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Modeling of partial redistribution in high-density divertor plasmas
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1. Introduction

The preparation of ITER (tokamak under constructiol€adarache, France) and the
numerical simulations supporting its design hawarmted a renewal of interest in atomic line
radiation models. The plasma in the divertor canvés optically thick to the hydrogen
resonance lines, so that the resulting photon tngppan affect the ionization-recombination
balance (e.g., [1] for a recent review). Estimatesw that the photon mean free pagh, of
the first resonance lines can be shorter than 1 @yacity effects have been demonstrated
experimentally (from line ratio measurements) iiGd operating at high density regime [2]
and numerically using coupled radiation transpatommic kinetic codes [3,4]. Up to now, all
of the numerical investigations of line radiatiopacity done in the framework of magnetic
fusion research were made assuming complete rbdistn, i.e., the frequency and the
direction of a photon outgoing from a scatteringgess were assumed independent of those
of the incoming photonn this work, we address the redistribution of tinst resonance line
of hydrogen (Lymana) and we examine the role of partial redistributiom the
collisional-radiative balance. A one-dimensionahgport model is considered and addressed
with a kinetic Monte-Carlo simulation routine.
2. Radiative transfer modeling with partial redistribution

Details on the formalism presented hereafter caioined in [5] and Refs. therein. We

write a transport equation of Boltzmann-type far thdiation specific intensity («,n,r,t) :

G% +A M+ x(w, ﬁ)jl (w,R) =" (w,RA) +%Tjdcdjd§2 Rw,i,w i)l (,i"). (1)
Here wdenotes the radiation frequenay, is the unit vector along the propagation diregtion
the solid angleQ' corresponds tai', y and/;” are the extinction coefficient and the thermal
emission coefficient, respectivelyp is the scattering coefficient, arid is the so-called

redistribution function (joint probability densitynction for photon absorption and emission).
The r andt dependences have not been written for the sakargdlicity. For each atomic

transitionu — | between upper and lower leveisandl, the extinction and thermal emission

coefficients are given by
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wherea = @) is the Bohr frequency of the transitid, andA, are the Einstein coefficients
for absorption and spontaneous emisshiris the density of atoms in the lower levé,, is

the density of atoms in the upper level due to @sses other than radiation absorption (e.g.

collisional excitation), andz « fi, )s the one-photon line profile. Here, we have &edhe
convention dedeqo(a),ﬁ)/(MT) =1= dedejdw‘de Rw,f,w @) /(4m? . The
one-photon line profile is related to the redisitibon function by
Pw,n) = jda)_[dQ Rw,n,w',i")/(4n). In the case where only two levels are considared
the scattering process, the amplituges given by
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where '/ is the total depopulation rate of the upper leviicluding both the radiative and
collisional processes. The importance of scattemelgtive to the thermal emission is

measured by the ratid\, /T'\"". This ratio is controlled byN. and Te. A rough estimation

(e.g., from [6]) shows that this ratio is closeutity for Lymana for typical conditions of

dense divertor plasmas.

The approximation of complete redistribution cotssign neglecting correlations
between the incoming and outgoing photons, andsléadactorize the redistribution function
as R(,n,a'\i)=¢ N}k e'n'). In tokamak plasmas, this assumption is questienab
because of the Doppler effect (due to the atomandiji7]. Non-trivial correlations between
the frequencies and directions of the absorbedremahitted photons induced by the Zeeman
and Stark effects have also been reported in axteeerk [8]. In the following, we address

partial redistribution effects on the collisionaldrative balance with a simplified model.

3. A smplified model

The system of interest is a slab, infinite in ¥h@ndy directions and of sizk in thez
direction, containing a homogeneous and partiaiyzed deuterium plasma. The atoms are
assumed to be composed of two levels only, thedonahtal and first excited ones (i.e. with

the principal quantum numbers = 1, 2). Their velocity distribution functionf v ( )s

assumed Maxwellian, witliy; = Te = T;. The ground state is considered as a reservowgels
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as the ions and the electrons. Radiative transfeomsidered in the stationary case @lét =
0). The structure of the transport equation (1) esak suitable for kinetic Monte-Carlo
simulations. We follow the terminology used in tBRENE code (which is used for
simulations in magnetic fusion plasmas with remliggeometry [9]) and reported in the
literature on neutron transport [10]. L&tbe an arbitrary section over tkxgy-plane and
consider the volum¥& = 3xL. We define the collision density = x/(hawA21N, V) and we

write an integral equation for it, from integratiohEq. (1) along the characteristics:

P(X) = S(X) + [ XK (X, XW(X"). 4)

Here, X is a shortcut notation fofa,n, ). The source and the kernel correspond to the

thermal- and scattering-emission, respectively.séhterms are given by

p(aw, i, )

iyrg

S(X)zLd3r'T(r|w,ﬁ,r')<”(4L]’Tm, K(X,X') = 22T (F|eo,fi, ) . (5)

\Y 2
where T (F|e,fi,F") = H (R - F) x (@, F) exp(— [ dsy(ei.r - ﬁs)ja(rD ") isthe
conditional probability of a photon being absorlzd™ (H is the Heaviside function ard
refers to the plane perpendicular ) and p(a{w‘,ﬁ,ﬁ') =R,n,w',n")/p(w,n") is the
conditional probability of reemitting a photon wittequencyw The quantitie§(X), K(X,X),
and p,,.(X) :l—de'K(X, X') are directly interpretable as probabilities assed with a
continuous random walk process;(XXy). This allows one to evaluate physical observables

by generating a set of random sequences and usiagm@opriate estimator. In the following,
we use the Wasow estimator [10], i.e., for any cetefunctiong(X), we evaluate the integral

k
Jng(X)(//(X) from the expectation value of the random variahtez a(X,,)-

m=1

We have applied the Monte-Carlo procedure to theuation of the photoexcitation
rate W12:Blz_[dwj.quo(w,ﬁ)l(w,ﬁ) assuming various redistribution models: (i) perfec
coherence, p(dw‘,ﬁ,ﬁ') =d0(w—-a) ; (i) complete redistribution; (iii) Doppler
redistribution, i.e.R(w,n,w', ') = jd3vf (V)O(w— w, — apii W/c)o (-, — apnN/c) (see [7]
for an analytical expression). A Doppler model bagn assumed for the one-photon line
profile. The following values have been set for fi@sma parameterbt,-; = Ne = 10 cm®,

Taa=Te =T, =1 eV. As can be seen in Fig. 1, the photoexoitatate is sensitive to the

redistribution mechanism. The case (i) indicatest teglecting the frequency change at a
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scattering event leads to a strong overestimatieeoplasma’s opacity. Furthermore, the small
deviation (~10%) between the cases (ii) and (uiggests that the complete redistribution

assumption can be used safely, at least in thengl@snditions considered here.
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Figure 1 — Spatial dependence of the photoexcitatite for the cases (i), (ii), and (iii). The mbdsed
for redistribution plays a critical role in the iesates.

5. Conclusion

We have examined the role of partial redistributtonthe radiation transport and its
consequence on the collisional-radiative balancedémse divertor conditions. With a
simplified model, we have shown that the photoatidh rate is sensitive to the redistribution
mechanism. In the framework of ITER modeling, thiggests that a careful analysis of the
radiation redistribution should be done if accuratyransport simulations is required. An
extension of the present work should be devotdabdanvestigation of the role of the Zeeman

and the Stark effects. Other lines affected by itypabould also be examined.
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