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THE BUNDLE DIVERTOR

PART III : EXPERIMENTAL RESULTS

ABSTRACT

This paper is a review of the experimental results obtained with
a tokamak, DITE, orerated with a bundle divertor. Experiments fo deter-
mine the magnetic aperture, exhaust and screening properties of the
divertor are described. The results are compared with the predictions
of various models. A comparison of the plasma parameters produced with
and without the divertor is presented. The differences are discussed
in terms of the exhaust and screening properties, with the aid of a
global model of impurity production. Neutral hydrogen atom injection
has been used to heat the plasma; results are presented, together with
a discussion of thé effect of the magnetic field ripple, produced by
the divertor, on confinement.. Gross instability characteristics of
plasma produced with the divertor are discussed, together with their
effect on the divertor properties. Possible explanations for differ-
ent operational characteristics are considered. Finally, a comparison
between the results ostained with the bundle divertor, and poloidal

divertors, is presented.
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1 INTRODUCTION

The bundle divertor [1,2,3] is a device whose purpose is to imp-
rove the plasma pﬁritf by reducing the interaction between the plasma
and the torus walls and limiters. It also provides a means of exhaust-
ing plasma from the main torus.. Two coils distort the toroidal magnetic
field and divert field lines from the outer layer of the plasma
into a separate divertor chamber where they intersect a target. 1In
this way the main plasma surface interaction is removed from the forus
as shown in Figure 1, A description of the magnetic field configuration
and consequent predicted plasma behaviour, has been published [2,3]).

A large amount of experimental data has been obtained from DITE bundle
divertor experiments [4-19]. This paper attempts to coherently com-
bine these earlier results with the later ones and thus present a
summary of all the e#perimental work.

DITE is the first and only tokamak to have a bundle divertor.

The main properties of the divertor, which will be described are:

a) Magnetic limiter. The divertor produces a magnetic separatrix,
minor radius, as, outside which field lines are diverted. Figure 1
illustrates the geometry. The separafrix controls the plasma volume

without introducing a material limiter.

b) Plasma exhaust. Charged particles diffusing across the separatrix
can flow along the diverted field lines into the divertor chamber,
where they are neutralised on a target plate, and pumped away. The
particles which are diverted transport energy, and cool the plasma
edge. These two effects reduce the plasma-limiter interaction, and

diminish the impurity influx.

c) Plasma screening, or shielding. Impurities originating from the



limiters apd vacuum vessel walls may be ionised in the scrape-off layer
outside the separatrix (as <r < aL), and swept into the divertor
before penetrating the main plasma. In this way the plasma is screened,
or shielded, from the incoming flux.

Each of the above functions has been successfully demonstrated on
DITE.

The first section of this paper describes the tokamak and divertor,
summarising the magnetic field configuration. Two divertors have been
used, the MKIA (from 1976 to 1977) being replaced by the MKIB (from
February 1979 to June 1980) after a coil failure. Throughout this
paper the emphasis is on the later results, with comparisons drawn,
where suitable, with the early results. A separate section is devoted
to the difference observed in the operational behaviour of the two
divertors, and possible causes.

The magnetic limiter effect is described in terms of the operatiﬁg
regime in plasma current and density space for the tokamak. This is
folloﬁed by a description of experiments directed at measuring the
particle and energy exhaust, impurity screening, and particle retention
in the divertor target chamber. It is these properties which combine
to reduce the impurity content of the plasma. Because of the diffic-
ulty experienced in obtaining stable discharges with a wide range of
plasma current, most of the scaling of parameters is with plasma
density. The results are compared with the predictions of various
theoretical models.

A comparison between plasma produced with and without the divertor
is presented, with emphasis on the different impurity behaviour. A
‘global model, describing the behaviour of both the working gas and

impurities, is developed in order to understand the experimental



results in terms of the measured exhaust and screening coefficients.

Neutral beam injection has been used to double the ion temperature,
and results are presented. Some comments are included on the import-
ance of the perturbed magnetic field within the main plasma. A
section is also devoted to the gross insfability behaviour observed
when the divertor is operated. The effect of the instabilities on the
divertor operation is discussed. Except for this section, all results
presented were obtained with grossly stable plasmas.

After this detailed description of the results obtained predom-
inantly with the MkIB divertor, the differences in plasma behaviour
obtained with the MKIA and MkKIB are discussed. It is emphasised that
the MKIA results were exploratory, and the importance of maintaining
a constant density, and the role of instabilities and suprathermal
electrons, have only been understood from the later experiments.

A final section deals with the comparison of the results presented
here, and those obtained with other types of divertors. Improvements

in bundle divertor design are considered.

2 THE TOKAMAK AND DIVERTOR

Details of DITE tokamak are given in references [5] and [21].
Table 1 lists typical paraﬁeters of the tokamak and divertor, together
with some characteristic plasma conditions. Figure 2 is a plan of the
machine, showing the relative positions of the divertor, injectors,
and relevant diagnostics. Without the divertqr, toroidal fields B¢ <
2.7T and plasma currents IP < 250kA are used. When operating with the
divertor, electro-mechanical and thermal stresses restrict B¢ s 1.5,
The majority of results were obtained with B¢ = 1T, but a short period

of operation with B¢ >~ 1,5T was undertaken with the MkKIB.



Table I summarises the different operating conditions. Whereas
the MkIA was operated with hydrogen working gas, molybdenum limiters
(aL = 0.27m), and a separatrix radius a_ = 0.16m, the MkIB was operated
predominantly with deuterium, titanium limiters (aL = @.26m) and as =
0.175m. [In some publications, the incorrect value aS = 0.19m was
quoted for the MkIA.] The increase in the separatrix minor radius
allowed routine operation with the MkKIB at ~ 30% higher plasma curfents

and densities.

The magnetic geometry has been previously described in detail [2],
and is briefly summarised here.

Two parameters which characterise the magnetic configuration are
the divertor acceptance angle, 2ﬂ/qD, and the mirror ratio, M [2,3].
qD is the number of revolutions of the torus a field line in the
scrape-off layer makes before it enters the divertor. This varies from
infinity at the separatrix to ~ 4 at the limiter, with a spatial dep- |
endence T z (r - as)_%. Computed average values, ED are ~ 7. This
means that 1/7 of the flux in the annulus between as and aL will be
diverted on the next transit around the machine, in each direction.
The boundary between field lines which will be diverted, and those
which will by-pass the divertor on the next transit of the torus, is
shown in Figure 3 in the unperturbed radial plane, 180° in major azi-
muthal angle from the divertor. Field lines passing through the shaded
areaé, bounded by the separatrix and the limiter, will be diverted on
the next transit of the torus, following in one case a clockwise and
in the other case an anti-clockwise direction.

The mirror ratio quoted in Table 1, M =~ 4, is the computed ratio

of the maximum field (at the plane of a divertor coil) to the toroidal



field at the vacuum vessel centre. The magnetic field reduces again
as a field line is followed from the plane of a divertor coil towards
the target plate.

Typical plasma current durations are 0.2 to 0.5s. The divertor
coil current rises to a maximum value in.about 0.15s and is maintained
at this wvalue for about 0O.2s. The machine is usually operated so that
the divertor current reaches its méximum value as the plasma current
is initiated. Alternative modes of operation consist of switching the
divertor on dgring the discharge, either by delaying the divertor
current, or initially displacing the plasma to a reduced major radius
" and then returning it to the centre of the torus. Because the toroidal
and divertor fields specify a fixed stagnation axis, the separatrix
major radius, but not minor radius, is fixed. Moving the plasma in-
wards by more than 85mm (MkIB) ensures that the outer flux surface is
defined by the limiters and not the separatrix.

The divertor target consists of two metal sheets, with dimensions
280mm by 140mm by (0.5 to 5)mm. Stainless steel, titanium and moly-
bdenum have been used. Figure 4 shows a target plate which has been
damaged by low density discharges. The damage contours correspond to
the computed magnetic field line inter;ections with the plate.

The target plates are usually electrically connected to the target
chamber and torus walls. Between each discharge titanium is deposited
on the target chamber walls to inhibit particle induced desorption,
and to pump neutral gas. Pumping speeds at the target up to 5 x 10%
2s”! are estimated, which would allow about 15% of untrapped particles

to return to the torus.



3 THE MAGNETIC LIMITER

The toroidal and divertor fields cancel to produce a stagnation
axis where B¢ = O [see Figures 1 and 3]. Magnetic field lines through
the stagnation axis behave as sepératrix field lines; the separatrix
field line with the smallest minor radius defines a toroidal boundary
of minor radius aS, the separatrix radius. The rotational transform
generated by the poloidal and toroidal fields ensures that all field
lines with a radius r > ag will eventually pass through the divertor.

The separatrix plays the role of a magnetic limiter. Its position
is computed by following field lines produced by superimposing the
divertor coil fields on those of an axisymmetric plasma equilibrium
configuration. Experimentally, its location is verified by electron
beam trajectories in the toroidal and divertor fields, and by moving
a limiter into the plasma until no interaction between plasma and target
plate is observed. The computed and measured location agree to within
S5mm.

The plasma current-carrying volume is determined by the separatrix.
This is first demonstrated by plotting the operating regime [21,22], ie,
that région in (l/qL, ﬁeL/B¢) space where stable discharges can be
obtained for discharges with and without the divertor. Here q is the
safety factor at the limiter, 2mwa 2g

L ¢
sight average density, (fgL ng dr)/aL. Figure 5a shows that without

/(pOIPR), and ng is the line of

the divertor, q, 2 2, and the operating region is restricted by plasma
current disruptions. With the divertor, q > 4,5 for stability. Dis-
charges with -9 < 4.5 can be achieved but the resulting plasmas are
very unstable (see Section 11). The divertor restricts the maximum
current and density which can be obtained. An alternative represent-

ation is shown in Figure 5b where, with the divertor on, the values at



the separatrix, l/qS and ﬁes' are plotted. These are evaluated assum-
ing no current or particles outside the separatrix. This second
normalisation produces better agreement than the first between divertor
on and off, suggesting that the separatrix plays the role of a limiter
in determining the plasma size.- The discrepancy still present between
the two cases can be explained if about 10% of the current flows out-
side the separatrix. Whereas titénium gettering of the vacuum vessel
with no divertor allows a larger region in (l/q, ﬁe/B¢) space to be
accessed, results obtained with the divertor show little difference.

Operation with the divertor, but without the target plate, allows
only a small increase (~ 20%) in the values of l/qL and ﬁeL' From
Figure 3 it can be seen that only the flux lines in the cross hatched
region which is common to the divertor bundles on both sides of the
plate return to the scrape off layer. The remainder either hit the
wall of the divertor chamber (after passing through the plane where
the target plate would be) or return to the torus outside the limiter
radius. As this is seen to be only a smail part of the divertor flux
bundle, operation of the divertor with no target would not be expected
to lead to results much different from those obtained from operation
without the divertor.

Experiments which emphasise the importance of the separatrix
are summarised in Figure 6. The plasma column centre, RP, is dis-
placed by ARP, so that the separatrix radius is varied, and the maximum
cﬁrrentf Ip' attainable before instabilities appear, is recorded. These
results were obtained with B, = 1.44T. Assuming that the safety factor

¢

g at a radius aqis restricting the current, a_is given by

q

[l 1 AIP}—l
LR 21° AR
P

o . ;
where IP is the maximum current with ARP = 0. A regression fit to the

results demonstrates that aq = 0.21m. Under these conditions a = 0.175m.
s



It appears that the safety factor at the separatrix restricts the plasma
current, ané q. * 2 for stability. Without the divertor, q; 2 2 [24]:
thus the separatrix is playing the role of a limitér in determining
the current-carrying volume.
Throughout the experiments described here, it is the plasma

electrical centre which is controlled by a vertical field feedback

system. To maintain a constant separatrix radius, and scrape-
off layer thickness, it is the geometric centre of the outer flux sur-
faces which should be controlled. For the measured plasma parameters,

the -difference between the two displacements is less than 5mm.

4 PARTICLE EXHAUST

Ionised particles in the scrape-off layer can flow into the
divertor before reaching the limiters. These particles come from both
the outward diffusion of the main plasma, and the ionisation of neutrals
originating from external gas feed or desorption from the walls and
limiters. As a consequence, for the same external gas feed rate, dis-
charges with the divertor have lower density than those without the
divertér. In order to maintain the same density in both cases, a feed-
back gas control system is used. Figure 7 shows the average density
ﬁe with and without the control system in use. The change in the gas
input rate between the two cases can, in principle, be used to deter-
mine the particle current to the divertor, but it requires the use of
"a recycling model (see Section 9), together with measurements of the
confinement time. To overcome this difficulty, three techniques have
beén used to determine the particle current into the divertor. The
first, ion saturation current measurements, provides a direct result.

The second, density decay measurements, reguires interpretation using



the continuity equation. The third, integration of density times wvel-
ocity, requires a knowledge of the flow velocity. This latter tech-
nigue is applied to the measured profiles both in front of the target
and in the scrape-off layer, where a model for the divertor loss term
is used.

The measured density profiles in the scrape-off layer are them-
selves determined by the divertor loss term, the ionisation source term,
and the transport perpendicular to the magnetic field. Using a model
for the divertor loss, which correctly predicts the diverted particle

current, and a model for ionisation, a perpendicular diffusion coefficient

is derived.

a) Ion saturation current

In this technique, the particle currents to the target and limiters
are derived from the ion saturation currents. The current-voltage
characteristic of the target plate, biased with respect to the vacuum
vessel, is shown in Figure 8. Figure 9 shows the characteristics of a
carbon limiter, again biased with respect to the vacuum vessel, for
discharges with the divertor on and off. Plasma conditions were those
described in detail in Section 8 and Table 4: IP = 55ka, ﬁeL = 1.2 x
101% w3, B, = 0-96T.

Saturation of the target plate characteristic was not obtained, so
I;AT(target) > 50A. Extrapolation suggests ~ 70A (4.4 x 1020 ions s71).
Saturation of the limiter characteristic was obtained: I;AT(limiter) =
17A with divertor and 24A without divertor. Assuming the ion flux in
the torus is uniformly distributed over all limiters, I;AT(limiters) =
150A (9.4 x 1020 ions s™!) with divertor and 220A (1.3 x 102! ions s71)

without divertor. The total ion current is =2 220A both with and with-

out the divertor. Hence the particle confinement of the main plasma



is unaffected by the divertor but the divertor reduces the limiter
current by 30%.

From the slope of the characteristic, the average temperature of
the plasma impinging on the target is Te =~ 40eV. This value is cons-
istent with the observation that saturation has not occurred with V =
- 75V. The limiter characteristic can be used in a similar fashion
giving a value of ~ 14eV for the average electron temperature of plasma
at the limiter. This is in reasonable agreement with probe measurements
near the limiter for these discharges [16].

Caution must be exercised in relying solely on these results,
because not all the conseguences of biasing the target are understood.
Biasing the target, but not the limiter, affects the density in the
scrape-off layer: a positive voltage decreases the density measured
with a Langmuir probe. Biasing the target can either increase or de-
crease the heat flux [25]. It is noted that the floating potential of

both target and limiter is negative.

These experiments have been repeated at a lower density, ﬁeL

- : + ; -
7 x 1018 73, to give ISAT(target) = 10a(6 x 10!? ions s~1) and Te
(target) = 28eV [10]. These results are used for scaling of the part-

icle current to the divertor with density, which is discussed later.

b) Density decay [13,18,19]

This method utilises the influence of the divertor on the ion flux
to the limiters, and the fact that in a gettered torus with titanium
limiters, particle induced desorption is much reduced. With no external
gas feed the only particle flow into the plasma consists of neutrals
with energies > 30eV. These originate from the neutralisation of ions,

and their subsequent reflection as neutrals, at the limiter, and the

reflection of fast neutrals at the walls. The mean free path for

= 6 =



ionisation of these neutrals is larger than the distance between the
limiter and the separatrix, so there is negligible ionisation in the.
scrape—-off layer.

A pre-determined external gas flow is used to obtain the required
plasma density. The gas flow is stopped, and the resulting density
decay observad. Without the divertor, the decay rate depends on the
particle confinement time T, and the reflection coefficient of the
particles, B. With the divertor, the exhaust effect reduces the ion
flux to the limiter, and consequently reduces the neutral flux back

into the plasma. Thus the decay rate increases.

A simple model, including the neutralisation and reflection of

ions, but neglecting the reflection of fast neutrals, is derived from

the continuity equation. For r = r, = 0. 26m,
an -N
L L
——— i —cf = —
dt T, SL ID (1)

For r = e, = 0.175m (the separatrix position when the divertor is on),

WS- Y- .o (5

Here the subscripts L, s, refer to the limiter and separatrix.
N is the total number of particles (ions) within a radius ri
s is the ionisation source term within ri(SL = Ss)

I is the ion current to the divertor

o . v



i, .
¥—--1s the outward ion current
1

As is the average electron density within r,

Defining the particle exhaust efficiency Ex as

E, = «ee (3)

and assuming T_ is unaffected by the divertor (NL - NS)/NL

<< 1, and ﬁe o N, then

el _ el _ _
= =2 (1 (1 EX)B) ... (4)

where B is the reflection coefficient for the ions.

A comparison of the decay rates with (Ex > 0) and without (Ex = 0)
the givertor then gives Ex and Ts. A value B = 0.5 is used, which has
previously been shown to correctly predict the density behaviour in
DITE [11]. Corrections are made for the reflection of neutrals and in-
complete gettering (~ B0% wall coverage).

Figure 10 shows results obtained, in deuterium, with ﬁeL = 1.2 %
lQLg m~3 (other conditions are as described in Table 4). The value of
En(ﬁeL), as a function of time after the external gas flow is stopped,
_shows that the divertor increases the decay rate by 30%: Ts = l4ms and
E = 0.3, so that I = 48A (3 x 1020 jons s”1l). Repeating the experi-

X

ment with n__ = 8 x 1018 m™3 gives T = 14ms and §_ = 0.15: I_ = 16A
el s X D

(1 x 1020 ions s71).

- 12 -



c) Integration of density timesvelocity [10]

The total particle current to the target is evaluated from fnev”
over the target plate, where v” is the flow velocity along the field
lines. With ﬁeL =6 x 10!8 m™3 in hydrogen, densities ~ 5 x 1017p73
have been measured in front of the targef both with a Langmuir probe
and an 8mm microwave system. Figure 11 shows the variation of n,
across the target plate, on the line Z = 0, 2cm in front of the plate.
The e-folding distance is ~ 5cm, compared with ~ 3cm in the scrape-off
layer. This difference is explained by the changing magnetic field
configuration as the field lines are followed into the divertor and
onto the plate.

Electron temperatures ~ 28eV are deduced from the current-voltage
characteristic of the target plate biased to the vacuum vessel. Assum-
ing T, = T, and il =,0.4 (Ti/mi)%’ [26], a value consistent with other
experiments [27,28 and Section 6], the ion current to the target is 1OA
(6 x 1012 ions s71).

The particle current to the divertor can also be calculated from
the measured density and temperature profiles in the scrape-off layer,
if a model for the flow into the divertor is used. Figure 12 shows the
electron density profile, divertor on‘and off, obtained from the micro-
wave system, the Thomson scattering system, and a Langmuir probe. Figure
13 shows the electron temperature profile, divertor on and off, obtained
from the Thomson scattering system and the Langmuir probe. Both pro-

files were obtained with plasma conditions as listed in Table 4: A_ =
1.2 x 1012 m™3. wWith the divertor on the density e-folding distance in
the scrape-off layer is 50mm. This is reduced as ﬁeL is reduced. The

temperature e-folding distance is 40mm and independent of density.

A model for the particle flux into the divertor has been developed

T



[29,30] in which it is assumed the ions are collisionless over the

scale length of the divertor chamber, but collisional over the total
field line length in the scrape-off layer. This is consistent with

the experimentally measured parameters. The model includes the magnetic
mirror at the divertor throat, which reflects ions outside the 'loss
cone' back into the main chamber, and decreases the electrostatic pot-
ential between the throat and the plate. The effects of neutral gas

in the chamber on the electrostatic potential are ignored. The part-

icle current to the divertor, I_, is then given by

D
fas 1.6 n_ /kTi e}
I =47 ) ) rdr s w0
D Ja M 9, \2ﬂmi
L
Assuming Ti(r) = Te(r), ni(r) = ne(r), and including the computed dep-

endence qD(r), the expression is evaluated to give ID = 96a(6 x 1020
ions s~!) with g, = 1.2 x 1019 73, and 1 = 24a(1.5 x 10?0 ions s71)
with i_ =7 x 1018 m73,

Figure 14 shows the combined results of the above experiments,
presented as the particle current to the divertor as a function of the
average density. The values deduced from the density decay experiments
represent only the flux from outward diffusion of the main plasma, and
are expected to be smaller than the values derived from the other
techniques. The values obtained from the measured profiles in the
scrape-off layer are approximately 40% greater than those derived from
the ion saturation current technique.

Measurements of the flux of deuterium ions and atoms from the plasma have

" been made using a thermal desorption probe[31]. These give a value of 2 x 1020

- 14 -



particles g X (328, assuming that the flux is uniform around the torus.
This is only about 15%. of that deduced from the ion saturation current

and density decay experiments. The discrepancy is not understood.

d) The electron density profile

The form of the electron dénsity profile in the scrape-cff layer,
used to deduce the parallel ion flux leaving the main torus, is deter-
mined by the parallel loss, a radial particle velocity (or equivalent
diffusion coefficient Dl)’ and the ionisation of neutrals. |

The continuity equation for a constant electron density can be

written in cylindrical geometry as

1 9 ane e
;'5}‘(]:' Dl¥)=w—ne nn <gv> ... (6)

where Tllis the characteristic time for ions to reach the divertor, nn

is the neutral particie density and <ogv> the ionisation rate coefficient.

To interpret the profilés in Figure 12, a form for Dl must be assumed.

We take D, = k/ne as has been suggested elsewhere [33]. With the

divertor off, the radial dependence of the source term ne nn <gv>/k can

then be derived, and is shown in Figure 15a. Most of the ionisation is out-
side a radius of 0.2m, consistent with the majority source being from gas feed
and desorbed hydrogen. Also shown in the figure is the computed source term
resulting from the input of molecular deuterium neglecting recycling from |
the limiters. The three competing processes of molecular dissociation
followed by atomic ionisation, are considered using the measuréd external

1

gas flow rate of 7 x 1020 molecules s~! and the measured density profile.

The source term calculated from the two methods agree well if k = 2.6 x 1018

m~! s71 is assumed, as shown in Figure 15a.

- 15 -



With the divertor on, the term (ne n_ <gv> - ne/T”)/k can be
derived, and is shown in Figure 15b. The source term in the scrape-
off layer is now balanced by flow into the divertor. There is a small
source inside the separatrix which may result from recycling of the
working gas near the stagnation point or, more likely, reflect the large
errors involved in the double differentiation of a density profile
obtained from line of sight measurements.

If we assume the source term n_n, <gv> and the diffusion constant
k are unaffected by the divertor then the term ne/(kTII) can be obtained,
and this is shown in Figure 15c¢. Integrating this gives a value for
ID/k. Using the value of ID from Figure 14, a value for k of 2.3 x 1018
m~! s7! can be derived. That is, this value of k closely predicts the
measured total particle current to the divertor.

The broken line in Figure 15c represents the spatial dependence of

the term ne/(krI ) derived from a model for the parallel loss from the

|
main torus [29,30] and k = 2.3 x 10!8 n! 571,

The above analysis demonstrates that the measured density profiles
and parallel ion loss are consistent with a diffusion coefficient Dl =
k/ne, (k ~ 2.5 x 1018 m™! s71), the measured external gas input, the
ionisation model and the model for the particle flux to the divertor.
The value of k is approximately 1/6 of that used for INTOR modelling

[32]. At the separatrix D, ~ 0.1 D , at the limiter DJ_ ~ D nd

L Bohm Bohm &
behind the limiter, the density profiles can be predicted using DL ~
DBohm' In Figure 12, the solid lines represent the predicted density
profiles obtained from the above assumptions, normalised at r = 0.1l75m.

The agreement with experiment implies that more comprehensive one-

dimensional computer calculations of the scrape-off layer will be useful.

- 1l6 -



To conclude this section on particle exhaust, Table 2 summarises
the particle currents to the limiters and divertor, together with the

coefficients which correctly predict the density.

5 ENERGY EXHAUST

One of the properties of a divertor is the removal of energy from
the scrape-off layer, with a consequent cooling of the plasma edge.
This will reduce the sputtering of impurities from the limiters.

The energy {and power) to the divertor has been measured using an
infra-red camera [17], and an array of thermocouples mounted on each of
the target plates. Figufe 16 shows examples of the contours of power
on the electron drift side, with ﬁeL-: 6 x 1018 n73, The crescent shaped
contours correspond to the diverted field line structure, the density
contours, and the damage on the target (Figure 4). Power densities up
to 20MW m~2 have been recorded on the electron drift side with low
plasma electron densities (~ 2 x 1018 m™3). cine photography under
these conditions shows that material is removed from the target; the
target shown in Figure 4 is perforated at the position where the sep-
aratrix intersects the plate.

Figure 17 shows the maximum temperature rise recorded by the
thermocouple array, for eaéh of the target plates (designated electron
and ion drift sides). For densities ﬁeL < 6 x 1018 m~ 3, the electron
drift side reaches a higher temperature, suggesting the presence of

supra-thermal electrons. Figure 18 shows the fraction of ochmic power,
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Pﬂ, reaching the plates. For these discharges PQ was between 80 and

100kW. For fi_; 2 8 x 1018 m™3 the deposition profile broadens.

L
Typically, 10% of the ohmic power reaches the divertér target.

The average energy of the particles impinging on the plate can be
deduced from the power and particle fluxes. This is shown in Table
3, and varies from Z 4keV at the lowest densities, to 150eV for ﬁeL =
1.2 x 1018 m~3,

Assuming an average temperature in the scrape-off layer of 25eV

over this density range, the parameter

_ Power to target
Particle current to target X temperature in scrape-off layer

Y - (7)

can be evaluated: results are shown in Table 3. Yy varies from ~ 150
at the lowest densities, to ~ 6 for ﬁeL = 1.2 x 10}9 m™3. Results
obtained with the MkIA [10] gave y ~ 200, about 10 times larger that
that obtained with the MkIB at the same density (see Section 12).

Models for the heat flux to a target have been developed [29,30,
33 and references therein]. The most applicable [29,30] include the
effect of the sheath potential; the bundle divertor magnetic mirror and
subsequent magnetic well also increase the potential in the sdrape off
layer relative to the farget. For the DITE parameters this gives y =
8.6 in a deuterium plasma, neglecting the effect of secondary electron
emission. Secondary electrons will decrease the sheath potential, and
increase Yy to ~ 10 [25].

For the higher density discharges (ﬁeL ~ 1.2 x 101? n73) there is

agreement to within 50% between the measured and predicted values of v.
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That is, the measured power is consistent with the measured (and predicted)
particle flux, the measured temperature, a thermal velocity distribution and
an electrostatic sheath.

At the lowest densities the measured value of y is about 15 times that
expected. Taking the theoretical distrigution of the particle flux, together
with the measured distribution of temperature in the scrape-off layer, it can
be shown that the largest discrepancy between the predicted and measured power
distribution at the target occurs near the separatrix. One explanation for
this discrepancy is the presence of suprathermal electrons. These carry more
energy to the plate. Also a higher secondary electron coefficient, from the
higher energy electrons, will increase the expected value of y. The presence
of suprathermal electrons and their ability to transport large energies has
been shown to correctly predict results on the DIVA tokamak at low electron
densities [23]. On DITE, the observation that the majority of the power is
deposited on the electron drift side at low densities supports this explanation.

For intermediate densities, the measured value of v is about twice that
predicted. The experiments indicate an equal energy distribution on the ion
and electron drift sides, suggestiﬁg no suprathermal electrons. However, the
experimental values of y quoted are obtained from total values of particie
currents and powers, and an average temperature. Spatial dependences must be
used if more accurate results are reqﬁired.

The results from the MKIA divertor, in which a value of y ~ 200 was
deduced, suggest that a high proportion of suprathermal electrons were present

under the conditions then prevailing.

It is noted that the application of the divertor fields, even at a
level such that the separatrix is only 10mm inside the limiters (as = 0.25m),
reduces the hard X-ray flux (energies 2 50keV). This is recorded with a SiLi
diode detector, and implies a reduction in the population of high energy

electrons by the perturbing fields.
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One of the consequences of the energy flow to the divertor is a

cooling of the plasma edge. Experimentally, the electron temperature
at the limiter radius is reduced from ~ 15eV to ~ 10eV, when ﬁeL = 1.2 x 1019
m~?, when the divertor is used. In principle, the temperature profiles with
and without the divertor should allow a calculation of the perpendicular
electron thermal conduction coefficient, as was performed for the particle
diffusion coefficient in Section 4e. However, the large uncertainties in
the sources and losses in the scrape-off layer prohibit this.

Power balances have been obtained from detailed profile measurements
and the results are summarised in Figure 19 for a gettered torus,
titanium limiters, and ﬁeL = 1.2 x 1012 m™3., The conducted and con-
vected power is deduced from the difference between the measured ohmic
power and radiated power (plus charge exchange losses). Of the power
conducted and convected across the separatrix, 15% (8kW) reaches the
target plate. With the MkIA at low densities, ﬁeL =6 x 1018 n73, this
value was > 80% [see Section 12].

The power conducted and convected to the limiters is 43kW (see
Figure 19). The average energy of the incident ions can be evaluated
from the measured particle fluxes to the limiters. This is 200eV
without the divertor, and 300eV with the divertor. An approximate
value of y can thgn be derived from the plasma temperature at the
limiters: y = 30 with the divertor and 13 without the divertor. The
expected value is =2 10. In the case of a non-gettered torus, the
measured energy and particle fluxes, and the measured temperature and
density profiles behind the limiter are consistent with a value of y =
10 [16]. The large value derived for the case with a gettered torus
and the divertor on is not understcod, but may reflect errors'in the
conducted and convected power. Another possibility is that the ion
temperature is significantly higher than the electron temperature in

the scrape-off layer. Experimental evidence for this has been obtained
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from carbon collector probes at typically 0.24m radius in the torus. Values
of Ti ~ 50eV have been measured.

The measurements of the power to the target take no account of any
energy lost to:ithe target chamber walls, and this measurement therefore
gives a lower limit to the power flow to the divertor. An alternate method
is to deduce the conducted and convected power from the limiter temperature
rise. This gives =~ 30kW. The power to the divertor must then be the
difference between the ohmic input power and the sum of the conducted,
convected and radiated powers. The power to the divertor is then ~ 20kW,
suggesting that ~ 12kW are deposited on the chamber walls. However, there
are very large errors involved in the measurement of the limiter temperature
rise and its interpretation as an incident power. Bolometric measurements
within the target chamber are required to understand any role played by

radiation and charge exchange phenomena.

6 IMPURITY SCREENING

Impurities originating from the vacuum vessel walls and limiters may
become icnised in the scrape-off layer, and swept into the divertor before
penetrating the main discharge. We define a screening, or shielding,

coefficient ES:

£ = impurity particle current to divertor (8)
s impurity particle current into the scrape-off layer from the e
plasma edge

Direct observations of impurity currents into the divertor have
not been made. Instead, the shielding coefficient is deduced by com-

paring discharges with and without the divertor. Assuming that the
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inward transport is not affected by operating the divertor, then

_ impurity particle current into main plasma, divertor on (9)
s impurity particle current into main plasma, divertor off °°

A1
I

It is this definition which is also used in Section 8 and 9.
Measurements have been made of the effect of the divertor on
impurities intrinsic to the tokamak. These are low Z-carbon and oxygen

existing as impurities in the walls and limiters, and high-Z titanium
and iron, from the limiter and wall material itself. Several other
effects besides screening of impurities, combine to reduce the impurity
content. The plasma periphery is affected, for example, by the addit-
ional external gas feed required to maintain the density when the
divertor is operated. This will affect the plasma wall and plasma—limitér
interaction. Early data on intrinsic impurity screening [8] were
corrected for the change in source function by measuring the change in
impurity flux at the wall. However, recent data show gross poloidal
and toroidal asymmetries in impurity radiation, implying local impurity
sources, complicating the analysis. The metal impurity concentration
in the boundary layer has been measured using rotating collectors which
are subsequently analysed by Rutherford Backscattering. The lérgest
fluxes are of titanium and iron. The radial distribution of titanium
decreases from typically 5 x 10!® ions m™2 s7! at0.23mto 2 x 10!8 ions
‘ m 2 s”!at 0.26m.The values of the iron flux are typically a factor of 2
to 3 lower. Assuming that the impurities are in equilibrium with the
plasma ions a flux of 5 x 10!® m™2 571 to a collector is equivalent to

a density of 2 x 101% m73, The time behaviour of these fluxes shows
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a slow decay from a maximum during the rising current phase (Figure 20).
This maximum is correlated with a high plasma flux to the limiter.
Without the divertor, measurements have been made from 0.26-0.27m radius.
The titanium flux at 0.26m is ~ 5 x 10!8 m™2 s7! je, comparable with that
at0.23mwith the divertor on. This is cénsistent with the higher plasma
density and temperature at the limiter with the divertor off. No major
differences:in the impurity concentrations are observed between divertor
on and divertor off within the accuracy of the measurements.

Recent impurity screening measurements [15,18] have involved
injecting identical small amounts of extrinsic impurities into plasmas
produced both with and without the divertor. No investigation of any
variation with injection position has been made. Two methods have been
usedé laser ablation [35] and gas puffing. Using a 2J Q-switched ruby
laser, up to 3 x 107 atoms of aluminium, with energy ~ 3eV, have
been injected. No spectroscopic flux measurements have been made, but
X-ray measurements of the He-like Al XIV line (l.6keV) show little
difference between the Al 13+ concentrations at the plasma centre
whether the divertor is on or off. However, the sensitivity of the
emission to variations in electron temperature implies an error ~ 50%
in the derived concentrations. Measurements of the injected aluminium
on the surface probe gave fluxes ~ 2 k 1020 n™2 57! at radii of 0.22m
0.24m. The flux decayed typically over a time of 50ms. A less direct
approach uses the measured increase in electron density associated with
the ionisation of the injected atoms; from charge neutrality the
concentration of aluminium can be estimated. This technique implies
that the divertor reduces the concentration of aluminium by 30%. A
similar value is derived from the increase in plasma resistivity, pro-

duced by ionisation, cooling and impurity content
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increase. With ﬁeL = 1.2 x 10'% m" 3, and the divertor off, only 10% of
the injected material reaches the hot plasma. This is reduced to 7%
with the divertor on.

By cbserving the time history of an Al III line (360.lnm), at
points close to, and 180° in major azimuthal angle from, the point of
injection, a flow velocity of 1.25 x 10" ms™! along the field lines has

T
been measured. This is approximately equal to the value 0.4 (Es)%'
where m, is the deuterium ion mass and suggests that both the wozking
gas and impurity ions have the same flow velocity along the field lines.

Gas puffing through a piezoelectric valve has been used to inject
neon and argon for times between 20 and 50ms. The quantities corres-
pond to ~ 1% of the total electron concentration. Observations of the
Ne VIII (77.0nm) and A VIII (70.0nm) lines have been made. Calculations
of ionisation rates show that these ion states occur in the region where
Te > 100eV: ie, in the main plasma. The line intensities are inter-
preted as fluxes, because the particular states observed should be com-
pletely ionised to the next state along the line of sight of the spect-
rometer, and the temperature and density profiles (Figures 12 and 13)
are almost unchanged by the divertor. Such an interpretation has been
shown to be correct in certain cases [36].

Figure 2! shows the variation of the Ne VIII line intensity with
average density, ﬁeL’ divertor on and off. The line intensity iﬁcreases with
increasing density both with divertor oﬁ and'dff},_if'the interpretétion
of this intensity as a flux is correct, this observation suggests that
the impurity diffusion in the outer regions of the plasma decreases
with increasing electron density [37].

Using the definition of the screening coefficient, equation 9, we

can write
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ENE -1 - Ne VIII line intensity, divertor on (10)
s Ne VIII line intensity, divertor off it

I =
Figure 22. shows ESMP as a function of n.:. from the neon and argon

; : : IMP . . . .
puffing experiments. The results show SS increases with increasing
average density, and thus with increasing density in the scrape-off
layer. The maximum value measured is ES = 0.38 with ﬁeL = 1.3 x 10!°
m™3.

The simplest model which may be used to estimate the screening
assumes that all impurities ionised in the scrape-off layer are swept
into the divertor [3]. With the measured density and temperature pro-

. . ! IMpP : ¢ i
files this would imply Es 2 0.9 for all the experimental conditions.
The experimental values are at least a factor 3 smaller than this,
which can be explained if an inward transport mechanism exists, allowing
ions to cross the scrape-off layer before reaching the divertor.

Estimates for the screening efficiency expected from neoclassical
theory have been made. The ions are assumed to experience sufficient
collisions for the influence of the bundle divertor magnetic mirrors to
be neglected [3]. The continuity equation (including the parallel ion

< ; . IMP
loss to the divertor [29,30]) is solved [38] and predicts ES ~ 1,

Estimates can be made for the diffusion coefficient required to

explain the experimental observations. Assuming a spatially independent
; ; ; ; i iMp : :
anomalous impurity diffusion coefficient, DL and a spatially indepen-

; IMP ; ; : ; i
dent divertor loss time Tll , the continuity equation is solved to give

aL B as
Sg ™ L - B o (‘W&) e B
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Using the following expression for T” (assumed the same for impurities as

working gas ions):

ﬂRMqD

T” = ... (12)

- 5 5
l.6(kTe) /(2nmi)

where mi is the deuterium mass, we obtain, for typical values (see

Table 1), T|| ~ 5ms. With ES = 0.3, equation (l11l) gives DiMP ~ 10 m?

- IMP .
, or an inward velocity =~ 50m s 1 The fact that ES increases

with density suggests either that DiMP

which ionisation occurs increases as the electron density is increased.

g1

a l/ne, or that the radius at

Results obtained with the MkIA divertor were deduced from the
intrinsic impurity behaviour. The screening efficiency was deduced

from the equation

A

EIMP _ Impurity line intensity, r ds, BD on "
s ~Impurity line intensity, r ar BD off

A

s 13D
Impurity line intensity, r ~ a;, BD off
Impurity line intensity, r ~ a BD on

LI

Results from oxygen (OVII and OII) gave ES ~ 0.5 with ﬁeL ~ 8 x 10!8
m_a, about twice the value deduced for neon from the gas puffing at a

similar density. Results for metals were obtained from a combination

of XUV spectra and carbon probe data. Figure 23 shows XUV spectra
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obtained, with EeL ~ 7 x 1018 m™3 [6]. A dramatic reduction in line
radiation from high Z impurities is seen when the divertor is operated,
implying a large reduction in metal fluxes into the plasma core. The
corrections for changes in source function at the walls and limiters
were made by observing the change in metal impurities collected on a
carbon probe, inserted at the plasma periphery, as shown in Figure 24-
Values for the screening of the metals, ESO’FE ~ 0.8, are deduced, much
larger than obtained with MkIB during aluminium and argon injection
experiments. Even if the known asymmetries in line radiation emanating
from the plasma periphery bring into question the validity of this
result, the fact remains that a much larger reduction in metal line
radiation was observed in the MKIA than the MkIB (see Section 8). Some

discussion of possible reasons for this is presented in Section 12.

7 PARTICLE RETENTION

In the previous section it was tacitly assumed that no particles
entering the divertor returned to the main torus. Experiments have
been performed in which neon and deuterium were puffed into the divertor
chamber during discharges both with and without the divertor. The resulting
density increases in the main plasma were measured., With ﬁo pumping_in
the target chamber (ie, no gettering of the walls) operating the
divertor reduced the density increase to 30% of that obtained without
the divertor. The addition of neutral gas into the chamber may have
adversely affected the divertor operation, by reducing the potential
drop between the main chamber and the divertor chamber [29].

A topic related to particle retention is erosion of the target
plate. Arc tracks have been observed on both the electron and ion drift

sides of the target, in addition to localised melting (Figure 4) on the
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electron drift side when operation with low plasma densities was under-
taken. However, measurements of the plate thickness after 283 discharges
showed no erosion on the ion drift side; the errors piace an upper limit
of 20nm per discharge.

A more sensitive technique used was to activate a small piece of
titanium by bombardment with 7Mev protons [39 ]. The resulting'48V
decays by positron emission, producing X-rays, with a half life of 16.2
days. This material was attached to the target, and the decay in

activity recorded over a number of discharges. The results indicated

an erosion rate of 3.5 % 0.7nm per discharge, about 100 times that expected
from sputtering. Arcing is the most probable source of erosion. However

arcing does not always take place and the conditions under which it does

and does not occur are not yet understood.

8 A COMPARISON OF PLASMAS PRODUCED WITH AND WITHOUT THE DIVERTOR

The previous sections have described in detail measurements of the
different divertor functions. This section describes their combined
effect on the overall plasma behaviour with and without the divertor.
In comparing dischérges with and without divertor, the limiters are
kept at a = 0.26m, and the average density ﬁeL is kept constant.

Detailed comparisons have been made, using the MkIB divertor, with
EeL = 1.2 x 1012 n™3, and Table 4 lists measured and derived plasma
parameters. These discharges have been referred to throughout the
text: Figure 12 shows the electron density profile, Figure 13 the
electron temperature profile, and Figure 19 the energy balance. Results
have been compared both with and without titanium gettering of the

vacuum vessel walls. Gettering reduces the oxygen impurity line inten-

sities [22], the X-ray (Ax) and resistance anomaly factors, and radiated
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To keep the density constant, addi tional gas is required when the
divertor is on. A greater increase is required for a non-gettered torus
than when gettering is used. Without gettering, refuelling is dominated
by recycling from the walls and.limiters; With gettered walls, the re-
cycling from the walls is reduced, and the external gas input dominates.
Because the divertor does not greatly affect the ionisation source term
(see Section 4d), only a small increase in the external flow rate-is
required (~ 30-50%).

We consider first the discharges without titanium gettering. The
divertor does not affect the radiated power, which is ~ 90% of the
ohmic input power. The X-ray anomaly factor on axis is reduced by a
factor ~ 4, and there is a 20% reduction in (Zeff_l)f Impurity line
radiation intensities have been monitored: these show no change in the
OVII line (162.4mn), and a 30% reduction in Ti XIV (211.8mn). This constancy
of the oxygen line intensities was also observed with the MkIA [8]. Measure-
ments of carbon impurities show a reduction in line intensity (CV, 227.2nm)

but these results are deduced from 2 discharges only.

In discharges with titanium gettering, the radiated power is
reduced by 35% by gettering, and a further 35% by the divertor. The
resistance and X-ray anomaly factors are both reduced by the gette:r‘iv\:j
and further reduced by the divertor. Gettering reduced the OVII line
intensity by a factor ~ 4, and the TiXIV line intensity by factor ~ 2:

no information on the effect of the divertor on these lines is available.
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Comparisons of discharges with and without the MkIA divertor
(with densities ﬁeL ~ 7 x 10l8 m_a, not gettered) were obtained, with
the moveable limiters at 0.27 and 0.19m when the Stiveroy was off [7].
Large reductions in line intensities were observed (Figure 22), by a
factor of 3 to 10 for iron, 20 to 50 for molybdenum, and 30% to 50%‘for
carbon and oxygen [12]. The largest reductions were observed for lines
originating just inside the separatrix. Figure 2% shows the profiles
of radiated power obtained [8]; the total power was reduced by a factor
~ 5, At the same time, the X-ray anomaly factor was reduced from ~ 700
to ~ 70 [40], the central peak in the radiation profile and the large
value of X-ray anomaly factor are correlated to the molybdenum
impurity from the limiters. Obviously, the conditions then prevailing
produced more dramatic results than obtained with the MkIB device.
Possible explanations, concerned with density variations, instabilities

and suprathermal electrons, are discussed in Section 12.

9 A GLOBAL MODEL FOR IMPURITY PRODUCTION

The experimental results described in Section 6 show that both high
and low Z extrinéic impurities are screened by the divertor. The comp-
arisons presented in Section 8 show that intrinsic impurities are
reduced. To understand these comparisons, a global model of impurity
production has been developed [15], based on the model previously used
to estimate recycling of the working gas [11].

In the model, the plasma is divided into 2 regions, an inner core
with r < a and a scrape-off layer a_ <r < a - Particles enter the
plasma, penetrate the hot core, and return to the edge with a confine-
ment time T, = NS/IS evaluated at ag- Here Is is the particle current

across the separatrix. When the divertor is operated, fluxes into the
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scrape-off layer are depleted by parallel flow to the target plates.
Screening and exhaust efficiencies are defined by equations 9 and 3
respectively. For the working gas, the screening efficiency is that
fraction of the incoming gas which is ionised in the scrape-off layer;
once ionised it is lost to the divertor Qith the exhaust efficiency.
Although this model is too simple, and one dimensional transport
calculations should be performed, some insight into the divertor
operation is gained, and areas of ignorance highlighted.

The mechanisms for impurity production considered here are illus-
trated in Figure 2&, and the relevant coefficients listed in Table 5.
Low Z impurities, present as a surface contamination on the walls, are desorbed by
the fast neutrals. Gettering is assumed to reduce the surface con-
concentration. Ions impinging on the metal (heavy, or high z)
limiters will deplete the light impurity concentration in times much
less than the discharge time. The returning low Z impurity ions are
assumed to be trapped in titanium limiters, but recycled at molybdenum
limiters. Thus for titanium the effective desorption yield is =zero.

Metallic impurities are assumed to be produced by four sputtering
sources. These are (a) the flux of working gas ions to the limiters,
with an energy of the sheath potential, (b) the charge exchange neutral
flux to the walls, with an energy equivalent to the ion temperature at
a distance of one mean free path for charge exchange from the walls,

(c) the low Z ion flux to the limiters, with an enexrgy of the charge
s'tate times the sheath potential, and (d) the high Z ion flux to the
limiters, with an energy of the charge state times the sheath potential.
The charge state is not known; values of 1 and 4 are assumed. The value
4 is consistent with an analysis of the titanium deposition profile on

a disc behind a small aperture, inserted into the plasma periphery
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[43,44]. The effective ion energy is derived from the analysis of
trapped deuterium on a carbon probe [14], and is ~ 50eV in non-diverted
discharges. Arcing has been neglected, because experiments show it to
be important only during the plasma formation [45].

For equilibrium at a constant density, the equations determining
the recycling of the working gas can be solved analytically to give the
fast neutral flux ' in terms of the ion flux, Fi across the separatrix.

Writing FO =0 Fi' the light and heavy impurity fluxes are then given

by:

T
L _ _ L o _ i, i
) = ®l1 Es][uy + (1 - &)y ] ¢ s (14)
H
T 1= E
H s o I SRS - "SI -
i = [us + (1 as)g; E) S F(ay +

§ L- (L& -89 s
S X

1L-g)yhH +@-ed si] ce. (15)

Here the subscript or superscript j = o,i,L,H, refers to neutrals,
hydrogen ions or light and heavy impurities. yo, yi are the aesorption
yields of light impurities by neutrals and ions, Sj the sputtering
yields of heavy impurities by species j, and F the fraction of the wall
area not covered by active titanium. Values used are quoted in Table 5.

The parameter a = PO/Fi, the number: of charge exchange neutrals
leaving the plasma per hydrogen ion, is shown in Figure 27 as a function

of the shielding efficiency E: for two extremes of exhaust, E; =0 and 1.
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The figure shows that the fast neutral flux to the walls is increased by
less than 5% (at constant plasma density) when the divertor is operated,
(£i ~ 0.8). For titanium limiters, equation 14 then shows that the
reduction in light impurities should be ~ Ei, or 30%. This is at variance
with the observation of constant oxygen line intensity, but in agreement
with the restricted carbon data (see Section 8). The model predicts no
change in the fast neutral flux (o ~ constant), thus no change in the
oxygen source. This is in agreement with the observed constancy of the
OII line intensity: however known asymmetries make this observation of
doubtful wvalue.

An explanation for the anomalous behaviour of oxygen may involve
an oxygen source near the stagnation axis; the oxygen could penetrate
the main plasma without passing through the separatrix. (Carbon data
may be different because of the presence of the moveable carbon
limiters, but the effect has not been evaluated.) Direct observations
near the stagnation axis are required. A consequence would be the
reduction of line intensities from intermediate charge states of oxygen,
OIII to OVI; such results have been obtained, and are shown in Figure 28.
However, the gettering of the torus walls in the area around the stagnation
axis makes a large oxygen source unlikely.

Equation 15 predicts the fluxes of high Z impurities into the
plasma core. The first term results from neutral sputtering, the
second, from light impurity sputtering, and the third, from hydrogen
ian sputtering. The denominator results from the enhancement produced
by self-sputtering of the heavy impurities. Using the coefficients in
Table 5, for a device with titanium limiters and walls (MkIB), the
sputtering from neutrals is dominant, and the divertor should reduce

H
the flux by ~ Es' or 30%, as is observed [see Section 8].
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For a device with limiters and walls of different materials (MKIA)
the reduction in heavy impurities from the walls would again be ~ Eg,
or 30%. However, for the heavy impurities from the limiters, the dom-
inant term is either from hydrogen ion sputtering or light-heavy
sputtering, depending on the impurity charge state. The reduction wbuld
then be between 50% and 70%. The results from the MkIA showed much
larger reductions typically by a factor 10, in both iron (from the walls)
and molybdenum (from the limiters). Results also show the iron concent-
ration to be larger than the molybdenum concentration [6], in agreement
with the prediction of the model that the neutral flux to the walls is
larger than the ion flux to the limiters. However such conclusions are
tentative as it has been shown that significant amounts of iron (9'1017
atoms cm 2) become uniformly deposited on the limiters after a short
period of operation.

Table 6 summarises the impurity data, both experimental and pre-
dicted. Predictions for the MKIA are based on coefficients applicable
to the-MkIB at a higher density, which will over-estimate the flux
reduction. The disagreements reflect the uncertainties in the model:
in particular the energy of the impurities reaching the plasma edge,
and any change in this when the divertor is operated. Further progress
awaits experiments to determine which, if any, of the proposed impurity

production mechanisms are dominant.

10 NEUTRAL INJECTION

One of the objectives of DITE is to study the effects of neutral
hydrogen beam heating. An advantage of operating with a divertor is
that the particle flux to the limiters is reduced, resulting in density

control without the use of titanium gettering, as well as
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impurity reduction. One problem which may arise is the loss of high
energy ions because of the magnetic field perturbation introduced by the
divertor.

Initial beam heating experiments with the MKIA diﬁertor [12] used
0.2MW of injection power, with trapping efficiencies of up to 50%.
There was a large increase in impurity line radiation, which the diver-
tor did not affect. The clearest results have been obtained with the
‘ MkIB device, where higher densities and currents mean that the neutral
beam is more effectively trapped. Impurity data has been obtained with

B, = 1T, while energy exhaust measurements have been obtained with B¢ =

¢
1.44rT.

With 400kW of hydrogen (energy ~ 20keV) injected into a deuterium
plasﬁa (in the same direction as the plasma current) the temperature
changes shown in Table 7a were obtained. Plasma conditions were
similar to those listed in Table 4. The ion temperatures, cbtained
from the analysis of the radial charge exchange neutrals, show no sign-
ificant change in the heating with and without the divertor. Large
increases in line radiation (by factors ~ 3 for oxygen) have been
observed, which have been shown to be due to charge exchange recomb-
ination processes [46]. The results are consistent with the increased
line radiation originating from impurities already present in the
plasma, rather than from an increased influx from the walls and limiters.
Any reduction in radiated power during injection brought about by
oberating the divertor is less than 25%.

The temperature increases shown in Table 7b were obtained when
operating the MKIB at higher toroidal fields (see Table 1). Again there
is no significant difference in the heating whether the divertor is on

or off. Under these conditions the temperature rise of the target
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plates has been measured using thermocouples. Without injection, the
temperature rise corresponds to an incident energy of 2kJ, for an ohmic

power P_ = 160kW and radiated power PR = 100kW. For the measured

Q
divertor current pulse length of ~ 200ms, approximately 17% of the con-
ducted and convected power reaches the target plates, similar to thaf
previously observed [15%; see Section 5]. With 400kW of neutral injec-
tion for 10Oms the energy incident on the target is 4kJ. The ohmic
power drops from 160kW to 100kW and the radiated power increases from
100 to 200kW during injection. A total of 36kJ is lost by conduction
and convection, of which 11% appears at the target.

We now discuss three possible loss mechanisms resulting from the
operation of a bundle divertor on a tokamak. Associated with the bundle
divertor is a magnetic field perturbation, localised in toroidal angle.
This perturbation is 100% at the stagnation axis, and about 3.5% at the
vacuum vessel centre with both the MkIA and MkIB divertors. The effecf
of this ripple field in the sgrape—off layer (the magnetic mirror) has
been pfedicted [3]. In the main plasma, a number of effects may occur
[47], including (a) the enhancement of (axisymmetric) neoclassical
radial fluxes, (b) the loss of high energy ions from neutral injection
before slowing down, impairing neutral beam heating efficiency, and
(c) the production of magnetic islands, with associated enhanced tran-
sport.

| The ion temperature increases, (from charge exchange measurements),
during neutral injection, are unaffected by the divertor. This shows
that there is no significant increase in the loss of fast ions, or in
the radial ion energy transport mechanism for a plasma in the plateau
regime [see eg, Ref. [3]for definition of the different regimes]. Radial

charge exchange spectra show no difference whether the divertor is on or
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off, for particle energies up to 12keV. Above this energy no signifi-

cant counts are recorded because of the low sensitivity of the detector.

The neutron flux, during injection of hydrogen into a deuterium
plasma, is affected by less than 5% by the divertor. Without injection
the flux is too low to measure accurately. Assuming a maxwellian vel-
‘ ocity distribution, the flux during injection corresponds to a temper-
ature of 620 * 1l0eV, in  reasonable agreement with that derived from
the charge exchange neutral particle spectra (see Table 7). This flux
originates from interacting deuterons with energies =~ 4.5keV [48], near
the plasma centre where the density is highest. The constant flux thus
implies no enhanced losses of plasma ions at this energy and position
by the perturbed field. These ions are collisionless, in the banana
regime, but passing through the magnetic mirror introduced by the
poloidal and toroidal fields, rather than trapped. Because of the small
number of trapped ions near the axis, little difference‘in neutron flux
would be observed even if they were all lost. The results demonstrate
no enhanced losses of collisionless, passing ions by the perturbation
introduced by the divertor.

The magnetic field perturbation in the main plasma produced by
the divertor fields, will affect the flux surfaces [23], and may in-
crease the radial transport coefficients. Although this is not spec-
ifically concerned with neutral injection we include a discussion here.
Field line calculations have been performed, in which the divertor
fields are superimposed on the fields of an axisymmetric equilibrium
configuration, and any ergodisation or magnetic island structures

sought. If these are present, their radial dimension is small, < 5Smm,
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for the equilibrium configurations considered. The electron energy
transport has been evaluated and no difference in this value is

observed whether the divertor is on or off. It is (4 + 2) x 103 wm 2

(for 0.02m < ¥ < 0.18m) for the conditions listed in Table 4.
All experimental evidence suggests the divertor does not increase

the losses above those already present.

11 GROSS INSTABILITIES

To obtain plasma currents and densities suitable for neutral beam
heating experiments, and to allow the scaling of parameters with density
it has been necessary to operate with low values of safety factor, qs‘~
2. Many discharges produced have exhibited characteristic instabilities,
which restrict the total plasma current attainable (see Section 3). This
section describes the instabilities and their effect on the performance
of the divertor.

Figure 29 shows a set of results obtained with B, = 0.96T, IP =

¢
60kA, and ﬁe =1 x 10!9 m™3. The divertor is operated so that the sep-

L
aratrix intersects the target from 90ms after the initiation of the
discharge onwardé. Figure 29a shows the plasma current, and Figure 29b
the plasma volts per tﬁrn. Approximately 130ms after the start, the
voltage increases by ~ 30%, while the current remains constant. Figure
29¢c shows the line of sight average density, HeL' which drops, although
the density control system increases the external gas flow by = 20%.

Both poloidal beta, B_, measured with toroidal flux loops, and the para-

meter (BI + %%d deduced from poloidal magnetic field measurements,

I

remain constant, and . the overall energy confinement time
is reduced by ~ 30% as shown in Figure 29d. Definitions of BI and i,

the internal inductance are given in [49].
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Figure 30 shows in more detail, parameters measured during the
period of increased voltage. Figure 30a shows the microwave inter-
ferometer signal, through a chord at r = O; Figure 30b through a chord
at r = 0.22m. Figure 30c shows the Da (656.2nm) signal obtained by
viewing the target. The large perturbations are observed on both the
electron and ion drift sides. Density sawteeth are observed, similar
to those associated with the growth of an instability with m = 1, n =
1 at the g = 1 surface (m,n, are the minor, major azimuthal mode numbers):
Sawteeth are also seen in the impurity radiation, with the CV line
(227.2nm) from the plasma core in phase with the density and the OIV
line (283.6nm) from the scrape-off layer out of phase. Associated with
each flattening of the density profile (the sharp break in the sawtooth)
is a large increase in both Da and TiIII (323.9nm) light from the
target plate. Both indicate an increased plasma-target interaction.

The Da signal from the main torus shows a similar increase.

Also associated with the above phenomena are poloidal magnetic
field oscillations, measured with 16 coils inside the wvacuum vessel.
Figures 30d and and 30e show the first two harmonic components AB(m=l) and
AB(m = 2). Analysis of the higher harmonics is confused by the noise
generated hy the vertical field feedback control syétem. These results
were not cbtained on the same discharée as the results in Figures 30a
to 30c, but in all cases the Du and m=1 signals are in phase. An
exponentially growing m = 2 mode (n number not measured), with a growth
réte Yy ~1 x 103 s_l, is seen. Anm =1, n = O mode, corresponding to
an inward displacement of 2mm, is also measured.

Figure 3la shows the perturbation Af seen on the microwave inter-
ferometer phase signal f; Af/fO is shown as a function of the viewing

chord radius, ¥. An inversion at r ~ l7cm is seen. For these
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discharges, the g = 2 surface is at r ~ l7cm, and the separatrix is at
r, = 17.5cm. The profiles of the perturbation to the soft X-ray signal
intensity have not been obtained, because of the sﬁall signal values
obtained at the low plasma densities:

In many discharges, in which the plasma current is increasing ﬁith
time, an initially oscillating m = 2 mode is seen, as is usual in
tokamaks, which abruptly terminates when IP/B¢ 2 6 x 10t AT'l, or qs <
2.5. Because of the frequency response of the Fourier analysis system
used with the 16 coils it is not clear if the instability has disap-
peared or the growth rate is too low to detect (5 2 x 102 s71). However
the presence of the density sawteeth suggests that it is still present,
and that the rotation stops when the magnetic island associated with
the instability overlaps the separatrix.

The following explanation is proposed to explain the phenomenon
described. Bnm = 2, n = 1l tearing mode grows at the g = 2 surface,l

which is near the separatrix. If the associated magnetic island is in

the scrape-off layer there is no rotation. When the island has grown

Il

so that ABe/Be|r 0.29m is ~ 0.3%,plasma is redistributed from inside

to outside the g 2 surface, producing the observed sawteeth. It is
not known why the value of 0.3% should cause the redistribution;
estimates for the corresponding island width are ~ 2cm. The expulsion
of plasma across the separatrix enhances the limiter and target inter-
actions. The parameter (BI + 2i/2) will decrease, and the plasma move
inwards in a time faster than the response time of the vertical field
control system. A 2mm motion, as observed, would result from a change
A(BI + 2i/2) ~ 0.07.

Other instability phenomena have been cbserved. During neutral

beam injection studies a sawtooth oscillation about the g = 1 surface
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is usually observed. However, if beam heating is applied to a plasma
which already exhibits the sawteeth about the g = 2 surface, the saw-
teeth whose spatial dependence is shown in Figure 3@b are produced.
This profile would result from the sum of two sawteeth, one at g = 1
and another at q = 2, out of phase.

We now present results of experiments to determine the effects of

the instabilities at the g = 2 surface on the divertor operation.

Particle exhaust:

The current-voltage characteristics of the target and carbon
limiter, biased with respect to the vacuum vessel, have been obtained.
During the time when the instabilities are present, the ion current to
the target increases from ~ 70A (Section 4a) to ~ 1l00A, while the ion
current to the limiters is increased from 150A to 300A. Here the com-
parison is made for plasmas with the same density, ﬁeL' The total
particle current to all material surfaces has approximately doubled.
However, the exhaust éfficiency remains essentially unchanged with Ex &
0. 25,

Density decay experiments show that the onset of the instabilities
decreases the e-folding time. With Es ~ 0.25, a confinement time at
the separatrix Ts ~ Tms is deduced, compared to 1l4ms when the plasma

is stable. The effect of the instabilities is to increase the time

averaged outward radial transport by a factor ~ 2.

Energy exhaust:

With the instabilities present, the power to the target plates
(ion and electron drift sides) is more symmetric at the lower densities.
There is an increase in deposited energy, ~ 30% if the comparison is

made at the same plasma density. At the same time the ohmic power
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increases by ~ 30% and the temperature at the separatrix by ~ 50%.
The parameter y [equation 6] is reduced by ~ 40% at the lowest densities,

suggesting that the suprathermal electrons are no longer playing such an

important role.

Impurities

Figure 32, shows the intensity of the OVII line (2.16nm), for
diverted discharges, both with and without the instabilities present,
as a function of density, ﬁeL' These results were obtained with B¢ =
1.44T, and Ip =~ B0kA. Comparing results at a given density, a reduction
in the line intensity by ~ 35% is associated with the presence of instab-
ilities. If the density is not kept constant, but falls by about 30% as
is usually the case, a further reduction is produced. Thus the effect
of the onset of the instabilities is to decrease the OVII line intensity
by up to 70% (a reduction of a factor ~ 3).

An example of the effect of the instabilities on the neon line
intensities, during neon injection experiments, is shown in Figure 33.
This shows the average density, EeL’ the intensity of the NeIl line
(369.4nm) , and the intensity of the NeVIII line (77.0nm). Neon is
initially present in the plasma because the walls have been loaded by
previous discharges. Instabilities start at 90ms. Additional neon is
added at ~ 140ms. The divertor is on throughout the discharge. At the
onset of the instabilities the NeVIII line intensity shows an initial
spike and then falls by a factor ~ 3, only returning to its original
value when additional neon is introduced. If we take the ratio of the
neon line intensities, NeII/NeVIII, to represent the ratio of the flux at
the edge to the flux at the separatrix, then an increase in impurity
screening, from ~ 0.2 (Figure 21) to ~ 0.5, is associated with the
instabilities.

We note that, although fluctuations are present during the periods

- 42 -



of instability, there is an overall reduction in the impurity line
intensities, and an overall increase in .the ion flux to the limiters
and target. The reduction in impurity lines from the centre of the
plasma and increase in the outward flux, are consistent with a decrease
in the confinement in the edge regions of the plasma [37]. These
results suggest the use of externally applied helical fields to

increase the diffusion coefficient at the edge in a controlled manner.

12 A COMPARISON OF RESULTS OBTAINED WITH THE MkIA AND MkIB DIVERTORS

Throughout this paper we have presented detailed results obtained
with the MkIB divertor. Comparisons have been drawn, where suitable,
with the results from the MkIA divertor. The characteristic operating
conditions of the two devices are shown in Table 1. Table 8 summarises
the experimental results abtained. It is cobvious that the results
obtained with the MKIA are better than those with the MkIB. The small
differences in magnetic field parameters are insufficient to explain

the differences. Some possible reasons for the discrepancies are now

discussed.

Particle exhaust

Comparing values at a similar dénsity HeL' a higher exhaust
efficiency was derived for the MkIA. However the MKIA measurement
analysis assumed a particle confinement time of 30ms and re-analysis
of the results using the measured value of l4ms (Section 4) brings the

two values into agreement.

Energy exhaust

A mugh higher proportion of the input power appeared at the

divertor target in the MKkIA than in the MKIB. At the same time, the
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value of y (equation 9) was a factor 10 higher in the MkIA. This
suggests that supra-thermal electrons played a more important role in
energy transport in the MkIA than the MkIB; either their energy or pop-

ulation density was higher.

Impurity behaviour

For low Z impurities, the screening coefficient was a factor 2
higher in the MkIA than the MkIB; for high Z impurities, a factor
typically 3. One probable source of error in the measurements was in
the use of line intensities and carbon probe data from the limiter
regions to correct for any changes of impurity source in the MkIA.
Measured asymmetries imply that these results were not necessarily
representative of the total input.

Line intensities from intrinsic impurities in the region r < as
were reduced more by the MKIA than the MKIB divertor. For low Z
impurities the reduction was a factor 2 greater in the MkIA than in
the MkIB, for high Z impurities a factor > 5. Although large reductions
are predicted by the model of impurity production for the condition
applicable to the MkIA device (see Section 9 and Table 6), the measured
reductions are gfeater than expected. One possible explanation for this,
and also for the different screening efficiencies, is related to the
instability phenomena described in Section 1ll. For whatever reason,
these instabilities are accompanied by a reduction in the oxygen line
intensity of a factor 2-3, (Figure 21), and an increase in the screening
of neon of a factor ~ 2.5 (Figure 32).

The diagnostics used to identify fhe instability behaviour on the
MkIB were not always available on the MkIA. However a re-assessment of
MkIA results,in particular the perturbations to plasma voltage and

position, suggests that the instabilities were present in many

= W =



discharges, including those used to obtain the impurity line rad-
iation intensities.

The larger population, or-higher energy, of the supra-thermal elec-
trons present with the MkIA may also play a role in explaining the
impurity line intensities. Operating thé MkIA divertor removes the
interaction between these supra-thermal electrons and a material surface
from the limiters to the target. If this supra-thermal electron limiter
interaction is a source of impurities, then operating the divertor
would result in a reduced influx of heavy impurities into the plasma.
This could explain the large reduction observed in molybdenum line
intensities, up to a factor of 50, with the MkIA.

The difference between the MkIA and MKIB divertors in reducing the
radiated power reflects their different effects on the impurities, in
particular the heavy metals. The values of Zeff are almost unchanged
in both cases, consistent with the major contribution coming from
oxygen: there is only a small change in the oxygen line intensities if

the plasma density is carefully controlled.

13 A COMPARISON OF RESULTS OBTAINED WITH THE BUNDLE DIVERTOR,

AND OTHER DIVERTORS

Although this paper ié specifically concerned with describing the
results of experiments on the bundle divertor, it is useful to compare
the DITE results with those from other tokamaks fitted with divertors. &an
abbreviated list of parameters obtained is shown in Table 9. Aall
divertors, except for DITE, are poloidal. In Doublet III there‘is no
specific target chamber. A large parameter range is represented: for
example IP varies from 40kA (Tl2, DIVA) to 500kA (Doublet). The values

quoted are meant to be representative of those obtained over a variety
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of conditions. For DITE, values from the MkKIB divertor, with stable
discharges, are shown.

If we consider the main objectives of a divertor to be exhaust and
impurity reduction, then the DITE results are not as good as the others.
The bundle divertor is less efficient in particle and energy exhaust
than poloidal divertors. A detailed comparison is complicated by the
different operating conditions of the machines. The flow to a bundle
divertor [equation 5] is determined by the magnetic mirror ratio and

&D; typically 4 and 7, respectively. In a poloidal divertor these are
~ 1 and ~ 3. Bundle divertor design should concentrate on the reduction
of these two parameters, at the same time ensuring that any perturbed
fields do not enhance ion losses. These improvements can be brought
about by a hybrid poloidal-bundle divertor [32,50]. Preliminary calcul-
ations show that, using only the space between one pair of toroidal
field coils, values &D ~ 5, and M ~ 1 can be achieved.

In the case of the bundle divertor, at the higher densities used,
the particle and energy exhaust are consistent with a model for the

parallel flow to the divertor which includes sheath effects, an ionis-

ation model, and a diffusion coefficient D

= k/ne, with k ~ 3 x 10!8

m~ ! s7l. When this diffusion coefficient becomes larger than the Bohm

value, for example outside the limiter, D predicts the correct

1+~ Pronm
density behaviour. However, in the case of poloidal divertois, a diff-
usion coefficient DL ~ 0.1 x DBOHM is consistent with the experimental
results [51,54]. Such a diffusion coefficient is not capable of
explaining the DITE results, firstly because it is typically a factor 4
too small, and secondly because it decreases, rather than increases
with increasing radius across the separatrix. Without a detailed know-

ledge of the parametric dependence of D, it is impossible to extrapolate

L
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the results presented in this paper to other conditions. However, the
experimental scaling of both particle exhaust and impurity screening
shows improved efficiencies with increasing densities, which omens

well for future bundle divertor operation.

14 CONCLUSIONS

a) Magnetic Limiter

The separatrix position determines the plasma current and deﬁsity
which can be obtained, in a similar manner to a limiter. Part of the
plasma-limiter interaction is removed to the target. The safety
factor at the separatrix controls the plasma current: for stable dis-

charges dg > 2.

b) Particle Exhaust

30% of the outward ion flux flows to the divertor target. This
value increases with increasing density. The parallel flow velocity
is ~ 0.4 times the sound speed. The resulting electron density profiles
in the scrape-off layer can be reproduced by a model which includes
molecular ionisation, the effect ?f magnetic geometry on the parallel
ion loss, and a radial diffusion coefficient Di = k/ne, k ~ 2.5.1018 p~1

s71,

c) Energy Exhaust

Approximately 15% of the conducted and convected energy appears
at the target plate. This is consistent with a model for the parallel
ion loss, and an electrostatic sheath at the target. At low densities,

supra-thermal electrons may transport energy to the target.
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d) Impurity Screening

The divertor reduces the impurity influx from the edge to the
central regions of the plasma by 35%; this value increases with density.
To explain this result, the impurity ions must have an inward diffusion

velocity =~ 50ms”!.

e) Particle Retention

Measurements suggest that less than 30% of the plasma entering the

target chamber returns to the main torus.

£) Overall Impurity Reduction

Only small reductions in line intensities, radiated power and
resistance anomaly are observed, typically 30%. The small reductions
are consistent with the charge exchange neutral flux producing the imp-
urities, and the measured exhaust and screening efficiencies. However,
no direct experimental evidence exists to show which impurity source

term is dominant.

g) Neutral Injection

All experimental evidence shows 'that the bundle divertor does not

adversely effect the ion confinement.

h) Instabilities

With the safety factor at the limiter < 2, gross instabilities
affect the divertor operation. In particular they increase the ion
flux to the limiters, and reduce the impurity radiation from the main

plasma. The overall energy and particle confinement time is reduced.
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i) MkIA and MkIB Operation

The MkIA divertor was, under some circumstances, more efficient
than the MKIB. This was probably due to a higher proportion of supra-

thermal electrons, and the presence of gross instabilities.

j) The Bundle Divertor Compared with Poloidal Divertors

At the present time the DITE bundle divertor is less efficient
than existing poloidal divertors. Extrapolation to different plasma
parameters and larger machines cannot be made without a knowledge of

the parametric dependence of the relevant transport coefficients. This

requires further experiments.
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Parameters

TABLE 1

and characteristic conditions

Divertor MkIA MkIB

Toroidal field B¢ (T) 0.9 0.96 1.44

Major radius R (m) 1.17 1.17 Lol

Limiter material Molybdenum Titanium Titanium

Limiter minor radius

aL(m) 0.27 0.26 0.26

Separatrix minor radius

as(m) 0.16 0.175 0.175

Mirror ratio (M) 4 3.6 3.6

Mean number of field line

transits around torus per

transit of divertor, ﬁD 6.5 7.4 7.4

Usual working gas Hydrogen Deuterium Deuterium

Usual vacuum vessel wall Stainless Stainless Stainless

condition steel steel covered steel covered
by titanium by titanium

Plasma current Ip(kA) 45 55 85

Line of sight avefage

density fi_ (m™3) 6 x 1lo!8 1.2 x 10!? 2 x 1019

Central electron temp-

erature Ié(o)(ev) 300 450 550




TABLE 2

Particle fluxes; ﬁeL = 1.2 x.10!% n™3 (MkIB, in deuterium)

. Divertor off | Divertor on

Limiters 220A 150a

Target (0] 70A

Exhaust efficiency Ex ~ 0.3, increasing with density

Diffusion coefficient D, ~ Ei%iég)x 1018 p2 g1
e

TABLE 3

Energy exhaust, (MkIB, in deuterium)

density, n 3) 3 x 1lol8 6 x 1018 1.2 x 1019

eL(m

particle energy (ev) 4000 500 150

Y 150 20 6




with

TABLE 4

Measured and deduced plasma parameters

and without the MkIB divertor, using deutium

Gettered Non-Gettered
Divertor on Divertor off Divertor on Divertor off
Parameter SN912933 to SN913017 to SNO14078 to SNO15364 to
60 37 95 85
I (k&) 60 68.5 55.7 542
v 14 1.5 2.1 2.3
P
B¢(T) 0.924 0.921 0.925 0.938
q(limiter) 4.45 3.9 4.8 5.0
g (o) (from Te(r)) 0.9 0.7 0.83 0.78
Te(o)ev 450 450 430 470
Ti(o)eV 158 145 158 158
n_ (©) (m~3) 2.1 x 1019 2.2 x 1019 2.2 x 101° 2.1 x 1013
Te(O.l7m)(eV) 90 80 85 97
n (0.17m) (m™3) 6.5 x lolB 6.5 x 1018 8.8 x 10!8 8.5 x 1018
BI 0.5 0.4 0.6 0.6
PQ (kW) 84 103 117 124
PRAD(kW) 32 60 108 111
PTARGET(kW) 8 o ~ 8 0
Zeff 1.4 1.4 27 3.1
A X-ray 4 20 10 40
X
T_ (0.17m) (ms) 12 9 7 6
Ee
TEi(O.l7m)(ms) 14 18 14 15
I OVII(a.u) 0.25 0.25 1.0 1.0
I TiXIv(a.u) 0.44 0.71 1.0
I cv(a.u) 0.72 1.0
I CIV(a.u) 0.9 1.0




TABLE 5

Coefficients used in the global model for impurity production

Desorption yields [ 41]

Low Z by D+ z yl =2 x
Low Z by neutrals ; yo =5 x
D by neutrals : yn = 0.1
Sputtering yields [ 4Z]
+ ;

High Z by D : ST =3 x
High Z by neutrals : s =3 «x
High Z by low Z : SL =2 x

% ; H
High Z by high 2 8 = 3.b
Energies
Sheath potential = 50eV

Charge exchange neutral energy

Confinement Times

-+
D : 1ty = 1l5ms

impurities : TL = TH = 15ms

Shielding coefficients

+ i

D 3
g5
Low Z : Eg

] . gH
High Z "Es

Exhaust coefficients

+ ;
. pl
D 2 Ex

Low 2 : Eg

Il

0.3 divertor on,

0.3 divertor on,

0.3 divertor on,

Il

High 2 : gﬁ

Wall concentrations

D : 1019 m 2 (assumed)

Reflection coefficients [11]

Fast neutrals : B = 0.5

0.8 divertor on, O
0.3 divertor on, O

0.3 divertor on, O

1073
1072 for charge state 1, 0.2 for charge
state 4

x 10”2 for charge state 1, 0.35 for
charge state 4

(experimental)

= 100eV (assumed)

(experimental)

(assumed)

divertor off (experimental)
divertor off (experimental)

divertor off (experimental)

O divertor off, (experimental)
O divertor off, (assumed)

O divertor off, (assumed)

Ions, returning as fast neutrals : § = 0.5



TABLE 6

A summary of experimental and predicted impurity fluxes

Values quoted represent the ratio of fluxes into the main plasma,
divertor on to divertor off. Experimental results refer to line

intensity ratios.

-
| MkIB Experiment Model
Low 2 Oxygen 1.0 0.7
Carbon 0.7 0.7
High Z Titanium O.7 0.7
MKIA Experiment Model
Low Z Oxygen ~ 0.5 ~ 0.7
Carbon ~ 0.5 ~ 0.7
High Z wall material Iron 0.1 to 0.3 ~ 0.7
High Z limiter material | Molybdenum 0.02 to 0.05 | ~ 0.3 to 0.5




TABLE 7

Neutral injection heating

(400kW neutral injection)

a) ﬁeL =1.2 x 1012 n”3, B¢ = 0.96T (from 9/79)

Divertor off Divertor on

Te (o) (eV) From 450 to 450 From 450 to 450

Ti(o)(ev) From 150 to 300 From 150 to 280

b) i =2 x 1019 m™3, B = 1.44T (from 5 and 6/80)

Divertor off Divertor on

Te(o)(ev) From 600 to 770 From 550 to 740

Ti(o)(ev) From 280 to 570 From 250 to 550




A summary of experimental

TABLE 8

results

Parameter MkIA MKIB
Density, ﬁeL(m-a) ~ 7 x 1018 (6-8) x 1018 1.2 x 1ol?
Particle exhaust: the
fraction of the particle
outflux at the separatrix
reaching the divertor 0.3 [10] 0.15 0.3
Energy exhaust: the
fraction of the conducted
and convected power
reaching the divertor 0.8[5,7,8,10]| 0.15 0.15
Impurity screening: the
fraction of incoming
impurity flux reaching the
divertor low 2 0.5

[8,10] 0.25 0.35

high 2z : | 0.75 to 0.8

[8,10] 0.25 0.35
Impurity line radiation
from r < a_, divertor on/
divertor off low Z 0.2 to 0.7

[6,7,12] 0.7 to 1.0 0.7 to 1.0

high Z 0.02 to 0.3

[6,7,8] 0.7
Radiated power, divertor 0.13 to 0.5
on/divertor off [5,7,8,12] 0.7 to 1.0 0.7 to 1.0
Z . divertor on/ 0.75 to 1.0

d%vertor off

[5,6,7,8,10]

0.85 to 1.0
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Fig.1 A schematic diagram of the bundle divertor.
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Fig.3 Boundaries of the scrape-off layer and diverted flux bundle,
in the plane of symmetry of the divertor.

Fig.4 A molybdenum target plate, after use
in low density discharges (MKIA).
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Fig.5 (a) The boundariesin 1/q; ,7; / By) space within which
stable discharges can be achieved (MkIB).

(b) The boundaries in (1/qg, ies/Bg) space within which
stable discharges can be achieved (MKIB).
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Fig.6 The maximum plasma current I obtainable with stable
discharges, for different plasma column positions. The line is a
straight line fit to the experimental points (from 5 and 6/80, MKIB).
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Fig.7 The plasma density, Ti,; , with and without the additional gas flow provided by a feedback system
(MKIB, not gettered). The divertor is switched on mid-pulse.
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Fig.8 The current-voltage characteristic of the target plate (from 5/80 MKIB,
figr, = 1.2 X 10'® m™3). The solid line represents the calculated I-V characteristic
of the target plate assuming it to be a single plane Langmuir probe with a
saturated ion current of 70 A. The value of T, estimated from the data with these
assumptions is T, ~ 42eV.
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Fig.9 The current-voltage characteristic of a carbon limiter in the main torus, with and
without the divertor (from 5/80, MKIB, fi,; =1.2 X 10" m™>). The solid line represents
the fitted I-V characteristic of the limiter assuming it to be a single plane Langmuir probe
giving I, ~17A and T, ~ 14eV.
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Fig.10 The value of n (fi,; ) VS time during a density decay experiment, with and
without divertor. The density e-folding times are shown (from 3/3/80, MkIB,
fig, =1.2X 10 m™).
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Fig.11 The density profile in front of the target plate,
(mKIA, gy =7 X 108 m™3).
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Fig.12 (a) The electron density profile, without divertor (from SN913017 to 37).
(b) The electron density profile, with divertor (from SN912933 to 60),
(MKIB, fi,; =1.2 X 10" m™). The solid lines represent the predictions
of a model. The broken lines represent a cubic spline fit to the data
points.
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Fig.13 The electron temperature profile, with and without divertor
(SN as Figure 12, MkIB,n; =1.2 X 10 m™).

L ]
x Density decay
o [on saturation
5x1020+ + [nv,,Target
® /nv,,Scrape off layer
o
'TUI
o o x
5
3 L
u
g °
(¥}
% o x
g + o
o
0 1 1 ) 1
0 5x10'8 1x10"9

Density, fie (m-3) —

Fig.14 The particle current to the divertor, I, , as a function of the
density, Ti, , obtained by four different experimental techniques.
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Fig.15 (a) Particle source term from ionisation, no divertor
(b) Particle source term plus parallel loss term, with divertor
(c) Particle loss term (to the divertor). The solid lines are
derived from the electron density profiles, the broken
lines from model calculations (MKIB, fi;; =1.2 X 10 m™).
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Fig.16 Contours of power deposited on the electron
drift side of the target plate (MKIA,fi,; ~ 6 X 10'® m™®).
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Fig.17 The maximum temperature rise recorded at the back of the target, electron and ion drift sides,
as a function of average density fi;; (from 4 and 5/80, MKIB).
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Fig.18 The fraction of ochmic power deposited on the target
plate as a function of density, ni;; (MKIB).
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Fig.20 Fluxes of iron and titanium to a carbon collector probe
positioned at r = 0.24m in a diverted discharge. (MKIB, fig; ~ 6 X 10'*m™2).
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Fig.21 Neon line intensity, NeVIII, as a function of density n; , with and
without divertor, during neon puffing experiments (from 17/1/80, MkIB).
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Fig.22 The shielding, or screening,, coefficient £ as a function of density,
f, , from impurity gas puffing experiments (from 1/80, MkB).
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Fig.23 Grazing incidence spectra, obtained with and without divertor (MKIA).
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Fig.24 The surface concentration of metal impurities deposited on a carbon
probe, as a function of minor radius, with and without divertor (MkIA).
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Fig.26 Diagramatic representation of the processes considered
for impurity sources in the global model of impurity production.
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Fig.27 The ratio of the charge exchange radial flux
to the wall, to jon flux to the limiters (divertor off)
as a function of the working gas screening efficiency,
£, for extremes of exhaust efficiency (£, =0 and 1).
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Fig.28 Line intensity ratios from oxygen impurity, divertor on to
divertor off. Results are shown for different charge states, (from
9/79, MKIB, 7, ~ 8 X 10" m™3).
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Fig.29 Characteristic results obtained during an unstable plasma (a)
plasma current, (b) volts per turn, (c) average density T , (d) overall
energy confinement time. The divertor was switched in mid-pulse
(MKIB, SN 912011).
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Fig.30 Details of parametric behaviour during the unstable period (with

divertor).
(a) microwave interferometer signal (o), through a chord atr =0
(SN 912533)

(b) microwave interferometer signal £f(0.22) through a chord at
r=22cm (SN 912533) _

(c) the D, signal from the target (SN 912533)

(d) them =1 component of the poloidal field (SN 912535)

(e) the m =2 component of the poloidal field (SN 912535)

(MKIB, Bi;; ~6X 10 m™).
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Fig.31 The spatial variation of the sawtooth perturbation to the micro-
wave interferometer signal, Af, during the unstable period (with divertor).
(a) with neutral injection (from 7/9/79)

(b) with 400kW of neutral injection (from 7/9/79)

Values are normalised to the signal f(o) through a chord atr = 0.

(MKIB, Tig; ~6X 10" m™),
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Fig.32 The intensity of the OVII line (2.16nm), as a function of density Ti;; . Results are shown for both
stable and unstable discharges, in all cases with divertor (MkIB, not gettered, from 20/5/80).
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Fig.33 The effect of the unstable period on the Nell and NeVIII lines, with the divertor on.
(@) the average density N

(b) the Nell line intensity

(c) the NeVIII line intensity

Additional neon was introduced at 140ms (MkIB, SN 014204).
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