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Abstract

A simple analytic model of divertor radiation is used as a framework for identifying different routes to divertor
detachment. Three means of achieving detachment are demonstrated experimentally including, increasing plasma density,
purposely increasing the impurity level and increasing the scrape-off layer connection length. The resulting low electron
temperatures in the divertor causes friction processes to dominate ionization in the recycling region, giving rise to plasma
pressure loss along field lines. The pressure loss is in approximate agreement with simple analytic modelling.
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1. Introduction

The parallel power density in the scrape-off layer (SOL)
upstream of the divertor of a future fusion reactor, such as
ITER, is expected to be very large, ¢, > 1000 MW /m?
[1]. While geometrical factors, associated with the mag-
netic field and the divertor plate configuration, can reduce
the power actually incident on the divertor plate surface
dpie DY @ factor of = 100, the resulting power density is
still too high for realistic heat removal schemes, where a
practical limit is g, <5 MW /m2. Thus, means of re-
ducing the parallel power density through volumetric losses
must be found and the most likely candidate is radiative
loss by impurities, either intrinsic or purposely added to
the discharge.

In this paper we consider the routes by which impurity
radiation in the SOL, particularly near the divertor, can be
enhanced to alleviate the heat removal problem at the
divertor plate. We start first with a simple analytic model,
which provides a framework for the experimental results
obtained in the ASDEX Upgrade (AUG) tokamak pre-
sented in later sections.
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2. Simple model

We assume that the divertor and SOL are essentially
opaque to recycling neutrals and that flow reversal is not
present. In this case, power flows across field lines into the
SOL and along field lines to the divertor by conduction.
The parallel power flux density g is governed by the heat
conduction equation,

q=—,<075/2£, (1)
dx
where k, is a constant, T is the plasma temperature in
units of energy (we assume 7, =T;) and x is the distance
along the field line (x=0 at the stagnation point or
upstream Jocation, which we take as the outside mid-plane,
x=L at the plate). If Eq. (1) is integrated from the
upstream location ‘u’ to the target plate ‘t’, we arrive at,

7q,L
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(2)

where we have assumed that the parallel power is approxi-
mately constant over most of the length of the flux tube.
This is approximately valid, as detailed calculations have
indicated, even in cases with high radiation on open sur-
faces, since such radiation tends to be localized near the
divertor where densities are elevated.
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The volumetric loss of power by impurity radiation (we
neglect hydrogenic radiation) is given by

dg
dx
where ¢, is the impurity concentration, n, is the plasma
density and L, is the radiated power coefficient.

Combining Egs. (1) and (3), and integrating from the
stagnation point to the target plate we arrive at

Gt = e, L (T - T2), @

where p, is the upstream plasma pressure (ion + electron)
and g, is the parallel power density at the target plate. We
assume that radiation loss by impurities occurs upstream of
the recycling region, and specifically upstream of the
frictional zone. We assume that the impurity concentration
¢, and radiated power coefficient L, are constant along the
SOL. One can see immediately from Eq. (4) that the loss
of power along the flux tube depends on the presence of a
parallel temperature gradient and increases strongly with
upstream pressure. Similar derivations have been given
earlier in [2,3].

Using Egs. (2) and (4), and making the approximation
T, > T,, we derive the following simple expression

2 2
14 ¢, L n: L
qt :l— z7z""u (5)
a4 3 g,

= —¢ml,, (3)

Detachment will occur when the power reaching the recy-
cling region approaches zero, that is when

Se,LngL>q, (6)

The left-hand side of Eq. (6) is simply the spatially-in-
tegrated radiation based on the upstream density n,. The
enhancement factor 14 /3 = 5, accounts for the fact that
most of the radiation occurs close to the divertor at densi-
ties substantially higher than n,. Considering the assump-
tions and approximation made in the above, Eq. (6) is not
meant to be accurate in a quantitative sense. Instead, it
provides a ‘qualitative’ framework for detachment experi-
ments.

3. Routes to detachment

Eq. (6) indicates five routes by which detachment
through impurity radiation can be achieved:
1. raise the upstream plasma density »n,;
2. increase ¢, by purposely adding impurities;
3. increase L, by using impurities with higher radiation
rates;
4. decrease the power flow in the SOL g,;
5. increase the connection length L.
In the remainder of this paper we present experimental
evidence for all five routes to divertor detachment in AUG.
Ideally, it would be desirable to independently vary each

of the above parameters, while maintaining the others
fixed. This has been attempted in the experiments de-
scribed below, with only partial success.

4. Effect of discharge density

Fig. la gives the divertor power balance in an Ohmic
density scan in deuterium (consisting of separate steady-
state discharges) with /,=0.8 MA, B,=2.1 T and VB
drift away from the X-point. The dominant impurity in
these discharges is carbon, probably produced from chemi-
cal sputtering at the walls, which results in a central carbon
concentration ¢, that is nearly independent of density
(Z= 1.7} [4]

The parallel power density ¢, is determined by two
methods. In the first, IR thermography measurements at
the plate (under low radiation conditions) are used along
with the known magnetic geometry. In the second, g, is
indirectly calculated using

_ 9os PsoL
u drax'/ A,
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where g5 is the safety factor, Py is the power flowing
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Fig. 1. SOL conditions from an Ohmic density scan: (A) Normal-
ized parallel power density at the target plate (g,, crosses) and
impurity divertor radiation density (g, diamonds). The lines are
model results. (B) Electron temperatures at the upstream location
(u) from ECE measurements, just above the recycling region (r)
from a moving probe and at the target plate (t) from a built-in
Langmuir probe. (C) Electron pressures corresponding to (B). The
lines in (B) and (C) are only meant to guide the eye.
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into the SOL, « is the elongation and A;, is the character-
istic width for power flowing in the SOL.

In the density scan the upstream parallel power density
is constant, g, = 13 MW m 2, based on the IR thermogra-
phy (at low density), high resolution ECE 7, profiles at the
mid-plane (at all densities) and P derived from
bolometer measurements. We equate Py, with the power
flowing to the divertor Pp,y, since the bolometers are not
able to resolve SOL radiation from that in the confined
plasma, i.e. Pgo = Py = P, — Ppugxa» Where P is the
total input power and P,y is the radiation above the
X-point.

Shown in Fig. 1a is the peak parallel power density g,
as measured at the outer plate from IR thermography,
normalized by 13 MW m 2, and the radiated power in the
divertor (below the X-point, Py, as measured by
bolometers, normalized by Py, . Also included in Fig. la
are the ‘qualitative’ predictions based on Eq. (5), using a
connection length of L =25 m, a constant impurity con-
centration ¢, =0.02 and a constant radiation coefficient
L,=25x10"*" W m’. While this value of L, was
chosen to give the best fit with the experimental results, it
is close to what is expected based on non-coronal calcula-
tions [5]. The upstream density was taken to be n, =7, /3,
based on lithium beam measurements. The radiation den-
sity is calculated using g, = g, — 4,

The level of absolute agreement between the model and
the experiment is fictitious, but the agreement in the
trends, namely the non-linear increase of divertor radiation
with discharge density and the corresponding rapid de-
crease in power to the plate, as predicted by Eq. (5),
suggests the basic elements of the model are correct. The
non-linear increase in radiation reflects the rapid increase
in local plasma density that is a feature of a high-recycling
divertor (conduction-limited and constant pressure along
field lines in the radiating region).

Fig. 1b gives the separatrix electron temperature mea-
sured at various points in the SOL, including the upstream
location ‘u’” from ECE, the outer target plate ‘t’ from
built-in Langmuir probes and a point approximately 10 cm
above the outer plate, just above the recycling region, as
measured by a moving Langmuir probe ‘r’. Fig. lc gives
the corresponding electron pressures p,., where in the case
of the upstream location, the electron density for the
pressure calculation is obtained from lithium beam mea-
surements. One should note the absolute error in these
measurements is = 2, although the relative error is ex-
pected to be smaller.

In the case of the electron temperature, Fig. 1b, at low
density and within experimental error, the SOL is isother-
mal. As the discharge density is increased, the tempera-
tures start to diverge, with the upstream temperature T,
remaining approximately constant, as expected from Eq.
(2), while 7, and T, decrease together. At high density, T,
and T, separate, with the target plate temperature reaching

values as low as T, = 4 eV.

The corresponding pressures indicate isobaric condi-
tions, within the experimental error associated with probes
(factor = 2), throughout the density scan, except at the
highest density, where a factor of = 10 pressure drop
between the upstream location and the plate is observed.
The fact that the pressure at ‘r’, just above the recycling
region, follows essentially the same trend as the upstream
location ‘u’ suggests that the pressure loss region is lo-
cated relatively close to the plate, i.e. vertically < 10 cm
away.

5. Effect of extrinsic impurities

As discussed in Section 3, other routes to detachment
include purposely adding impurities (Route 2), particularly
with a higher radiation coefficient (Route 3), or decreasing
the power flowing in the SOL (Route 4). Increasing the
level of carbon (Route 1), using methane puffing, has been
attempted without success on AUG, probably because
carbon is a non-recycling impurity and is promptly re-
moved from the plasma by depositing on surfaces. How-
ever, it has been possible to increase divertor radiation
using recycling impurities with a higher radiation coeffi-
cient L,, such as neon (Route 3). This, unfortunately, also
results in an increase in neon-related radiation in the main
plasma, thus reducing ¢, and mixing Routes 3 and 4.

Fig. 2 gives an example of neon puffing for an L-mode
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Fig. 2. SOL conditions in an L-mode discharge with neon: (A)
Power entering the SOL Py, and radiation below the X-point
P, ua.x, (B) Peak parallel power density at the outer plate ¢,. (C)

Corresponding electron temperature at the plate 7,. (D) Electron
pressure at the upstream (u) and target plate (t) locations.
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discharge, where the input power and plasma density were
kept constant at 3.5 MW and 5.5 X 10! m™?, respec-
tively, while a neon valve was oscillated at a frequency
= 5 Hz. The resultant neon radiation in the main plasma
caused a modulation of Py, , as derived using bolometers,
by a factor 4, Fig. 2a. Also shown for comparison is the
divertor radiation (below the X-point, P, xp). Within
experimental error, essentially all of the power entering the
divertor is radiated when the neon level is maximal, while
the power reaching the divertor plates when the neon level
is minimal is 0.6 MW. The radiation level is clearly
anti-correlated with the (parallel) power density g, and
electron temperature 7, at the separatrix at the outer plate,
as determined from IR thermography and a built-in Lang-
muir probe, Fig. 2b and c, respectively.

Also included in Fig. 2d is the separatrix electron
pressure p. at the upstream location, as determined by
ECE and lithium beam, and at the plate from Langmuir
probes. The modulation in Py, causes a modulation in
the upstream electron temperature 7,, with little effect on
the upstream density »n,, resulting in a factor of 2 modula-
tion in the pressure. The corresponding modulation in the
pressure at the plate is a factor = 20.

6. Effect of connection length

The last route to detachment is to increase the connec-
tion length L, Eq. (6). This has been demonstrated in a
current ramp-down experiment in an H-mode discharge
with B,=2.5 T, VB drift towards the X-point, P, =5
MW and 7, =8.0X 10" m~3, all maintained constant
while the plasma current was reduced from 1.2 MA to 0.8
MA over a period of 2 s. Fig. 3a gives the variation of the
connection length L (outside mid-plane to outer plate) and
separatrix plasma density n, from lithium beam measure-
ments. While the connection length increases from L = 21
m to L =32 m during the ramp-down, unfortunately, the
separatrix density also changes, increasing by 60%, despite
n, being maintained constant by the feedback system. As a
consequence, the changes in the power balance in the
divertor are a result of both the change in connection
length as well as in n,.

The change in connection length, i.e. gqs, also influ-
ences the parallel power density according to Eq. (7), but
when changes in Pgy and A, are taken into account the
resulting ¢, is virtually constant as the connection length
is increased, Fig. 3b. Also given in the figure is the peak
parallel power density g, as measured at the outer plate
from IR thermography, normalized by g, = 80 MW m™2,
and the radiated power in the divertor (below the X-point,
P.a.xp) as measured by bolometers, normalized by Py, .
In this case, the reduction in parailel power at the plate is
modest, a factor =2, although the increase in divertor
radiation is substantial, a factor = 5.

Also included in the figure are the predictions for the
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Fig. 3. SOL conditions in an H-mode current ramp-down dis-
charge: (A) Connection length from outer mid-plane to outer
target plate, ypstream separatrix density from lithium beam mea-
surements. (B) Normalized parallel power densities at the up-
stream (u) and target plate (t) locations, impurity divertor radiation
density (imp) and model results.

power to the plate and the radiation based on Eq. (5), the
experimental measurements of L and n, (somewhat
smoothed), a constant impurity concentration c, = 0.02
and a constant radiation coefficient L, = 2.5X 1072 W
m’. The c, and L, values are the same as used in Section
4 for Ohmic discharges, and similarly, the experimental
Z.¢ is comparable in these H-mode discharges. Surpris-
ingly good absolute agreement is obtained between the
simple model and the experimental measurements, and is
probably fortuitous given the approximations and uncer-
tainties. Of more importance is the agreement in the trends
and the point that both the increase in connection length
and the upstream density contribute, roughly in equal
measure, to the increase in divertor radiation and the
corresponding decrease in power to the plate q,.

7. Pressure loss factor f

Until this point ‘detachment’ has been defined in terms
of power losses based on impurity radiation. It can be
shown that high radiation levels, i.e. with ¢,/g, <0.2,
cannot be attained unless, in addition to radiative loss,
there is plasma pressure loss [6,7], such as that illustrated
in Fig. 1c and Fig. 2d. Conversely, significant pressure
loss is unlikely to occur unless strong radiative cooling
upstream of the frictional zone also occurs [8]. This pres-
sure loss appears to be consistent with ion—neutral friction
in the recycling region close to the plate, due to elastic and
charge-exchange collisions, which start to dominate ioniza-
tion at low values of electron temperature [8].



700 C.S. Pitcher et al. / Journal of Nuclear Materials 241-243 (1997) 696—700

100 - R Q... 3

0.10 ¢+ E

F s ]

3 © density scan 1

+ neon 1

F + 4

0.01 ! . el L P S R A A
1 10 100

T, (eV)

Fig. 4. Pressure loss factors f, versus target plate electron
temperature 7, from the Ohmic density scan, the L-mode dis-
charge with neon and model prediction.

A simple and convenient analytic expression for the
plasma pressure loss f,, across an isothermal recycling
region is [7,9,10]

20T, a \le+D/2

e P ®)
n,T, a+

where
(o)

a=s —r—— . (9)

{ov)i+{ocv)n

where (& v) are the rate coefficients for ionization (i) and
momentum loss (m, including both elastic and charge-ex-
change collisions), given by [11]. To a first approximation,
«, and therefore the pressure loss f,,, as shown in Fig. 4,
depend only on the electron temperature in the recycling
region, assumed to be the plate temperature 7,. In reality,
the ionization will tend to occur in regions of higher T,
somewhat upstream of the cooler region where the mo-
mentum transfer tends to occur.

Also included in Fig. 4 are experimental pressure loss
factors taken from Figs. 1 and 2. As expected, at high
values of electron temperature, i.e. 7,> 10 eV, where
ionization dominates friction processes, little pressure loss
is found, with f, = I, within experimental error. The rapid
decrease of f, at low values of T}, in agreement with Eq.
(8), is strong evidence supporting the hypothesis that the
pressure loss is related to changes in atomic physics
processes. Although the results appear to be explained by
elastic and charge-exchange collisions, we cannot rule out,
based on this data, a role played by electron—ion volume
recombination [12,13].

8. Conclusions

There appear to be a number of routes by which
divertor detachment induced by impurity radiation can be
achieved. These include, (1) increasing the discharge den-
sity at constant impurity concentration, (2) purposely in-
creasing the impurity level and (3) increasing the connec-
tion length. These methods enhance the level of impurity
radiation in the divertor, as expected from simple analytic
modelling, thus decreasing the power reaching the divertor
plate.

High radiation levels, resulting in low divertor plate
powers, necessarily imply low electron temperatures 7, in
the recycling region close to the plate. With 7, <5 eV,
significant plasma pressure loss is expected across the
recycling region, is found in experiment and is in approxi-
mate agreement with simple modelling based on friction
resulting from ion-neutral elastic and charge-exchange
collisions.
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