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Abstract. The observations from the Alcator C-Mod tokamak show that plasma is strongly
recombining in the MARFE region (see [B. Lipschultz et al., to appear in Phys. Rev. Lett.]).
Theoretical analysis suggests that the MARFE could be considered as a result of an
ionization-recombination instability of pure hydrogen edge plasmas. The non-linear stage of
this instability exhibits a bifurcation between hot ionizing and cold recombining edge plasma
states.

1. Introduction

The conventional explanation of a MARFE [1] is that it is a non-linear stage of a radiation-
condensation instability driven by impurity radiation. Accordingly, the electron temperature in
the MARFE should be in the range 5-10 eV to insure strong radiation from low-Z impurities.
However, recent experimental findings in Alcator C-Mod tokamak [2] show that the
conventional physical picture of a MARFE is, at best, incomplete. It was found that plasma is
strongly recombining in the MARFE region. These findings immediately lead us to the
following important conclusions: i) the electron temperature in a substantial part of MARFE
is of the order of 1 eV or even less (recombination is not effective at higher temperatures), and
i) the radiation loss due to hydrogen recycling (recombination and ionization) could be the
main reason for cooling the plasma down to such low temperatures. In this report we show
that a MARFE could be considered as a non-linear stage of an ionization-recombination
instability of pure hydrogen edge plasmas (see reference [3]) which can exhibit bifurcation
behavior.

2. 0-D approximation of non-linear regime of ionization-recombination instability.

Some features of the non-linear regime of the ionization-recombination instability can be seen
from a crude 0-D model describing particle and energy balance in a volume with a fixed total
number of particles (ions and neutrals):

1.58,((2n, +np)T)=-3n.T/tg — L5nNT/ 1N = Ejon (T)nnnKio, (T) +Q/V, (1)
O == /Ty — 13 Koo (T) + 10 Ko (T), @)
ny + n, = Ny=const., 3)

whereN, is the averaged density of particles (plasma,and neutralspy); g andty are
the plasma and neutral energy confinement timtpﬂsis the plasma particle confinement time;
E,on ~ 30 eV is the energy ionization cost of neutr&ls,, andK .. are ionization and three-
body recombination rate constani®;is the temperature of plasma and neutr@sjs the
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heating power; andv is the plasma volume. For steady-state conditions we find the
expression fon, from equations (2), and (3)

. _ 2 v (Tre. —1 12
N_e S F,(T)= _vl/rz(T) +{(vl/r2(T)) . Vion(T)Tp } |
0 Viee(T)Tp

(4)

where vio, (T) = NoKion (T), Vyee (T) =NZK oo (T), and vi/(T)= Vign(T)/Vyee(T). As one
sees, a physically meaningful (positive) solution for only exists when inequality

Vion(T)Tp >1 is satisfied (which corresponds to a thermal "breakdown" of neutral gas); in
opposite case we hawe =0. Substituting expression (4) into Eqg. (1) we find
T 1-§ T Qr
FQ(T) =3T (&e’t_g +Tej +T_I: &e (1 - &e)Eion(T)Vion (T)Tp = V_NI;I ' ©))

Eq. (5) determines equilibrium temperatufg,, as a function of the heating power Q. Let us
examine Eq. (4) and (5). First we notice that in strongly magnetized plagmag>>ty . As

a result, in the temperature range of intergstin Eq. (4) can be assumed to be large,
Vion(T)Tp>>1. Then, taking into account tha,,(T) (Ve (T)) is an increasing (decreasing)
function of T, from Eq. (4) we find asymptotically

(D=1 for T>>T,, (6)

1

Ee= {Vi/r(T) }1/2 <<1forT<<Ty, and§,=1-2/v,

where Ty =Ty(Nj) is determined by the equality...(Ty) = vion(To) = vo(Np). In
practice Ty~1 eV and both ionization and recombination frequencies have a very sharp
dependencies offi. Therefore, the variation df, from £.<<1 to {,~1 occurs afl' ~ Ty,.
This is our temperature range of interest and inequalify(T)t,>>1 can be written as
vOrp>>l. Next we analyze temperature dependence of the funétg(T)at T ~Ty.
Recalling thatrp~rE>> TN and using expressions (6) we conclude thafl atT: i)
hydrogen radiation loss (second term in the funchigf{T)) has sharp local maximum, and
ii) as T increases, diffusive energy loss (first term in the funclgytT) ) increases ifl <T,
then atT ~ T, it drops abruptly from. T to ~ T (tn/1g)<<T,, and beyondl it slowly
increases again regarding its pre-collapsed value at temperatilives T, (rE/rN)»TO.
As a result, we find that for parameters which satisfy the inequal'u{g%»l and
Tp~TE>>TN functionF(T) is N-shaped with local maximum and minimum given by

1

o Ejon (To) ]aR—l
— VT , 7
3 T, 0TE (7)

N
(FQ)maX ~ CpTo +CREion(T0)VoTN, (FQ ~ 3T —(

min TE

/(o —1
and located atTeoq~To and Tpop~ To{(ar/3)Eion(To)/ To)VoTE § Do,
respectively (wher&€ andCy are constants of order unity, and in deriving expressions (7)
we assume thatv..(T)c T *R and ag =~ 9/2). For Q values in the range(FQ)mins

(QrN/VNO)S(FQ)maX two stable solutions with lowT' <T_.,q and high T>Tj
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temperatures are possible. As an example which confirms the results of our analytical
analysis, the functiorFo(T) as found from a numerical solution of Eq. (4) and (5) for

Ny =10"cm™
heating powerQ below the critical valu& ., = (FQ)minVNO/rN results in a drop of the

) Tp = 1075, andt,=tg=100ry is shown in Fig. 1. Thus, the reduction of

temperature from. 10 eV to<1 eV (see Fig. 1) and a transition to the regime with strongly
radiating, recombining, partly ionized plasma. Using the estimatd0*cm’® and the
parameters of Fig. 1 we finQ.;; = 100 kW and an ionization/recombination rate in the low

temperature state of ',/ ec ~2x10?%s7!. The estimates ofcic and Iiop/rec @re in

reasonable agreement with Alcator C-Mod data [2].

3. 1-D approximation of non-linear regime of ionization-recombination instability

Although 0-D model reproduces the main features of the non-linear regime of the ionization-
recombination instability, it cannot describe spatial variation of the plasma parameters
between the cold MARFE and a hot temperature region in the edge plasma. To have some
idea of the spatial variation of the plasma parameters in a non-linear regime of the ionization-
recombination instability we simplify the particle balance equation by assuming a Saha
equilibrium and keeping energy transport along the magnetic field lines in the energy
transport equation. As a result, the energy balance equation can be written as follows:

[PS)(T.p (S) )
i[KS(T,Po)?} =Eion(T)S§§3(T,pO)+§4 p ( 0)+PN (T’PO)F—Q
y 2 | TE ™ J

dy
= Fjoss (T, Pp) - Q, 8)

where vy is the poloidal coordinate y=0 corresponds to the center of cold MARFE region with
temperature T¥,,;, and y=L is half of the poloidal extent of the edge plasma with
temperature T(y=L5 T} >Ty;. P in Eq. (8) is the total (plasma and neutral gas) pressure
which is determined by the power Q and fixed averaged demityof the plasma ions and
neutrals in the domain assuming the Saha equilibrium andPthadoes not vary along
poloidal direction

N L :IOI{P(I\?)(T,PO)+ P, )/2T}1y. (9)

ks (T,Pg) ands(igil(T,PO) are the effective heat conduction coefficient and ionization source

ks =xg(T)+2.5T Dy (T)(@PY (T)/dT] St =PR(MPS(T)Kion(T)/217, (10)

10n

and PO)(T. P, ) and P;S)(T,PO) are the neutral and plasma pressures calculated from the
2 and ko (TN)/ (heKin + NKny ) are
the electron and neutral heat conductivify;is the pitch angleDy = {MKiN(N +ne)}_l is

Saha equilibrium;ky = ky +Kesin2\|l ; KeocT

the effective neutral diffusion coefficient; arld;y andKyy are the ion-neutral and neutral-
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neutral collision rate constants. The boundary conditions for Eg. (8) are
(dT/dy)y:():(dT/ dy)y:L:O. For poloidally homogeneous case the plasma temperature,
Thom» (@nd, therefore, all other parameters) are determined by constraint (9) and the balance
of heating power and energy los$,(T.Pyp)=Q. They can be written as
ﬁheat/loss (Thom)=Q. The functionﬁheat/loss (T) exhibits behavior similar to that &f,(T)

(see Fig. 1). For poloidally inhomogeneous solutions from Eq. (8), along with Eq. (9), we find
the equations determining the temperat(rgsandT,

Ty T,
J kg(THQ=FogMWT =0, | Ks(T)dT

Ty Tm T , ' '
‘/ J21¢5(T")(Q = Floss (T) AT
Tm

These equations are rather similar to the equations based on impurity radiation loss (see for
example [4]) which describe conventional MARFE's theory. Therefore, their solutions exist
within some range of power Q. Combining MARFE-like and homogeneous solutions we can
conclude that in the general case, which describes both poloidally symmetric and MARFE-
like solutions,Ty,; can be found from the equati®iiTy,)=Q, whereF(T) is a multi-valued
function similar to that shown schematically in Fig. 2.

=L, (11)
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4. Conclusions

The observations from Alcator C-Mod tokamak show that the plasma is strongly recombining
in the MARFE region (see [2]). Our theoretical analysis suggests that a MARFE could be
considered as a result of the ionization-recombination instability in pure hydrogen edge
plasmas. The non-linear stage of this instability exhibits a bifurcation between hot ionizing
and cold recombining edge plasma states.
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