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Abstract

An analytical model taking into account the plasma cooling due to localized hydrogen recycling is proposed to

interpret the conditions of the MARFE onset above a critical plasma density in TEXTOR-94. Results of numerical

modeling con®rm that under conditions of a good plasma contact with the inner wall this mechanism of the MARFE

triggering is more important than the usually considered cooling instability on impurity radiation. Ó 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

MARFE, a multifaceted axisymmetric radiation

from the edge remains still one of the most fascinating

and intriguing phenomena in tokamaks. Experimental

and theoretical investigations of MARFEs is of impor-

tance both from academic and practical points of view

because its appearance often leads to a plasma disrup-

tion. In numerous MARFE models [1±5] line radiation

from light impurities is considered as the most important

element for its triggering. Since the radiation intensity

increases with decreasing electron temperature, this

channel of the energy loss can lead to an instability: the

temperature drops, the radiation increases and the

plasma cools down further.

Observations on di�erent tokamaks indicate, how-

ever, that the processes involving neutral hydrogen also

play an important role in the MARFE formation. It has

been found [6±8] that the MARFE appearance is ac-

companied by a signi®cant increase of the Ha-radiation.

This manifests a dramatic increase of the plasma particle

¯ow to the wall in the vicinity of the MARFE.

Experiments on TEXTOR-94 support the idea that

recycling processes are of importance for the MARFE

formation [9±11]. In particular, spectroscopic measure-

ments performed recently allowed to distinguish situa-

tions where di�erent plasma constituents make the main

contribution to the radiation losses from the MARFE

region [11]. Generally, when the plasma has a good

contact with the inner wall, the main radiation observed

comes from hydrogen (Ha, red light). In experiments

with a signi®cant outward shift of the plasma column

(4±5 cm) this contact has been weakened essentially and

this allowed a record ramp of the plasma density up to

two times the Greenwald limit [10]. The MARFE ap-

pears in this case also but is located at a large distance

from the inner wall. Its radiation is signi®cantly weaker

than in the ®rst case and is of a blue color, i.e. generated

by carbon ions.

The e�ect of a strongly localized injection of hydro-

gen neutral particles has been previously investigated

theoretically by one of the authors. As it has been shown

in Ref. [12] a homogeneous plasma-wall contact can be

unstable if local plasma cooling due to ionization of

recycling neutrals becomes too large. In Ref. [13] a

possibility of MARFE-like formations near the gas

sources has been demonstrated. In this paper a model is
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elaborated and calculations are done which allow to

interpret the MARFE development as an e�ect of a lo-

calized plasma recycling on the inner wall.

2. Conditions of MARFE appearance

For a qualitative understanding under which condi-

tions localized recycling can lead to the MARFE for-

mation we consider in this section a simple analytical

model. Fig. 1 demonstrates the state with a MARFE in

a real toroidal geometry and the plane geometry used in

consideration. It is assumed that the penetration depth

of neutrals originating from recycling of charged parti-

cles on the inner wall determines the dimensions of the

MARFE in the radial and poloidal directions. Due to

charge-exchange with ions the motion of neutrals in the

plasma is di�usive-like with a di�usivity Dat � va
2scx,

where va � �T=mi�1=2
is the thermal velocity, scx �

1=�kcxn� the time between successive acts of charge-ex-

change with kcx being the rate coe�cient. The life-time

of atoms is determined by their ionization by electron

impacts: sion � 1=�kionn� and the penetration depth of

neutrals is estimated as kat � �Datsion�1=2 � 1=�nrat� [13]

with rat � �kcxkion�1=2
=va. Henceforth, we assume xm �

kat for the radial width of the MARFE and ym � 2kat for

the poloidal one.

The plasma parameters in the MARFE region, tem-

perature Tm and density nm, are related to those on the

outer board, Tb and nb (the electron and ion tempera-

tures are assumed to be equal). To ®nd these relations

consider the heat and particle balance in the MARFE.

The heat ¯ow Qk to this region is supplied mainly by the

electron heat conduction along the magnetic ®eld. The

parallel temperature gradient can be estimated taking

into account that the temperature alters from Tm and Tb

along the connection length pqbR with qb being the

safety factor at the plasma edge. Thus

Qk � jk
Tb ÿ Tm

pqbR
B#

Bu
2Sm; �1�

where jk � T 5=2
b is the parallel electron heat conductivity

and Sm � xm � 2pR is the MARFE cross-section in the

radial direction; the factor B#=Bu � a=�qbR� takes into

account the angle between the toroidal direction and the

®led lines. The power supplied to the MARFE is used

for ionization of recycling neutrals and lost with gener-

ated charged particles when they di�use out of the

plasma through the LCMS

Qdis � EionCat � 5TmCp

ÿ �
Am; �2�

where the e�ective ionization energy Eion � 25±30 eV

takes into account also the losses on the excitation of

neutrals, Cat the in¯ux of atoms due to recycling, Cp is

the out¯ow of plasma particles through the LCMS with

perpendicular di�usion

Cp � D?nm=xm �3�
and Am � 2pRym is the MARFE area projected on the

LCMS. In a stationary state Cat � Cp. Complimentary

to the above equations the pressure balance along the

®eld lines is assumed for qualitative estimates

nmTm � nbTb: �4�
Combining Eqs. (1)±(4) we obtain the following equa-

tion for Tm

jk
paD?

a
qbRnb

� �2 Tb ÿ Tm

rat

� Tb

Tm

� �2

�5Tm � Eion�: �5�

The left- and right-hand sides of Eq. (5) are shown in

Fig. 2(a) as a function of Tm for typical TEXTOR pa-

rameters: a� 46 cm, R� 175 cm, qb� 3.8, D? � 104 cm2

sÿ1, Tb� 40 eV, jk � 2� 1023 cmÿ1 sÿ1, rat� 10ÿ14 cm2

and for di�erent magnitudes of the boundary density nb.

There are two stationary states for the density smaller

than the critical one, ncr
b , but the state with a lower

temperature is unstable. This can be seen easily by con-

sidering the e�ect of a perturbation in Tm on the heat

balance: if Tm decreases the heat supply to the MARFE

increases less than the loss in the MARFE and the per-

turbation grows. Physically, this instability is explained

as follows: a local cooling of the plasma by ionization of

recycling neutrals leads to an increase of the plasma

density through pressure equilibration; this results in a

larger out¯ow of charged particles to the wall with per-

pendicular di�usion; consequently the in¯ux of recycling

neutrals grows up and the plasma cools down further.
Fig. 1. Schematic view of the plasma poloidal cross-section with

a MARFE and the plane geometry assumed in consideration.
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The critical density can be estimated analytically

from the condition that the right-hand side and left-

hand side of Eq. (5) as functions of Tm touch each other

ncr
b �

1

qb

������������������������
jka

60pR2D?rat

r
: �6�

The dependence of ncr
b on the safety factor coincides with

that given by the Lipschultz criterion for the MARFEs

[5], ncr / Ip

�
pa2, which relates the critical line averaged

plasma density and the current (see also [11]). Moreover,

Eq. (6) predicts an increase of the critical density with

increasing input power which results in higher boundary

temperature and larger plasma heat conductivity jk.
This tendency has been con®rmed in TEXTOR-94 ex-

periments [10].

If the plasma density is larger than the critical one

there is no stationary state in the framework of the as-

sumptions above. To analyze what happens in this case

one should take into account the temperature depen-

dence of the cross-section of the atom attenuation in the

plasma, rat. Indeed, rat /
�������
kion

p / exp ÿIion=2T� �, with

Iion being the hydrogen ionization potential. Thus the

approximation used above, rat� const, is good enough

if Tm exceeds Iion and it fails for smaller temperatures.

Fig. 2(b) demonstrates the e�ect of the temperature de-

pendence of rat. One can see that also in the case

nb > ncr
b there is a stable solution of Eq. (5) with a small

Tm which gives the plasma temperature in the MARFE.

Physically, the existence of this solution is explained as

follows: plasma cooling near the position of the local

recycling to a temperature signi®cantly less than Iion

leads to an increase of the penetration depth of neutrals,

the MARFE width grows, the heat in¯ux into it in-

creases and a further reduction of Tm is inhibited.

3. Numerical modeling

To study the dynamics of the MARFE development

and its spatial structure a numerical model has been

developed for the plasma boundary region where the

transport of neutral and charged particles and of heat

and momentum along ®eld lines is described by the

following set of 2-D equations (toroidal symmetry of the

state with a MARFE is taken into account):

onat

ot
ÿ 1

a2

o
o#

Dat

onat

o#

� �
ÿ o

ox
Dat

onat

ox

� �
� ÿkionnnat;

�7�

on
ot
� 1

qbR
o
o#

nVk
ÿ �ÿ f #� � o

ox
D?

on
ox

� �
� kionnnat; �8�

Fig. 2. The dependence of the right (curves 0) and left (curves 1±3) hand sides of Eq. (5) on Tm for di�erent magnitudes of the pa-

rameter ánñ: 1±2.8, 2±3.0 and 3±4.4 ´ 1013 cmÿ3 and for rat independent (a) and dependent (b) on the temperature.
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onT
ot
ÿ 1

q2
bR2

o
o#

jk
oT
o#

� �
ÿ f #� � o

ox
j?

oT
ox

� �
� ÿkionnnatEion; �9�

ominVk
ot

� 1

qbR
o
o#

minV 2
k � 2nT ÿ gk

qbR
oVk
o#

� �
ÿ f #� � o

ox
miD?

onVk
ox

� �
� ÿmikcxnnatVk; �10�

where # is the poloidal angle counted from the inner

board and related to the length l along a ®eld line as

l� pq#, Vk is the plasma velocity parallel to the mag-

netic ®eld, j? is the perpendicular heat conductivity; the

factor f�#� � �1ÿ dD=dx cos#�ÿ1
takes into account the

e�ect of the Shafranov shift D(x) of magnetic surfaces

leading to the variation of the radial distance between

surfaces with #. In the motion Eq. (10) in addition to the

pressure gradient parallel viscosity, momentum transfer

across magnetic surfaces with perpendicular di�usion

and viscosity and friction of ions with neutrals by

charge-exchange are taken into account.

As a ®rst step a 1-D consideration has been per-

formed taking into account only the poloidal depen-

dence of parameters. For this purpose Eqs. (7)±(10)

have been integrated over the MARFE width in the

radial direction. As a result terms with derivatives re-

spect to x are converted into sources and sinks due to

¯uxes through the LCMS and the boundary between the

edge and core. After this procedure the density of the

heat ¯ux from the core comes into play which is pro-

portional to the factor f and, thus, is J-dependent. This

dependence prede®nes the location of the MARFE at

the inner edge since f has its minimum there.

Fig. 3 depicts the steady-state poloidal pro®les of the

plasma temperature and density corresponding to the

TEXTOR parameters with slightly di�erent values of

the averaged electron density at the edge taken as a

parameter. This picture reproduces nicely the result of

the previous section on the threshold of the MARFE

formation. Fig. 4 shows the time evolution of the pa-

rameters at the MARFE symmetry plane (J� 0). A

formation time of the MARFE of 0.5 ms is in agreement

with the estimate sk � pqbR/cs for a time which particles

need to move along magnetic ®eld lines to ®ll the

MARFE region. The pro®les in Fig. 4 agree principally

with 2-D modeling which will be discussed elsewhere.

Observations show that the line radiation of C2� ions

also increases tremendously as the MARFE develops

[11]. Nevertheless, this does not mean that the impurity

radiation is the main trigger of the MARFE. For the

mechanism proposed here the carbon radiation grows

up naturally due to two reasons: ®rst, the reduction of

the temperature and increase of the plasma density in-

tensify the recombination of highly ionized impurity

ions into strongly radiating low ionized states; second,

chemical sputtering of the wall at the position of the

local recycling increases signi®cantly the in¯ux of im-

purities. A cooling instability on impurity radiation [1±5]

would be of importance if the recombination would

occur faster than the formation of the MARFE due to

the e�ect of hydrogen neutrals. Monte-Carlo modeling

of the impurity behavior by the code DORIS [14] indi-

cates that this is not the case. It has been found that the

radiation in the MARFE region should grow with a

Fig. 3. Poloidal distributions of the plasma temperature and

density for di�erent ánñ: - - - 3, á á á 3.1 and ±±± 3.2 ´ 1013 cmÿ3.

Fig. 4. Time evolution of the plasma parameters at #� 0 when

the MARFE sets in.
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characteristic time of 5 ms i.e. signi®cantly slower than

the MARFE develops. Thus in the situation in question

the cooling instability on impurity radiation probably

can be excluded as the trigger of the MARFE. This

conclusion is con®rmed by observations which show

that the radiation of C2� ions grows much faster and

stronger than that of C3� particles. This indicates that

the source of C2� ions is predominantly the chemical

erosion of the wall but not the recombination from

higher charge states.

4. Summary

The present consideration demonstrates that addi-

tionally to the conventional mechanism through impu-

rity radiation a localized recycling of the plasma at the

inner wall can lead to the development of the MARFE.

In this case the heat ¯ux to the MARFE region used for

ionization of neutrals and heating of generated charged

particles can be provided only if there is a large tem-

perature gradient along the magnetic surfaces. The

transition to the state with a MARFE is a result of an

instability caused by the local plasma cooling. Critical

parameters for the instability are found on the basis of a

simple qualitative model con®rmed by numerical calcu-

lations. Impurity dynamics modeled by Monte-Carlo

calculations shows that in the situation in question the

cooling instability due to temperature dependence of the

impurity radiation is not as important for the MARFE

triggering as localized recycling.
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