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ESTIMATION OF THE MAXIMUM DIVERTOR
RADIATIVE FRACTION IN THE
PRESENCE OF A NEUTRAL CUSHION
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ABSTRACT. Divertor impurity radiation is considered as one possibility to reduce the target
heat load in ITER-grade devices to acceptable values. The radiative power fraction in the divertor is,
however, in principle limited and under standard high recycling conditions too small to achieve this goal.
In this paper we discuss the possible increase of the maximum radiative fraction by a “neutral cushion”

that provides a pressure drop in the divertor by ion-neutral interaction. A pressure drop by about a
factor of ten would allow the radiative fraction to increase sufficiently to satisfy constraints on 1'TER
target loads. Experimental and theoretical evidence has been given in the literature {or gas targets with
the required properties. Supersonic flow conditions at the targel are also mcluded in the discussion, but
are found to be insufficient, by themselves, to provide the required effect.

1. INTRODUCTION

Previous divertor concepts for next-gencration
devices mainly relied on the so called high recycling
regime, originally developed for INTOR [1]. In
this regime the energy balance in the divertor is
dominated by hydrogen recycling which occurs in
a thin layer in front of the plate. While a sizable
fraction of the incoming power is consumed by the
recycling process, much of it is redeposited onto
the plate by recombination or radiated onto the
plate because of the close proximity of the recycling
region to the plate. While the high recycling solution
was marginally acceptable for relatively small, low
powered devices like INTOR or ITER CDA [1, 2],
it fails in the size and power regime (2 — 4 M W)
envisaged for ITER EDA.

Novel concepts have been proposed, which
crudely can be divided into cases where (i) the
plasma extinguishes before reaching a target due
to volume recombination [3] and cases where (ii)
the plasma stays in contact with a plate, but a
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low electron temperature “neutral cushion” region
develops in front of the target which is dominated by
cx and 1 — n collisions. In this case jonization occurs
in a separate ionization front outside the cushion.

A cushion may have a variety of effects among
which momentum and energy losses of the divertor
plasma (direct or by neutral induced transport) are
of particular interest. While the potential of 2 and
¢ — n induced processes for sufficient energy removal
[1] still has to be demonstrated, there is convincing
experimental and theoretical evidence for momentum
losses (pressure drop along field lines) induced by a
neutral cushion [5, 6, 7).

For all concepts enhanced impurity radiation
from the divertor by seeding of recycling impurities
with favourable radiation characteristics, is
considered as a supporting possibility. In this
context it is a widespread belief that a sufliciently
high impurity radiative fraction would solve the
power exhaust problem even in a high recycling
divertor. In this paper we emphasize that, apart
from the question whether the required Impurity
concentrations can be maintained without spoiling
the performance of the machine (ignition, burn
length), the SOL impurity radiative fraction cannot
be chosen freely. In particular, the maximum



allowable radiative fraction is much too low under
ITER EDA conditions to reduce the target load to
acceptable levels in the normal high recycling regime.
However, the radiative fraction can be enhanced, if
a cushion provides an extra pressure drop along ficld
lines. Therefore, the cushion solutions, even if they
do not provide a direct means for energy removal
from the divertor plasma, are essential for efficient
power removal by enhanced impurity radiation,

The mechanism leading to the limitation is
related to the boundary conditions at the plate.
For high radiative fractions the plasma flow at the
target may become supersonic and the traditional
boundary condition, which assumes M = 1 at the
sheath entrance, is then inappropriate. In this paper
we therefore allow for arbitrary Mach numbers.

The limit for impurity divertor radiation has
been first described in Ref. [8] for the standard
high recycling regime and the standard boundary
condition. This paper follows similar lines, but
includes the effect of a cushion induced pressure drop,
of supersonic flow at the sheath, and the impact
of different scalings of perpendicular transport in
the SOL. Also, scalings are derived which relate the
machine and discharge parameters with the maximum
radiative fraction and the achievable pressure
drop. Numerical results are given for ITER EDA
parameters.

2. BASIC 2-POINT MODEL EQUATIONS

The discussion is performed within the
framework of a two-point SOL model. A version
of the basic equations of a two point model are
given in Refs [9, 10] for the case of Bohm-like
perpendicular heat transport, which is used in slightly
modified form to allow for supersonic flow at the
sheath entrance and generalized perpendicular heat
transport (g, p denote stagnation point and divertor
quantities, respectively) !
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Here A is the temperature SOL thickness, L the
connection length and ¢ the mean power flux
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across the separatrix. Mp is the Mach number
at the target. fin, is the SOL impurity radiative
fraction, while fp reflects a possible pressure drop
along the field lines due to ion-neutral interaction or
other momentum loss mechanisms. fp = 1 in the
absence of momentum losses. Otherwise the notation
is conventional. Equation (1) is derived from the
momentium balance equation. kquations (2) and (3)
follow from local analysis of the SOL power balance,
while Eq. (4) is essentially the global power balance
equation at the target.

To generalize the transport model used in
Ref. [9], we adopt the general format for the heat
diffusivity x, that has evolved in the scale invariant
approach to confinement scaling [11]

X =Dpk(p~,...) (5)

Here Dp is the Bohm diffusivity and p* the
normalized Larmor radius. F'is a function which
depends, apart from p*, on other dimensionless
quantities which describe the effects that determine
the transport. The generalized transport according to
Eq. (b) is easily implemented into the basic equations
given in Ref. [9] for Bohm-like perpendicular
transport by making the substitution 13, — B, F~'.

The Bohm criterion requires My, > 1 at the
sheath entrance. Traditionally the condition My = 1
has been adopted as boundary condition for SOI.
fluid models. However, it has become evident that
this restriction may be inappropriate, particular
in cases where M > 1 in upstream regions. We
therefore allow for arbitrary values of My,. In this
case the energy flux onto the target is given by
qn ~ csnpMp(y' + MPH))Tp, where 4" = v — 1
and v is the usual sheath transmission factor [12, 13].

In Eqgs (1) to (4) it is implicitly assumed that the
presence of the cushion does not lead to additional
terms in the energy balance Fq. (4). Also, as in 2-P
models in general, the temperature Ty at the entrance
of the ionization region has to be sufficiently small so
that (1 — (Tu/Ts)7/3)?/ 7 ~ 1 [9].

fp and fi,,,, are considered as externally
controllable parameters. Control of f;,,, has to be
achieved by properly adjusting the injection rate
of the seed impurity. The formation of the cushion
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FIG. 1. Terms of the energy balance Kq. (4) versus Ip al fized q1, ns and

fJor fp =1 end Mp = 1.

and hence fp have to be adjusted by tailoring the
discharge. The question, whether this is possible and
how it has to be done, has to be answered within the
framework of the cushion theory. Mp is also treated
as a parameter the impact of which will be shown to
be negligible in the present context. Therefore, M)
can be left undetermined.

For a detailed discussion of Eqs (1) to (4) sce
Refs [9, 10]. While these equations have to be solved
numerically in general, some essential conclusions can
be inferred analytically.

3. ANALYTICAL CONSIDERATIONS

3.1 Heuristic Discussion

We start, with a heuristic derivation of the
condition that leads to a limitation of f;,,. In this
discussion, in order 1o make the underlying physics
transparent, we assume the upstream conditions
(i.e. ns and g1 ) to be fixed. Under these conditions
also the upstream pressure is determined. In fact,
combining Eqs (2) and (3), one gets
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Hence, for given q; and ng, also Tg (and
consequently ng7s) are determined, independently of

fimps fr, Mp and Tp. Thus, the upstream pressure

is not aflected by the radiative fraction, the presence
of a cushion or the downstream boundary condition.

This implies, in particular, that, for given ¢ and ng,
the scaling
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holds. Hence, the right-hand side terms of the

energy balance Eq. (4) scale as (In the analytical
discussion we ignore the weak temperature and
density dependence of £ [14] and assume £ ~ const)
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Figure 1 shows the various terms of Eq. (1) versus Th
(at constant ¢ and ng and fixed fp and Mp). The
behaviour is obvious from Eqs (8) and (9). Obviously
the right-hand side has a minimum and a solution

can only exist if (7't is the temperature at the
minimum)
7 L([l

A (L Janp) Z (T (15 ) Mp&t
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holds, i. e., if the power into the divertor exceeds the
minimum losses. T7* is determined by the condition
oG 0

oTp

where

Mp £+ Tp(y' + ME)
1+ Mp Tll)/Z

G(Tp,Mp,€,7') =

One gets

T = £/(7' + M}) (11)

‘resulting in
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i GUEY, Mp, &,5') = 2% (13)
and
Gy, Mp =1,64) /7 =2 (14)
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if 7= 8is adopted [14], i.e.,
weak.

the dependence on My is

Some additional remarks may help to interpret
this result:

- The limit bhasically arises through the fact that,
for given upstream conditions, the sum of the
losses provided by recycling and the power flux
into the sheath cannot drop below a minimum.

- A cushion reduces, at given upstream conditions,
the divertor loss terms by decreasing the target
plate density np (see Eq. (7)), thus allowing
higher radiative fractions in the SOL (reduction
of the left-hand side of Eq. (10)).

- Supersonic flow at the sheath entrance (Mp > 1)
has, in principle, the same effect (see Eq. (1)),
but the decrease of np is counteracted by the
increasc of kinetic energy transported into the
sheath (see liq. (9)).

- In general, and if inequality holds in liq. (10).
there are two solutions at temperatures 7} and
T}. Only the upper one (at 73) is thermally
stable, while the lower one (at 7})) is unstable.

These aspects have been discussed in detail in
Ref. [9].

- In reality only the range Tp > T is accessible.
Once the critical point is reached by approaching
it through a sequence of stable solutions, the
temperature would collapse, until eventually a
temperature regime is reached where the basic
equations are no longer valid. We come back to
this point in the discussion.

3.2 General Form of the Limit

The assutuption of fixed upstream parameters,
made for illustrative purposes, can bhe abandoned.
Eliminating A, T's and np from Eqgs (1) to (4), one
gels
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where ¢ is a constant. LEquation (15) generalizes
Eq. (10) and casts it into a more convenient form.
It is a constraint on the seven quantities fp, fi,,,
Mp, ns, g1, By and 1. Taking six of them as given,
it establishes an upper (or lower) limit on the seventh
one.

If, for instance, fp, fi,,, Mp, By, I and
¢y are given, it provides an upper limil for the
upstream density (density limit). This aspect has
5, 9]. The limit
is decreased by increasing f[imp, while it is increased
by reducing fp.

Taking Eq. (15) with the equality sign,

been previoulsly discussed in Refs [1

prescription of six variables gives the critical
(maximum or minimum) value for the seventh one
and the corresponding solution of Iigs (1) to (4) is
the marginal case where Tp = Tg'“.

q. (15) is that,
although the impurity radiative fraction can never

A general consequence of E

reach 100%, finp can be arbitrarily close to unity if
fp is sufficiently low. In order to make more specific
statements, one has to reduce the parameter space by
confining to special cases (see See. 1)

3.3 Target Loads

Our main interest is the potential of divertor
impurity radiation to reduce the target heat load ¢,



which has the following general form

q: = Mpnpcgx

x| (Y + MP)Tp + Eion + g—j—zél—oﬁ} sinp (16)
where 9 is the B-field pitch. The first term in
Eq. (16) describes the power flux into the sheath
region. The second term gives the power load onto
the plate which is associated with the release of the
ionization energy at recombination. £ — £;,, 1s the
power radiated per ionization event. Assuming a thin
recycling layer in front of the plate, half of this power
is absorbed within the plate (third term).

The previous considerations provide a scaling
relation for the minimum target load ¢/*". From
Eq. (6) one gets

noTs o gy B AR p2/1 (17)

Combining Eqs (1) and (17), one can eliminate )
from Eq. (16) to get

o Sl
x (']'D,]\lp,éion + %”)I) (18)

It is easy to see that q;(Tp) > q/(15*) for typical
values of €. Hence, the minimum possible target load
dependes weakly on ¢, and is independent of f;,,,.
Note, however, that in order to reach ithe minimum,
fimp has to adopt its maximum value corresponding
to a given fp. Most important is the strong impact
of fp, which directly illustrates the beneficial effect
of a pressure drop induced by a cushion. As with the
case of fi, the impact of My can be compensated
by an fp variation of not more than 40%.

3.4 Impact of Perpendicular Transport

In order to get an estimation of the impact of
different transport models in the parameter regimes
of interest, we consider a set of representative scalings
and device parameters. We adopt the three generic
plasma models given by [11]

F=Fyp, p=1,0,-1 (19)

where the different values of g indicate different
characteristic length scales A of the underlying
turbulent transport. In particular, p = 1,0,-1

TABLE 1. REPRESENTATIVE MACHINE
PARAMETERS*

R a K B, Psor,

[m] [m] (7]  [MW]
ASDEX-U 16 05 1.6 20 6
JET 296 1.1 1.68 3.4 25
ITER-I"DA 7.75 2.8 1.6 6.0 200

¢ Values are 1994 values and Psqr, is estimated on

basis of the available heating power and typical bulk

radiative fractions.
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FIG. 2. Scaling of the normalized gyroradius p* with
machine size for different perpendicular transport modcls
and al constani ng.

correspond to gyro Bohm scaling (A = p), Bohm
scaling (A = a) and stochastic diffusion (A >> «),
respectively. Iy = const is assumed (but of course I
may depend on ), thus ignoring possible residual
dependencies on other parameters. ASDEX-U]

JET and ITER-EDA (see Table 1) are chosen

as representative small, medium-size and next-
generation devices.

We first derive the scaling of p*. Replacing T's in

/2
* S 20
P hn, (20)
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with Liq. (6) and using (19), one gets
1
P (q%ns li_'(),Bi_l()) 114 p (21)

For a specific transport model, even if Mp and fp
are assumed to be given, the parameters ol Table 1
do not uniquely determine a set of SOL parameters,
but are compatible with different combinations

of fimp and ng. However, the ng dependence in

Eq. (21) is very weak and negligible in the present
context. Figure 2 illustrates the range of variation
of p*/p%spry_p as following from Eq. (21) for

the devices and scalings under cousideration,
Normalization to ASDEX-U values is justified by the
ohservation that p* values are very similar in present
day machines. Together with the scalings it provides
information about the changes of p* in I'TER.

In order to quantify the impact of transport

on qzll tn

(see Iq. (18)). Since in I'TER ng will be largely
determined by bulk plasma related constraints,

, we also have to know how ng varies

independently of perpendicular transport, we make
the comparison at constanl ng.

Equation (18), (20) and Fig. 2 now provide
all information: While in the case of Gyro Bohm
scaling (pt = 1) ¢/ increases (compared with Bohm
scaling), the opposite holds for stochastic diffusion.

However, in view of the weak dependence of ¢*'* on
F, the increase/decrease of ¢;*" does not exceed 50%

in either direction.

4. NUMERICAL RESULTS

We now present some results of the numerical
treatment of Egs (1) to (4). As study point we adopt
the ITER EDA case of Table | with the additional
specifications qasg, = 3, where gg54 is the safety
factor at the 95% flux surface, ng = 10" emn~3 and
siny = 0.07 (corresponding to an field line-plate
angle of 4°, representative of ITER equilibria and
non-inclined target plates).

For this particular case Eq. (8) adopts the form

10/11
1— fimp PS()L

16711
fp ”S/

> 17.9 (22)

(ns in 10Mem ™, Pgoy, in MW).
By analogy oue obtains for the minimum target
hieat load

2 081 o @)

(qr in MW/m?, Psor, in MW, ng in 10Mem™3).
From now on we consider Lqs (22) and (23) with
the equal sign thus evaluating limiting values. We
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also confine to M;, = 1 and Bohm-type perpendicular
transport.

max
tmp

versus fp for various values of Psp;, and ng. For
the ITER study point of Table 1, assuming the
standard high recycling situation (fp = 1), one
would have a maximum impurity radiative fraction

In Figs 3 and 4, and ¢/ are plotted

of less than 30% and a minimum target load of about
30 MW /m?. A pressure drop of more than an order
of magnitude is required to permit radiative fractions
{about 90%) that would reduce the target load to
values below 5 MW/m?. Obviously the impact
of high Mach numbers or different perpendicular
transport is by far too low to have a comparable
effect.

it might be surprising that the minimum heat
load decreases with decreasing ng (Figs 3 b) and
4 b)). However, one has to note that ¢" is the
target load achieved for the highest possible value
of fimp, and that f;,,,, can be higher for lower values
of ng (I'igs 3 a) and 4 a)).

5. SUMMARY AND DISCUSSION

The maximum impurity radiative fraction has
been evaluated in the presence of a neutral cushion
that provides an additional pressure drop fp < 1,

but does not affect the energy balance. Basically

a limit on fy,, arises from the fact that, for given
upstream conditions and fp, the “natural” divertor
losses (hydrogen ionization and radiation, power flow
into the sheath) cannot drop below a minimum. This
limit decreases and correspondingly fi,,, increases if
fp decreases or the Mach number M, at the target
increases. While the impact of M) saturates with
increasing Mp, fi, can be arbitrarily close to unity
if fp is sufliciently small. The maximum radiative
fraction is associated with a minimum of the target
load. For ITER-EDA conditions a pressure drop

by about a factor of ten is required to reduce the
target heat load o acceptlable values for A, = 1
and Bohm-like perpendicular transport. Other effects
discussed in this paper (supersonic flow conditions,
perpendicular transport) have a too weak impact to
provide a comparable effect.

Our estimation of the achievable target loads is
pessimistic in that it ignores the beneficial effect of
a possible poloidal inclination of the plate. On the
other hand it is optimistic in that the effect of the
unavoidable misalignment of the divertor components,
which leads to an increase of the effective target load,
is not taken into account. Therefore, our estimation
of ¢;, based on a perpendicular target, is probably not
too far from reality.



The present analysis is limited to cases where
Tg* is sufficiently high (TF > 1.5 eV), so that
volume recombination is negligible. Because of the
flat minimum of G' with respect to Tp, even the
weak dependence of £ on n and T may shift 7.
For the widely used fit of £(T,n) given in Ref. [14],
one obtains, for instance, TF* ~ 2 — 3 eV under
ITER conditions. Also Mp > 1 would shift 7'
to lower values. However, this does not create a

problem. In the presence of a cushion Mp is typically

not much above unity (since friction tends to drive
the Mach number towars unity,) and in these cases
of interest T should stay in the few eV range.
Furthermore, taking the weak dependence of ¢ on
Tp, basically all conclusions remain valid if T
is replaced by any TP > T, as long as T is
“reasonably” close to T . Here T can be, for
instance, a temperature set by the requirement of
optimum cushion performance.

In a cushion, as it is understood here, ionizalion
is smnall or negligible. This requires temperatures
T, < 5 eV consistently with the temperature domain
where maximum or near maximum radiative fractions
are achieved.

The cushion observed in JET [5] and analyzed
in Refs [6, 7] (low density cushion) seems to be
one solution with the required properties in that it
provides pressure drops of the required size, while its
impact on the energy balance is negligible. Also, in
order to exist, it requires low power into the cushion,
corresponding to radiative fractions in the range of
80-90%.

While in the low density cushion ions are
collisional with respect to ez and elastic 7 — n
collisions, neutrals are collisionless. Cushion like
solutions are conceivable where also the neutrals are
collisional (high density cushion), which are presently
under investigation.

In this paper fi;, has been always conceived
as the impurity radiative fraction, reflecting prime
interest in this loss channel. However, fi,, may
comprise any loss mechanism other than recycling
and power flux into the sheath (e.g., heat transport
to the walls, cx-losses, etc.) without affecting
the basic conclusion of a correlation hetween the
additional losses and a pressure drop. Thus, in
particular, gas target solutions where not only
momentum but also a major fraction of the incoming
energy is removed [4], were also covered by the
present analysis.
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