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Plasma—wall interaction leads to the release of impurities and neutrals of the working gas, which
contribute significantly to the energy losses from the plasma edge, and therefore, crucially affects
the development of thermal instabilities in fusion devices. An analytical model for impurity
radiation is proposed, which takes into account the erosion mechanisms of wall material and the
motion of impurity particles across magnetic surfaces. The temperature dependence of radiation
losses is found to be very different from that predicted by the coronal approximation often used in
considering thermal instabilities. The consequences for the development of poloidally symmetric
detachment and multi-faceted asymmetric radiation from the €NMeRFE) are analyzed. It is
demonstrated that the MARFE threshold principally depends on the mechanism by which working
gas neutrals are released from the wall and on the neutral’s properties, e.g., their ionization rate. The
results of density limit experiments in Tokamak Experiment for Technology Oriented Research
[Proceedings of the 16th IEEE Symposium on Fusion Engineering, 1@&8ute for Electrical and
Electronics Engineers, Piscataway, NJ, 1995 470 and Joint European ToryRkebutet al,

Fusion Eng. Des22, 7 (1993] are interpreted. €2003 American Institute of Physics.

[DOI: 10.1063/1.1613963

I. INTRODUCTION doubled by increasing the clearance between the LCMS and
the inner wall. This occurred even though the impurity con-

Thermal instabilities at the plasma edge can lead to th@entration and effective plasma charge were not reduced by

onset of plasma detachment and multi-faceted asymmetrigyis procedure. The reduction of the plasma contact with the

radiation from the edg@MARFE) and, therefore, they are of | 4t the HFS was balanced by a stronger impurity release

importance for the fundamental problem of the density limitqqy, jimiters at the low field sidé! Recently, similar results

in fusion devices. In theoretical models for these have been obtained on JET

instabilities?~’ the energy losses due to excitation and ion- By increasing the plasm.a wall clearance. the outflow of

';agzg (;fsh};gr%?;nn{] eﬁgifnfgsa'mh%u”ge;a:ﬁenzgz!iye'sn'gparged particles and energy to the inner wall is reduced and,
u _Imp P , NOWever, enstd consequently, the influx of recycling neutrals of the working
these particles are often assumed as given. In reality, they are

determined by the plasma fluxes to the walls, which ar as and eroded impurities into the plasma is decreased. The

changing in the presence of perturbations of plasma paran;?ropernes of the recycling particles, e.g., their ionization

eters. In an instability analysis, this effect should be aC_rate, control their penetration into the plasma and thus should

counted for in the linearization of the transport equations. “pe t_aktlan into Iac_:coubnt n a.MARF%;_?aE/S'S' Th|s“c|\c/)|uAlg,F|£
addition, the pattern of plasma—wall interaction can be als@rticular, explain observations on that no wa

of importance. Consider the MARFE, arising on the highoccurred in helium plasmas and that a much higher density

field side(HFS) near the inner wall. In limiter tokamaks, this IMit was achieved compared to deuterium plastitas.
“wall” MARFE normally leads to the density limi~*! Re- The influx of impurities is determln_ed both by the
cently, the wall MARFE was also observed in the divertorPlasma outflow to the wall and by the erosion rate of the wall
configuration in Joint European Tor(@ET), where it occurs material. Therefore, the erosion mechanisms should be also
after the X-point MARFE and ultimately determines the included in a realistic model of the MARFE. This is sup-
maximum density in L-mode deuterium plasntass dem-  ported by the observation on TEXTGRthat a higher
onstrated earlief,unstable perturbations leading to the wall "marre can be achieved with freshly boronized or siliconized
MARFE have their largest amplitude on the HFS. Thus, thawalls even though the radiation characteristics are similar to
proximity of the last closed magnetic surfadeCMS) to the  those of carbon dominated discharges. At the same time, the
wall at the HFS should be of great importance for the insta€rosion mechanisms of these impuritfeare different. This
bility threshold. is especially true at the low plasma temperatures relevant to
The significance of plasma—wall contact at the HFS forMARFE formation, where the release of carbon impurity is
MARFE onset was profoundly demonstrated in experimentslominated by chemical sputtering*®Also, the dependence
on Tokamak Experiment for Technology Oriented Researctof hydrogen absorption and recycling properties on the wall
(TEXTOR),' where the critical density)yarre, Was nearly  coating materidf can be of significant importance.
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In the present paper, an analytical model is proposed forate. However, a self-consistent one-dimensional treafthent
the threshold of poloidally symmetric detachment and walldemonstrated that due to ionization the density of hydrogen
MARFE, which includes plasma—wall interaction. The nextneutrals decays too fast with increasing distance from the
section describes a model for impurity radiation, which in-walls to be of importance in the region where sufficiently
cludes both the impurity release from the wall and the transionized impurity species are present. Henceforth, this process
port of impurity neutrals and ions across magnetic surfaceswill be neglected.

It is shown that for a realistic level of the particle diffusion, In this section, we derive analytical expressions for the
the effective cooling rate of light impurities has a very weakeffective noncoronal cooling rate and radiation losses from
temperature dependence in the temperature range relevantlight impurities which explicitly include the transport char-
MARFE formation. Constraints imposed by this fact on theacteristics. It is assumed th@j the plasma parameters, den-
development of radiative instabilities at the plasma edge arsity n and temperaturd, are characterized by their mean
discussed in Sec. lll. In Sec. 1V, a model for the MARFE values in the edge region where impurities mainly radiate;
threshold is outlined. Discussion of the results and concludgii) impurity ion transport is diffusive(iii ) recombination of
ing remarks are given in Secs. V and VI. impurity ions is negligibly small; andiv) they can be sepa-
rated into groups of “radiant” and “dim” charge states. The
former are ions with excitation energies much less than their
ionization potentials. In the case of light impurities such as

Many analytical models for radiative instabilities are Be, B, and C, this group embraces the ions of low charges up
based on the coronal equilibrium motfdior impurity radia- ~ to that of Li-like ones® The latter includes He and H-like
tion, which neglects transport effects and assumes a balané@ns with very high excitation energies, and fully stripped
between ionization and recombination processes. The impumpurity nuclei.
rity cooling rateL,, i.e., the power radiated per one impurity Impurity particles sputtered from the wall enter the
particle and one electron, then depends only on the electrgplasma volume as neutrals. Due to ionization, their density
temperaturel. The coronal,, L., has a strong maximum decays exponentially with the distangg¢oward the plasma
at a certain temperature, which is determined by atomic chacore3*
acteristics of the impurity. - % x)

I. NONCORONA MODEL FOR IMPURITY RADIATION

At the plasma edge, however, the recombination of im- nO:J_OeX

purity particles released from the machine wall normally Vo
plays a minor role compared to the ionization and transporvherej, andV, are the influx density and velocity of impu-
processeé! An accurate calculation of the effect of impurity rity neutrals)| OZVO/k?onn is their penetration depth Witlkﬁ, .
transport involves the solution of coupled transport equationgeing the ionization rate coefficient.

for different charge states and requires the use of numerical The total density of impurity ions of all charged states,
codes"?®In order to make qualitative predictions, severalp, | is governed by the equation

approximate noncoronal approaches were put forward. In )

Refs. 27 and 28 it was proposed to shift the coronal tempera-  _ ! ﬂ =K% nn ©)
ture dependence of the cooling rate to higher temperatures, Ldy? oo

i.e., Ly (T)=Lc({T), where 0.3<{< 1. This approach is sup- \here the diffusivityD' is assumed to be the same for all
ported by the observation that impurities released from th%harges. Equationél) and (2) together with the boundary

()

lo

X . (3

0 Li
kionn Np— kion

wall diffuse into regio_ns _of high electron tempe_zrature_ be_foreconditionsn,(x=0):O and @n, /dx) (x>1,) =0, which as-
they can be strongly ionized, i.e., they remain in low ionizedg, e that the impurity ions are effectively absorbed in the
sfcates with small excnatlo_n energies and high radiation eff"scrape-off layer beyond the LCMS and only sourced at the
ciency. Therefore, the radiation losses are better represent%”’ yield®
by the coronal radiation rates of a lower temperature, which
for typical impurities and edge conditions are generally oo X
higher. M=pr 1=exp - Iy

A more quantitative estimate can be obtained by inte- . o ) )
grating impurity transport equations over the plasma radius Ragﬂant |rr_1pur|ty ion species with charges up t.o that of
to obtain zero-dimensional particle balance equations, whicH® L;;“ke partlcles,ZLi_, have roughly _the same gqollng rate,
include a characteristic time of impurity residence in thelrad-~ The total density of these particlage= 23" ,nz, is
plasma?®~3As a result, the effective cooling rate becomes adetermined by the sum of the continuity equations for all
function of the product of this time and electron density. Thecharges up t&Z;;. According to one-dimensional transport
stronger the impurity transport, the smaller the residenc&nodelling?* the Li-like particles make the dominant contri-
time and the more significant the increase of the cooling rat®ution tonyq in the region where they are ionized into He-
compared to the coronal level should be expected. In soméke ions, and we may write the following equation fiog:
paperst32 an extraordinary importance of impurity charge- d2n,
exchange with hydrogen neutrals, recycling from the wall, —D! dxrza = NNag- (4)
had been anticipated. Charge-exchange leads to the conver-
sion of “dim” highly ionized particles into radiant ions of a The first term on the right-hand side is the source due to
low charge and, finally, to an enhancement of the coolingonization of neutrals and the second one is the sink due to
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i N FIG. 2. Radiation potential of carbon and oxygen mixture in deuterium
ol ! ',’ D= 0.1m%/s } plasma with 2:1 ratio of impurity influxes.
5] 4
A 1 H
L
1
o b bon velocity,V,, reduces from 1.810° cm/s atT=20 eV
1 oy
st :li"comna model” ] to 0.5x 10° cm/s whenT=10 eV due to the transition from
¥ . . . - T(eV) physical sputtering to chemical erosion of carbon particles.
0 10 20 30 40 50 60 The noncoronal model results are compared with the tem-

FIG. 1. The temperature dependence of carbon’s cooling rate and its derivzgzerature dependence of the cooling rate in coronal equilib-
tive computed according to E¢7) in corona approximation and for differ- rium. For temperatures higher than 10 eV, where the recom-
ent magnitudes of impurity ion diffusion. bination rate of He-like ions cannot compete with the
ionization of Li-like ones, the coronal cooling rate is by sev-
eral orders of magnitude lower than that found when impu-
ionization into the He-like state. With the same boundaryfity diffusion is taken into account. Thus for temperatures in
conditions as for the total impurity density, one obtains the range of 20—60 eV where radiative instabilities, e.g., the
MARFE, normally develog3®*~3"the impurity density and,
exp( - i) —exr{ - i)
Irad IO

(5) thus, radiation losses are determined principally by the com-
’ petition between transport and ionization processes.
TN The radiating capability of an impurity is often charac-
— _ | Li
Whe_:_ia_ |rag/_1_o agdlra;,; _Dol/ gio{‘n' _ th it ¢ terized by its radiation potentiak, .y, defined as the total
the maexir?wounml(l)(i?nn dr_]fﬁ)‘(d );I_ ) (Ineailr(n;lfii Foer ?r?eSIrrIg:(i? energy radiated per impurity particle during its confinement
rad- max ra .

. time in the plasmd@ E,&= Qada/io With  Qrag
mum value itself, we get = [oNNiad 1agdx. By using Eq.(5) one finds

Jolo a?

Nyag™= D! a2—1
I

; 2
maX_Jo'o @

a” WNa—1)_ a” a/(afl)). (6)

rad — I 2_ Lrad I0
Dy o"~1 Erad=( Tty (8
The location wheren,,4 and, thus, the radiation density, lon "1

NNpad-rad, @pproach a maximum is the most probable loca+Figure 2 shows the temperature dependence of the effective
tion for the development of radiative instabilities. Thereforejmpurity radiation potential computed with different values
the COO”ng rate, which should be used in the |nStab|||ty Cri'of DIl for TEXTOR ohmic p|asmas where carbon and oxy-
terion, L, is determined from the relatiomnZglag  gen are the dominant impurities. In this case,

=nN (XpaLy :
a? ESqt aoX ES,

E_— rad
I-I = Lrad(a+ 1)(aa/(a—1)_ 1) . (7) rad

1+CIO

Figure 1a) shows the temperature dependencé ofor car- whereEg;dO are the radiation potentials of C and O impurity
bon impurity computed fon=2x 10" cm™2 and different  species and a ratio of oxygen to carbon fluxg,, of 0.5 was
magnitudes of the ion diffusivitjD'l . It was taken into ac- assumed® This dependence is in agreement with the experi-

count that according to the measureméhtke neutral car- mentally measured ore.
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Ill. EDGE RADIATIVE INSTABILITY IN THE K andk": o, ~ kT (KT £ KTy (m,/T). The power lost

on
NONCORONAL APPROXIMATION in the interactions of charged particles with neutrals is equal

From the point of view of plasma thermal stability not t? T'pE; with E_‘ b_ein_g the (iljiffere_nce_ of the egzrgydlo?]t by
only the absolute level of radiation losses but also their tem&EClrons on ionization and excitation processemd the
perature dependence and, in particular, the derivativg'net'c energy of neutrals gained by ions. The energy loss on
dL, /dT, shown in Fig. 1b), are of importance. In the corona conduction is determined by the perpendicular heat conduc-

approximationdL, /dT for carbon has a large negative value tvity, xc, apd the tempgrature-foldmg length at the

in a temperature range near 10 eV. Such a behavior is oftelnCMS' or. Finally, we obtain

considered to be the main cause for radiative instabilities at L

the plasma edge in fusion devices: a spontaneous reduction Gioss=I'p(3TL+Ei+Y Ead + &, 5, (10

of the temperature leads to an increasd pfand radiation T

losses and the temperature drops further. In the temperatuvéere the impurity erosion yield(= j, /T, is introduced.

range wheredL,/dT is negative its absolute value is de- The thermal energy in the edge plasma changes with the

creased by an order of magnitude by going from the corongzemperature. Consider small perturbatioks; T~ exp(t).

case to a particle diffusivity of 1 fs typical at the plasma Instabilities at the plasma edge develop fast compared to the

edge in fusion device¥ Therefore, the radiative instability processes in the plasma core, which deterntpg., and

due to the temperature dependence of the cooling rate carenceforth this will be assumed constant. By linearizing Eq.

develop at a plasma density much higher than the experimeng) with respect toT, one obtains for the growth rate of

tal one®® The same conclusion was drawn by considering theyerturbations:

response of radiation losses to small temperature

perturbations? _ 9Yoss
This does not mean that impurity radiation cannot trigger Y aT =~

a thermal instability at the plasma edge. However, the insta1—_

o ST hus, the stability of stationary states is determined by the
bility scenario is different from the expected one. In the caseSi n of the derivative of the total enerav losses with respect
wheredL, /dT is responsible for an instability, the radiation 9 gy b

o .to the edge temperature. Qualitatively, the criterion is if
density increases and temperature drops locally. If this )

e - . . . . dQ10ss/ I T<0 a spontaneous reduction dfwould lead to an
mechanism is not efficient, an instability can still develop if .

o S increase in the energy losses and a further reduction of the
a reduction in the temperature leads to a widening of th : .
S . . emperature. For unstable states, the increase in the total en-
radiation layer and an increase of the integrated energ

losses from the plasrf8.Such a widening occurs since the grgy losses occurs in spite of reduction in the convection and

A T L . .~ conduction contributions and is caused by the increasing im-
ionization rate of radiative ions diminishes with decreasing_ " . I : : ‘
purity radiation potential. The latter is due to the growing

temperature and they penetrate deeper into the plasma. width of the radiative layer since radiating ions penetrate

In this section, we consider poloidally homogeneous per- . T .
. . deeper into the plasma when their ionization rate drops with
turbations of the edge plasma temperature, which should IeacgE

to a radial detachmenit.In order to determine under which ecreQS|Tg tempgr?ture. . . . .
This “energetic” approach gives the same instability cri-

conditions such perturbations become unstable, we proce%d . : . : .
. terion as a rigorous eigenvalue analysis, at least in the cases
from the power balance of the plasma edge, where radiation

C o S : when such an analysis was performed by analytical m&ans.
of light impurities and ionization of recycling hydrogen neu- ; : . 4 ) .
trals are localized: For the problem in question, this analysis was first done in

Ref. 3 where only radiation and conduction losses were
dE taken into account and the “box” model was adopted for the
at ~ So(Geore™ Gios9) - (9 impurity cooling rate:L,(T<Tpa)=const, L;(T>T.)=0.

AssumingT, =0, it was demonstrated that no instability is

HereE is the thermal energy stored in this plasma regi®n, possible at a radiative fractiop,q less than 1 unless a finite

is the LCMS areag|qre is the density of the heat flux from length of perturbations along magnetic field lines, is implied.
the plasma core ang,,s the power flux density lost due to This conclusion was disputed, however, in Ref. 39 where a
impurity radiation, plasma convection, and conduction, andinite e-folding temperature length at the LCM$;, and
spent on ionization and excitation of recycling hydrogenconvective energy losses were taken into account. It was
neutrals. The first contributiomy, ., has been computed in the shown that in this case a poloidally symmetric radiative in-
preceding section. The convected energy losses & & 3, stability can occur at &,,4 Significantly less than 1 in agree-
where T, andI';, are the plasma temperature and chargednent with observation®. Unfortunately, for the noncorona
particle flux density at the LCMS. According to one- radiation model discussed in the present paper an analytical
dimensional modelling*** T, is by a factorr of 2 lower eigenvalue analysis is impossible. However, the results based
than the averaged temperature in the edgeror a polyno-  on the analysis of),,ss temperature dependence are in agree-
mial dependence of the particle diffusivity on the plasmament with numerical self-consistent modelliffg.

parameters, D,~n7T’  one ha¥ Fp=[D,/(n Figure 3a) demonstrates the temperature dependence of
+2)]n?0, . Here, the characteristic cross section for attenuq,s for different plasma densities computed for parameters
ation of recycling neutralsy, , is determined by the rate typical in ohmic TEXTOR plasma$: D, =1 n?/s, k, =2
coefficients for hydrogen ionization and charge exchangex 10 m 1s ! &=5cm. The carbon erosion coefficient

11)
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since boron physical sputtering is noticeably larger than that
of carbon. In spite of this, the critical density for detachment
in ohmic plasmas was increased by 20-30% after
boronizatiorf®® This is due to the fact that the level of boron
chemical erosion is 1-2 orders of magnitude smaller than for
graphite!® Figure 3b) showsq.ssversusT found in the case

of boronized walls. In this case the increase of the radiation
potential with decreasing plasma temperat(see Fig. 2,
which leads to the minimum i,,{T) dependence, is es-
sentially compensated by the decrease of the boron physical
sputtering yield with approaching to the threshold. There-
fore, for the same plasma densitfj..is smaller compared to
carbon and oxygen dominated plasnjase Fig. 8)]. This

b means that if the plasma current and heating power are the
- - same, the critical density for poloidally symmetric detach-
ment should be higher, roughly by 20-25 %.

Qpg (W/em )
=

IV. MARFE THRESHOLD

The density limit in auxiliary heated discharges is nor-
mally due to the development of poloidally asymmetric
MARFE.M In this paper, we consider only the case of wall
MARFE developing in L-mode plasmas at the high field
side. In order to analyze the importance of plasma-wall in-
teraction for MARFE threshold, we proceed from the follow-
ing equations for the particle and energy transfer in the
plasma edge region by taking into account the transport both

FIG. 3. The density of energy losses from the plasma surrounded by ca@cross magnetic surfacés direction and along field lines
bonized(a) and boronizedb) walls for different magnitudes of the plasma (| directior):
density: (1) 108 cm™3, (2) 2x102 cm™3, (3) 3x 108 cm 3, and (4) 4

TL (eV) 1

O L s L L
0 10 20 30 40 50 60

X104 em 2, V.Ty=—k{ nny, (12)
on  onV "
E-I—T-I-Vll"l:kionnn,_., (13)

Y is the sum of the physical sputtering rate, which is sen-

sitive to the plasma temperatufeand that of chemical onT d aT

erosion'® depending weakly off. By taking into account 3 TVidi+ E( - K|W+5HVT)

the release of oxygefsee Sec. )l the effective impurity

erosion coefficient is given witN =YX (1+ ayp). = —KignNNHE; —NNady (14)
In stationary states, the plasma temperature at the edge i = .

determined by the equality,e=Gjoee. If the plasma density wsh'erenH anql“H are the densities of hyd.rogef neutrals and

is sufficiently low and the minimum of the energy Iosses,thEIr flux, V'is the parallel plasma velocn)F,L.— ~b.V.n

min and q, =—«,V,T+3I', T are the perpendicular compo-

, Is smaller tha two stationary states are possible . .
g{jisonly the high temgg?ature State an}:j Wity /aT>p0 is  Nents of the plasma particle and heat flux densities, respec-
o tively, and x, is the parallel electron heat conductivity.

stable. When, with increasing plasma densiff; exceeds In order to reduce the problem to one dimension the
Jcore NO Stationary state exists in the framework of the . — N .
present model, the plasma edge cools down and radial der}t_alatpns Vil'y~—T'n/deage and VL.FLN F.p’5edge will be
' used in Eqs(12) and(13). Here,I',, is the influx of neutrals

tachment occurs. into the plasma through the LCMS addy.e 1/no, is the

In the case of wall boronization, a noticeable redUCtioncharacteFr)istic width o?the edae rec C“gge re ﬁﬁari;or Sta-
of carbon and oxygen influxes both in ohmic and in aUXiIiarytionar states discussed in thge recyeding segctioﬁ the condi-
heated = plasmas has been reported from man}{ion o?full article recycling at trf)e LCMS% =T,, is ful-
tokamaks-11%43-4The degree of reduction varies, however, P ycling P—"n

strongly from machine to machine, from 2 to 9 for Carbonf|IIed. In considering fast perturbations leading to MARFE,

: . -one should take into account thBt, is determined by the
and from 3 to 15 for oxygen, depending on particular condi- . )
release of neutral particles from the wall and the time con-

tions, e.g., the gas composition used for boronization, the : . X
. . . Stant of this process is essentially controlled by the wall ma-
quality of covering produced, etc. Henceforth, we assume in_". . 49 .
: . ; terial propertie$® Here, we use a very simple approach to
our calculation that the erosion yieldy andYo are reduced estimate the perturbation df,,, which nevertheless allows
after boronization by an averaged factor of 5, however, th P n

results do not noticeably change if the reduction factor is 4 0?0 take into account the role of the wall. Following Ref. 51,

larger. The total impurity content is not significantly changed  I',=T',Rp+ ucy, (15
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where the first contribution is from the ion reflection with the whereE, = 3T ¢+ E ¢+ Y Eagbrag With dr=§,—1,
coefficientRp and the second one is due to desorption of dInE. dInE
1 a3l 1 1
neutrals from the wall with a rate coefficiept The surface bi=bwbp— =t T —
density of neutrals trapped in the watl,, is governed by dinT = dinn

the balance equatich and
o =T (1= Rp)— o (16 Kien
ar ~ e Tn=Ta(1=Re) = pow. VL,

. . =& 4 —
Consider small perturbations of plasma parameters propor- Prad=Ep dinT

tional to exp¢t) X O(l) near their stationary values. Close to

0
the instability threshold, wherg— 0, the pressure is main- din Kion
tained constant on magnetic surfaces with an accuragy of a Vovk: 1-6,+ 7
(see, e.g., Ref.)7 andn/n~— T/T. By linearizing Egs. t— dnT B (20

(12), (13), (15), and(16) we find the relations
_ ~ Equation (18) reduces to the canonical form of

l

r_z _ fp; ?_:: _ gwfp; 17 Mathizeu’s equatior?
with W+[a—2p cog2z)]X®=0 (21
24 p— 06— dino, with the independent variabie= (77— 9)/2 and the coeffi-
dinT cients
S AQPR?( T, E,  1+s—=
and - Ki 5edge?_ e 7OedgdT —on)
YRp+ 1 20°R2 l4g-s (22
M2 P= P TOedgdT

Equation(14) is integrated over the edge region width As shown in Ref. 7, the eigenfunction of E@1) with
with the boundary conditions at the LCM8T/dx= T/67, the largest growth rate, which satisfies the necessary peri-
and at the interface with plasma cotg,=q.qe. The result odic conditions is the even Mathieu function of the zero
is linearized for toroidally symmetric perturbations, for order,cey. This function has a maximum &t=0, i.e., re-
which dl=gRdJd¥ where 9 is the poloidal angle measured produces the structure of a developed MAR(EEe Fig. 1 in
from the HFS,q is the safety factor andR is the major Ref. 7). There is an unique relation between the eigenvalues
radius. This yields an equation for the poloidal variation ofa and p and with an accuracy of 10%a~— 2p/[1

the temperature perturbation: + (4/p)]. This, together with E¢(22), yields the growth rate
2 of the perturbations:
K| d<e ~5
5n ‘y@ - W W 5edge: —joss- (18) 1 FpE* K,
Y e T—ﬁ(lﬂLg—S)&A : (23
Here, Qpe= (3T +Ei+ Y Ead +9" «, (T, /57) is nearly edg T
the same as,ss given by Eq.(10). The single difference is where
the presence in the conductive heat loss of the metric coef- 2
o SR . A2
ficient g"", which accounts for the magnetic geometry. Fol- Ey=1—
i X 2 : A .

lowing Refs. 7 and 51, we consider cylindrical magnetic flux Aot 2 TOedgdTK|
surfaces which are nonconcentric due to Shafranov Ahift Y 1+s—¢ 0°R%k 7

their axes. In this case,g"=1—-A;cosd and A;
— < H H rr 1At
=2(dA/dx) <1. Qualitatively,g'" reflects the variation of just becoming unstable, i.ey=0, and can be used to write a

:jr;:t:r:izagggrgzzvr\:z:?t;vx?agrignme:% dst’r:feafae;aﬁ?;g';atuF%ation for the critical plasma density. For the case discussed
L o o above withD! ,D, , and«, independent of the plasma pa-
gradient its minimum at the HFS, whesfe=0. It is impor- Ll L P P P

. : . rameters, we get
tant to notice that in the lowest order with respectAtpthe g
part of gy proportional to the particle flux is [EAT
d-independent. Physically, this follows from the fact that the ~ Ner =N« \V E

density gradient and, thuk,,, are governed by the penetra-
tion depth of neutrals whose motion is not influenced by thevheren.=v2«, 7/D, 7o, . Here, the plasma temperature
magnetic field. By using relation€l7) and assuming)' is not known and should be determined from the stationary

The critical condition corresponds to the perturbations

(24)

*

~n"T% and k, ~n°T* we obtain plasma heat balancq&ore=(q,sosgzqk,ss_, where(- - -) means
the value averaged over the magnetic surface. This balance
~s | rr l+s—e¢ Eil= can be rewritten as a relation between the stationary values
Qioss— | 9 K. _Fp_ T, (19 ; !
7071 T of the plasma density and temperature for a giggfe:
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10 tions in the preceding section. One can see that in both situ-
ations, nyaree at the intersection points 1 is roughly the
same, in disagreement with experimental observafions.
This can be explained by the fact that under conditions of
fast hydrogen desorption from the wat,>vy and &,~1,
impurity radiation is not the dominant trigger of MARFE.
This becomes evident by considering the dashed curves,
which give n., computed without impurity contribution at
all. Under these conditions, MARFE onset occurs at the
point 2 and is purely due to “recycling” instabili?>* By

this instability, the convective energy loss acts instead of
radiation. A spontaneous reduction of the temperature inho-
mogeneously on the magnetic surface leads through the pres-
sure equilibration to an increase of the density. Therefore, the
perpendicular particle and energy flow to the wall grows and
leads to a further plasma cooling. Formally, this mechanism
is represented by the recycling termsHg proportional to

¢t and ¢, [see the line after Eq19)]. The relevance of
“recycling” instability to MARFE formation was first dis-
cussed in Ref. 54.

The significant increase ofyaree after wall boroniza-
tion observed in the experiméntcan be interpreted by the
change in the hydrogen recycling. It is generally reported
(see, e.g., Refs. 19 and }{that boronization results in a
much more effective wall pumping then carbonization. This
would mean that the desorption rate coefficientsee Eq.
(15) and Eq.(16), is significantly lower for boronized walls
then for carbonized ones. With decreasjadhe coefficient
¢,, decreases from its maximum value 1, corresponding to a
6l ] complete recycling, to a level d®p in the limit case with
w=0. For the conditions in questioRp~0.2° and a sig-
nificant reduction in the response of the hydrogen neutral

ng, 0 (10 13cm_3)

2t ] influx and ion outflow to a temperature perturbation should
0 T, (V) be expected. As a result, the recycling contribution to the
0 m 20 0 m 5 o0 instability practically vanishes and the critical density notice-

ably increases. The.(T,) computed for¢,=0.4 is shown

FIG. 4. Temperature dependences of the edge plasma density correspondi ; ;
to stationary states and MARFE threshold for deuterium plasmas surroundefci;g Fig. 4<b) by the dotted curve. In this CasRarre al the

by (a) carbonized andb) boronized walls in TEXTOR, an¢t) for helium point 3 is significantly h.igher thar_‘ in the case of Carbonized
plasmas in JET. Points of intersection, 1-3, give the plasma parameters #alls in agreement with experimental observations. The

_the MARFE onset under _different gssumptions about the contribution quualitative change of the MARFE threshold nature when go-
impurity radiation and particle recycling to the energy losses. ing from carbonized to boronized walls, from predominantly
driven by recycling instability to driven by impurity radia-
tion, can be seen in the modification of the experimental
M_T scaling for the density limit®

KT (25) Finally, we demonstrate that the model proposed here for
37T+E{+YE.q MARFE threshold explains also recent findings in J£The

Equations(24) and (25) are transcendent equations for 'd_”:S “vyall" MARFIE deterrr;:ned the qe”kf“IY Iimi;'im_-r:node h
ner andngg, which can be solved numerically by iteration. eut?rlum JET plasmas, however, In helium discharges the
The plasma parameters at which the MARFE develops,Wa” MARFE did not occur and much higher plasma den-

Nuaree and Tyagee, are determined by the intersection of sities were achieved. Remarkably, this happened even though
the curvesn,,(T) andn(T) the impurity concentration in helium plasmas is slightly
cr S "

higher compared to that in deuterium plasmas of the same
density due to a higher physical sputtering of carbon limiters
by helium ions. However, in the vicinity of the sputtering
Figures 4a) and 4b) show the dependencas,(T,) and threshold the erosion coefficient drops very fast with de-
ns(T.) computed for deuterium auxiliary heated plasma,creasing temperature and this provides a stabilizing effect. In
Qeore=4 Wicn?, «, =2x107m !s7!, in TEXTOR with  addition, the ionization rate of helium atoms is also very
carbonized and boronized walls, respectively. The solidsensitive to the electron temperature in the range in question,
curves were found according to the formulas and assumpwhich additionally suppresses instability. Indeed, a reduction

nSt: N,

V. DISCUSSION OF RESULTS
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of the edge temperature leads to a deeper penetration of rgR. Due to toroidal asymmetry, this length and, thpsare
cycling helium neutrals and decrease of the plasma fiyx, essentially smaller in stellarators than in tokamaks. Therefore
(seedIno, /dInT in the factors¢r,¢;, and ¢,,9. This, one should expect more poloidally homogeneous unstable
first, amplifies the reduction of the impurity influx and, sec- perturbations in stellarators. When the perturbation grows the
ond, leads to a decrease of convective energy losses from tidasma temperature and the parallel heat conductixjty
plasma, i.e., “recycling” instability can be suppressed. This~T%®° drop andp~ 1/, increases leading to a more pro-
is confirmed in Fig. 4) wheren,,(T) andng(T) dependen- nounced MARFE-like shape. A more quantitative consider-
cies are demonstrated for JET helium plasmas with carbon aaion of this situation will be done elsewhere.
the dominant impurity R=3m, q=4.5, q¢e= 3.5 W/cnt,
D, =1n?/s, k, =10Fm 1 s, 5;=3 cm were assumeéd  VI. CONCLUSION
There is no intersection of these curves and the plasma is
stable with respect to the “wall” MARFE at any density.
Although we have confined our consideration only to the
wall MARFE, the recycling instability can be also of impor-
tance for the development of X-point MARFE normally pre-
ceding the wall MARFE in divertor machines. Observations

Experimental observations show that plasma—wall inter-
action plays a crucial role in the development of thermal
instabilities at the edge. In the preceding analysis, this role
was considered from several perspectives. First, an approach
was provided, which estimates the radiation losses from lo-

on many tokamakKsindicate that the perpendicular particle ca_lly _rellez_ased |tmpur|ty, ]:;)r which the trans;()jorlt effe(t:tg are O;
fluxes responsible for this instability start to dominate thePrncipal Importance and a noncorona model must be used.

particle and heat transport in the scrape-off layer and at thghIS gpproach permits the assessment of the nature of the
edge close to the density limit. Recent modelling with the!MPurity source and its dependence on plasma parameters.

code 2D UEDGE show that these fluxes indeed can trigge;econd, the release of the working gas neutrals from the wall

X-point MARFE % With a proper modification of metric co- and the plasma outflow through the LCMS are incorporated
efficients the présent model can be applied to analyze thiiéno the model and related to the characteristics of the wall
situation. However, even in their simplest form these coeffi—"’md.neu”aIS themselves, e.g., their lonization rate. Therefore,
cients are complex functions of the poloidal angle in thethe importance of these properties for the MARFE formation

can be evaluated. In agreement with observations on TEX-

vicinity of the X-poin{s). To date, this has not permitted a ) . N )
consistent analytical treatment of the problem. For exampIeTOR’ the model predicts a higher density limit for discharges

a consideration for the X-point in Ref. 6 did not lead to anym ath‘aCh'.:‘ﬁ W'tg bprodmzetljl w_lz_a:]ls corgplar?d to t;‘f tsatrr?et
explicit formula for the MARFE threshold, even for a sim- machine with carbonized walls. 1he model aiso predicts tha

plified case of isolated Fourier harmonics. For a more ad? wall” MARFE does not develop in helium discharges, as

equate treatment of the eigenfunction problem, a consisterﬂbserved in JET.
numerical approach seems to be unavoidable. At the present
time, we can only qualitatively state that similar to the case®CKNOWLEDGMENTS
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