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A model for the plasma edge in limiter tokamaks is elaborated, which permits us to investigate the
synergy of impurity radiation, particle recycling, and edge turbulence phenomena in the formation
of large-scale structures, in particular, of multifacetted asymmetric radiation from the edge. The
model includes a description for the anomalous transport of charged particles induced by drift
microinstabilities most typical under edge conditions. Computations show that the pattern of
structures, developing when a critical plasma density is approached, is essentially determined by the
poloidal inhomogeneities introduced from the Shafranov shift of magnetic surfaces and from the
ballooning character of edge turbulence.2@05 American Institute of Physics

[DOI: 10.1063/1.1897389

I. INTRODUCTION these processes can be of crucial importance for the density
limit nature? By analyzing the case of poloidally symmetric
The density limit, i.e., the maximum plasma density at-radial detachment, the anomalous transport processes and
tainable before strong deterioration of the discharge perforpower balance were treated self-consistently. It was shown
mance, is one of the most fundamental operational boundhat the edge transport becomes dominated by DRB modes
aries for fusion devices.Since the fusion power scales when the plasma density exceeds a certain critical level. As a
guadratically with the density, understanding of this phenomresult, the particle losses increase, the edge temperature
enon is of great importance for the construction of an ecodrops strongly, and impurity radiation grows drastically,
nomical thermonuclear reactoiNormally, the density limit leading to a thermal instability and radiative collapse of the
is preceded by a significant modification of the edge plasmalasma. By considering linear instabilities, the idea to com-
conditions which occurs suddenly at a critical density closebine radiation and transport effects has been elaborated in
to the limit. The formation of a multifacetted asymmetric Refs. 13 and 14.
radiation from the edgéMARFE), a looplike plasma struc- In the present paper, we develop further the approach
ture at the high field sidéHFS) with large density and small outlined in Ref. 12, aimed on a synergetic analysis of mecha-
temperature, being a source of strong radiation from hydronisms responsible for the edge phenomena preceding the
gen neutrals and impurities, is a prominent example of suckensity limit. The tokamak magnetic geometry is taken into
a behavior. Although the appearance of a MARFE does no&ccount through the Shafranov shift of the magnetic surfaces
universally lead to a dramatic deterioration in plasma perforand the decay of the field strength with the major radius. The
mance, an attempt to increase the density further normallgnomalous transport coefficients are calculated by solving
does. In other cases anomalous particle transport and convasumerically the eigenvalue problem for small perturbations
tive energy losses increase dramatically when the criticabf plasma parameters. The transport equations used now al-
conditions are reached and a poloidally symmetric radialow the variation of plasma parameters in the poloidal direc-
contraction of the plasma column, detachment, takes placetion. This provides a possibility to model the formation of
Different approaches have been proposed in order to exstrongly inhomogeneous structures at the plasma edge, e.g.,
plain the phenomena described above. Many of them involv8IARFE, and to analyze the consequences of the transition in
thermal instabilities at the plasma edge which can be trigthe edge turbulence when it becomes dominated by the DRB
gered by the specific dependence on the plasma parametermdes and the particle and energy losses are strongly en-
of the energy losses with impurity radiatiS’ﬁ,plasma recy- hanced at the low field sidg-FS).
cling on divertor plated,or on the inner walf. Another line Developing the model in this way permits an under-
of thinking” makes stress on the role of the edge microtur-standing why under certain conditions the density limit is
bulence underlying anomalous losses of particle and energyaused by the occurrence of MARFE, but under other cir-
from the plasmd-'°A strong increase of them close to the cumstances a transition in edge turbulence takes pfite.
density limit is attributed to a fundamental change in theln order to avoid complications in the analysis, we consider
turbulence character, in particular, to the growth of low-the simplest magnetic geometry with cylindrical magnetic
frequency fluctuations caused by drift resistive ballooningflux surfaces nonconcentric due to Shafranov shiftsee
(DRB) instability™* Fig. 1). This geometry is specific for limiter devices like
Recently it has been demonstrated that the synergy ofokamak Experiment for Technology Oriented Research
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main fractions:(i) desorbing “cold” neutrals with the wall
a temperature which is much lower than the edge plasma tem-
R - LCMS N i ;
27 N peraturel and(ii) “hot” atoms with an energy of the order of
E z R.A T, which are produced by reflection of ions from the wall. In
g E v the confined plasma volume inside the LCMS, cold atoms
’g are ionized by electrons and charge exchange with ions. The
8 latter process together with volume recombination of

charged particles, which is especially important at low tem-
FIG. 1. The poloidal cross section of magnetic surfaces in a plasma boundqgerature in MAREE region leads to the production of addi-

by a bumper limiter at the high field side. The coordinate systems assume{j | hot trals. D to ionizati d ch h
in the consideration are the following: for neutrals—the distahfrem the 1onal hot neutrals. Due to lonizafion and charge exchange

point in question to the LCMS and the anglebetween the directions from  the densityn, of cold neutral particles decays with the dis-
the LCMS center aR, to the point and to the HFS, respectively; for charged tance from the LCMSé:

particles—the differencr between the LCMS minor radiwsand thaty, of

the magnetic surface with the centeiRgt+ A, to which the considered point an

belongs, and the poloidal angte R andZ are cylindrical coordinates. Ve—=—-§. (1)

C (9%
The subsequent charge exchange leads to random motion of

TEXTOR) and particular computations will be performed A . o1 .
( : P P P hot atoms and a diffusion approximatidrf® is used to

for the parameters typical of this devite™®Only the plasma ’ .
edge region just inside the last closed magnetic surfac@Odel their densityn;
(LCMS) will be considered. It is supposed that charged par- P an,
ticles lost by perpendicular diffusion through the LCMS into —(— Dh—> =-S. (2
the scrape-off layefSOL) recycle immediately back into the 9§ ¢

confined volume as neutrals on the same position at th§, ihe equations abov&/.~10°* m/s is the velocity of cold
LCMS. This approximation does not take into account theatoms,SC:(kﬁkcx)nnc, S,=kinn,—Kkonn.—k.n? the sinks of
redistribl_Jtion of pa_rticle flows in thg SOL. The latter is, of pairal particles withk, k., k- being the rate coefficients of
course, important in the case of divertor geometry With  jgnization, charge exchange, and recombination, respec-
points or for a study of the effect of the clearance betweeqive|y andn the plasma densit, =T/m,/ (k +k.)/n is the
the LCMS and the inner wall’"*®We intend to develop these diffus,ivity of atoms with massn.. 2 x
aspects in a subsequent paper. This will permit the effect of ¢ ‘giffusive approximatio; for hot atoms implies that
plasma recycling on divertor plates on detachment angheir energy can be characterized by an “effective” tempera-
MARFE formz?mor’? to be accounted for. - ture governed by the heat balance of atoisse, e.g., Ref.
The remainder of the paper is organized as follows. Th&y) This assumption can be, however, questionable if the
following section describes the set of equations used for thepaacteristic length for the ion temperature change is com-
transport of neutral and charged particles, plasma parallglaraple with the penetration depth of neutrals. This is nor-
momentum and heat in the edge region. Also, the boundary, |y the case in realistic plasmas and kinetic approximation
conditions to these equat|on.s are formulgted h.ere. In Sec.. N5hould be applied for a firm treatment. Nevertheless, the
we deduce a set of approximate one-dimensional equationgsde| in question provides very reasonable results for such
for the poloidal variation of plasma parameters averagefnortant macroscopic characteristics as the total source of
over the radial extension of the edge layer, derive the expregparged particles, energy losses on neutral ionization, etc.
sions for the components of the energy losses from the edgfhis has been demonstrated in Ref. 22 by comparing the
by particle convection, by the ionization and excitation of ynde| predictions with those from the three-dimensional
recycling neutrals, by impurity radiation and by plasma CON~(3p) code packagEMC3-EIRENE
duction; and analyze possible mechanisms of thermal insta- ¢ density of charged particles is governed by the con-
bility due to these loss channels. In Sec. IV, the model Useﬂnuity equation
for the determination of anomalous transport coefficients
perpendicular to the magnetic surfaces is outlined and itis dn
demonstrated that this reproduces the strong increase in the 5
transport and its ballooning character when the plasma col-
lisionality exceeds a critical levéi'® The results of calcula- where I' =-D,V n is the component of the plasma flux
tions with prescribed transport characteristics and with thoseensity perpendicular to the magnetic surfadgs, the dif-
determined from the developed transport model are prefusivity of charged particles; in the case of nonconcentric
sented and discussed in Sec. V. Concluding remarks arsircular surfacesV , =~ (1/1g,)(d/3,),>> where the metric

+V I +V =& +S, 3)

given in Sec. VI. coefficientg,, takes into account the variation of the distance
between neighboring magnetic surfaces with the poloidal
Il. TRANSPORT EQUATIONS angled, andV;=d39/(gR) for axis-symmetric configurations.

Equation(3) does not include poloidal particle flows due to
drifts important, in particular, for MARFE poloidal asymme-

The neutral particles generated on the machine walls byry. The corresponding development of the model will be
recombination of electrons and ions can be separated in twdone in future.

A. Particle transport
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Strictly speaking the assumption of a diffusive nature of N,
the perpendicular transport is actually at odds to experimen- Vene(0) = (1 =Ryl - Dha_g(o) =Rl (6)
tal observations in which it is via convective structures with
characteristic dimensions of 1 cm in the poloidal and radiawhere R, is the reflection coefficient of ions anll,=
directions'! Only, for a scale larger than this an effective —I' | (0). A finite time of the wall reaction can lead to signifi-
average diffusive description can be introduced. Such a scakant changes in the dynamics of MARFE formatf8rThis
is still small compared with the characteristic dimensions inphenomenon will be discussed in detail elsewhere.
question and the adopted concept of a diffusive transport In addition we assume as given, tedolding lengths of
should not lead to completely irrelevant results. Neverthethe plasma density and temperatufgand &y, at the LCMS,
less, a coupling of the present model with a turbulence code=0,
which provides a simulation of convective structures, would on n

significantly improve the reliability of the results. X= Oax =5
n

iT_T
xS
They will be determined self-consistently when a model for

the transport in the scrape-off layer will be included into
consideration. At the interface with the plasma coxe,

()

B. Transport of plasma parallel momentum

~ The particle flux component parallel to the field ling, =5, , poloidal inhomogeneities in plasma profiles disappear
is determined from the sum of the momentum balance equaind the plasma particle density is equal to a prescribed one;
tions for electrons and ions: in addition, the particle fluxes vanish and heat is transported
a_FH o <@-+ F_f o (FLF S0 " only by conduction:
gt "\'m “\'n /) n’ aT _ 2T, do
5 = Qcore /__ZT’ (8)
where we assume the same temperafufer both types of 0 VO

charged particles. This equation implies tha_\t the_parallel MOWith egre=Peord Score Peore PEING the heating power ar®l,e
mentum is changed by the pressure gradient, is transferrgfie total area of the core-edge interface surface. There are no

charge exchange with cold neutrals, which do not have any, the present problem formulation ama/Jd9=4T/d9=T,
parallel velocity in average, and is gained by ionization of=q js assumed af#=0, 2.

hot atoms, which have acquired the ion velocity before.

lll. APPROXIMATE ONE-DIMENSIONAL MODEL

C. Heat transport In this section we reduce the set of transport equations
above to approximate one-dimensiofdD) ones. This is
done by averaging the initial equations in the radial direction
over the width of the edge layef,qqa

The plasma temperaturt is governed by the sum of
electron and ion heat transport equations:

onT m I'2 ey
[ — i | edge d
C +VLqL+V|: K|V||T+F<5T+ 5 2 <f>(ﬁ):f f(x, 9) X —= |
0 edge
3
=5TS-E(S&+S) Qe (5)  Such a simplificatiotf"* reduces numerical efforts signifi-

cantly, but should be well validated since 1D equations are

Hereq, =3I', T—-«,V, T is the heat flux density component used to model an intrinsically 2D problem. Conversely to
perpendicular to the magnetic surfaces with both convectivéisual 1D models for the plasma ed@ee, e.g., Ref.)6the
and conductive contributions included; and «, are the present procedure allows to fulfill the boundary conditions at
parallel and perpendicular components of the plasma hedlte LCMS and at the interface with the plasma core. In Ref.
conductivity; in the right-hand sidéRHS) the first term de- 12 this approach was applied by considering poloidally ho-
scribes the energy gained by ions by ionization of hot neufmogeneous states. There 1D transport equations, describing
trals and lost by charge exchange of cold ones, the secoritie radial variation of the plasma parameters, were reduced
one the loss by electrons on ionization and excitation of neuto nonlinear algebraic equations. The results were in good
trals, and the third oneQ,,, the losses with impurity radia- agreement with the direct numerical integration of 1D equa-
tion. tions. For example, the difference in the critical density for
the radial detachment did not exceed 10%. In Ref. 25, where
only radiation energy losses were taken into account by mod-
eling of MARFE, we have demonstrated that a carefully con-
structed 1D model reproduces well important features of 2D

In the present paper we consider the case of an immedsolutions. This is not by chance since the method used to
ate reaction of the wall when the influx of neutrals into thereduce the dimensionality of partial differential equations is
plasma is always in equilibrium with the ion outflow from close to those developed and thoroughly grounded in Ref.
the plasma: 26. Nevertheless, a 2D numerical simulation for the situation

D. Boundary conditions
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in question, being much more general than that considered in dIn(T) — &l or

Ref. 25, is one of the main priorities of our future studies. a=| " g ~2Mveg My, b=g(1+ —p—5 ") M,
edg

A. Transport equations F= (gN_ + <n>_%> My, (15)

By integrating Eq.(3) with respect tox we take into )
account the relationé=1g,dx and Eqs(1) and(2) with the ~ With
boundary condition$6). Since at the LCMS the influxes of ay & 1 ( qR)Z

neutrals is balanced by the outflow of ions and at the inter- M Mi=1-M? g=—

face with the plasma core all particle fluxes vanish, one gets e V & €1\ 7Cs

as a result, . \/@
m + iw =0 (9) s m .
gt gR 99

_ The boundary conditions to Eq4), N(0)=0 and
An analogous procedure performed with the parallel momenn(27)=0, imply the conservation of the total number of par-

tum and heat transport equations leads to ticles at the plasma edge. Together with Etfl), where the
Wy, 1220, O, ) 1o, Drovides 56t of noinear orinery diferential epiaions fo
gt gRao\ m b (n) *? edge (M) 3

N and(T). They allow us to find by iterations the poloidal
(100 distributions of these parameters, and, thus, of the physical
(o) T density and parallel fluxny and(I";), at a given time mo-
J 19 Ky) KT i i i -
35(<n><-|->§1) + {_ ——§4+<F|><5<T>§5 ment with known parameters as the previous one. It is nec

gRJY| qR 99 essary to note that the procedure based on the integration of
9 — the second-order equation fbris essentially more reliable
+ mi%&sﬂ = Mﬂ_q'oss (11) and numerically stable than the integration of two first-order
(n) Oedge equations(9) and(10) for (n) and(I")).

where the dimensionless factafsg, ... are of the order of 1
and relate the averages of products with the products of av- -
erages for different plasma parameters; they are estimated &h Radiation energy loss
the basis of 1D modeling of radial profil¢see Refs. 12 and Impurity radiation losses are dominated by locally
21) and will be assumed, henceforth, as independend of eroded particles which are far from ionization-recombination
and time; the density of energy losses from the edge regioraquilibrium described normally by corona modéAn ana-
Ooss includes the contributions from different channels: im-lytical noncorona model presented in Ref. 24 takes into ac-
purity radiation,q, convection of charged particles through count the transport of both impurity neutrals and ions under
LCMS and ionization of recycling neutralsgenrec  the assumption that the latter can be separated into groups of
:Fp(3<T)§5+<Ei>_§6), and plasma heat conductiom,,q “radiant” and “dim” charge states. The former are ions with
=k (TY& 81Oy excitation energies much less than their ionization potentials.
As the next step we combine Ed9) and (10) in order  In the case of light impurities such as Be, B, and C, this
to reduce them to an ordinary differential equation of secondjroup embraces the ions of low charges up to that of Li-like
order. For this reason the time derivatives are replaced bgnes?8 The latter includes He-and H-like ions with very high
finite differences: Kf)/ ot~ ((f)—(f)_)/7, where (f)_=(f(t  excitation energies and fully stripped impurity nuclei.

—-7)) and 7 is the time step. By integrating E€Q) with re- This model for impurity transport and radiation is of
spect tod and by taking into account thdt',)(0)=0, one  course highly simplified compared to a complete numerical
obtains treatment of the problem. However, it takes into account im-
portant features of such a treatment, e.g., the role of the
() =— %N(f)‘) (12) source of neutral impurities at the wall and transport of ions
T

in the plasma. In Ref. 24 it was demonstrated that the model
reproduces well the experimentally found behavior of the
impurity radiation potential with the plasma conditions in
TEXTOR.™

We apply here the approach outlined in Ref. 24 by as-
suming that the radiant ions do not exist beyond the edge
With () in the form (12) and(n)=dN/dd+(n)_, one gets  region. This condition takes into account the fact that outside

with the new variable

b
N(9) = f (m =(n)-)d¥. (13)
0

from Eq. (10) an equation folN: the edge layer the electron temperature has a very sharp ra-
N dN dial gradient and is promptly elevated to a level significantly
a2 +aa(} -bN+F=0, (14)  higher than the ionization potential of Li-like particles. In
Ref. 24 the “nonexistence condition” for radiant particles
where was imposed at the “infinite” distance from the LCMS. For
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the purpose of Ref. 24, the study of MARFE threshold, thisbe ionized. Therefore a proper boundary condition for their
difference is of minor importance, since under these condiedensity is very essential. According to Ref. 2f,4=joEag
tions the temperature at the edge is high enough and radia@terej, is the influx of impurity neutrals related to the out-
ions penetrate into the plasma on a distance shorter thafhy of background ions through the erosion coefficient and
Seqge [N the present investigation we consider also theg  the impurity radiation potential. With the present bound-

. . . T
MARFE state and in the MARFE region the temperature 'Sary condition we have

so low that impurity radiant species have too few chances to

1) 1) 1)
I,ad[l + ex;{— idge)}tanl‘(ﬂe) - Io[l - exp(— idg‘ﬂ
0 IO 2Irad IO
I

Erad: Erad X — ) (16)
rad '0
|
whereE% =lo/ (Iiag+ o) X L,ad/k};jn is the relation for the ra- 5 1 (20)
diation potential obtained in Ref. 24 with=V,/k,,/{(n) and 3 (M1 - krViZ/DL/<n>/ki/(Rpki +ky)

l,ac= D /KL /{n) being the penetration depths),, andk:
the ionization rates of impurity neutrals and Li-like ions, where 0. =V;//(ki+k.)k; is the characteristic cross section
respectively;V, the velocity of impurity neutralsl,,4 the  for the attenuation of hydrogen neutrals in the plasma due to
cooling rate of radiant species. In the limit case of a shallowionization.
penetration of impurity neutrals and radiant iofgg,lg
< Gedge Erag approache&€?,; in the oprosite situationgegge
<lraa lor Erag™ 8igd (120l7ad) X Lrad/ ki D. Thermal instabilities at the edge

As it was demonstrated in Refs. 24 and 29 the plasma
edge is thermally unstable g,/ (T)<O0. Indeed, when
this criterion is fulfiled a spontaneous reduction ¢F)

The density of the plasma particle outflow through thewould lead to an increase in the energy losses and a further
LCMS, Iy, is one of the key parameters in the 1D model forreduction of the temperature. Since there are different con-
the plasma edge. According to the definition it can be estitributions toq, different channels of instability exist.

C. Plasma particle loss

mated as follows: Normally dq,,4/ X T) <0 since the radiation potenti&}.q
increases with decreasing temperature: the lower the tem-
D, An_An perature, the longer is the lifetime of radiant impurity ions
Iy~ V@( 5edge~ D, 5 17 until ionization. This tendency can be, however, altered by

the temperature dependence of the impurity erosion coeffi-
whereAn= 2(n) is the characteristic variation of the plasma ¢i€nt. Thus, physical sputtering increases promptly when the

density across the edge layer, and the relation betwgand projectile energy exceeds a certain threshold. On the con-
Sedgeis derived in the Appendix. In order to assegswe trary, chemical erosion of carbon depends weakly on the par-

proceed from Eq(2) where the spacial derivative is replaced fiCle energy. This difference can be one of the causes for
with the division by the characteristic dimension. In the re-Significantly different MARFE thresholds found experimen-

gion where the source of hot atoms due to charge exchand@'ly in TEXTE?R with carbonized, boronized, and sili-
of cold ones is negligible, we have conized walls® however, distinct recycling properties also

play a very important rolé?

) Convection-recycling losses can also lead to a thermal
Dh?h ~ ki(n){np) — k(Y2 (18)  instability>® Indeed, a local spontaneous reduction of the
3 temperature leads through the pressure equilibration to an

increase of the density. Therefore the perpendicular density

The influx of hot atoms into this regiod,~2D(Nw/J:, IS gradient (n)/ 8,44 grows and the loss of charge particles
the sum of the influxes of neutrals reflected from the wallihrough the LCMS,T',, increases asn)?~1/(T)2. Thus,

and produced by the charge exchange of cold ones: Qeonvirec~ &/ (T +(ENEs/(TH2 and d0eonmyred KT)< 0. Also
this behavior can be essentially modified by the wall reac-
Jy=RT,+TH(1-R) Kex _ (19 tion. If hyd_rogen_ _neutrals are rel_eased from the wall too
ki + Kex slowly, the instability development is dragged on and cannot
happen during a reasonable time. This point has been
By combining equations above one finally gets touched in Ref. 24 and will be discussed in detail elsewhere.
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It is easy to see thaig.,,¢ X T) >0 and heat conduction perturbation of the parallel current component:
loss plays as usual a stabilizing role. The threshold of a ther- - . . RN
mal instability is determined by the condition that the tem- dj 9 =iK[4q cosIN + wrK(p+ )] (22)
perature dependence Qfyg and Qeonvirec OVErcomes that of  with 7,=qR/c.. The relation between perturbations of the

Jeone ON the one hand, botty,q and GeonvireciNCrease with  density and potential follows from the ion continuity equa-
the plasma density and there should be a density limit for thgon:

instability. On the other handy,,q varies as 1{!’@ and has

A~ _ w2 N~
a minimum at the HFS. Therefore an instability starts there "~ (0-/0 =K1 +K) e (23
and this prescribes the position of MARPE® where w.=Kc4/L, is the electron drift frequency with.,
=dx/d In n being the densitg-folding length. From the par-
IV. MODEL FOR ANOMALOUS TRANSPORT allel component of the Faraday’s law one gets
COEFFICIENTS ~ . 2
BJ/B=i(B/K)j, (24)

The density of charge_d partlcle_ l08, being e_sser_1t!al and from the radial component we deduce the parallel elec-
for both g;5q and Qeonvires 1S determined by the diffusivity tric field

D, . In fusion devices, and especially at the plasma edge, the
latter is of anomalous nature and is due to turbulence driven EH/Esz i(rewBIKD)j, = dplad (25)
by diverse drift microinstabilities. Strong radial gradients of

plasma parameters, collisions between electron and ions, p#iith S=4mT/B? andE=T/(qRe. _ _
loidal inhomogeneity of magnetic field have been identified ~ Finally, we use the parallel electron motion equation
as possible causes for instable modes, such as drift-Alfvén di d(nT)~B B ”
(DA), drift resistive (DR), and drift resistive ballooning Me s +TV/i+ — L X__ eng + nle;efll,
(DRB). Due to complexity of the problem sophisticated ap- € dt dx B e

proaches have been developed to model the edge turbulenggere 1, is the electron-ion collision frequency. With the

and realized '1% numerical codes such as BOUndry Turburelations obtained above one gets the following eigenfunc-
Ience(BOUT), Drift ALFven 3 (DALF3), Resistive Bal- tion equation for the potentia| perturbation:

looning Modes 3 DimensionalRBM3D).*® In the present N
paper we assess the effect of these instability channels on 9°¢ _ [Tw(ﬁ " ”_‘eM) + i@ /"_‘eM
anomalous transport by using a reduced semianalytical 992 S \M e

(26)

m

model. In spite of its relative simplicity this model repro- 2
duces in agreement with code simulations the transition to —,3@} 7soM(w. + 0) + 4q(e- ZwM Jcosd .
increased anomalous transport with rising density. Lp @« ~ o(1+2M°)

(27)
A. Equations for small perturbations of plasma with A\ being the mean free path length of electrons between
parameters

collisions with ions and.,=dx/d In(nT) the e-folding length
Small perturbations of electric currepjtdensityfi, elec-  Of the pressure. In order to take into account the effect of the
magnetic sheas=L,dIn gq/dr on drift instabilities through
the Landau dampind, the effective perpendicular wave
numberM =\K?+2s? has been introduced.

By inspecting Eq(27), one can identify several combi-

trostatic potentialp, radial magnetic fiel(f%r, and parallel

electric fieIdEH are assumed in the forrf(l)exp(iky—iwt),
wherek is the wave vector in the direction on the magnetic

surface perpendicular to the f'elq lines, IS the complex nations of terms which are responsible for different unstable
frequency, and the envelope functibtekes into account the

A ; e modes. The first term in square brackets in combination with
variation of the perturbation along the magnetic field. The

: . ) S : the first term in the numerator of the second fadtdr/1”
latter arises since the toroidal magnetic field decays with th%ombination is responsible for DA modes, the “2/1” com-

distanceR from the tqkamak axis ag.:BORO/R:BO/@ bination describes DR modes, and the “2/2” one DRB
_r/ROCOSﬁ),’ whereB, is the. magnetic field at the axis of modes. The last term in square brackets is responsiblg for
the J‘CMS situated at the rgdulf&@). The perturbed ion veloc- stabilization of edge instabilities, which was considered in
|ty Vi is taken as the sum & X B, polarization, diamagnetiC, several papers as a trigger lofH transition?’ss
and gyroviscous drift contributior.

From the ion momentum balance equation one gets the

perturbations of the current density perpendicular to thes pispersion relation and characteristics of unstable

magnetic field: modes

Jx=2iKn, j,=-Kolog(e+0), (21) By making use of the substitutiom=(7—9)/2 the
a o~ N eigenfunction equatiofi27) can be reduced to the Mathieu

where j=j/js, N=N/n, p=€p/T, js=eng, c,=\T/m is the  equatiori

ion sound velocityK =Kkps, ps=Cs/ w¢; the ion Larmor radius,

wg=eB/(mc) the ion Larmor frequency. By applying the

plasma quasineutrality conditioﬁ-fzo, we obtain for the with the coefficients

PploZ+(a-2pcos 2)p=0 (28)

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



052510-7

FIG. 2. TheK spectra of the normalized growth rates of unstable mode:

Phys. Plasmas 12, 052510 (2005)

Role of thermal instabilities and anomalous transport...

=c¢/L,, computed for TEXTOR witla=0.46 m,R=1.75 m,

B=2.25T,g=3, and two sets of parameters at the plasma

edge. The first case with a relatively low density of 1.5

X 10 m™3, corresponding to a collisionality facter,~ 0.5.

The mode represented by the second-order Mathieu function
has the largest growth rate and should dominate the trans-
port. Fora, approaching to zerdp| <1 andce, reduces to a
single Fourier harmonic witk,=1/qR* These modes coin-
cide with those considered in Ref. 35 and being triggered by

drift-Alfvén instability. For these modes the poloidal depen-

§ e

002 L
dence of the magnetic field plays a minor role and their am-
plitude does not have a pronounced maximum at any particu-

lar position on the magnetic surface. Under conditions of a
high plasma collisionality with(ny)=2.5X 10 m™3 and a,
~5, the mode described by the zeroth-order Mathieu func-
tion has the maximum growth rate. This mode having a bal-
looning Gaussianlike form with a single maximum at the
LFS*i.e., reproduces the localization of DRB modes.
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C. Anomalous diffusivity

An unstable drift mode induces a particle flux perpen-

l' ! K= p
. ¥yFs
dicular to the magnetic surfaces with the denﬂ?tyzﬁV*E
crc.c.’* whereVe=c(-iky)/B is the drift velocity due to the
perturbation of the poloidal electric field. For the potential

002

i
IX .
0 0 02 04

with the eigenfunctions given by the zeroth-orderoken curve and(chain
curve second-order Mathieu functions computed for edge plasma paramperturbation we use the quasilinear approximéﬂoﬁp|
~ ylkk, X B/c. The component of the wave vector perpen-

eters in TEXTOR at lowa) and high(b) collisionality.

dicular to the magnetic surfack, can be estimated as 3/
where X, is the radial width of the mode restricted by the

magnetic sheat* Xo= ps/S. By taking into account the rela-

_ Ar,wM(w+ + ) _ 8q(w« — wM?)
T we—o(l+2Md w—w(l+2M?) "’ tion (23), one finds the contribution of a mode to the anoma-
(29) lous particle diffusivityD | =T" n/L,;:
'}/3 (Ps)z 2
D, = — . 31
0?2\ s) 1+ M2 1)

where b=7w[(8/M)+(my/m)M]+i(M/2q)a.—(a/q), a;
=(20°R/\o)Vm/my is the collisionality parameter related to

the diamagnetic parameter; introduced in Ref. 9 andk
=?RB/Lp is the MHD parametet.
Equation (28) has periodic boundary conditions, but
there are no terms which would require an asymmetry Ofjcient is normally not provided by the mode with the maxi-
e|ge_nfunct|ons_ and we confln_e ourse_lves Wl_thout loss of_ 98Mmum growth rate, i.e., the wave numbers at which the
erality to poloidally symmetric solutions with zero deriva- growth rate and the transport contribution approach their
respectively, do not coincide. A lin-

Figure 3 displays th& dependence ob , for the pa-
rameters used above by calculating the spectra in Fig. 2. One
can see that the maximum contribution to the transport coef-

b% D
max Eir1(j }<:n1ii)0

tives atd=0, 27. Moreover, only solutions of a period mul- \ovima Kk

tiple to 27 with respect tod are in question. These g5 model does not take into account an interaction of differ-

constraints restrict the multitude of solutions to evengnt eigenmodes and cannot firmly predict which of them
actually dominates the transport. This can be done only by

Mathieu functions of even ordersg, , . In this study, only
the first two, ce, andce,, will be taken into account under neans of a firm nonlinear consideration of the anomalous
the assumptlon. that the gontrlbutlon frqm hlgher orders ISransport, e.g., by coupling with a turbulence code. Such a
small. By applying approximate algebraic relations betweenyeyelopment is planned for future but presently we confine
ourselves to the linear approach developed above. Concern-
ing typical transport coefficients and their variation with col-
lisionality, being most important for the present subject, this

approach gives results similar to nonlinear simulations.

eigenvalues andp,
In order to assess how the model results are sensitive to

ay~-2p%(p+4), a,~(-2p’+40p+128/(p+32),

(30
one gets dispersion relations betweerand K. Considered
as equations fow, these can be reduced to polynomial alge-the assumptions done, both situations with the transport gov-
braic equations of the fourth and fifth order, respectively,erned by the modes witl},,, or KEW are considered. Figure
which are solved numerically by using a standard subroutine4 showsD | versus the collisionality parametet. The dis-
Only the roots of the maximum positive growth rate continuity in the curve slope corresponds to the transition
=Im w are selected and considered henceforth. from the transport dominated by the Mathieu eigenmodes of
Figure 2 shows thé&K spectra ofy normalized tow, the second ordece,, to that due to the modes of the zeroth
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I A since collisionless electron drift instabilities are completely
A ] . .
i i suppressed by the magnetic sh&4r However, this range of
g ! \ parameters corresponds to low density and high temperature
i ‘\‘_ and is beyond the scope of the present study.
: i WO = L
H SN T When the collisionality is high enough ang>1, D |
fri “\ ~aDyg and can be reduced to the form more familiar for
i/ o Kok, ) the DRB-induced transpott:
0 lewat . . e
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D, ~ (dpe) Vei - (32
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FIG. 3. TheK spectra of the contributions to the particle diffusivity normal-

ized to the gyro-Bohm coefficierﬁangcspg/Ln from unstable modes with . . . ~ 2

the eigenfunctions given by the zeroth-ordéroken curvg¢ and (chain The poIc_ndaI qep‘?”dence _Of part|cle |OS_S€_S, glve'h’dﬁﬁﬂ !

curve second-order Mathieu functions computed for edge plasma param@lS0 varies significantly withy, when this is larger than 1.

eters in TEXTOR at low@ and high(b) collisionality. Figure 5 demonstrated | () profiles for several values of
ag.

order, ce,. The discontinuity in the dependence found withy, RESULTS OF COMPUTATIONS
In this section we present and qualitatively interpret the

Ko mimics the fact that for 0.& a,<2 the modes of the
second order have the maximumbut do not produce the
largest transport. results of modeling of transitions at the plasma edge leading

According to Fig. 4D | =2Dg if a;=0.2 but is not too to the development of strong inhomogeneities, MARFE at
high and the transport is still governed by tbe mode. In  the HFS and detachment at the LFS, and preceding the den-
this rangeD , is practically independent of the magnetic field Sity limit.

curvature and collision frequency, in agreement with the . . _
simulation resultd? Nevertheless, the instabilities in ques- A- C;mePUtaUOHS with prescribed transport
coefficients

tion exist only due to collisions and ;, — 0 whena,— 0. In
For these computationd , =1m?/s was assumed. Fig-

the range of small collisionalityy.<0.2, a consideration of
nonlinear effects is unavoidable for transport calculafibns ures a) and Gb) display the stationary poloidal profiles of
the average plasma density and temperature at the edge of
, . , additionally heated plasmas in TEXTOR withPgy.e
D/, , =1.3 MW, dA/dx=0.25, found for different values of the
poloidally averaged density at the interface between the edge
p 4 and core regiong= 2f§”<n>(dﬁ/27r). One can see that at a
- critical level of n between 5 and 5810 m™3 there is a
dramatic change in profiles from relatively smooth ones to
those with very pronounced maximufminimum) at the
HFS. As it is observed in experiments, this modification is
accompanied by a significant increase of impurity radiation
______________________ from the MARFE region presented in Figd®. This increase
is normally considered as an evidence of the dominant role
0 : : : . . : of impurity radiation by MARFE formation. In order to
e check this guess, computations were performed without im-
dpurity radiation, i.e., withg,,q=0. The results presented in
Fig. 7 show that this leads to an increase in the critical den-

FIG. 4. Poloidally averaged values of the anomalous diffusivity compute
for unstable modes with the maximum contribution to the transfsmtid )
sity by 10% only. Thus other channels of energy losses from

curve and with the maximum growth ratéroken curve

4
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40
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0
6 (W/em?) c HES LES HFS
8 FIG. 8. Poloidal profiles of the plasma temperature computed with self-
consistently determined anomalous transport coefficigajstor addition-
6 ally heated discharges witPy=1.3 MW, dA/dx=0.25 and n=4.5
X 10" m™3 (pointg, 4.5X 10 m3 (chain curve, 5.0 10" m™2 (broken
4 curve, 5.5x 10 m™2 (solid curve; (b) for ohmic discharges witP,g.
=0.3 MW, dA/dx=0.07 and n=2.5X 10" m3 (pointy, 3.0x10°*m™3
) k J (chain curve, 3.5X 10" m™3 (broken curvg 4.0x 10° m=2 (solid curve.
0 . . . )
HFS LFS HFS B. Computations with self-consistently defined

transport coefficients
FIG. 6. Poloidal profiles of the plasma density, temperature, and energy loss

with impurity radiation computed witD | =1 n¥?/s for different magnitudes In the computations presented above, with prescribed

of the poloidally averaged density 4x 10°°m™ (points, 4.5x10°m® diffysivity, the structure with cold dense plasma, arising

(chain curvg, 5 10 m" (broken curvg; and 5.5< 10 m™ (solid curve. -\ oy the density limit is exceeded, has always the MARFE
character, i.e., it is located at the HFS, independently of the
level of the poloidal asymmetry introduced by the Shafranov
shift of magnetic surfaces. This fact is in agreement with our

the plasma edge, namely, with the plasma convection and dpfevious modeling resuftobtained by taking into account
the ionization of recycling neutrals, are of more importanceonly impurity radiation and plasma heat conduction as the
for MARFE triggering. This conclusion is in agreement with €nergy losses from the edge. However, it is in obvious con-
the results of our previous analysis of linear instabilitiestradiction with experimental observations which show that in
leading to MARFE(Ref. 24 and of two-dimensional com- Ohmic discharges, with reduced but finida/dx of 0.07,
putations in Ref. 40. MARFE does not develop and a ramp up of the density to
the limit results in a plasma detachment from the limiter
located at the LF$> This behavior can be reproduced in
simulations if the model for edge anomalous transport de-
scribed in the preceding section is applied. When the plasma
M V) den_si_ty is_high and the edge temperature is low _e_nough, the
collisionality parametet,, exceeds 1 and the transition to the
transport with pronounced ballooning character takes place.
This changes the character of the poloidal asymmetry be-
tween heat influx from the core and losses from the edge due
to the maximum of convective particle losses at the LFS.
This can compensate or even overcome the asymmetry in-
duced by the Shafranov shift and trigger a thermal collapse
at the LFS, leading to a detachmentlike evolution of the
HFS LFS HFS plasma.

_ . _ _ Figure 8 shows the results of calculations performed
Eﬁiy7'r§gi'§t'g":‘]' p\:v?:r':e;ff:tlhi]zp/'gsrpo”; teﬁTZ,esrit%%ﬁgp%;i?ngfhosm "™with the model for the edge anomalous transport described
% 101° m~2 (chain curve, 5.5x 101° m=2 (broken curve, and 6x 109 m2  above. For the coefficient and p in the eigenvalue equa-
(solid curve. tion (28) their poloidally averaged values have been used.

50
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30¢

20

10
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The transport coefficients were computed for the eigenmodebe LFS and HFS. In the former case we have
providing the largest transport, i.e., wiﬂth,?]ax Figure 14A
8(a) displays the stationary temperature profiles computed Ys= 1
with the previously used relatively high level of the Shafra- 1-4
nov shiftlwith dA/dx=Q.25, corresponding to gdditior)ally with A,;=2x dA/dx(0), and in the latter one
heated discharges. As in the case of computations with pre-
scribed diffusivity, see Fig. 6), MARFE formates at the _e(m)? {cq)(q-rIZ)
HFS when a critical density is exceeded. This agrees well B 1~ 2
. . T o : |¢(0)| c&(0)
with experimental flndlngé. Under conditions typical for
ohmic plasmas withP.,=0.3 MW and dA/dx=0.07, see In the last estimate we have accounted for the fact that the
Fig. 8b), MARFE does not develop and a region of low HFS/LFS assymetry in the transport arises only wherctge
temperature appears at the LFS, due to the transition to th@ode is dominating and have used the relation from Ref. 36.
turbulence controlled by the DRB mode. In agreement with ~ On the one hand), rises with the plasm@® (Ref. 41
experimental dafa the critical density is lower in this case and, thus)Y'sincreases with the heating power. On the other
than for additionally heated plasmHs. hand, the factorY is controlled by the collisionality{p|
Our calculations predict a formation of a stable state~ a.~1/\.~(n)/(T)2. The temperature dependence here
with the plasma detached at the LFS. However, in experican be eliminated by taking into account the power balance,
ments a fast poloidal symmetrization normally takes placel'(T)=D (n)/L,X(T)~0ce Before the onset of DRB-
This could be explained as follows. A strong increase of thedriven transport DL~DgB~T3’2/Ln. Since the density
energy losses and drop of the temperature at the LFS shoutdfolding length is determined by the penetration of neutrals,
lead to a local increase of the radial temperature gradierite., L,~1/n, we getD , ~(T)*Xn), (T)>Xn)3~ Qeore and
and, thus, of the density of the heat outflow from the corea,~(n)>4/q22, For a given heating poweg, the colli-
Therefore, as the radial heat supply to other poloidal posisionality and, hence, ballooning asymmetry increase during a
tions is decreased, they cool down and detachment penetratgénsity ramp up. If, nevertheles¥g remains smaller than
to the HFS. Even a MARFE at the HFS may arise during thisy 4 even when the MARFE density thresho{d)yaree IS
process. In the present approach with a fixed radial temperapproached, a MARFE will develop. Otherwise, the onset of
ture gradient at the interface with plasma core, see(8qg. DRB modes and detachement is more likely.
such a development cannot be analyzed and a further im- As it was demonstrated in the preceding section, the
provement of the model by taking into account the reactionARFE onset is essentially determined by the energy losses
of the plasma core on changes at the edge is needed.  with the perpendicular particle convection to the inner wall.
With the transport coefficients computed for modes withTherefore, the estimate fén)yaree, found in Ref. 6 by ne-
K=K/ the density threshold for the detachment increasegjlecting impurity radiation, can be applied:
by 15%—-20% only. This change is much less than the differ-
ence in the criticake, at which the transition to the DRB- ) - 1/ xa
dominated transport takes place, see Fig. 4. The cause isa = YR~ gqR V 607D, 0~
very nonlinear dependence of the collisionality factor on 5 . )
density: ¢~ n3“ This results in a relatively weak sensitiv- Here KH~.(T> and the characteristic cross section for the
ity of the density threshold on the transport model assumpg@tténuation of hydrogen neutrals;, depends rather weakly
tions on the electron temperature féi= 10 eV. By using the es-
timate for D, and the relation betweetm), (T), and gcore

found above, we get for the plasma parameters at the
C. Discussion of results MARFE onset:

2
} ~ exp(4v|p|).

The characte.r'of phenqmgna, developing at the plasma (NYARFE ~ q&,?g*", (D umaree ~ qgfrgﬁ'
edge when the critical density is approached, is controlled by
the competition of poloidal dependencies arising from the
Shafranov shift of magnetic surfaces and ballooning nature
of anomalous transport. One has, nevertheless, to see the Thus, on the contrary to the shift asymmetyy, the
principal difference between these phenomena. On the origallooning asymmetryYy achieved before MARFE de-
hand, the Shafranov shift is determined by the central plasmereases with increasing power. Therefore, MARFE develops
parameters and results in a minimum at the HFS of the hedk the heating power is above a critical level at whidfy
supplyinto the edge region from the plasma core. Therefore= Yg When(n)=(n)yarre. According to the estimate above,
an increase in the shift would stimulate MARFE formation. {n)uaree depends extremely weakly on the heating power if
On the other hand, the ballooning character of transport rethat exceeds the critical one. This is in agreement with ex-
sults in a maximum of energpssesat the LFS and pro- perimental observations both in limitérand diverto* ma-
motes a detachment there. These mechanisms enter into tbines. This fact can offer a hint wHy-mode andH-mode
transport equations through the poloidal variation of the metdensity limits are similar despite the marked difference in
ric coefficicentg,, and of the transport coefficients, respec-heating, plasmg, and shift of magnetic surfaces, although
tively. Qualitatively this variation can be characterized by thethe present model is not directly applicable to divertor con-
ratio Y’ of the magnitudes of the corresponding parameters alitions. For TEXTOR parameters the critical power is very

0.476
e marre ~ Ldgore -
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close to the ohmic one. This explains why MARFE normally Non-equilibrium Plasmas: Heating, Transport and Formation
develops in additionally heated plasmas and detachment usaf Structures” of German Research Society.
ally occurs under ohmic conditions.

APPENDIX: COORDINATE SYSTEM AND METRIC
VI. SUMMARY AND DISCUSSION COEFFICIENTS

Amendments introduced into the model for the particle, ~ Neutral particles do not feel magnetic geometry but the
momentum, and heat balances have allowed us to perforf2rged ones are magnetized and strongly influenced by the
computations of the plasma parameters at the plasma ed§EeSence of magnetic surfaces. There_fore it is convenient to
with self-consistently described anomalous transport due ti'troduce two coordinate systereee Fig. 1 The one used

drift microinstabilities. This approach enables consideratiorfO" the description of neutrals is given by the local distance

of poloidally inhomogeneous plasma states including, e.gfom the LCMS, ¢, and the angle) between the directions

the formation of MARFE at the HFS or the region at the LFsfrom the LCMS center to the point in question and to the
with strongly increased convective losses of particles andiFS: respectively. The coordinate system used for the
energy due to destabilization of drift resistive ballooningPlasma description includes the differencbetween the mi-
modes. It can be used to determine and predict the conditio! radius of the LCMSa, and that,r, of the magnetic
under which the density limit is provoked either by MARFE sgrface, to which the point In question be'O”QS’ and the po-
appearance or by the transition in the edge turbulence to théﬁ"fjal2 angle §, correspondingly. In a coordinate system
driven by DRB modes. This information is of importance by (.9 2t3he sguare of1t2he Iengt? elementzlg defmgd as
elaborating methods to increase the maximum density attairfo!loWs:™ (d9°=g, 1(dq)*+2g, .dq de?+0, 2(q7)? and in
able in fusion devices. the cylindrical coordinate systemR,Z), (ds)?=(dR)?

The present consideration has been done with many SimJg(dZ)Z. By taking into account the relations between coordi-

plifying assumptions, e.g., about magnetic geometry, particl&ates

recycling at the LCMS, etc. The present model adequately R=R,-(a-¢&)cosy, Z=(a-&siny
reflects the situation in limiter devices but has to be im-

proved in diverse respects to provide a reliable estimate fornd

the critical density under other discharge conditions. In order R=R,+A - (a-x)cosd, Z=(a-x)sind
to generalize the model on the case of a more relevant di-

vertor configuration, an appropriate description of magneti©€ finds the metric coefficientg,=1 and gu~1
geometry withX points and of the scrape-off layer has to be ¥ 2(dA/dx)cosé where the conditiong, x,A <a,dA/dx<1
were taken into account. With the same accuraghpx~ 1

included. This is necessary in order to integrate into the con P
sideration the process of power dissipation on divertor plated (dA/dX)cosé and, thus Gqqe= &= 5;/[1+(dA/dx)cos6)].

discussed as an important cause of the density limit in di-, )
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