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Abstract. The effects of Molecular Activated Recombination in fusion related experiments are
discussed and analyzed by applying dimensionless scaling approach for two plasma geometries.

I. Introduction. In experiments with detached plasmas [1-3] plasma recombines before it
reaches the targets and the recombination is the only process alowing to reduce plasma flux to
the wall in fusion experiments without strong impurity radiation loss[1].

In fusion related experiments there are two main paths for plasmarecombination [1, 4-7]:
i) e+tA*—A which includes both two- and three- body recombination of electrons and positive
ions and where ions are not involved in any chemical transformations (electron-ion
recombination (EIR)), and ii) path involving negative ions (B) and molecular ions (AB*) and
gomg through the channels H,(v)+e—»H+H followed by A™+H—>A+H and A™+H,(v)—
AH™+H followed by AH"+e—A+H (where H,(v) is the vibrationaly excited hydrogen
molecule). In fusion studies second path which cannot be initiated without impact of molecular
hydrogen is called Molecular Activated Recombination (MAR). Notice that both paths involve
rather complex dynamics of the population of electron excited states while the second one can
depend also on vibrationa dynamics of the molecules involved. However, the crucid distinction
between the EIR and MAR is that the EIR processes does nor require any extra energy to start
while MAR needs about Eyjar~2 €V to be pumped into vibrational levels of the molecule
before it goes on.

While the importance of the EIR processes in plasma detachment is well accepted by
fusion community, the role of the MAR in fusion experiments is still under discussions and
different conclusions are made based on the analysis of different experiments (see Ref. 2, 3, and
8). Here we andyze the role of EIR and MAR channels of plasma recombination in fusion
related experiments by using scaling law approach [9-11].

I1. Dimensionless parameters and recombining fusion related plasmas. We consider two
different model just for the hydrogen recycling region down in the divertor where, however,
plasma recombination can take place. _ _

1) Semi-infinite dab model of recycling region. We consider the model where both plasma and
neutral gas parameters depend only on the coordinate, Z, perpendicular to the target, Fig. 1. We
neglect cross field plasma transport assuming that plasma particle and energy transport goes

along the magnetic field B. This model describesthe caseof a very baffled divertor design
whereneutralscoming from the targetafter plasmaneutralizationmmediatelyface the plasma.
Notice that one of the important differenaethis modelfrom that of Ref. 10 is the absenceof
any prescribedength (e. g. connectionlength, tokamakmajor radius, etc.). Thenthe quantities
which are governingcontinuity, momentumand energybalancesand determiningboth plasma
and neutralgasparameterare: the heatflux, q., which comesto the recycling region from
upstream and the plasma pressig,at Z — o, as wellas electronelectriccharge,e, speedof
light, c, ion (or electron)mass,M (m), and effective “ionization energycost”, E;q,, which is
relatedto atomic physicseffectsand canbe replacedwith any other atomic physics parameter
containing Planck constanth, e. g. aomic hydrogen ionization potential. By using these
guantitiesit is possible to construct three dimensionless parameters which can be written in the
form

3= 0o /(Poo Eion /M), E.Zon( e” /P ) and o =e*/hc=1137. (1)
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Notice that we are not countingheresuchdimensionlesg€onstantsasthe electronto ion mass
ratio, inclination angleof the magneticfield to the targetplaneandsuch“wall” parametersas
energy reflection and the wall’s atom to molecule conversign,,, coefficients.

While parameterq determinesenergyand, therefore,particle balances parameterA,
related to the number of particles in Debye sphismesponsiblealsofor three-bodycollisions
and, together with the fine-structure constant a, describescompetition between electron
excitation/de-excitatioprocessesndthe processeivolving radiation effectsin both bound-
bound and free-bound transitions.

In Ref. 12 it was shown that the steady state solutiérisis modelof plasmarecycling
exist only for

02 Qgrit = erit(A), (2)
(in dimension variables it can b@itten as gq, = gqit (P ), OF Py < Pyit(dw))- The reasonfor
this is that plasmatemperaturanearthe targetdecreasesith decreasingg. Therefore,at some
point, g < (it PlasmaEIR becomesmportantandthenit is not possibleanymoreto sustain
energy balance in the neutral ionization region, which can be written as

Je >IN Eion: €))
since the influx of neutrals into ionization regigg,, becomes strongly enhancleyl the plasma
EIR processesesultingin the recombinationof plasmabeforeit reacheghe target. Here we
consider the effects of MAR which was omitted in [12].

Let assumehat the impact of the EIR and all other processegincluding three-body)
associated with\ are unimportant and the MAR is the only recombination mechaiiisem,in
the caseof a strongimpactof the MAR on plasmaflux the main physical picture of plasma,
atom, and molecule recycling can be described as follows-(ge2). The moleculesoriginated
dueto atom-to-moleculeonversionat the targetmoveinto plasmaand participatein the MAR
processeg(Notice that volumetricatom-to-moleculeonversiondue to three-bodycollisions is
negligibly small for the fusion related experiments). Two out of three atoms, formedviARe
event, move back to the target and convert into molecule while last one deggesinto plasma
and finally isionizedtherecreatingan ion which movestowardthe targetandthenrecombines
due to MAR.

However,in the MAR one bi-atomic moleculecan “recombine” only one atomic ion.
Meanwhile, in additiorto the MAR, moleculescanalso be disintegrateddueto electronimpact
dissociationor ionizationandthe rate constantof theseprocessego up very quickly with the
increaseof electrontemperatureAs a result,for efficient usageof the moleculesin the MAR,
electron temperature in MAR region should4&5 eV which means that shouldbe relatively
small. At higher temperatures in the MAR regtbe balanceof the plasma,atom,and molecule
fluxes cannot be maintained for large plasma sink due to the MAR.

When g is small then for 1D plasma recyclingodelwe are consideringin this section
total plasmaand neutral gas pressurestays pretty much constantalong Z and both patrticle
(neutral and plasma)and energy fluxes can be describedin diffusive approximation[12].
Therefore,as an estimatefor the molecular, B, , atomic, Py, and plasma, P,, pressuresn

recycling region, we haveRy ~ Py ~ B, ~ P,. Then, we find the estimatesfor both plasma
particle, j,, and energy, quar. fluxes into the MAR region (note that neutral flux into
ionization regionjy balances plasma flux):
DN Pa . T P T 1
T Zpn MKi\PyZa MKy Zp'
DniPo Ton _ TPo Ton . T T
T Zpn MKjyPy Za  MKjy Zp '
whereM is the mass of heavy particlds;y is the rateconstantof ion-neutralcollisions, i(o"n)
(see Fig. 3) is the plasma temperature just at the entrance into ionization region.

(4)

jp~jN

(5)

dmAR ~
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Now recall theMAR requiresenergy Epyar~2 €V per recombinatiorevent. Therefore,
to recombine plasma fluk,, theenergyflux quar mustsatisfyinequality quar > EmaRIp:
which , taking into account expressions (4), (5), can be written as follows

T5) 5 Emar. (6)

But, with decrease of dimensionless param@téhe only dimensionlegsarametedetermining

the physics of plasma recycling in our model) the tempera@;)edecreases as well.
Indeed, assume thtte heatflux g, is fixed andstartto decreasej by increasingthe

pressureP,,. Then, if TI(On) does not decreasesvith increasing P,,, from energy balance

Jw = JN Ejon We find Zp~1/q,~ const. Therefore,“optical width” of the plasma layer,
NeZ p o< P, will increase with increasing P,, and, asaresult, neutrals will be ionized well before

it reaches temperature TI(On) whichisin contradiction to the definition of Tl(on) Thus, we prove

that Tl(on) decreases with decreasing q.

Asaresult, at low q, when Ti(o"n) dropsbelow EyjaR itis not possible to sustain energy

baance in the MAR region and it merges with ionization region and MAR becomes
unimportant. Recalling that the MAR needs also rather low temperature (which means reatively
low ) we conclude that for the plasma recycling model we consider strong MAR effects may
be only possible within rather limited range of dimensionless parameter ~1. Notice that the
effects of EIR and other processes associated with dimensionless parameter A do not change
the main physical picture considered here, but may additionaly limit the MAR effects at low
due to a strong three body recombination occurring at low temperatures.

i) Gas-box model of recycling region. Next we considera gas-boxmode (see Ref. 13) of
plasmarecyclingwherewe assumethatthe plasmaslabof the width, Ay, entersthe box (L,

deep andA, wide) with self-sustained neutral gas Fig. 4. This is reasonablyrgoddlfor the
plasma-neutrainteractionsin divertor simulatorsand slot divertors. As far as dimensionless
parameters is concerned, here in additiog Bmd A we have parameter

A ApPy (e4/E|0n)7 (7)
which determine<effective “optical width” of the box (in addition we now have geometrical
parameters aB /Ay and Ly /Ap). Itis clear that the cask>>1 can beeducedto the 1D slab
model which was analyzed before Therefore, here we consudmpmsnecaseof ‘optically “
transparentplasmaand gas A<1 (notice, however, that the product A Ly/Ap determining
“optical depth” of the box canbe largedueto largeratio L/Ay). Then,neutralscan almost
freely move betweensidewalls and the majority of hydrogenparticlesin the box will be

molecules (we assuntkat y,_, ,,~1). Therefore eventhoughat plasmatemperatures-2-3 eV

dissociation rate is larger than thBAR one, it doesnot affect neithermoleculedensitynor the
MAR rate due to very fast molecularrecycling at the sidewalls.As a result, for “optically
transparent” gas box like geometry the MAR willibgortantingredientin the plasmaparticle

balancealreadyfor the temperature<3 eV when MAR exceedionization rate. Thus, we can
expect that for a box like geometry the MAR effects start and remain to be impodartt .at

[11. Discussions. We use dimensionlessparametergo analyzethe MAR effects in fusion
relatedexperimentsfor two plasmageometriesWe find that for 1D slab model, which is
relevantfor a well baffled tokamakdivertor geometry the MAR effects can be importantonly

within rather limited zone of dimensionless paraméteqoo/(PwN,y"Eion / M) in the range] <1.

For “optically transparent” gas box model, relevant for divertor simulators and slot divertors, we
find that the MAR effects are important@&1. Our findings may explain the differences in the
conclusions of Ref. 2, 3 and Ref. 8 where the effects of MAR amatyzedfor experimentsn
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weskly baffled c-Mod inner leg, divertor smulator NAGDIS 11, and well baffled ASDEX-U
divertor.
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