions cannot be defined by
target Langmuir probes, but it may be possible to use upstream profiles from other
diagnostics (such as reciprocating probes or Lithium beams). However, in less
extreme divertor regimes, such as high recycling, the two-point model illustrates the
advantage in defining the boundary conditions at the divertor target from which the

calculated upstream parameters are relatively insensitive [13].

During the installation of the JET pumped divertor many new and upgraded
diagnostic systems have been implemented. These will allow the detailed
comparison of SOL and divertor parameters to cross-check against the OS model. In
addition, the new in-vessel divertor coils are routinely used to sweep the plasma
across the target to reduce the average power density with the additional benefit of
providing high resolution profiles, see figure 5, for the large array of fixed single/triple
Langmuir probes. Such measurements will prove invaluable for defining the
boundary conditions for model calculations without the requirement to fit analytic

profiles.
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Pulse Time Confinement | B¢ <ng> Pineut PsoL Prap®V
No. (s) Regime (T) (1079m-3) (MW) (MW) (MW)

24165 52.3-52.7 Ohmic 3.2 1.2 1.6 1.2 0.2
24145 55.0-55.5 Ohmic 2.9 2.0 1.8 1.9 0.6
24175 53.2-53.8 L - Mode 2.1 1.1 55 4.9 0.4
24174 52.0-52.2 L - Mode 2.1 1.2 14.0 8.8 0.3
24171 52.5-52.9 H - Mode 2.1 2.3 8.0 42 0.3
24174 52.7 - 53.0 H- Mode 2.1 2.1 14.0 7.3 0.3

Table 1 : Plasma Parameters for the JET Single Null Divertor Discharges Modelled

Discharge Inner Side Outer Side

D [ms" | F.0lms] | D [ms'] | 3, [m's]
#24165 Ohmic 0.42 0.76 0.11 (0.1) 0.70 (0.5)
#24145 Ohmic 0.22 0.50 0.10 0.51
#24175 L-Mode 0.30 1.71 0.12 (0.2) 0.65 (0.5)
#24174 L-Mode 0.71 3.10 0.15 0.92
#24171 H-Mode 0.11 1.24 0.06 (0.05) 0.36 (0.25)
#24174 H-Mode 0.10 0.56 0.05 0.35

Table 2 : Averaged Radial Values of the Particle and Heat Diffusion coefficients
(Corresponding values determined by Loarte et al. using EDGE2D/U [11] are
shown in brackets).
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Figure 1 : Normalised Chi-squared variation of electron density over all the SOL
mesh points during iteration of the plasma model with the NIMBUS neutral transport

code.
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Abstract

Asymmetries in power and particle fluxes to the strike zones in single null divertor
configuration are strongly affected by the toroidal field direction (see e.g. [1]). The
behaviour of these asymmetries was shown to be consistent with a heuristic hypothesis of
the changes in the power sharing between the two divertor branches caused by the Br
reversal: more power is delivered to the inner divertor branch when the toroidal field is
reversed [2]. However, at present, there is not enough experimental evidence and
theoretical justification to support this idea.

In the present paper we consider different approach to the explanation of the divertor
asymmetries. We review experimental data and examine physical mechanisms which
redistribute density between the two divertor branches. Amongst these is the radial ExB
drift caused by the 7, drop along the field lines towards the target [3] and recently
proposed mechanism of momentum transfer into the SOL due to edge toroidal rotation.
These two mechanisms compress the plasma at the inner side in the normal Br
configuration (ion VB drift towards the target), and at the outer side - when the Br is
reversed. Since they do not supply additional power to the target apart from convective
energy fluxes, the increased recycling and radiation at the side where the plasma is
compressed should lead to a decrease in 7,. The combined effect of the above mechanisms
allowes one to explain qualitatively experimental observation that plasma parameters at the

target become more symmetric when the Br is reversed.
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1. Introduction

As a general trend, in single null divertor plasmas the outer divertor target receives higher
power flux than the inner one (see e.g. [3]). Higher plasma temperature and power flux at
the outer side is expected from the geometrical toroidal effect of the surplus of the outer
circumference of the magnetic surface over the inner one. In addition, the Shafranov shift,
which compresses magnetic surfaces at the outer side, and a possibility of poloidal
asymmetry in plasma anomalous transport in favour of the outer side [3] can also
contribute to higher power flux to the outer strike zone of the divertor target. The kynetic
describtion of the edge plasma, carried out in [4], also yielded higher particle and energy
fluxes to the outer side due to toroidal effects. The conservation of plasma pressure along
the field lines should then cause the density rise at the inner side, leading to higher particle
flux, recycling and radiation losses from this region and further reducing power conducted
to the target.

In the experiment, in-out asymmetries show strong variance with the discharge/machine
parameters, and in particular - with the direction of the toroidal magnetic field, By (or the
ion VB drift). Analysing the pronounced effect of the By reversal can help in establishing
the physical mechanisms responsible for in-out asymmetries, as well as for the SOL plasma
transport as a whole.

A number of physical mechanisms discriminate in their effect on the asymmetries between
ion and electron drift sides rather than between inner and outer sides. The ion drift side is
located at the inner strike zone for the normal Br, while the electron drift side - at the outer
strike zone. The reversal of By exchanges the sides. The reversal of Ip does not exchange
the sides, as it changes both the plasma current direction and the helicity of the field lines,
and these two effects cancel each other. In the normal By direction, ion VB drift is directed

towards the target, and in the reversed B - away from the target.

2. Basic trends in the in-out asymmetries caused by Br reversal

So far, the most apparent evidence for the influence of the By reversal on the SOL was its
effect on the in-out asymmetry in the power deposition to the target. The ratio P./P,
has on average dropped in NB heated discharges from 1.8 to 1.2 on JET (see fig.1
reproduced from [1]), from 3.0 to 1.3 on JT-60U [5], from 6.0 to 1.0 on DIII-D [6], from
1.4 t0 1.15 on JFT-2M [7], and from 2.0 to 1.5 in Ohmic and ICR heated discharges on
ASDEX-U [8], as the toroidal field was reversed.

Asymmetry in the electron density shows broad scattering. However, as a statistical

average, the density was found to be higher at the inner side for moderate main plasma
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densities in the case of normal By in ASDEX [9], JET and JT-60U, while T, was higher at
the outer side [1,2,10,11]. At very high densities the drop in 7, at the inner side is so
significant, that plasma detaches at this side in JET [2], and the asymmetry in density
reverses in favour of the outer side. In JT-60U, asymmetry in n, seems to have been
significantly suppressed when, following the rise in density, the MARFE condition has
been reached [11]. In DII-D, contrary to the observations in JET and JT-60U, it is the
outer side which normally has both higher electron temperature and density in the
discharges with additional heating [12]. Predominance of the power flux, 7, and 7, at the
outer side in this machine compared to JET (both have the same aspect ratio, which is
larger than on other machines), is believed to be due to an asymmetry in the gaps between
the separatrix and the walls, and the slanted divertor tiles on the inboard side of
DIII-D [13].

The By reversal, as it has been demonstrated on JET and JT-60U, as a general tendency.
makes the density and temperature distributions near the target more symmetric
[1.2,5,10,11]. On ASDEX », asymmetry even reversed [9], and on JT-60U [14] and
JET-2M [7] both n, and 7, were reported to have reversed. For the analysis of the
theoretical conceptions, carried out in the next section, it is important to note that the
reversal of By causes n, and 7, distributions to shift in the opposite directions: 7, - from
the inner to the outer side, and 7, - from the outer to the inner side. Fig. 2, reproduced
from [2], illustrates such trend in profile asymmetries observed in JET.

Changes in the plasma parameter asymmetries, caused by the Br reversal, have been
confirmed by measurements of the currents passing along the field lines between the two
different strike zones. Systematic analysis of these currents, performed on JET [15] and
JT-60U [14], revealed that in the case of normal By they flowed from the outer to the inner
side due to mainly thermoelectric effect of 7, difference in favour of the outer strike zone
[16]. In reversed By discharges, the direction of the SOL currents reversed. The 1,
asymmetry reversed in JT-60U [14], while in JET it became more symmetric, with a slight
shift on average towards the inner side. In both machines the electron pressure asymmetry
between the strike zones has been found. In JET it was mainly in favour of the ion side,
whereas in JT-60U the pressure was larger at the electron side. It has to be noted, that the
pressure asymmetry can be strongly affected by the recycling and associated momenfum
loss of parallel plasma flow near the strike zones.

In the experiment, the most sustainable trend in the asymmetries’ changes caused by the
By reversal is the shift in the 7, distribution from the outer to the inner side, which in

most cases leads to more equal 7, distribution in the reversed By (but T, asymmetry even
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reversed in JT-60U [14] and JFT-2M [7]). To illustrate this, we plotted in fig.3 maximum
temperatures at the two strike zones for the JET discharges, which were earlier selected for
the analysis in [15]. They included Ohmic and NBI heated discharges with the input power
up to 14 MW. The magnetic configuration was varied from both Br and I, normal, to the
reversed B, and then to the reversed Ip cases. Note that only the reversal of Bt has caused

major changes in the 7, distribution, while the effect of the Ip reversal was less significant.

3. Main theoretical ideas

Changes in divertor asymmetries, caused by the B reversal, appear to be consistent with
the hypothesis that the reversal of the toroidal field affects power sharing between the two
divertor branches [2]. From the larger outer surface of the plasma and other mechanisms
mentioned in Section 1, one would expect higher power flux to the outer divertor branch.
This general tendency seems to be supplemented by the force which depends on the
direction of the B, so that the toroidal field reversal shifts the fraction of the power from
the outer to the inner side. However, at present, there is no theoretical justification to
support this idea. Neither there is enough experimental evidence for it. Proper
experimental measurements of the total power flux to each divertor branch should include
radiation losses due to ionisation and charge exchange of the neutrals, as well as impurity
radiation near the target. With the normal By all these processes seem to dominate at the
inner side (higher recycling and radiation at the target and near the X-point on the inner
side) [2]. Therefore, their inclusion may substantially equalise calculated total power flow
to each divertor branch. Recent measurements on DIII-D with counting all existing power
losses have revealed that power flow to the inner branch was ~80% of that to the outer
branch, despite 4-6 times larger heating of the outer target surface [17].

Next we shall make a brief analysis of the main mechanisms which can affect the divertor
asymmetries. One of the most frequently referenced mechanisms is the power and particle
deposition to the target carried by fast ion losses. They potentially can deposit a substantial
power to the target in additionally heated discharges [18]. Analysis of the loss ion orbits,
however, sho;vs, that, for two orbits with the same launching point inside the separatrix,
the energy barrier for the ion to be lost to the target is substantially higher for the ion with
the orbit terminating at the electron drift side than for the one - terminating at the ion drift
side [19]. Therefore, fast ion losses can contribute more to the power flux at the ion drift
side. Such power deposition could only aggravate our task of explaining the experiment.
Monte-Carlo calculations of power deposition to the target [20] confirmed this expectation.

Power deposition was found predominantly to the outer side for the reversed Br. For the
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normal By, ions at higher edge temperatures heated the inner side, and only for low ion
temperatures, which were attributed to the Ohmic regime, power deposition was mainly at
the outer side [20]. On the whole, however, we do not have sufficient experimental and
theoretical information to judge which side receives the majority of the fast ion power.

Radial and poloidal electrical ExB drifts, which are illustrated in fig.4, replicated from [3]
with some additions, for the normal B, are capable of changing the density redistribution
between the strike zones. Radial flux, caused by poloidal electric field owing to the 7, drop
towards the target and resulting thermoelectric force, has been suggested as a mechanism
to increase the density at the ion side [3]. This means that the effect of such a drift agrees
with basic experimental trends outlined in Section 2. In contrast, the poloidal flux, caused
by radial electric field in the SOL, contributes to the density accumulatign at the electron
drift side. This classical drift has a clear nature and therefore can not be excluded from the
SOL modelling. We can make a crude estimate of the particle flux to each divertor branch
due to these drifts. Radial drift, suggested in [3], creates an additional source of plasma
density at the ion drift side, whereas the poloidal drift - at the electron drift side. Plasma
flow to the corresponding divertor branch is proportional to the poloidal potential drop
from the midplane separatrix position to the divertor target for the radial flow, and to the
potential drop from the same position across the SOL - for the poloidal flow. Therefore,
the radial flow should be proportional to I'y ~ Tl — 7|4, . Whilst the poloidal flow - to
I

I3

~3T,|,., where the temperatures are taken at midplane separatrix and near the divertor
target. The condition for the domination of the poloidal flow over the radial one is

therefore: 7!

"ot >> 4T, 14, An opposite case of radial flow domination takes place when

the electron temperature does not show significant poloidal variations and
Tolan >> (Telsor = Telaw )/ 3

There also exists in the plasma the diamagnetic, or B x VP, mainly poloidal drift, the
effect of which on the density asymmetry could be similar to the one of the poloidal
electric drift, since its poloidal direction due to ion pressure gradient is parallel to the
electric drift. However, as has recently been shown in [21], the diamagnetic drift, as well
as similar temperature driven B x VT heat fluxes, do not deliver particles and energy to the
target because of their nature of being predominantly divergence-free, as being caused
mainly by the rotation of particles about their Larmor centres. However, while the
diamagnetic drift fluxes can be ignored near the target, their non-divergence-free
components are responsible for the up-down asymmetries in the main SOL [22], but they
should not affect the in-out asymmetries discussed in the present paper.VIt has to be

mentioned that the effect of the diamagnetic drifts in creating the source/sink of particles
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and energy is equivalent to the effect of the corresponding B x VB toroidal drift terms in
the Larmor guiding centre approximation.

Recently, another mechanism for the creation of the asymmetries at the target has been
proposed, which, like the previously discussed electrical ExB drifts, is aimed at offering a
force which redistributes the density between the strike zones. The origin of this force
stems from experimentally observed (see e.g. [23] and refs. in [24] ) and theoretically
supported [24] toroidal rotation of the edge plasma. The rotation can be driven by ion orbit
losses, which have anisotropic velocity distribution, so that mostly ions rotating opposite to
the plasma curient are lost 10 the targei. As a result, plasma toroidal momentum just inside
the separatrix in the direction parallel to IP is formed. After this toroidal momentum is
transferred to the SOL by the convection and/or perpendicular viscosity, it exerts a force
on the SOL plasma. This force compresses the plasma at the ion strike zone, causing the
density rise there. Such a mechanism for the density redistribution is effective only if the
edge plasma is sufficiently hot and a large number of collisionless ion orbit losses occurs.
There is an indication that such a toroidal rotation has been measured with reciprocating
Langmuir probes at JET [16,25]. Experimental arrangement is presented in fig.5,
replicated from [25] with small alterations. With the probe penetrating inside the
separatrix, the reversal of plasma flow has been detected. The arrows around the probe in
fig.5 indicate the projection of parallel plasma flow onto the poloidal cross-section. With
the reversal of the flow inside the separatrix the plasma in this region flowed along the
field lines parallel to the main plasma current. Although such distribution of plasma flows
has been attributed in [25] to the effect of the ionisation source of neutrals from the target,
there is also reason to believe that it reveals the effect of intrinsic plasma toroidal rotation
inside the separatrix. This argument is strengthened by the fact that in the experiment flow
reversal has been observed in low density L-mode and in H-modes (but not in higher
density L-mode!), where we may expect large number of fast ion losses. The influence of
the edge toroidal momentum on the SOL structure at present can not be assessed in a
quantitative form. Its potential impact on the SOL can, however, be strong enough, since
both experimental measurements and theoretical expectations point to the possibility that
the toroidal velocity just inside the separatrix may approach the ion sound speed [24]. This
may happen when the effective ion collisionality at the separatrix decreases to ~1, i.e. ions
approaching the banana regime. The compression of the SOL plasma towards the ion drift
side, due to the presence of such a rotation, has a similar effect on the n, asymmetry as the

radial electric drift, i.e. consistent with experimental observations.
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In addition to the fast ion related mechanism for the creation of the edge toroidal
momentum, the effect of the unbalanced co-current NBI can not be excluded. The

separation between these two mechanisms requires further investigation.

4. Discussion

Establishing the links between experimental data and theoretical conceptions, we should
firstly note that in the experiment the effect of the By reversal seems to be weaker in low
confinement, high recycling regimes. The connection between the recycling and power
loading has been discussed in [1], where for both field directions unusually high 7, /P,
ratios were accompanied by high recycling rates. L-modes were found to have higher
P

> « | P, ratios than the H-modes, as can be seen from fig.1. In [2] it was concluded that

the pronounced effect of the By reversal seems to vanish at high densities. Concurrently
with the last observation, recent radiative divertor experiment in DIII-D have produced
only a modest effect of the By reversal on the power flux asymmetry [26]. An explanation
for such a regime-dependent effect of the By reversal can be that in the regimes described
above the edge temperature is expected to be low (compared to other regimes like hot ion
mode or low density H-mode), reducing the strength of all the physical effects we
considered. At the same time, anomalous perpendicular transport, in poor confinement.
high density plasmas, is likely to have a strongly "ballooning" nature with poloidal
variation of transport coefficients biased towards the outer side of the magnetic surface (see
e.g. [3D).

In terms of the SOL and divertor parameters which may enable us to distinguish separate
effects of the analysed physical mechanisms, we should discriminate between: a) high or
medium density, high recycling plasmas with additional heating (probably 7|5, >> 4 T,lz
case), and b) low density regimes with additional heating and small fraction of charge
exchange and radiation power (T,lyy >> (T lsor —Telan)/3 case with high 7;, 7, and
collisionless edge plasma). The majority of regimes of practical interest, which have
created a database for the main experimental trends outlined in Section 2, seem to have
fallen into the category a). Both the radial ExB drift and the effect of the toroidal
momentum could have contributed to the increase of n, at. the ion drift side, and
consequently to the increase of recycling and radiation there. This must have eventually
lead to the decrease of T, at the ion side (with further increase of radiation) and explain
why T, asymmetry has been reduced when the toroidal field was reversed.

In the b) case the effect of the poloidal ExB drift is to increase both density and power flux

at the electron drift side. A number of experimental observations from JET indicate,
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however, that in low density H-modes with normal B the inner side receives higher power
flux (in the quiescent phase of the H-mode) [2]. An example of the power flux distribution
to the target in JET is presented in fig.6 (reproduced from [27]). After an L-H transition,
the asymmetry in power deposition in favour of the inner strike zone has developed. This
discharge was not dominated by the radiation, and good power accountability was
achieaved. A remarkable effect of the main plasma density influence on power asymmetries
was demonstrated in NB (20.5 MW) plus LHRF (2 MW) heated discharge on JT-60 [28]
with normal Br. As the density was raised from 2.7 x 102 m ™ t0 3.6 x 10!9m™3 due to
the NBI, the ratio P

out

/ B, increased from 0.8 to 1.6, while the same ratio for the maxima
of power density showed even greater increase: from 0.56 to 1.65. Another evidence for
the existance of some mechanism that can increase the density at the ion drift side when
the edge plasma becomes collisionless, is presented in table 1 (reproduced from [29]).
Comparison between high and low density Ohmic discharges, and high and low power H-
modes shows that, as the SOL T, was increased, the plasma became more collisionless and
the temperature difference between strike zones was eliminated. More power, electron
pressure, density and particle flux were measured at the inner side with the Langmuir
probes. While the data from the IR camera on JET could be partly attributed to the fast
ion power deposition at the inner side, the data from the Langmuir probes provide a strong
support for the idea that there should be some external force which compresses the SOL
plasma at the ion drift side. A candidate for this force can be the effect of the edge toroidal
momentum.

Concerning relative role of various physical mechanisms in creating the divertor
asymmetries, we may also consider the case T, >> (Tlsor =11z, ) /3 in low density
Ohmic plasmas in open divertor configurations, with a weak interaction between the
plasma and neutrals and low radiation. In this case all the mechanisms listed above are void
except for the poloidal ExB drift, which should compress the plasma at the electron drift
side. It is arguable whether such situation may occur in practice in divertor discharges.
However, it could have been more easily realised in Ohmic limiter discharges on TEXTOR
[30]. The toroidal limiter, located on the low field side 45° below the midplane was used in
the series of discharges with medium density and large limiter radius (implying low current
density and low heating power per unit volume). The By reversal has lead to an increase in
plasma density at the electron drift side of the limiter, which (as is has been noted in (30

could be explained by the poloidal ExB drift.
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5. Conclusions

Apart from the heuristic hypothesis of the changes in power sharing between the two
divertor branches caused by the B reversal, there exist a number of physical mechanisms
which redistribute density between the two divertor branches. Qualitative analysis of these
mechanisms shows that two of them - the radial ExB drift and the momentum transfer into
the SOL due to the edge toroidal momentum parallel to the main plasma current - increase
the density at the ion drift side. Such a density redistribution between the sides should
make plasma parameters and power flux to the target more symmetric in the case of the
reversed By, in accordance with the general trend seen in the experiment. The effect of the
radial ExB drift must be stronger than the opposite effect of the poloidal ExB drift (which
compresses the plasma at the electron drift side) in high power high recycling regimes. In
the extreme case of very high densities the drop in 7, at the inner side in normal B can
lead to detachment of the plasma at this side, making both temperature and density higher
at the outer side.

In another extreme case of low density and high power discharges where edge 7, and 7,
are high and the SOL plasma becomes collisionless, the poloidal ExB drift must dominate
over the radial one. In this situation the effect of the edge toroidal momentum seems to be
the only mechanism which can overweigh the influence of the poloidal ExB drift and
explain why the plasma in these discharges appears to be denser at the inner side (in the

normal By), with higher pressure and power deposition there.
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High density Ohmic

Low density Ohmic

Parameter Inner side  Outer side | Inner side  OQuter side
I q1(A7cm?) at sep. position 16.2+0.4 15.9+0.5 6.3%0.1 6.6+0.1
Té (ev) atr sep. position 13.3x1.1 30.9+£3.1 33.8+10.8 43929
Ny (10’8 m3) ar sep. position 19.9:1.2 12.6£13 9.9%0.9 45202
Pressure (10°0 ev/m’) at sep. pos. 2.7+0.1 3.9+0.3 1.6+0.3 2.020.1
Pow. Flux dens.(MW/m?) at sep. 15.8£1.3 37.8+3.8 16.5+5.4 23,614
Total Part.Flux (1022 571 2.2+0.1 2.8+0.2 2.4+0.2 1.220.1
Total Power Flux (MW) 0.24=0.03 0.78x0.1 0.2920.14 0.43+£0.05
Low power H-mode High power H-mode
Parameter Inner side Outer side | Inner side  Outer side
ISCII(A/CmZ) at sep. position 94x1.1 6.0£0.9 7.3x£0.7 5.1£0.7
T, (ev] _al sep. position 46291 39.729.9 5932187  504%10.1
n (]018 m‘j) at sep. po_gi[[on g2+24 4.2%1.1 42+1.1 3.120.5
Pressure (100 ev/m3) at sep. pos. 2.120.5 1.8+0.4 2.6+0.6 1.7£0.3
Pow. Flux dens. (MWim?) at sep. 18.7+7.1 20.1+5.3 3741124 21.925.6
Total Part. Flux (102 s71) 1.5£0.3 0.9+0.3 1.2+0.2 0.7£0.2
Total Power Flux (MW) 0.37+0.17 0.32+0.15 0.50£0.20 0.30+£0.10

1. Ton saturation current, electron temperature, density, electron pressure and power flux

density at the target near the separatrix position, and total particle and power fluxes at

each strike zone, calculated from Langmuir probe data assuming 7,=7;.
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1. INTRODUCTION.

Two dimensional fluid codes for the plasma linked with a Monte-Carlo (or
diffusive) code for the neutrals [1,2,3] are routinely used to predict the
performance of divertor tokamak experiments and reactors. Hence, it is necessary
to compare the predictions of these codes with experimental measurements in
order to assess the reliability of the models and assumptions contained in them.
Such a study is presented in this paper for the JET 2-D fluid code EDGE2D/U [1]
using experimental measurements from JET diverted discharges.

2. EXPERIMENTAL MEASUREMENTS.

The basic measurements used in this assessment are from Langmuir probes
embedded in the divertor target plate and from a reciprocating Langmuir probe
which enters the scrape-off layer plasma away from the divertor region.
Bolometric measurements for the main plasma and divertor region are also used
to determine (together with the input power and diamagnetic energy) the energy
flow out of the main plasma to the SOL. Generally, the main uncertainties involved
in the Langmuir probe measurements are those associated with their effective
area, which determines the value of the electron density measured, and with the
position of the probe with respect to the magnetic separatrix. The location of the
target probes with respect to the magnetic separatrix is determined very
accurately [4]. However, the effective area of these probes may be affected by
shadowing from parts of the divertor plate and may change due to erosion during
the course of the experiments. On the other hand, the reciprocating effective area
is well defined, whereas its position with respect to the magnetic separatrix is

determined with a typical accuracy of 1 cm at the outer midplane [5]. Since the
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typical fall off length of plasma parameters in the SOL is of the order of 1 cm or
less, it is clear that the relative position of the probe to the separatrix must be
known with a much higher accuracy in order to assess quantitatively the gradients
of the SOL plasma parameters along the field lines. For this reason, in our study
we use the conservation of electron pressure along ‘the field lines (no large
momentum losses), which connect the reciprocating probe and the target probes,
to determine the distance between the reciprocating probe and the separatrix
[6]. In this paper we consider discharges in all confinement regimes (Ohmic,
L-mode, H-mode) and in deuterium and hydrogen.

3. MODELLING ASSUMPTIONS AND INPUTS.

3.1. MODELLING ASSUMPTIONS.

The code EDGE2D/U contains physical models with various degrees of
sophistication; in this study we have used the code in the simplest way to model
basic features of the discharges and leave the investigation of more complicated
experimental features with more advanced models to the future. Hence, only
modelling of pure plasmas has been carried out and no drift terms have been
included nor has the influence of currents in the SOL on the sheath boundary
conditions been considered. The only asymmetries between the divertor strike
zones contained in the model are those associated with the toroidal geometry of
the SOL and no other intrinsic term that may lead to such asymmetries, such as
momentum transfer from the main plasma to the SOL [ 7], has been included.
Correspondingly, only measurements at the outer divertor target are presented in
this study.

The real non orthogonal geometry of the divertor target has been used in the
modelling and perfect recycling (recycling coefficient R = 1) assumed (a
sensitivity study perfofmed is discussed in section 4.3).

Transport is assumed to be classical along the field line and anomalous across
the field. Only a flux limit for the momentum flux along the field is used [ 8], which
is important to avoid unphysically large viscous effects at high SOL temperatures.
Two basic assumptions can be used in the code to characterize the radial

anomalous transport which determine the value of the radial diffusion coefficients
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deduced from modelling the experiment : either the radial fluxes are driven by
gradients of temperature and density in the radial coordinate or they are driven
by gradients in magnetic flux coordinate. In the first case the diffusion coefficients
are poloidally constant (in our notation D; , yx.), in the second case they increase
with poloidal flux expansion (DAL , ¥. will represent their value at the outer
midplane).

One of the problems found in modelling most of the discharges in JET is that
the region over which the field lines connect both divertor strike zones without
intersecting any other material surface (i.e. “’pure single-null’’ configuration) is
relatively narrow, typically < 2 cm at the outer midplane, which is comparible to
the typical SOL thickness. Hence the radial boundary conditions at the outer edge
of the SOL must be defined consistently with the diffusion coefficients used in the
modelling. This is done by imposing a decay length in the outer edge of the SOL,
deduced from the calculated profiles with the assumption that the density profiles
decay exponentially from the separatrix and the temperature profiles follow
approximately the dependence obtained if conduction along the field dominates
i.e. Toc(Const. + AR)™* [9]. Other typical assumptions, valid when the
““magnetic SOL” is very broad, such as assuming given small values of plasma
parameters in the outer part of the computational domain or zero gradients there,
are obviously not applicable in our case.

3.2. MODEL INPUTS VARIED TO FIT EXPERIMENTAL DIVERTOR PARAMETERS.

The basic inputs which determine the SOL plasma parameters in EDGE2D/U
are the total hydrogenic ion content in the computational domain and the power
flow out of the main plasma carried by the electrons and the ions into this domain.
These two inputs together with the effective transport coefficients for anomalous
transport determine the main SOL plasma density and temperature profiles. In
JET, measurements of the ion temperature at the plasma edge are very sparse,
hence we usually assume that the same power flows out of the main plasma the
SOL via the electrons and the ions. '

The experimental situation with respect to the power balance is unclear in JET

discharges. From Langmuir probe measurements, the power balance is
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satisfactory for Ohmic and low power L-mode discharges. For high power L-modes
and H-mades the situation is unsatisfactory because although the probes clearly
show a worsening of the power balance [10], there are indications from infrared
measurements which point towards a similar power balance in L-mode and
H-mode [11]. This was attributed in [ 11] to the proximity between the X-point and
the divertor plate for those discharges, which favours a better estimate (with
infrared measurements) of the recycling losses deposited onto the target. Another
possible explanation for this disagreement is based on the large electron currents
observed in JET close to the separatrix strike point [12] and which have not been
considered to calculate the power measqred with the Langmuir probes. In
principle, the power flow associated with these currents could be of the same
order of magnitude of the missing power, but its estimate depends critically on the
influence of secondary electron emission on the sheath transmission coefficient,
which is poorly known. Hence, these measurements close to the separatrix strike
point are not considered in the study performed in this paper, where we assume
that their influence in the plasma parameters away from the strike point is
negligible.

Despite the experimental uncertainties, the power which enters the SOL to be
used in the code cannot be much larger than that determined experimentally from
bulk plasma measurements (because of different asymmetries in code and
experiment, and modelling only performed for the outer divertor). Hence, in the
modelling, the power which enters the SOL via the electrons and ions channels
P., must satisfy

P. + Pi<Pso = P — PRI — W Mm ,
where Py is the input power, PE{s* is the power radiated in the bulk plasma and
W is the time derivative of the plasma diamagnetic energy. However, due to the
different asymmetries in the code and the experiment only trends in the power
balance for various regimes can be assessed from the comparison of modelling
and experiment. The values of D, , x. used in modelling are determined from

the measured plasma parameter profiles in the main SOL and at the divertor

target.
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4. DISCHARGES MODELLED AND MODELLING RESULTS.
4.1. DISCHARGES WITH ONLY DIVERTOR TARGET MEASUREMENTS.

The parameters for a series of hydrogen discharges using the upper JET
divertor target (Carbon target) in various confinement regimes which has been

modelled are given in Table 1 (Ax is the distance between X-point and divertor

target).
Pulse | Conf. | B, Ax <ng> Pine Pso. | PR
(MA) (M (em) | (10'* m-?)| (MW) (MW) | (MW)
24165 Q 3 3.2 9.6 1.2 1.6 1.2 0.2
24175 L 3 2.1 8.9 1.1 55 49 0.4
24171 H 3 2.1 7.9 2.3 8.0 42 0.3

Table 1. Plasma parameters for the hydrogen discharges modelled.

The summary of the modelling results for these discharges is given in table 2.

Pul N | po_p | PPV ;
uise nsep < ne > e - i PSOL 1 Zle,i
(10% m=) (%) (mMw) (%) (m?[s) | (m?*]s)
24165 5.3 44 0.7 87 0.1 05
24175 5.2 46 16 65 0.2 05
24171 6.5 28 0.8 38 0.05 0.25

Table 2. Modelling results for discharges in Table 1.

An example of the temperature profiles obtained with EDGE2D/U and from
probe measurements at the divertor target for the chmic discharge is shown in
Fig. 1. By mapping these profiles along the field lines it is possible to represent
midplane SOL profiles and target profiles versus flux surface spacing at a given
spatial position. In the following figures this has been done taking as reference
spatial point the outer midplane of JET. In Fi.g.2 the mapped profiles for the ohmic
discharge are shown.

The effective values of the diffusion coefficients to be used in order to model
the measurements are very small (particularly li) as reported in [13], which is

in agreement with similar results for DIII-D [14] and ASDEX-Upgrade [15]. They
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are much smaller than the Bohm value which, for instance, for the discharge 24165
would be D" ~ 1 m?/s). The values of the deduced transport coefficients follow
the trend expected from the changes in main plasma confinement, being larger for
L-mode than for H-mode. ‘

The trends in the power balance with Langmuir probes for various confinement
regimes are also reflected in the modelling of these discharges. However the
percentage of power into the SOL (compared to Pso.) used in the simulations is
higher than that deduced from the experimental interpretation of the Langmuir
probe measurements, where electron and ion temperatures are assumed to be
equal. This is due mainly to the behaviour of the calculated ion temperature which
tends to be higher than the electron temperature and has a much flatter profile
(both factors increase the amount of power that arrives at the divertor target for
the same electron parameters). Although for these discharges no measurements
were available for the main SOL plasma parameters, the values of separatrix
density used in the model are consistent with those from similar discharges from
the JET/DIII-D database [16], in particular the drop in the ratio of separatrix to
main plasma densities when the discharges are in the H-mode.

As these pulses do not show very high recycling at the divertor (low n,,), the
energy coupling between electrons and ions in the SOL is very weak and hence it
is possible to obtain similar results for the electron parameters (n. , T.) with much
higher ion temperatures (taking P,>>P.) an¢ much better power balance
correspondingly. This study has been done for the pulse 24171 whose electron
SOL and divertor parameters can be obtained with the same transport coefficients
and taking P.=0.7MW and P, = 3.0MW.

4.2. DISCHARGES WITH MEASUREMENTS AT DIVERTOR TARGET AND MAIN SOL.

The parameters for two deuterium discharges using the lower JET divertor
target (Beryllium t'arget) in L-mode which have been modelled are given in table
3. For these discharges measurements are available both in the main SOL and the

divertor target.
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Pulse | Conf. 1 B, Ay < N> Pine Pso. PR
(MA) | (T) (cm) | (10" m~°)| (MW) | (MW) | (MW)

25720 L 3 29 8.0 1.6 3.2 24 (%) 1 0.7 ()
25710 L 3 2.9 8.0 2.6 3.4 27 () 119 ()

(*) The divertor radiation is somewhat uncertain for JET Beryllium target X-point discharges
because of restrictions in the field of view of the bolometer cameras.

Table 3. Plasma parameters for the deuterium discharges modelled.

The summary of the modelling results for these discharges is given in table 4.

Nsep . (Pe + Pl) 2 A
Pulse Nsep <n> Pe = P,' T Dl Lle,i
aoem) | ) | ww | @ | s | )
25720 5.5 34 0.7 58 0.05 0.7
25710 9.2 35 1.1 81 0.05 0.5

Table 4. Modelling results for discharges in Table 3.

The comparison between the results of these calculations and the
measurements is shown in Fig.3 for discharge 25720 and Fig. 4 for discharge
25710. Due to the uncertainty in the distance between the reciprocating probe and
the separatrix, the profiles measured with this probe have been shifted so as to
obtain experimental electron pressure balance. The agreement between
experiment and model is good for the low density pulse (25720) and slightly worse
for the high density one (25710). This trend holds at higher densities and it is due
to the absence of impurity radiation in our model which becomes dominant at
higher densities for these levels of input power. Another trend which is observed
when comparing hydrogen and deuterium discharges is that the particle diffusion
coefficients tend to be smaller for deuterium as seen in the ratio of separatrix
density to line average density used in the modelling. This is associated with a
higher ionization in the divertor for the case of deuterium.

4.3. SENSITIVITY STUDIES.
Some sensitivity studies have been performed in order to assess the

dependence of the results on the assumptions made in modelling :
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+ Radial Transport : Similar results in the main SOL and the divertor target can
be obtained for either assumption (radial fluxes proportional to spatial gradients
or gradients in magnetic flux) provided that the values of the transport coefficients
are taken as

D, (Radial spacing) ~ 2 x DAL (Magnetic Flux spacing). (2)
The same relation holds for y,. Very different plasma parameters and decay
lengths in the private flux region are found for either case (steeper for radial
spacing). The existing measurements in the private flux region of the JET divertor
fall in between the two assumptions being more consistent with magnetic flux
spacing driven fluxes, but the spatial resolution of the measurements is too coarse
to draw definite conclusions. The asymmetry for the power arriving at the divertor
strike zones calculated with the code is associated with the toroidal geometry of
the SOL and the Shafranov shift which compresses the flux surfaces in the outer
side of the torus. This asymmetry depends on the transport model and increases
with plasma collisionality, being larger (5 - 15 %, for the discharges modelled) for
radial spacing driven fluxes. However, the typical power asymmetry value
calculated (30% more power to the outer side) may be very different from that
found in experiment which depends on discharge conditions [17].
. Recycling coefficient : At low divertor densities the relation between the
midplane and divertor scrape-off layer densities depends weakly on the value of
the recycling coefficient used (provided R ~ 1). l-;owever, at higher densities the
value of the calculated divertor density (for the same midplane density) is more
sensitive to the value of R assumed. For instance, in modelling the discharge
25710, it was found that reducing the recycling coefficient to 0.95 decreased the
divertor density by approximately 40% for the same midplane density. Hence, an
experimental assessment of the value of the recycling céefficient is needed in
order to model accurately high density discharges.
5. CONCLUSIONS AND FURTHER WORK.
Measured plasma parameters at the divertor target of JET can be modelled for all
regimes with reasonable or “measured” (once corrected for electron pressure

balance) main SOL plasma parameters. While the modelled power balance is

112



satisfactory in ohmic and L-mode discharges a sizeable amount of power cannot
be accounted for (assuming P. >~ P,) in H-mode discharges. Very small values of
the effective diffusion coefficients (one to two orders of of magnitude smaller than
Bohm, for particle diffusion) must be used to match the measured steep radial
profiles of electron density and temperature. The modelled and measured main
SOL plasma density profiles decay exponentially from separatrix while
temperature profiles do not decay exponentially because of the contribution of
conduction to the energy transport along the field. Modelling of the discharges
with full impurity treatment has been performed and the preliminary results are
encouraging but further work in this line is needed to assess the transport of
impurities in divertor discharges.
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Fig.1. Measured Electron Temperature at the divertor target (EXP) and modelled
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Fig.2. (a) Measured Electron Temperature at the divertor target (EXP) and
modelled (E2D) Electron and lon Temperatures at the midplane (mp) and divertor
target (t). (b) Measured Electron Density (7, ~ T. assumed ) at the divertor target
(EXP) and modelled (E2D) Electron Density at the midplane (mp) and divertor

target (t). The divertor target profiles are mapped to the outer midplane along the

flux surfaces.

115




Pulse No: 25720

100
L \ ETETP
80r \ Tfrig :xp
L \< {To,mp
601 /————;\“
= !
2
[}
5
<
2
' 3
10 . l l‘i
0 1.0 2.0 3.0
Distance from separatrix at the midplane (cm)
19Pulse No: 25720
’_
$ e’
EXP
n
510" e
E
=
2
8 1018_—
5 - 3 % I
§ -
W 510'T
_ E
10" :

0 7.0 2.0 3.0

Distance from separatrix at the midplane (cm)
Fig.3. (a) Measured Electron Temperature (EXP) at the divertor target (t) and the
midplane (mp) and modelled (E2D) Electron and lon Temperatures at the
midplane (mp) and divertor target (t). (b) Measured Electron Den_sity
(T, =~ T. assumed ) (EXP) at the divertor target (t) and the midplane (mp) and
modelled (E2D) Electron Density at the midplane (mp) and divertor target (t). The
divertor target profiles are mapped to the outer midplane along the flux surfaces.
The midplane profiles are shifted with respect to the calculated magnetic

separatrix so as to achieve experimental electron pressure balance.
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divertor target profiles are mapped to the outer midplane along the flux surfaces.
The midplane profiles are shifted with respect to the calculated magnetic

separatrix so as to achieve experimental electron pressure balance.
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Abstract

Divertor plate heat loads are recognised as a critical design issue for large power tokamaks. Target
heat load data obtained during high power divertor discharges at JET show a large, narrow peak of
power flux near the strike point of the separatrix and in the same region an electric current flowing
from the target to the plasma. We present an analytical model which connects both phenomena and
gives some insight into the underlying physics.

1. Introduction

One of the unresolved key issues in the design of a future fusion reactor is the
power handling capability of the divertor target plates. There are numerous technical
problems concerning the choice of materials and the design of the power receiving
parts. Additionally, the physics behind the transport of particles and energy from the
plasma to the target plates is only partly understood. This situation is improving by
performing dedicated experiments on high power machines combined with theoreti-
cal and modelling efforts to understand the experimental results.

In JET, high power divertor discharges have been performed with a specific empha-
sis on divertor physics issues. A thorough analysis of the spatial distribution of the
target heat load and the currents flowing between the plasma and target shows
substantial deviations from the commonly accepted picture of the plasma-target in-
teraction. This paper shows examples of experimental results published in more
detail elsewhere [1,2,3] and develops a simple analytical model which gives some

insight into the underlying physics.
2. Experimental results

2.1 Power fluxes

Narrow power deposition profiles and electric current flow between the target and
the plasma have been observed in various series of well-diagnosed divertor dis-
charges at JET. The results apply mainly to NB-heated single-null discharges with
typical parameters Ip =3.1 MA, By=28/32T, <ng>=17 - 3.8x1019 m-3, PNg =
10/15 MW, X-point target distance = 8/13 cm and for both directions of the VB x B

drift. As a typical example, fig. 1 shows power deposition profiles on the divertor tar-
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get plates derived from Langmuir probe data, using the standard formula q = y-lgat-
Tele with y = 7, together with surface temperature profiles obtained by a CCD cam-
era measuring the thermal radiation. The low dynamic range of the CCD camera
does not allow a satisfactory conversion of the temperature data into a power flux
profile. However, a rough estimate shows that the maximum power flux derived from
the temperature data is at least by a factor of 3 higher than that obtained by extrapo-
lating the probe data towards the separatrix. The temperature profile width at the
target is extremely small during H-mode (84 = 1.5 - 4 cm), during L-mode it is larger
(8. = 3 - 6 cm). The corresponding power flux profile width should generally be -
smaller or equal to & | . The flux expansion factor between the outer midplane and
the target plate is ~ 15, so the profile width at midplane becomes during H-mode 1 -
3 mm. The profiles derived from Langmuir probe data are much broader with a
decay length of = 7 cm (H-mode) at the target.

Integrating the power flux in the narrow profile over the toroidal length shows that it
contributes substantially to the total power dumped on the target [1,3].

The existence of peaked power flux profiles on divertor target plates has recently

been confirmed on Asdex-Upgrade with high resolution thermography [4].

2.2 Electric currents

Target probes operated near the strike point of the separatrix show as a rule a high
positive current at zero voltage |y flowing out of the tile. The same behaviour has
been previously reported from DIll-D [5,6]. At JET currents 15 > 10 Alcm2 have been
regularly observed for both L and H confinement regimes, both directions of the
toroidal field as well as for the inner and outer strike zones.

Fig. 2 shows as an example the profiles of |5 at the target for a NB heated discharge
during the L - and H - mode. Here, the X-point position is constant during both
phases and one of the probes is near the outer separatrix. Strong currents (jmz,22-
Isat) flowing from the plate to the plasma are observed near the strike point super-
imposed on the well known (and smaller) thermoelectric currents [7, 8, 9] that flow
from the outer (hotter) to the inner (colder) strike zone. _

Fig. 3 shows the current profile for a different discharge with higher spatial resolution
(swept X-point). Clearly, the current flows near both strike points in the same direc-
tion which implies the existence of a return current in the outer and inner region of

the target plate and the existence of a current flowing perpendicular to the magnetic
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field lines somewhere in the SOL. That means the plasma flow towards the target is

locally non-ambipolar which is in contradiction to the usual treatment of boundary

conditions in most plasma codes.

3. Qualitative physical model

In previous papers [2,3] we speculated that both features, the current flow pattern
and the narrow power flux profile, have a common origin. A qualitative discussion of
the processes involved starts with the commonly used assumption that the sheath
potential ¥/, follows the electron temperature T near the target plate (‘\V, ~ 3- ). If
we assume that the electron temperature decreases with the distance from the strike
point this implies that an electric field exists which points away from the separatrix.
This field causes an electric current j, to flow perpendicular to the field lines and the
plasma to drift in the E x B direction. Since this current flows across the magnetic
field it experiences a J x B force. In steady-state this force has to be compensated
by a force R of equal magnitude and opposite direction. We assume that R is gen-
erated by friction of the drifting plasma, and that charge exchange between ions and
neutrals is the main source of friction. Continuity of the electric current requires the
current to flow in a closed loop. Together with the experimental observations that
means: the current has to leave the target near the strike point and to return further
outside. Such a current flow out and into the target can only be sustained if the
sheath potential relaxes from its ambipolar value. In the region, where the current
leaves the target the "non-ambipolar potential" ‘¥, should be smaller than its am-
bipolar ¥, value and where the current flows into the target it should exceed its
ambipolar value.

The deviation of the sheath potential from its ambipolar value has an additional ef-
fect: The power transmission factor becomes larger than its ambipolar value near
the strikepoint and slightly smaller further out, i.e. the power flux profile becomes
narrower and steeper.

Although our qualitative discussion describes the experimentally observed phenom-
ena quite well, only a quantitative self-consistent theoretical model can answer the
important question about the magnitude of the postulated effects and their relevance
for future fusion reactors. Obviously, such a model requires a full 2-D treatment of
the SOL using the fluid equations with all relevant drift terms, allowing for current

flow in arbitrary directions and using the correct boundary conditions [10]. Here we

123




try to simplify the problem significantly, aiming at an analytical description of the
relevant features.

4. Fluid equations

We adapt a theoretical approach used by one of the authors to derive the character-
istics of target mounted Langmuir probes. For details the reader is referred to [11].
The model uses fluid equations in slab geometry, where y is the coordinate along
the target plate and x is parallel to the magnetic field lines. Z is an ignorable coordi-
nate (8/0z =0), the strike point is at y=0 and the magnetic field B is assumed to be
constant.

We use the standard fluid equations for continuity (1a,b,c), total momentum balance

(2) and electron momentum balance (3).

Vej=0 Vel =S S=k-N-n , (1a,b,c)
mi-VoFU+Vp=]xB+Sm Sm=—u-S-mz,-U , (2)
e-n-G><E=e-n-€7U—§pe+]'xE—e-D-§nxE, (3)

where k is the ionisation rate coefficient and p the ratio of rate coefficients for charge
exchange and ionisation assuming cold neutrals. Viscosity and conductivity are ne-
glected (n.=n, =0, 6,=0, =0) and only the external magnetic field is taken into

account. As boundary conditions at the sheath edge we use the Bohm criterion

U(xziL)zic*zi\/(T*+T.*)/m. (4)
S e i i
and from non-ambipolar sheath theory
% * L3
j(x=%xL)=%e-n -c;-{l—exp(A—e-U /Te)}, (5)

where A is the well-known normalised ambipolar sheath drop

A=ln{\/T*/2-n-m /c*}, (6)
e e s

and the asterisk indicates the sheath edge position (x = £L).

Considerable simplifications and assumptions are necessary to derive from this set
of fluid equations a reasonable and treatable equation for the non-ambipolar poten-
tial. Firstly, we assume nearly 100 % replacement of the outstreaming plasma by

ionisation, that means
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T
Vorz——'x:S, (7)
Ox

which is usually fulfilled under high recycling conditions.

Secondly, Te and T; are assumed to be constant along the field lines and the density
has been factorized
n=n'(y) v(x). (8)

Furthermore, we prescribe the profiles of the plasma density, electron temperature
and ion temperature to be exponential with different decay lengths An, A, Aj.

* *

n =ne’0 exp(—y/Xn) 9)
% *

=T -exp(-y /%) L) =exp(=y /1) (10)
* % « N TA

T =T _-exp(-y/A)=T - ¢ ! A =\ /A (11)
i i,0 i i,0 e,l el n

Here it is important to note that given all these simplifications and assumptions, the
results from such a theory will scarcely deliver more than qualitative similarities with
the experiment, general trends and some insight into the physical processes.

To derive an equation for the potential we first integrate the longitudinal component
of the electron momentum equation along the field lines. The result is an equation

for the potential U.
w« 1
U=U +-£-In(v(x)) (12)
e

In a second step the continuity equation for the electric current is integrated along

the field lines. We evaluate the expression é’x ° [f7 X (] X B)] which gives

g -[?><(]><E)]=B-—87x. (13)

After integrating (13) over x we obtain

_—. — s = . _ _ . 14

ex-[va] j (+1)=j (L) with (14)

_ 1+L o _

J=—— | dx{m,-FOV6+(1+p)-m.-S-U} (15)
B_; l i
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On the other hand

_ . 8JZ
—eXO[VxJ]=—§y—— (16)
The vector J in expression (15) has the components J,=0and
2:m - (1+p) *
J ~——1 LV moecl. : (17)
z B z

L. in (17) is obtained from (3), (2) and (12)

dU° 19T 1T . din’)
+-—t 4= :

1
LV ox—
Z Bl dv edy e dy

(18)

Equating (14) and (16) and inserting (12), (17), (18), (9), (10), (11) gives an ordinary

differential equation for the normalised potential ¥ =e-U" / T, at the sheath edge

2
a=¥ d¥y
00 1) e S 100 alla ve) o -
C{l - exp(é—‘g_—\}i)J ‘ (19)
C
with
A -t T 22 % B2
q______e_, Q(C)z_l_g_i—q_K__g_’ K=—l—*—, C= ee — 1 (20)
7»1, 2 C+x 4 ]; mz"Te I+u

The equation is written as a function of the transformed variable ¢ (see Eq.10) with

the two boundary conditions
ay
Y'(l)=—

2 dg |6=1

where the first condition means continuity of J, under the assumption of symmetric

= —(Ae + q)KO and ¥(0)=0, (22)

profiles in the SOL and in the private flux region and the second vanishing potential
at infinity.

Eq. 19 has been solved numerically for a range of the relevant parameters Tg, T,
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‘e, Aj and An. The numerical results are used to calculate the current density flow-

ing to the plate jx and the energy transmission coefficient 7y:

]x=]H=e-n o l-exp(A—-e-U /Te) , (23)
1 e- . e

y=2-L+——+ L exp(-—5). (24)
T T n-m -(1+T /T) T
e e e I e e

5. Results

Fig. 4 shows as an example one of the profiles obtained. It is obvious that the calcu-
lated profiles correspond to the expected ones. For the parameter set chosen in fig.
4 there is a significant difference between the ambipolar and the non-ambipolar po-
tential at the strike point (~ 1.5 T ) which causes a maximum current of ~ 3 Iggt to
flow from the target plate to the plasma. The width of the current flow channel near
the separatrix is rather narrow (~ 0.1 Ag), whereas the return current is distributed
over a much larger area. The energy transmission coefficient has a high maximum
near the strikepoint. However, this maximum is caused mainly by the assumed pro-
file of the ion temperature. An additional steepening of the power flux profile resuits
from the current flowing near the separatrix.

Figs. 5 and 6 show the current density at the strike point and the width of the current
flow channel near the separatrix as a function of Tj and Aj = Ai/An, whilst Tg, Ae and
Ae = hel/hp are held constant at experimentally determined values. From the ex-
periment we know jmax/!sat to be ~ 2. Using our model! (fig.5), this value can be ob-
tained e.g. for Tj ~ 200 eV and Aj~ 0.1 or Tj ~ 700 eV and A ~ 1. However, the
relevance of these rather high ion temperatures and small decay lengths can only be
assessed experimentally or by a 2D-code which avoids the simplifications made in
this paper.

The current density increases with increasing Tj and decreasing Aj, whereas the
width of the current flow channel shows just the opposite behaviour. An analysis of
the dependencies on other relevant model parameters reveals that the calculated
quantities are most sensitive to the ratios Ti/Tg and Aj/Ae. Clearly, this is the result

of Eq. (18). In our model the friction force, and hence the maximum current which
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can be sustained, depends on the drift velocity. This in turn depends according to
(18) on the gradients of the potential and ion pressure.

The calculated profiles describe the experimentally observed well. However, as pre-
viously stated, due to the used simplifications and approximations further conclu-
sions should only be drawn after comparison with 2D-code results. It is of particular
importance to verify that the high ion temperatures and short decay lengths obtained

within the model are consistent with the code predictions.
6. Summary and conclusions

Power flux profiles at the divertor target plates of JET during NB heated X-point dis-
charges show a large, narrow peak near the separatrix overlaid on a smaller and
broader exponential tail.

In the region of the narrow power flux peak a large electron current is flowing from
the plasma to the target which has the same direction on both target plates. This
implies a current flow perpendicular to the magnetic field lines elsewhere in the SOL.
An analytical model using non-ambipolar fluid theory has been developed which
shows that both phenomena are caused by a common mechanism.

The model qualitatively reproduces the experimental findings. Within the framework
of the model the main cause of the observed current flow are the radial gradients of
electron temperature and ion pressure.

The current and the energy transmission coefficient at the separatrix increase mainly
with increasing Ti/Te and decreasing Aj/Ae, whilst at the same time the widths of the
current and power flux profile decrease. Large values for the ratio Tj/Tg or small
values for the ratio Aj/Lg are required to fit the experimental data.

Further experimental and theoretical research is needed to determine the relevance
of the phenomenon to ITER. Especially, results from 2-D fluid codes which include
all relevant terms and boundary conditions should give further insight into the phys-

ics and allow more reliable extrapolations to high power divertor tokamaks.
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Fig.4 Calculated profiles of the non-ambipolar potential ‘¥ in units of 7, the current

density j in units of Igat and the energy transmission coefficient yN/4 together with
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Ae=3,B=3T,A=2p=2) ‘
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INTRODUCTION

Power exhaust in the ITER divertor is an important problem to be solved for the
design of this device. A solution based on plasma extinction was suggested by P. H.
Rebut and M. L. Watkins [1].

Plasmas that practically extinguish (detached plasmas) in the divertor region have
been observed in several Tokamaks, including JET. These plasmas are obviously of
great interest for possible extrapolations to ITER. However such extrapolations
require a better degree of understanding of the mechanisms leading to plasma
detachment than it is presently available.

As a step in this direction an extensive campaign of numerical simulations based on
the EDGE2D/U- NIMBUS chain of codes [2] has been carried out at JET in order to
study some basic problems related to plasma detachment. In particular we studied the
dependence of detachment on mid-plane separatrix density, power entering the SOL,
volume power losses in the SOL and geometrical configuration.

Most of the results reported refer to predictions for the JET Mk I divertor. JET
operations only started very recently and a comparison between experimental results
and these predictions has not yet been possible. However the code reproduce
important trends observed in detached plasmas in the old JET divertor configuration.
The modelling assumptions used can be found in refs [3] and [4]. Atomic data are
from the ADAS data base[5]. It is shown in [4] that the transport model we are using

allows reasonable simulations of attached L-mode plasmas.
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EFFECTS RELATED TO MID-PLANE SEPARATRIX DENSITY, POWER
ENTERING THE SOL AND GEOMETRY IN A PURE PLASMA

Experimental results in detached plasma regimes suggest that particle, total
momentum and total energy flows are strongly reduced at the divertor targets with
respect to the case of attached plasmas with comparable values of input power in the
SOL and density upstream. Conservation laws imply that such a reduction must be the
result of volume loss mechanisms for momentum and enmergy and possibly of
perpendicular transport toward the side walls.

We have studied the efficiency in determining detachment of volume losses alone, by
assuming in our computations a set of boundary conditions giving no flux of particles
or energy towards the side walls.

In our model the volume power losses are due to both hydrogenic plasma and impurity
atomic processes, while volume losses in the momentum balance are related to
hydrogenic plasma atomic processes. In particular, as pointed out in [6]-[7],
momentum can be efficiently dissipated via charge exchange if the plasma close to the
targets enters a regime (T<5eV and not too high density) where the charge exchange
mean free path is much shorter than the ionization mean free path, but long with
respect to the width of the divertor plasma channel.

For extrapolations to ITER it is important to understand the relative role of the
various loss terms in determining detachment.

We consider first the case of a pure plasma and present the results obtained for two
equilibrium configurations (Ip=3MA) in the Mk I divertor. (fig 1, SD case and fig 2,
V case). By changing the particle inventory N in the bou'ndéry region we performed
scans in the value ng of the density at the separatrix mid-plane for two values of the
SOL input power, P=2.5MW and P=10MW, for each configuration (see [3] for the
technique).

The main results are illustrated in figs 3 and 4 for the V configuration. Fig 3 shows

how the percentage of the power P contributing to the target power load depends on
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the density ng. The values include contributions to both targets. Due to purely
geometrical reasons a uniform distribution of the power entering the SOL results in
somewhat more power reaching the external target, but the asymmetry is usually not
too large (<50%). The figure also shows the contribution due to recombination at the

targets, P which is proportional to the particle flow @ to the targets.

rec’
The ratio fp of the pressure at mid-plane to the pressure at the targets (related to the
efficiency in dissipating parallel momentum), is shown for the same cases in fig 4.
Values at the separatrix and at a field line approximately 1 cm outside are given. An
average of the pressure at the targets is considered in the definition of fp (the in-out
asymmetry is small, <20%).

One sees that as n_ increases, the fraction of power reaching the targets decreases,

s
while the pressure drop increases. However the power due to recombination at targets
slightly increases with ng, implying that ® increases and that real detachment is not
achieved in any of these cases. The maximum value ®~6.7 1023571 is for P= 10MW,
n~4.4 10%m,

The figures show that the volume loss terms in a pure plasma become more efficient
at low input power, but do not seem to be enough to cause detachment if P>2.5 MW.
The problem is mainly related to power dissipation. A similar result was obtained in
[8] for both JET and ITER parameters in a slab divertor channel approximation.
Similar trends have been found for the SD configuration. However in this case the
efficiency in removing momentum is somewhat less than in the V configuration. For
example it results fp=8 at the separatrix and fp=28 at the magnetic field line 1 cm
outside in a SD case with ng =4.2 101%m™3 and P=2.5MW. In a V case with the
same value of P and somewhat lower density, ng =3.7 1019m'3, one has fp=40 at the
separatrix and fp= 16 at the magnetic field line 1 cm outside.

The reason for this is mainly related to effects of the target inclination on neutral

reflection and as a consequence on the plasma profiles [3]. In the V case the divertor

plasma enters more easily the low temperature regime favourable to momentum

137




dissipation by charge exchange. The choice of the boundary conditions towards the

walls might also have an effect that remains to be assessed.

EFFECT OF IMPURITY RADIATION

A first step in studying the role of impurity radiation in plasma detachment can be
performed without simulating in a consistent way impurity generation, transport and
radiation. The basic feature of impurity radiation is to reduce the power flowing to the
targets and it is interesting to assess how this feature in itself can modify the other
flows to the targets (momentum and particles) by reducing the temperature and
therefore guiding the plasma into a regime where momentum dissipation due to the
hydrogenic species becomes important.

To this purpose we carried out a series of simulations using a simple formula for the
radiation efficiency proposed in [9] to simulate carbon radiation in an otherwise pure
ASDEX plasma.

The radiation loss term in this approximation is given by:

— 2
Qrad(Te)_mimpn L,(Te) (1)
= -18 1.5 -3 3
LZ(Te)—2 10 /(TIl +T,7) erg cm-/s (2)
T, =max(10,T /15¢V) 3)

%mp is spatially constant and in EDGE2D/U its value is determined at each time step
in order to obtain a prescribed value of the total radiated power Ppy.
The main results obtained with this approach have been reproduced, as we will show,
also by a number of simulations dealing consistently with impurities.
We found that if the conditions of a pure plasma are such that efficient radiation is
expected from eqs (1)-(3), i.e. T<15eV at the targets, detachment can be obtained at

large enough values of Pgy and it improves as P-Ppy decreases. This is valid,

obviously with differences related to the geometrical configuration similar to those
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pointed out in the previous section, for all of the JET divertor configurations studied
so far, including the pre-'92 one and a gas box configuration that are not considered
here. In particular, for all the configurations tested, the value of fp increases as P-Ppy
decreases and for this reason practically no limit related to insufficient momentum
dissipation is found in the fraction of power that can be radiated.

Fgs 5 and 6 illustrate the dependence of detachment on P-Ppy in the case of the V
configuration. These figures refer to an input power P=10MW and a particle

3 in the case without impurity

inventory N corresponding to a density ng=3.4 101 m"
radiation.

The variation in the target power load due to recombination shown in fig.5
corresponds to a reduction of the particle flow @ to the targets from 5.9 1023 51
without impurity radiation to 1023 571 with Ppi =8MW.

Fig.7 shows that the density as well as the pressure drops at the targets, a clear sign
of detachment. All these drops are of course related and imply a concomitant drop in
neutral density.

The same figure shows that ng slightly decreases as Ppy and detachment increase.
This variation of n, may depend on the transport model, the spatial distribution of
impuriy radiation and the boundary conditions towards the side walls. However this is
not expected to modify substantially the finding that no strong increase in ng is
required for a tramsition from an attached to a detached situation induced by an
increase in Ppy. This may be related to the fact that electron heat conduction and
volume energy losses still play a role at the entrance of the detachment region, and
the temperature is free to drop below 5eV, contrary to the assumptions in [6].

In our simulations the role of high demsity ng in detached plasmas is to reduce the
temperature close to the targets and to favour the radiation losses.

Contour plots of T, for the case P-Pp; =4MW are given in fig.8. The divertor region
with T<5eV and reduced ionization appears to be large. This region becomes larger in

an even more detached plasma and the divertor closure to neutrals worsens as the

jonization region shifts outside the divertor.
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A proper evaluation of the spatial distribution of impurity radiation in the SOL and
divertor regions require a proper, consistent modelling of impurities. A few
exploratory runs with the multispecies version of EDGE2D/U have been carried out in
order to study this important problem. The same transport model for impurities and
main plasma ions has been assumed.

Results obtained so far show that physical sputtering of Beryllium and Carbon is too
low to produce enough impurities to radiate the required level of power for
detachment. Injection of Carbon from the walls (that might be interpreted as a very
crude simulation of chemical sputtering) can produce the level of Carbon (1-2%),
required to radiate a few MWatts in the SOL.,

For example in the V configuration, with 10MW input power and N (=n3=3.4 1019
m'3) one obtains Pp;=4.5 MW by assuming a carbon influx ®¢ ~10%2 571 uniformly
distributed along the vacuum chamber . However in this case 70% of Ppy as well as
67% of Carbon is above the X-point, where Z.¢r reaches 1.7. Results of course may
differ with impurity species, and impurity injection scheme.

With eqs 1-3 only 25% of the radiation comes from above the x-point for the same
Ppy (this fraction increases with Ppy), however even if the radiation patterns are
different the effects of radiation on parameters relevant for detachment (fp etc.) are
similar, as expected.

Even if the most important parameters determining the accessibility to detached
divertor plasma regimes appear to be P-Pp and ng, the geometrical configuration
might play an important role also.

For example as indicated in the previous section the SD configuration appears to be
less favourable to detachment than the V configuration. Namely for the same power
radiated by impurities the V configuration allows plasmas somewhat more detached,
at a lower density ng, than the SD one. In addition it is much more closed to neutrals.
019m3

This is illustrated in the following table, where ng is in 1 , power is in MW,

and Syy ;¢ is the percentage of ionization source distributed above the X-point.
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ng P PRI Py Prec Fp,sep | Fp,1 SH,out
SD 3.8 10 4 3.25 1.23 2.9 12 7
\4 3 10 4 3.5 0.7 35 3 0.9
SD 2.8 10 8 0.6 0.3 28 160 39
\4 2.2 10 8 0.7 0.2 380 32 10

We remark that while the models used in EDGE2D/U are far from being properly
validated against experimental observations, the trends observed in our results are
very similar to those observed in detached plasmas obtained in the past in JET. This is
confirmed by computations carried out with the old JET configuration and direct

comparisons with the experimental information available [10], [11].
CONCLUSION

Our numerical simulations indicate that plasma extinction is unlikely in JET for
relevant values of P and n, without a means to dissipate power in the divertor (or
before entering it) other than volume losses related to the atomic processes possible in
a pure D or D-T plasma. A similar conclusion is likely to be true for ITER.

It appears that a solution to the power handling problem by plasma extinction in a
ITER relevant divertor might imply the dissipation of power by means of impurity
radiation. Clearly this requires injection of a recyclable impurity, such as neon or
argon, in order to avoid impurity accumulation at targets and walls. The production of
intrinsic impurities via sputtering would be minimized inside the divertor with an
extinguished plasma, and it would also be small outside if the divertor remained
sufficiently closed to neutrals.

Obviously a much greater understanding of impurity control and transport in the SOL
than is presently available is required to assess the feasibility 6f such a solution. Only
a careful analysis of experimental results and the validation and improvement of

models on the basis of such results can help in this task.
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Abstract

Plasma detachment from a divertor target is defined as the state in which large gradients in total
plasma pressure (static plus dynamic) are observed parallel to the magnetic field with consequent
reductions in the plasma power and ion fluxes to the limiting surfaces. The origins of this concept
and the first experiments in a linear divertor simulator are described. Experimental evidence for this
phenomenon from the JET, JT60-U, DIII-D, Alcator C-Mod, and ASDEX-U tokamaks is reviewed
along with recent advances in the theory and modelling of detached plasmas applicable to current
experiments. Plasma detachment from limiters was first reported by TFTR in 1985, shortly followed
by DITE and TEXTOR. This phenomenon occurs in low power discharges near the density limit and
is characterised by a shrinking of the layer where most of the ionisation occurs away from the limiter.
The physics, phenomenology and relevance to fusion of detachment from limiters and divertors are
contrasted.

1. INTRODUCTION

After agreeing a title for this review I have found that the meaning of detachment, in the context of
plasmas, can provoke considerable debate. I therefore consulted a dictionary and found the following
definitions [53]:

o detachment, state of being detached.
e detached, unconnected: separate: aloof: free from care, passion, ambition and worldly bonds.

If to a laboratory plasma worldly bonds are the material surfaces defining its boundaries then
detachment implies that the primary boundary condition for the plasma is no longer at these surfaces.
However, this definition seems rather too vague and so propose the following alternative:

plasma detachment, state in which large pressure gradients (static plus dynamic) are observed
parallel to the magnetic field with consequently low plasma power and ion fluxes to the material
surfaces bounding the system.

Although the concept of plasma detachment may sound rather esoteric, reducing the peak power
load to the first wall of a fusion reactor such as ITER [54] is of great practical importance and
current interest. For this reason detached divertor plasmas are now considered the primary solution
to the problem of engineering the ITER divertor. However, as will be described in this paper, plasma
detachment from limiters although appearing quite frequently in the literature, does not fit within the
above definition of defachment and seems doomed to remain a fascinating but inconsequential
phenomenon.

The basic concept that one might extinguish the exhaust plasma from a fusion reactor in a box of
netural gas originated in the gaseous divertor scheme presented by Tenney and Lewin [6]in 1974 In
this conceptual reactor design, the neutral pressure is allowed to build up in a remote divertor
chamber to a large density (~1Torr). Charged particle-neutral interactions and radiation from seeded
argon impurities were to cause the temperature to fall along the divertor channel until, on entering
the divertor chamber, the temperature fell bellow 0.1eV. At this point it was evisaged that the
recombination rate would become so high that the plasma would recombine before reaching the
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chamber walls. Plans for ITER also involve extinguishing the divertor plasma in a neutral gas but in a
regime of much lower pressure [54] which is more in keeping with experience from current tokamak
experiments. Since the catalytic paper by Watkins and Rebut [5] there has been such a huge amount
of anlytical and code work on detached plasmas in reactor relevant regimes that it deserves a review
of its own [38]. In this paper therefore the scope is restricted to simulations and theories relevant to
existing experimental results.

2. DETACHMENT IN LINEAR SIMULATORS

The gaseous divertor concept of Tenney was first put to the test in a device which, if it were built
today, would probably be described as a low power density divertor simulator. The QED (Quiet
Energetic Dense) device was built at Princeton Plasma Physics Laboratory in 1976 for the study of
magnetic divertor physics [11]. It consisted of a cylindrical vacuum vessel in which an axial magnetic
field was generated by a series of external circular coils as is shown in Fig. 1(a). The plasma was
generated in an arc jet and flowed down the axis of the device through two limiting apertures fora
total distance of about 1.2m before striking the end collector. The parallel power density in the 1-
2cm diameter beam was ~SMW m-2 in the central section of the machine giving electron
temperatures around 5eV and densities around 1020m-3. Although very much smaller than the
parameters expected in ITER, these conditions are comparable to those seen in the divertors of
smaller tokamaks.

Gas target experiments on the Princeton QED by Hsu [12,13] showed that stable detached plasmas
could be produced by puffing gas into the divertor chamber. Fig 1(b) shows the decrease in the axial
heat flux seen on calorimeter C o and the associated rise in the radial heat flux CR as the neutral
pressure in chamber D is raised. One can see from Fig. 1(b) that detachment occured well bellow the
plasma pressure which was between one and two orders of magnitude larger. In these experiments it
was shown that the neutral pressure in the end chamber could be varied over an enormous range
limited only by the point at which the finger of plasma was pushed out of the chamber altogether. As
one might expect this expulsion occured when the neutral pressure exceeded the plasma pressure and
resulted in a large (>10) abrupt reduction in the differential pressure between the middle and end
chambers. The QED results were modelled by Hsu assuming that the dominant process for energy
and momentum removal was collisions between ions and neutrals. This interpretation relies on
collisions between ions and molecules. Molecules dominate the neutral population when the electron
temperature is too low to produce much ionisation (T.<5eV). Hsu's model produced a good fit to
the QED data and also showed that ion-neutral collisions increased the diffusion coefficient well
above the classical ambipolar value based on ion-ion collisions alone. At sufficiently high neutral
pressures the electron temperature fell to T.~0.2eV and the plasma appeared to recombine. Many of
these results have more recently been reproduced and elaborated in a small pulsed device [51,52]
including an elegant experiment proving momentum transfer to the neutral gas by direct
measurement rather than inference [21].

The main weakness of the QED results from the perspective of extrapolation to a tokamak was the
fact that the plasma column was not much larger than the ion gyro-radius and the electron
temperature was low throughout the device. In a tokamak with a poloidal divertor we would expect
to see a hot scrape-off layer T,=30-100eV in the region adjoining the core plasma with a relatively
sharp decrease in temperature at the point at which the ionisation and charge exchange occur. The
PISCES machine is very similar to the QED only significantly larger and has performed very similar
gaseous divertor experiments [14,15]. In PISCES the plasma column entered a 4. 5cm diameter tube
which was 90cm long and closed at the far end forming a close fitting channel rather than a gas box.
In genera! the results from the rwo machines look very similar. However, PISCES has sufficiently
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high electron temperature and plasma size to go from the high recycling regime, where a large
fraction of the ions reaching the end are recycled as neutrals and reionised in the divertor channel
thus amplifying the ion flux reaching the end, to the detached state where the ion flux arriving at the
end plate is very substantially reduced. The PISCES experiments confirm the large increase in cross-
field transport with neutral pressure reported from the QED device but in a plasma column that is
many ion gryo-radii in diameter. Values of D up to 20 times the Bohm value are reported in
PISCES but, unlike the QED data, these results are said to be inconsistent with the classical
ambipolar value D_, =kTv, /(mas,); where v, is the ion-neutral collision frequency and w, is the ion
cyclotron frequency. In PISCES the decrease in ion current reaching the end has been shown to be
primarily a consequence of the enhanced flow of ions to the sides of the channel. In that sense it is
not a purist’s gas-target in which the plasma is totally quenched in the neutral gas.

3. DETACHMENT IN DIVERTORS

The most characteristic signature of detachment from a divertor target is an unexpected and large
decrease in the ion flux recorded on the target by Langmuir probes without a corresponding decrease
in the Hy, emission from the vicinity of the divertor. A beautiful example of this can be seen in Fig.2
[16] which shows the ion saturation current from 10 probes in the outer target of the C-MOD
divertor. At 0.715s this data shows a relatively sharp decrease on all the probes below the knee in the
divertor target whilst those above it actually show a slight rise in current. Close examination of the
time history of the detachment shows that it starts closest to the separatrix first and moves outwards.
Similar findings have been reported from JET [22] and DIII-D [20]. In DIII-D [20], ASDEX-U
[24].and JET[23] the reduction in the ion flux has been shown to be accompanied by a fall in the
surface power loading observed on the divertor targets with infra-red diagnostics.

Three main questions arise out of the observations of detachment:

e Why does the ion-saturation current decrease and where does that current go?

o On open field lines we normally expect the plasma pressure at the divertor target to be about half
the value near the stagnation point. So what has happens to the pressure parallel pressure
balance?

o Last but not least, where and how is the power lost?

3.1 Parallel Pressure Balance and Ion Flux
A simple one-dimensional fluid or kinetic theory of the flow of plasma to a solid surface along the
magnetic field, which ignores volume sources of momentum, gives the following expression for the
plasma pressure at the sheath edge [25]:
__k

T 1+ M?
where Py is the plasma pressure at the stagnation point of the scrape-off layer (SOL) and M is the
Mach number of the plasma at the sheath edge. The Bohm condition requires that M, 21 at the
sheath edge it is conventionally assumed that M, =1, giving P, = 0.5F, . A fluid dynamicist’s

expression of this condition is that the total plasma pressure (static plus dynamic) is constant along a
magnetic flux tube.

Probe measurements of electron density and temperature show that the simple parallel pressure
balance is lost during detachment. This can be seen in experiments where target Langmuir probe data
is complemented by reciprocating probe measurements in the scrape-off layer, or in discharges which
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detach at only one strike point such that a pressure imbalance between the inner and outer strike
region can be seen. An example of this in given in Fig. 3 which shows data from a discharge in JET
which detaches at the inner strike point [26]. The SOL profile was measured with a fast
reciprocating probe and is very similar to that obtained in an attached case. Similar data has been
obtained in Alcator C-Mod but in this case the data is from discharges which detach at both strike
zones [16] and show significant changes in the SOL profiles, a point which I will return to later.

The static plasma pressure at sheath edge is actually the sum of the electron and ion

pressures P, = n,eT, +n.eT , where T, and T, are the electron and ion temperatures at the sheath
edge in units of eV. Langmnuir probes can only measure 7,, and the derivation of n_, the electron
density at the sheath edge, also requires assumptions about M; and 7, . Fortuantely, although the
static plasma pressure is quite dependent upon the Mach number and ion temperature, the ion flux is
more closely related to the total static plus dynamic pressures and is much less sensitive[54]. For this
reason large drops in the ion-saturation current seen on target Langmuir probes provide one of the
best pieces of evidence for detachment.

The experiments carried out in linear simulators show that if the electron temperature is around 5eV
or less that ion neutral collisions can dominate over ionisation and significant momentum removal
can be observed. Electron temperature measurements made with target Langmuir probes in ASDEX-
U [24], C-MOD[16], JET[26] and DIII-D[20] all show that in the detached regions of the plasma
the electron temperture falls to 7, = 2~ 5e}’ . However, the fact that this is a necessary but not
sufficient condition for detachment has been shown with JET data [26] where there are cases of
attached discharges with temperatures in this range.

As with the linear simulators, the neutral pressures measured in the private flux regions of DIII-D
[29] and C-MOD [32] at which detachment occurs are 2-3 orders of magnitude lower than the
plasma pressures and in the region of a few mTorr. Unlike the QED results [13] continued puffing
into these tokamaks does not substantially raise this pressure but instead drives the main plasma to
the density limit. A more closed divertor geometry clearly helps reduce the leakage of neutrals back
into the main plasma and should raise achievable divertor neutral pressure, at the price of bringing
material surfaces closer to the plasma. However, it should not be assumed that closing the divertor
will decouple the SOL plasma density from the divertor plasma density. The record divertor neutral
pressure is held by the DITE bundle divertor which reached a neutral pressure of 30mTorr[49] in a
very closed geometry. Even at this pressure the hot core of the flux bundle was not detached,
although detachment of the outer layers may have led to a partial unplugging of the ducts thus
leading to a density limit disruption in the main plasma

3.2 Comparison with Analytical Models

Perhaps the simplest model of detachment is one where we regard the neutral density in the divertor
chamber as something we can set to any value we choose. If we think of it in this way then there is
nothing surprising about detachment, since if we raise the neutral density high enough there will
always come a point at which the ion neutral interactions carry away the momentum. Such a model is
not that unrealistic for a linear simulator but in a tokamak the detachment must be self-sustained.
Stangeby [17] has developed an analytical theory for the self-sustained gas-target by which he means
that the residual ion flux arriving at the target after detachment must balance the ionisation sources.
Without this condition the main plasma density would evolve in an uncontrolled way. For this reason
N - the number of elastic collisions experienced by a neutral atom or molecule before being ionised

is cructal to this picture and is shown in Fig. 4(b) [17].



When N is large there is a natural segregation into a neutral collision zone close to the target where
ion-neutral collisions dominate and an ionisation zone further away as shown in Fig. 4(a). In his
analysis, Stangeby takes this one step further by assuming complete separation of the two zones and
then solves the equations for conservation of mass and momentum between the ionisation front and
the target plate. The result of this analysis is a reduction in the plasma density at the target which
may be understood as follows - To satisfy the Bohm condition the presheath electric field is set up to
accelerate the ions to the ion acoustic speed at the sheath. Ion-neutral collisions produce a viscous
drag which makes this more difficult and so a larger electric field develops to compensate. This
electric field repels electrons and depresses their density via the Boltzman relationship. Fig. 4(c)
shows the reduction in ion-saturation current that is predicted by this theory allowing also for the
fact the collisions remove energy from the ions. This model therefore appears to predict that in the
temperature range observed experimentally, large reductions in ion-saturation current might be
expected.

It is worth noting that Fig. 4(c) assumes that all the elastic ion-neutral collisions are effective,by
which we mean that the momentum is transferred to the wall after each elastic collision as illustrated
in Fig. 4(a). If instead, additional elastic collisions occur on the way out to the wall momentum will
merely be transported around within the plasma column. The only experimental evidence for this is
shown in Fig. § and comes from DIII-D [20] target probe data which seems to show a redistribution
of plasma pressure with a reduction near the separatrix and a significant increase further out.
However, the huge inverted pressure gradient far from the separatrix may be hard to explain.

Geometry might also reduce the number of effective momentum removing collisions. In the special
circumstance that the mean free paths are ordered as:

Aionisation > Melastic ion-neutral = divertor plasma width

it is easy to imagine that the number of effective momentum removing collisions N z=N. However, it
is not obvious that in an open divertor geometry there will be enough effective momentum removing
collisions before neutrals are elastically scattered into ionising regions of the plasma. Only a two-
dimensional code can answer this question.

Borass has looked at the problem of the gas-target divertor from the perspective of how it modifies
the SOL parameters [27]. The end of his system is the entrance to the elastic collision zone or
“cushion”. At this point he derives a boundary condition for the power flow which looks like the
normal sheath power transmission factor (*8) but much smaller (0.5-1.5). As in Stangeby’s model
there is a very low Mach number at this point since the flow velocity is being dragged down by
friction with neutrals in the elastic collision zone. This common idea might lead one to expect that
the ions become bottled up in the SOL due to friction with the neutrals thus leading to an increase in
the particle confinement time for the detached state and therefore a rise in the upstream SOL density.

In practice it requires care to test the predictions of the Borass model because attached and detached
states involve simultaneous changes in a number of key parameters. However, it still interesting to
ask what happens to the SOL plasma profiles during detachment. Fig. 6 shows reciprocating probe
data from C-MOD which shows no increase in mid-plane separatrix density on detachment.
However, there is a substantial broadening of the profile which means that the density averaged
across the profile does indeed rise. This result is not however confirmed by the results from the DIL-
D Thomson scattering system which show no significant change in the edge profiles between the
attached and detached cases [28]. JET has published data on this point [27] but the spatial resolution
of the LIDAR diagnostic used for this measurement must be regarded as very marginal for the task.
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One firm prediction of the Borass model is that the power flow into the elastic collision zone must be
small but the location of the radiation does not influence the divertor or SOL conditions.
Experiments on DIII-D [29] are in qualitative agreement with this. Fig. 7 shows the distribution of
radiated power in similar discharges with deuterium and neon injection. Despite large differences in
the distribution of the radiation the divertor and SOL parameters were reported to be very similar.

3.3 Power Balance

From the practical point of view the most important aspect of detached plasmas is that the target
power loading is drastically reduced. Perhaps the best known example of this is the JET pulse with
22MW of additional heating which is illustrated in Fig. 8(a) [23]. Measurements of the surface
temperature of the beryllium tiles indicated that the power loading had dropped to less than 10% of
the input power. One can see from the ion-saturation current traces from the outer and inner target
Langmuir probes that both strike zones become detached early on in the pulse. Similar high power
gas-target experiments have been carried out on DIII-D using deuterium and neon injection. These
both show large reductions in peak power loading (~10) and total power loading although the
detachment a the outer strike zone is not total. Far from the separatrix the power profile broadens
and the power flux density does not decrease.

Although one might imagine that the problems of pressure balance and power balance are decoupled
McCracken and Pedgeley [18] has shown that this is not the case. Taking the conventional picture
that the plasma pressure in the divertor is a half of the upstream value, simple two-point analytical
models show that as more power is radiated the divertor temperature falls and the ion flux T’ to the

target increases. The usual equation used for the power flow to the target surface is P, =/ e7,
where the sheath power transmission factor y = 8 . This allows the temperature to fall to an

arbitrarily low level with a corresponding rise in ion flux thus allowing any fraction of the input
power to be radiated. However, when 7, becomes sufficiently small the recombination energy for

hydrogen ( E,, =13.6e}” ) cannot be ignored. Hence the power flow to the surface becomes
F=mMe(E, +T,). Since I, rises as T, falls there is a minimum in the target power load

corresponding to the point at which ~60% of the power entering the SOL is radiated [18]. This
result appears to be confirmed by JT60-U whose radiative divertor experiments are limited to
fractional radiated powers of around 60% whilst no decrease in the ion-saturation current seen by the
divertor target probes is observed [30].

Borass and Janeschitz [31] have shown that if parallel momentum can be removed from the SOL via
ion-neutral interactions then I', need not rise as 7, falls and so the radiated fraction can reach a high

level. This connection between fractional radiated powers of 80-90% and large drops in parallel
plasma pressure has been demonstrated in JET[23], DIII-D[20] and C-MOD[32]. An example from
JET is illustrated by Fig. 8(b).

Tomographic reconstruction using multi-chord bolometer data is now being used to unfold the
distribution of the radiation [33,32,29]. Fig. 7 shows the results of such an analysis applied to DIII-D
[29]. Fig. 7(a) is before gas-injection, Fig. 7(b) shows the distribution of radiation near the X-point
in a detached plasma with deuterium injection and Fig. 7(c) shows the more uniform distribution of
radiation associated with neon injection. The injection of impurities to produce attached radiating
boundary plasmas which has been pioneered on TEXTOR seems a viable scheme for reducing heat
load in limiter and divertor machines [34] but is beyond the scope of the current paper.

In the simplest models of detachment [5,35] the majority of the power is lost by charge exchange and

hydrogenic radiation. On JET diagnostic simulations of bolometric data have been carmied out for
detached discharges with the DIVIMP (for beryllium impurities) and NIMBUS (hydrogen neutral)
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Monte-Carlo codes [56]. These discharges were run on the beryllium divertor target but the
simulations indicate that neither the hydrogenic processes nor the beryllium impurity radiation are
sufficient to account for the power loss. The current conclusion is that carbon impurities, which were
not well diagnosed, are responsible for the deficit. JT60-U has the most complete array of
spectroscopic divertor diagnostics to date and a preliminary analysis of their radiative divertor data
shows that when the radiating region reaches the X-point the radiation is carbon dominated. This is
in contrast to the normal case where the radiation is near the target where up to 40% of the power
comes from the deuterium [48].

3.4 Location and Stability of the Radiating Zone

In the original ITER concept, most of the power is exhausted in the divertor channel due to charge
exchange at a relatively high temperature [5]. This idea has evolved to encompass low temperature
gas-target divertors and the need for radiation to cool the electrons Howeuver, it is still intended that
the radiating zone be located in the divertor channel with a fairly uniform distribution between the
target and the divertor entrance [19]. Results from C-MOD [32], ASDEX-U[24,33], and DIII-D[29]
indicate that the stable location for the radiating region is near the X-point. The results from JET
[23] are ambiguous in this respect because X-point was quite close to the target and the bolometer
system had insufficient spatial resolution to precisely locate the source of the radiation as can be seen
from Fig.8(b). Results from JT60-U show that a radiating region can be stably maintained between
the X-point and the target for several seconds [48] but these discharges do not show the drop in ion-
saturation current which signifies detachment [30].

Ghendrih has produced a theory of detachment which has similarities to Stangeby's but solves for the
length of the detached region assuming that the neutrals enter uniformly from the private region
along the separatrix [35]. He obtains a bifurcated solution consisting of attached and detached states
where the detached solution has the ionisation zone up near the X-point. To prove experimentally
that there is a bifurcated solution is extremely difficult since you need to prove that either state can
exist for a given set of control parameters. However, formal proof of a bifurcation is rather academic
since what we really would like to know is whether intermediate stable states exist. The evidence for
this is rather mixed. JET data seems to show that detachment can be a gradual process compared to
any plasma time scale occurring over many hundreds of milliseconds as can be seen in the inner
divertor ion-saturation current trace of Fig 8(a). On ASDEX-U the jump of the radiating region to
the X-point appears to be quite fast [33]. On C-MOD the plasma pressure near the separatrix
decreases gradually but there comes a point in the process where there is a sudden jump of the
radiation to the X-point over a period of a few milliseconds which can be seen in Fig. 2. This data
suggest that detachment is complex and not universally consistent with a bifurcation or bistable state.

Hutchinson [37] has recently produced a theory which addresses the whole issue of stability in both
detached divertor plasmas and MARFEs. This assumes that momentum conservation is satisfied and
that heat flow is via electron heat conduction, and uses a simplified radiation function for the power
loss. He then analyses the stability of a thermal front. The thermal front is a region of the parallel
temperature profile which is dominated by radiation. Hutchinson's conclusions are that in the
detached state the most stable location for the thermal front is near the X-point and that it is
probably only stable at positions intermediate between the target and X-point for a narrow range of
upstream densities.

3.5 Code Simulations of Detached Divertor Plasmas

Much work has been done on predictive simulations of gas-target divertors for ITER but this is
beyond the scope of the current review. I therefore concentrate on fluid code simulations of real
plasma pulses in realistic geometries. The realistic geometry is important because we would like to
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know if the codes can simulate the detachment which has been observed in very open divertor
geometries (see section 3.2). Simulations of detached plasmas in ohmic ASDEX-U discharges have
been carried using the Braahms B2 code [39]. At JET the EDGE2D code has been used to simulate
a pulse with 10MW of additional heating [40] which is rather similar to that shown in Fig. 8(b).

In both cases the neutrals were modelled with a full Monte-Carlo model and impurities treated using

a full multi-fluid calculation or with a single species and a simple radiation formula. There are two

common conclusions arising from this work which are important:

e Large pressure drops can indeed be achieved in open geometries.

e In order to reproduce the experimental data a substantial wall source of carbon is required. The
yield required is in the 1-4% range which is consistent with chemical sputtering of graphite.

Fig. 9 shows the results of a series of EDGE2D simulations for the 10MW detached discharge [40].
Fig. 9(a) shows how the simulated pressure drop and ion flux density near the separatrix scale with
mid-plane separatrix density in a purely hydrogenic plasma. The density range was chosen to be
consistent with experimental uncertainties. Although the pressure does start to fall at the highest
density the ion flux is still far higher than the experimental value. Fig. 9(b) shows what happens in
the lowest density case when the radiated power is artificially raised by the introduction of a carbon
impurity. Larger pressure drops can then be achieved and the ion flux falls to approximately the level
seen in the experiment. The electron temperature is also in the correct range.

The B2 simulations of ASDEX-U also show that the radiating region (MARFE) is not stable in-
between the X-point and divertor. Its preferred location is in the SOL near or just above the X-point
as seen in experiments.

3.6 The High Pressure Divertor Solution

The basic principle that the power exhaust and particle flux from a diverted tokamak reactor could
be substantially dissipated if not extinguished in a neutral gas appears to have been demonstrated on
a modest scale in tokamaks and linear simulators. Current tokamak experiments generally appear to
operate in a regime of scale lengths where neutrals enter and leave the plasma in relatively few steps.
The high pressure solution where the plasma actually recombines before reaching the walls ,which
formed part of Tenney and Lewin’s original concept [6], has not yet been demonstrated in any fusion
relevant devices. This is also a regime where neutral-neutral collisions, radiation transport and
multiple elastic collisions must be considered [36]. Simulations have shown that the high pressure
regime may be relevant to ITER [42] but many simplifications were made in achieving the result. The
fact that high pressure solutions are achievable at power levels more than adequate for ITER can be
routinely observed when around one terawatt of power is diverted from a magnetically confined
fusion powered plasma into a high density neutral gas. These spectacular pulses lasting up to 3 hours
are the aurora borealis [41]. However, in the case of the aurora borealis , the large neutral pressure
ratio between the magnetoshere (SOL) and the earth's atmosphere (gas-target) is achieved by gravity
rather than geometry.

4. DETACHMENT FROM LIMITERS

Detachment was first used to describe results from current ramp down experiments in TFTR [8].
Radiative condensations known as MARFEs had been observed in many machines and have been
reviewed by Lipshultz [10]. MARFE:s are observed in many tokamaks operating close to the density
limit, appearing as an axisymmetric strongly radiating belt of short poloidal extent on the high field
side of the tokamak. The interesting thing about the TFTR data was that a transition then occurred
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to a state where the radiation was poloidally symmetric with the radiation in a ring extending 20cm
from the limiter essentially dropping to zero. In this ring the temperature and density also dropped
bellow the detection threshold for the Thomson scattering system.

At about the same time similar observations were made in DITE [9]. Current ramp down was again
used to achieve the detached state in ohmic discharges but in this case there was a gradual transition
from the attached to detached states without the formation of a MARFE. Most persuasive in the
decision to use the term detached plasma for the DITE discharges were the high speed cine
pictures[46]. In the the normal atiached state a thin reddish ring shows the ionisation of the recycling
hydrogen immediately in front of the poloidal limiter. Few neutrals reach the core and so this region
appears darker. Detachment occurs when the ring of Hy light has moved inwards leaving little

evidence for ionisation near the limiter. Extensive studies of MARFE formation and detachment have
been carried out in the TEXTOR tokamak [43]. Two discharges, one with high and the other low
input power but similar fractional radiated powers, y, always behave differently, as shown in the
TEXTOR data of Fig. 10. The low input power discharge will detach but the one with high input
power remains attached and, when v is high enough, forms a MARFE. Samm speculates that the
Shafranov shift associated with the high power cases creates a poloidal power asymmetry which
precipitates the MARFE [34].

The fast reciprocating probe system on DITE allowed measurements to be made before and after the
detachment in the very edge of the plasma. These results are shown in Fig. 11. Interestingly, the
density profile hardly changes at all whilst the temperature falls to ~6eV and the profile becomes
very flat. The ion flux and plasma pressure at the limiter radius are not substantially reduced and so
the term "detached plasma" really means something rather different than in the divertor case.
Detachment in a limiter discharge refers to the fact that a poloidally symmetric ionisation front
moves away from the limiter surface. This only appears to occur in low power discharges.

The most complete model for detachment from limiters has recently been described by Tokar [44]
and this paper includes an extensive discussion of previous work. Tokar is the first to tackle the
problem of numerically coupling together the transport of energy with that of plasma and impurity
particle transport. This approach successfully reproduces the radiation level as a function of plasma
current and density. It predicts similar changes in SOL parameters to those of Fig. 11. The model
also explains how in ohmic discharges the thermal collapse induced by an advancing ring of impurity
radiation is halted by the contraction of the current channel which in turn raises the ohmic power
input thus balancing the radiation.

S. DISCUSSION

Detached limiter plasmas show no evidence for significant changes in parallel pressure balance or ion
flux and so are, at least by my definition, incorrectly classified as detached. They represent a very
interesting phenomenon which appears to be fairly well understood but, owing to the low powers at
which it is observed, seems to have little relevance for fusion reactors. This type of limiter discharge
must be distinguished from the attached radiating boundary layer which has been extensively studied
in TEXTOR [34] and is likely to prove important for both limiter and divertor tokamaks.

Detached divertor plasmas appear very complex in their behaviour and we are only just beginning to
obtain a crude understanding of the physics involved. The leve! of interest is however intense as
detached plasmas appear to offer a solution to the very tough problem of designing a divertor
capable of handling the power and particle exhaust in ITER. Here are just a few of the questions that
await experimental verification:

157




« Both JET[24] and DIII-D[20] have studied detached H-mode plasmas and find that the

confinement is degraded to between 0.8 and 0.5 of the normal H-mode value, depending on the
_degree of detachment. It is important to know what causes this and whether it would still be
observed in a more closed divertor geometry.

« Impurity radiation seems to be required for gas-target operation. This can only be controlled if
injected impurities are used. Results from DIII-D[20] and JET[24] indicate that injected neon is
poorly retained by the divertor. Further experiments are required to seek a regime which
overcomes this problem.

« Theory indicates that divertor geometry affect detachment and so experiments are required to
show how open divertors compare with slots and gas-boxes.

e We need to see whether the enhanced cross-field diffusion seen in linear simulators (section 2)
plays a role in tokamak divertors.

o Gas-target burn through by ELMs may be a problem when scaled to an ITER and so needs
further study

There is however still plenty to be learned about detached divertor plasmas from existing
experimental results. Particularly challenging to our ideas are the exceptions which should not be
ignored. For example, JT60-U has performed a more thorough scan of parameter space with a more
complete array of boundary diagnostics than almost any other machine and yet do not appear to see
detachment, as defined here, from the divertor targets with the B x VB drift towards or away from
the target [30]. Even the machines which do see clear evidence for detachment report significant
differences which must be understood. For example, the high performance gas-target discharges in
JET seemed to require the B x VB drift away from the target [45] whereas with the B x VB drift
towards the target, detachment occurred only on the inner divertor leg and before any detachment of
the outer leg was observed a MARFE was ejected from the divertor into the inner SOL. It was
argued that this was caused by greater in/out divertor asymmetries which were observed when the
B x VB drift was towards the target. However, C-MOD [16] and DIII-D[20] produce good
detached plasmas when the B x VB drift is towards the target. JT60-U [30] and ASDEX-U[24] find
that the MARFE has a tendency to move to the top of the machine when the B x VB drift is away
from the target. Further work is clearly required to clarify this issue.

Little has been said about materials and erosion in gas-target divertors because little or no
experimental or theoretical work has been done in this area for detached plasmas. In a conventional
divertor one is almost totally reliant on extremely efficient local redeposition to reduce the net
erosion rates by factors of 102 to 103 or on the use of high Z materials. With a detached divertor
plasma local redeposition can effectively be ignored. On the plus side the ion flux has been reduced
but it has been replaced by a larger flux of somewhat less energetic neutrals. The energy spectrum of
these neutrals and the sputtering threshold of the divertor materials are critical determining the
erosion rate. In current machines erosion is so small it is hard to study but in ITER by virtue of
integrated pulse duration alone it will be ~104 times larger - sufficient to convert microns into
centimetres. This should, I believe, be regarding as one of the most critical outstanding issues by
both ITER and the plasma-surface interactions community.

6. CONCLUSIONS
Although the concept of the detached divertor plasma was thought of and demonstrated in principle
over a decade ago in a linear divertor simulator, it generated little’interest until the start of the ITER

EDA. Now there is an explosion in theoretical, computational and experimental work in the area
which may render this review obsolete before it comes out in print.
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The use of the term detachment in the context of limiters is mainly the result of a visual impression
rather than physical definition of what happens. A detached limiter plasma usually describes one in
which the ionisation front moves inboard of the limiter. The ion flux and plasma pressure at the
limiter radius are however little altered. Detachment from limiters still remains the minority interest it
always was since there is no experimental evidence that this detached state can exist in anything
other than low power discharges. The related use of controlled impurity injection to create radiating
but attached boundary layers [34] seems much more relevant to fusion reactors with limiters or
divertors. ‘

Detachment from divertors seems to be a very complicated phenomenon involving large gradients in
plasma pressure parallel to the magnetic field. Many inconsistencies or at least differences between
observations in what is reported from different machines. Geometry appears to play an important
role in detachment but the gas-box or slot type divertors proposed for ITER [19] have so far only
been adequately tested in small linear simulators. Current experiments all show that in detached
discharges the radiating region is located near the X-point and it remains to be seen whether changes
in geometry will bring about the uniform distribution of radiation envisaged for the ITER divertor
channels. Experiment and theory now show that impurities seem to be required to make detached
divertor plasmas work - not just charge exchange as in the original ITER divertor concept.
Experiments have begun in the seeding of detached plasmas with recycling impurity gases but our
current understanding of impurity transport in these complicated conditions must be regarded as
inadequate. There is now a real for new tokamak experiments with a range of closed divertor
geometries, as planned by JET and DIII-D, combined with better diagnosis of the detached divertor
state.
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separatrix density and (b) the same parameters plotted as a function radiated power for the lowest
density case in (a).
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Radial D,-profiles
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Fig. 10 Radial profiles of Dy from TEXTOR showing high and low power cases. Despite similar
radiative fractions, v, only the low power case detaches.
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Fig. 11 Reciprocating probe profiles of density and temperature from DITE [9] showing a reduction
in edge temperature and a flattening of the profile in the detached state.
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