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Analytic approximations of divertor behaviour and application to MAST
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1. Global description of particle balance

In its simplest form, fuelling of tokamak plasmas consists otaltyi localized direct inputs
plus distributed neutral-particle fluxes from the surrounding vegsales fed by recycling
and partly from gas puffing itself. Globally particle balancey riteerefore be described by
rate equations for the numbers of ions in the plalmatomsNp and molecule®p; in the
surrounding volume (“tank”), and equivalent atoysadsorbed by walfd! :-
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where 1 is the effective ion confinement time allowing fatrinsic refuelling by recycling;
To2p,w = 4Vi/(Cp, Ap,t) are plasméawall pumping times over respective are®s; for
molecules with thermal spedgi, from tank voluméV;; 1p = Li/ C, is an equivalent atom

loss time for plasma-to-wall distancel;; O<prip+p4i,p<1l are iondatom
reflection/ desorption probabilities from the walls;<@ <1 is a corresponding sticking
probability for molecules;A m*3 " is an active pumping speed connected by duct
transmission probability 8a<1; 0< g <1 is core plasma fuelling efficiency accounting
for prompt recycling of edge ionization; an& @y < 1 is edge fuelling efficiency of gas input
® moleculess ™ applied either at the wallwp = 1) or immediately at the plasma surface
(We = 0). lonization ratéatom flux ", , s ! may be approximated :-
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Here a fraction of atoms which intercepts the pkassitaken equal to the ratio of its volume
V, to that of the tank. For each impinging moleculg{), on average one ion is assumed to
be added to the plasma and one atom to thé¥a(R), (5)), owing to isotropic dissociation
and charge-exchange reactions. Factor<@.8 1 represents attenuation of the molecular
influx due to scattering by these escaping atéms

The foregoing model malye integrated numerically for general conditiBhsbut can also be
solved exactly for steady statdé¢dt = 0. Since divertor or limiter surfaces seeingech
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recycling of ions are likely to be quickly saturated, we assuepqi = 0.5. For puffing at
the wallwg = 1, tank molecular density then becomes :-

1Vp TDZp 11 ﬁ 2_Vp/\/t _2prD(1_Vp/Vt) (6)
V., 2V, 7 feV, 1+V, NV -p,lt-v, V)

and a corresponding expression can be written for atom désity M. Note this result has
no explicit dependence on any pumpmg, o, a/\; for fuelling just from tank gasNp2)
itself, its density is set by the chosen steady plasma valyead cannot be reduced by any
sinks. Alternatively, puffing at the plasma edgge= 0 implies :-
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where {, =p ., +(%2-p,p )Vp/\/t y Ca=Pap (2= pyp )Vp/\/t , Q= (G/Tozw )+ (a/\/vt)
(st). Both (6) and (7) are applicable for any tokamak, but they arerdtast in Fig.1
specifically for MAST, which being characterized by largéosabf tank to plasma volume /
surface areav;/V,=9, AJ/A,=5 particularly emphasizes distributed sources and wall
pumping. Varying cryopumping with unconditioned fqp = 0.5) or boronized pq4p = 0)
walls, or coverage by getter panels with just the former, are considered. Foriggiteoth
molecules and atoms are assumed to be adsorbed, implyrg0.5(1-a) =pgp. Under
edge puffing, this action causes gettering to converge to the boramzgaimped solution
for (impracticablep — 1, while for wall puffing ast — 1 it actually produces an increase
steady-state tank gas density for a given plasma value (owing to the need tonmegjpiigite
fuelling with fewer atoms).

2. Adaptation for a closed, pumped divertor

Effectiveness of active pumping is greatly improved by increasingession in front of the
duct, a condition usually secured using an enclosed divertor. Such an m@ahgan in turn

be treated in global-balance terms by writing separate setteoéquationd! for tank (“t”)

and divertor (*d") zones, connected through conductances (inverses of closunelecules

and atomsFp,, Fp m*3 Y. Under certain restrictions, exact steady states can again be

determined. Eliminating atoms from the model and supposing recyging1 plus

cryopumping only within the divertor (ie no wall ngs), a basic “two-chamber”
representation may be written :-
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Four contingencies are defined by puffing eithethatwall or plasma edge in either the main
vessel space or divertor. In each case, steady-stalecular density in the tan¥, may be

derived as a function of normalized conductarfee (To2p Foo /Vt) and cryopumping
A= (1h,,a’ A% /V,), as tabulated below :-
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Accompanying solutions for divertor gas density na#sp be extracted, but are more readily
appreciated through the compression ratio :-

Co = (NSZ/Vd)/(NItDZ/Vt) =

. 1+ 2F N 1+ 2F
(i) E[m : (16) (i) o F : (17)
(i) 1+ 2F (18) (iv) 1+ 2F (19)
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In the current approximation, wall puffing is thiene identical to edge puffing with zero
efficiency e}, * = 0. Conversely for perfect edge fuelling efficiengy® = 1, whether realized

in the tank or divertor, compression is alwayssame and is independent of pumping. Note
that finite closure Ep,) always produces some compressi 1 even withe? A® = 0, but
that Cp decreases$or stronger divertor pumping when fuelling wittmperfect efficiency in
the tank. Compression never varies with pumpingtdfing anywhere within the divertor.

These results are again general for any tokamakareuonce more illustrated for parameters
appropriate to MAST, plus9a’A’< 10 m* 3™, 10 5 < Fpo < 108 M52, in Figs.2&
3. An important feature revealed is that for tanKfipg with e, < 1, there is a critical
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crit

conductanceFs, (e, ) below whichng, increasest givenn; as pumping is itself increased,
approaching an asymptotic valeeny, /n, - (tp,, /1) (V,/V,)(1-e, )/ (1+ 26, F).As

with gettering in the “single-chamber” model, suititially surprising behaviour arises
because tank sources have to rise to maintain restjduelling as divertor sources are
diminished. Changes in Fig.2 demonstrate, howstat, for example in MAST steady tank

gas density for a fixed plasma value could be ledesignificantly by a moderately closed,
pumped divertor, if it were combined with fuelliimgthe divertor or in the main vessel with

reasonable efficiencygf, > 0).
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Fig.1 MAST *“single-chamber” steady-state Fig.3 Divertor compression ratio for reduc-
tank gas density v. cryo- or getter- pumping. ed “two-chamber” steady states in Fig.2
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Fig.2 Reduced “two-chamber” solutions for normalizeteady-state tank gas density v.
divertor conductance (inverse of closure) as femstiof pumping and edge fuelling effici-
ency.Open symbols: “single-chamber” limitd=p, — o . Puffing inleft: tank,right: divertor.



