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ABSTRACT

The edge plasma in tokamaks {within the last closed magnetic surface touching the
limiter) is studied theoretically under conditions when the radiation from light impurities
makes a strong contribution to its thermal balance. Simple appoximative formulas are
proposed for the dependences of cooling rates of impurity ions on the electron
temperature. A theory is developed for the so-called radiative potential equal the energy
losses by electrons on the ionization and excitation of an impurity particle entering the
discharge. The conditions of the onset of the states with "detached plasma" are explained
for discharges with ohmic heating. The discharges with auxiliary heating and neon puffing
are studied. The theory results are compared in detail with the experimental data from

TEXTOR.
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1. INTRODUCTION

The problem of hot plasma interaction with the material walls is one of the burning
questions, solution of which is essential for the creation of a viable thermonuclear reactor.
The estimates, done under the ITER projectl1], show that with a temperature of the edge
plasma of some tens of electron volts, the erosion of the divertor plates will come to more
than 10 cm in a year of continuous operation. This is absolutely unacceptable from the
technical point of view,

The temperature of the plasma in a contact with the wall elements and the heat loads
on them can be reduced by an increase of impurity radiation from the dischargel2].
However, the source of radiation should be localized in the peripheral region and impurities
should not contribute significantly to the energy balance of the central plasma and hinder
its heating up to thermonuclear temperatures. The light impurities - from boron to neon -

satisfy these requirements since they are ionized up to the helium-like states in a
relatively thin layer at the discharge edge. The energy losses by electrons on the excitation
of low ionized impurity particles exceed the bremsstrahlung losses due to the presence of
their nuclei in the discharge centre by ~ 102 times[3]. For heavy metallic impurities like
iron this ratio is much lower and their influence is much stronger on the plasma core than
on its periphery.

In the discharges with ohmic heating the onset of the states with strong radiation from
impurities from the edge, which was called "detachment”, occurs spontaneously when the
density increases up to a certain critical level[2]. This results from the carbon particle
presence in the plasma due to erosion of the device walls. With the presence of oxygen
the critical density decreases strongly. In the state with "detached plasma” the source of
radiation is localized in a toroidally-symmetric layer within the last closed magnetic
surface{LCMS). With a further increase of tie density the radius of the radiating layer
decreases and when it reaches the rational magnetic surface with the safety factor equal
to two a disruption takes placel4].

In the discharges with strong auxiliary heating, intrinsic impurities, released due to the

wall erosion, do not radiate enough to influence substantially heat balance of the edge
plasma ®. To achieve this a puffing of some gaseous impurities, for example neon, is
usually used.
The TEXTOR experiments[7] have shown, that more than 95% of the power, transported
to the edge, can be radiated by neon without detachment, so the source of radiation stays
in the vicinity of the LCMS. It is remarkable that with the increase of radiation up to this
level the helium exhaust from the discharge does not deteriorate[8].

Emportance of the cited results requires a construction of adequate theoretical models
for the description of the tokamak plasma transition and evolution into the states with
" strong impurity radiation -ft_'om the_edge_. Usually such @ modelling is restricted either by a




5

qualitative zero-dimensional consideration or by calculation of radiative losses for some
typical profiles of the plasma parameters. The review of such models is given in Ref.[S].
At the same time the experiments show(2] a qualitative changing of the profiles with the
increase of radiation. Thus the self-consistent description of the background plasma and
impurities is necessary. The present paper summarizes the results of the author’s
theoretical activity in this direction during the past vear.

The structure of the paper is the following. In Section 2 we discuss the model used to
describe physical processes in the tokamak peripheral ragion, the basic assumptions and
equations are formulated, the data base for the constants of elementary process is given.
in Section 3 discharges with ohmic heating are discussed under assumption of the neo-
Alcator scaling for the transport coefficients across the magnetic field; a theory is
developed for the "radiative potential” - the total radiative losses by electrons on the
ionization and excitation of an impurity particle entering the discharge. Section 4 is
devoted to the modelling of discharges with a strong auxiliary heating and neon puffing.
The main results of the paper are summarized in Section 5. The adequacy of the
assumptions in ‘the model for the particular experimental conditions is discussed in a

supplement.

*We do not discuss some special ‘modes of the plasma-surface interaction like "hot
- spots”[5,6] here. - - s :




2. THE MODEL

The present one-dimensional model is intended for the calculations of parameters
averaged over the magnetic surfaces (under the conditions when such an averaging is
applicable) and any conclusion can not be done on its basis about their local values.

2.1. Main assumpftion
a. We consider the peripheral region of a tokamak with a toroidal limiter{Fig.1) - the region

inside the LCMS, where the neutrals of hydrogen isotopes and the ions of light impurities
up to the lithium-like states inclusive are localized. Since the width of this region is small
in comparison with the minor radius of the LCMS, a plane geometry is applicable for its
description.

b. The deuterium atoms, coming into the plasma from the limiter, have two characteristic
values of kinetic energy : the slow atoms, which appear as a result of the dissociation of
molecules, have an energy of the Franck-Condon transition of the order of 1 eV, the
atoms, appearing by the ion reflection and having an energy of the order of the plasma
temperature at the LCMS. The neutral influx is determined by the condition of the total
recycling of particles on the limiter. The atoms, which appear in the plasma during the
charge-exchange of the primary atoms with ions, are described in the diffusive
approximation. This approximation is applicable strictly speaking when the path length of
atoms before charge-exchange is much shorter than that before ionization and than the
scale of the ion temperature change.

¢. The influx of intrinsic impurity atoms is connected with the deuteron flux onto the
limiter through the erosion coefficient; in the case of recycling impurities like neon their
concentration in the plasma is prescribed. The velocities of impurity atomns are determined
by the physics of their releass: it is physical and chemical sputiering in the case of carbon
and oxygenfi0]; the energy of neon neutrals depends on the conditions of ion refiection
from the limiter.

d. The scrape-off layer(SOL) of the limiter is transparent for the neutrals of deuterium and
impurities i.e. the particle and energy sources and sinks are negligible in the SOL plasma.
This means that the charged particle temperatures do not change strongly in the SOL.
e. Since the density of the heat flux across the magnetic surfaces is constant, the
Shafranov shift is ignored and assume, that the equilibrium system of a machine does not
support asymmetric states like MARFE as it is done in TEXTOR [11]. Strong changes of
the plasma parameters along B in the peripheral region, due to recycling localizing on the
limiter, do not occur, Therefore the transport equations can be averaged over the magnetic
~surfaces. As it was shown recently[33], in the case of impurities such an averaging results
.. in neoclassical-like drift fluxes across the magnetic surfaces. We do not take these fluxes
- into account assuming that the anomelous diffusion prevails.

_ f. The charged particle diffusivities across the magnetic surfaces are the same for all
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speciegs - electrons, deutsrons and impurity ions. The temperatures of ions and slectrons
are eque! each other. Energy sources within the peripheral region are not essential and heat
is transported here from the discharge core by heat conduction.
g. The radiative, dielectronic, three-body recombinations of impurity and its charge-
exchange rate with deuterium neautrals, are negligible in comparison with the ionization by
electrons and diffusion. The effect of the plasma dilution by impurities is not taken into
account i.e. the densities of electrons and deuterons are assumed equal.

The adequacy of these assumptions for the experimental conditions in gusastion is
discussed in.the Supplement.

2.2. The eguations of particle and heat balances.

In the framework of the above mentioned assumptions the transport equations for
neutral and charged particles and energy in the peripheral plasma, averaged over the
magnetic surfaces, have the following form:
the continuity equations

deuterium atoms

'a% (v]2pl2y = (kP + k) nn)? {1a)
d dn, g, . 1. 2 (1h)
EE(“D‘? dx)='ki”"a rhken(ng +ng) '
impurity atoms
d-i.(b’oﬂo) = —k?nno (2)
deuierons
Ty L kP pnl en) e n?) (3)
“impurity-ions
| o i
- dx-L = k¥ npyq - kE 0o (4)
the plasma heat balance
d .
—%z-kfrr(na sl e niVE- Y anl, (5)
X 1x727;;

Here x is the distance from the LCMS, n, %" are the densities of Franck-Condon, reflected
and charge-exchanged deuterium atoms, ny is the density of impurity atoms, va1'2, vq are
the velocities of neutral particles; n, T are the plasma density and temperature, n, is the
_.dens_i_ty _of the impurity ions with the charge z, z|; is the charge of the lithium-like ions;
| r, = D,dn/dx, ', =D, dn,/dx, q, =«,dT/dx+al" | T are the densities of the particle and
- heat fiuxes in the direction to the LCMS, D x| are the diffusivity and heat conductivity




8

across the magnetic surfaces, E,, L, are the energy losses by electrons on the ionization
and excitation of deuterium atoms and impurity ions, respectively.

The diffusivity of deuterium atoms in the plasma due to their charge-exchange is given
by the formula{12,13]
| 27

o, = -
mil ki + ko)

where k, is the constant of charge-exchange.
The formulas used for heat conductivity of the plasma and the charged particle

diffusivity are given in the appropriate sections.

2.3. The boundary conditions.

The boundary conditions of the system (1)-(5) are posed at the LCMS (x=0) and at the
conventional border between the peripheral region and the central part of the
discharge(x=x,); the latter is determined by the condition that with x=x, the atoms of
deuterium and impurity, the impurity ions with z=z,; are practically absent:
x=0:
the recycling of deuterium neutrals

v§ = (T +n, v) Ry . Dy

n1

2
& &

vl = (Cyen]vd (1-Ra) , n
impurity atom flux
ngvo = Sy {&b)

the continuity of particle and heat fluxes
Fo=nV., 2 =n, V2 (7b)
gy =¥s T T (7b)

where Ry is the reflection coefficient of particles, V., V.%, y, are determined by the
transport of particles and heat in the SOL; when volumetric sources and sinks of particles
and heat are negligible in the SOL[13] V.=V.Z=(D *V /L)% (D,*® is the transverse
diffusivity, L4 is the connection length in the SOL, V= (2T/m)* ) and y,=7-10 is the heat
transfer factor from the plasma to an isolated surface; S, is the erosion coefficient and
according to Ref.[10] §;=0.03 in the case of carbon, for neon S, is determined by neon
concentration in the discharge; ' .

X=Xg! '

SN2 _q
A" = foseszy = 0 -8

=Ny, g3 = Qo : o (@

~ The plasma density at x=Xg, N}, is determined by the mean density in the discharge (n)
“and if ft_he profile of n is not strongly peaked n,={n), qq is given by the total power,




launched into the plasma.

2.4, The constants of elemeantary processes.
The following simple approximative formula is used for the temperature dependences

of the ionization constants:

k= A T, exp{ - 1T, )
! T+ C; T, (10)

The magnitudes of the ionization potentials | and constants A, C, for different atoms were
found using the data of Ref.[14,15] and are presented in the Table:

Table 1

species LeV A, 10%cm3sTev” | C, 103 eV
HO 13.6 7.3 10
He® 24,6 3.6 4.6
He* 54.4 0.32 3.1
c® 11.3 26.8 10
c* 24.4 5.9 6.3
c2+ 48 1.34 4.1
c3+ 64.5 0.27 1.73
0° 13.8 11 2.86
ot 35.1 3.8 2.85
02+ 54.9 2 2.73
o3+ 77.4 0.68 1.85
o4+ 104 0.26 1.78
o5+ 138.1 loo72 0.66
Ne® 21.6 5.1 2.38
Ne* 41.1 2.72 1.81
Ne2+ 63.5 1.45 1.15
Ne3+ 92.5 0.77 1.45
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Ne?+ 126.2 0.33 1.45
NeS+ 157.9 0.19 1.26
Ne8 Tt 207.5 0.067 0.89
Ne’* 239.1 0.024 0.46

The cooling rates of impurity ions L, are calculated under assumption of corona
equilibrium for excited states of the ions with given z. This means that the collisional
excitation by electrons is equilibrated by the radiative de-excitation:

Ly = 3 (kg Ej+ ki 1y) (11)
i
where k' is the constant of excitation and E;; is the energy of the transition between the

levels with quantum numbers i and j.
In Ref.[16] the T,-dependences of k., are given for carbon and oxygen ions. Using

them we have approximated L,(T,) as follows:

Agf To expl-E/T, )

T +Bey Tg +Co T,

The "activation” energies E and coefficients A, B,, C, are presented in the Table 2; the
numbers of the transitions taking into account are also given there

(12)

L,

Table 2
species E,eV A,107 B,.eV % C,. 103V | number of
eV%:emse! transitions
ct 7.76 5.5 0.21 14.3 7
c2+ 7.59 7.27 0.265 23 11
c3+ 5.48 7.54 0.483 55.5 4
o+ 6.23 1.04 0 25 4
02+ 7.84 1.59 0 28.2 8
03+ 7.61 1.41 0 9.5 6
04+ 9.7 2.7 o 14.3 11
05+ 4,13 1.08 0.2 13.4 4

: _'_'.The data base for the excitation constants of neon ions isn’t so comprehensive as for
- carbon-and oxygen. In the literature[17-19] we only found information about some
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transitions and therefore used the following procedure for determination of L(T,). For a
transition in neon ions with charge 2, for which k', E;; are known, we calculated the
ratio w of k. "IE; ; to the cooling rate of the corresponding transition in the isoelectronic ion
of oxygen with charge z-2. Thess ratios weakly depend on T,. For example for the
transition 2s'2p Pa.>28 p  Pazinions O®* and Ne®* wis practically constant with T, > 20
eV and is close t0 0.55. For the transition 2s”'S—2s’p P inions 0%* and Ne®* w=0.7 with
T¢>30 eV. We assume, that the same relation is correct for others transitions in
isoslectronic ions, so L, for neon ions can be calculated multiplying L, , for oxygen on w.

Fig.2 and Fig.3 show how our approximative formuias for E(exi'j and L_(T_) agree with the
data of Ref.[14-16]. Energy losses by electrons on the ionization and excitation of
deuterium atoms depend on n and T, weakly relatively with T,>5 eV and according to

Ref.[20] we take E;=2beV.

3. OHMIC DISCHARGES

3.1. The transport equations in dimensioniess variables.
In the discharges with ohmic heating of the plasma the transverse diffusivity and heat
conductivity are described by the neo-Alcator scaling:

Ap(Te) . Ap

—_— {13}
n €p

0,

where Ap, & do not depend on the plasma density.
in such a case Eqs.(1)-(8) can be reduced to a more simple form with introduction of the
following dimensionless variables

X 12,00 VS A AL

I 2w 1 i AplF) 0g 7
w=oo [ ndx, gyt =2 "¢, = 2 5228 ) %

! P 700) :

where
0o =10 em2, T, =TO), Te =T (0), V5=V, 0)

As a result instead of (1)-(6) one has the following system of equations:

It

dﬂ1'2 12 12 4%, . dn, wo
o, S e
A0 = - oo 10 (14b)
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L

dn
Ap S0 - By oy + Bay ~ B —E (14c)
d2
Ap [?22 = A_f Nz - ‘45—1 fiz-1 (14d)
au :
d n drT dn vy - St
S (AL aT+£) =L} ) = ——r LAT(u) 14
au ( p(ED du +lafx 8) du 0o Vo 1522%2“_ ‘ 1z (14e)

Here the coefficients

1/k?k?k &2 Apl
hy = VKKK T dep = — ,Ap=ﬁq
Vs Og k"? + kc Yo Og D( )

1.2
Voo [T v, kP
Bo = e Az = —
k? +kc Ts Vss AD( Ts) Jo

depend only on the plasma temperature.

Eq.(14c) is an integral of Eq.(3), obtained with taking into account of the condition {6a).
In the new variables the other boundary conditions (6b)-(8) have the following form:
u=0

vl . v o, ]
— g, =1+, ) (1-Rp) , A g = {1+, )Ry

2]

dn ans
s 9 oL T2 (15)
d du 1z = % 4,
a7 dn
= =8 -aq)7T =4
i (vs-a) du
g = UOstzU =0 {18a)
n=n, =lolls G dT _ G0 (16b)
b s " du Kk, np 0g

where &® =V./(Apop), a,’ =V {Apoy).

Besides (15) Egs(14) have an additional boundary condition - 7(0) =Ap(T )og/V. - and
for determination of nolu), (), n,u), Tlu) only the second condition of (16b) is
enough.The first one is necessary to determine I’y and to obtain the profiles of dimensional
densities with given n,. It is remarkable that the profiles 7g(u), n(u), n,{u), T(u) and the
radiative potential can be calculated if instead of {16b) one sets the plasma temperature
at the LCMS.
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3.2.The radiative potential.
The integration of Eq.(5) gives the plasma heat balance in the peripheral region as a

whole:
Go = s (¥sTs + E; + S§;E4) {17)
here
. X0
Es =£dx 3. n;ni,
1i=gz=szli

is the energy losses by electrons on the ionization and excitation of an impurity particle
coming into the discharge. In Ref.[2] this value was called the "radiative potential”. in the

dimensionless variables one has[32]:

du

Yp
= j’ 3 LZ(T(u))f?z(u)
i BZS 5
As it was shown above the profiles 77,{u), T{u) are determined simply by T, value. Hence
the radiative potential depends on the discharge conditions only through the temperature
at the LCMS and the parameters &°,a,%v,, Ap. &4. 77 (0), which are external ones for a

model of the peripheral region.

The scheme of E, calculation is the following. We set a certain initial profile T{u) and
Eqgs.(14a)-(14d) are solved numerically by the method of factorization[21]. Then the
obtained solution are used to calculate the next approximation of T{u) from Eq.(14e). The
convergence of iterations is high enough - a difference between the fourth and fifth ones
is smaller than 5%. With ugy > 5 the value of E, is practically independent of uy. The results
change weakly with magnitudes of &%, .°, y,., 7(0). ' |

In Fig.4 curves 1,2 present the dependences of E; on T, for carbon and oxygen,
respectively, calculated with ¢®*=a,°=0.15, £5=0.4, Ap=10"7em s, y, =8, §,=0.02,
These magnitudes were found from the best coincidence of the calculated profiles of n and
T with the measured ones under typical conditions of Ohmic discharges in TEXTOR[22]
The experimental data of Ref.[2] are given by crosses and curve 3 demonstrates the
results of our calcuiation for the ratio of carbon and ' oxygen influxes into the discharge
equal 2 and §°+8°=C.03. | o |

E, increases sharply when the plasma temperature at the LCMS becomes smaller a
certam value. In order to understand this we consider the following snmpie model. Let’s
assume that Tis ciose to Tgin the entxre peripheral reglon Summanzmg ail Eqs {1 4d) w:th

z <2L, one has:




i4

dzl) 5
du?

= - A2 oo + Azbr;zb (18)

where

iy = E iz
1=z=2z;

The first term in the right hand side of Eq.{18) describas an appearance of impurity ions
due to the ionization of neutrals, the second one - the ionization into the weakly radiating
helium-like state. Since A4, <A, ; with T <[, lithium-like ions penetrate into the plasma more
deeply than the ions with z<z;. Thus for an estimate one can presume 7z =1,; in the
whole peripheral region. According to {14b) g =expl-Agou) and with a,°<1 one has from
Eq.(18)

A5
Nz; = Ny = —= [ expl-4; 1) - expl(-Agu)] (19}

Ado
Thus the density of strongly radiating ions increases on the ionization length of neutrals
and then decreases on the ionization length of lithium-like ions. Substituting (1 9) into the

expression for E one has:

V L . . N .

kf"/ KYAp

Since the temperature dependences of L,; and k. practically compensate each other
En~expll,;/2/T,). Thus the increase of E, with a drop of T, results from a deeper
penetration of strongly radiating ions into the plasma. The formula {20) glves a quahtatlve
agreement with the calculation results. ' ' T

3.3.Transition into the state with "detached plasma”.
With taking into account of the conditions (16b) the plasma heat balance in the penpheral
region (17) can be rewntten in the fo!lowmg form o '

go _AplTs) oo _ . R
. '7;!;' nplug) sTs + E’ + S £ = F(Ts)_ e (21)

For several impurity species, entenno mto the dlscharge, S EA—ES ’EA , where S’ is ?he
part:al erosion coeff[c:ents '
“There is.a function of T, on the nght -hand side of Eq.{21), Wthh is shown in F;g 5 for
“a case of carbon and oxygen influxes into the plasma with $°=0.02, §,°=0.01. Here we
have shown also the parts of F, corresponding to the energy losses with charged particles
. into the SOL and on the ionization and excitation of deuterium neutrals,
Fo=Ap0ylr. T, +E)nylug), and with impurity radiation, F,=Ap00SEa/(Uo)-
" The left hand side bf Eq.(21) is inversely proportional to the ratio of the mean electron
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and current densities in the discharge p. Indeed for ohmic discharges qO=IpV,_!(4n'ZaR).
where 1 is the plasma current, V| is the loop voltage, a, R are the minor and major radii
of the plasma column, and

G .V _a

Ny o 4nR

According to Ref.[22,23] the onset of MARFE's or a "detached plasma™ occurs in ochmic
discharges when p exceeds a certain critical value p,. An analogous conclusion can be
drawn from Fig.6: if go/n,, is smailer than the minimum value of F, i.e. p is targer than
p.t=V, al(4nRF, ), any stationary stable state with moderate radiative losses doesn't exist
i.e. detachment takes place. Magnitudes of p_ do not differ strongly for different devices
and are in a range of 4+7-10"1Alem™1[22,23]. Assuming V=1V, a/R=0.4 one has
0.t=7-10""A"em™" in good agreement with the experimental data. Itis interesting to note
that earlier[12] the same result was obtained on the basis of a much simple modsl, under
the assumption of coronal equilibrium for impurities[13].

The onset of a "detached plasma" results in a contraction of the discharge and in a
dramatic changing of the plasma parameter profiles. The calculated profiles of the plasma
density, temperature and the power density of radiative [osses are presented in Fig.6-8 for
ohmic discharges in TEXTOR(1p=340kA, vV, =0.9V) for different n,. The state with
"detached plasma"” takes place with the highest density - nearly 80% of a net power,
transported to the peripheral region is radiated from the layer, which is shifted to the
center of the plasma - Fig.8. Contraction of the plasma density profile results from a
deeper penetration of deuterium atoms into the discharge with a reduction of T lower than
the hydrogen ionization poteniial. Experimentally such an evolution of density and
temperature was observed in TORE SUPRA also[24].

Fig.9 shows radiation level a, = 5|Ep/dg as a function of n, calculated and measured
in TEXTOR [2] for two different magnitudes of the plasma current (the corresponding
values of q, are 0.8 (the curve 1 and diamonds) and 1.06 w/ecm? (2,triangulares)).

4, AUXILIARY HEATING.

s@-‘i Transport coefficients.

“Plasma confinement usually deteriorates in limiter tokamaks when additional heating is
‘applied[25]. This is manifested in an essential increase of neutral fluxes from the limiter.
In TEXTORI25,26] the particle confinement time 7, is by 3+ 4 times lower on the NI stage
that on the OH one. This change in transport is modelled by an introduction of additional
. items D+, K- in the transport coefficients (13). Some models have been proposed, which
- have pretensions to explain the dependences of x. on the plasma parameters. -From our
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point of view the approach, elaborated in Ref.[27], is the most well-founded one. It is
based on the idea of destabilisation of convective cells, produced by regular drift waves.
According to Ref.[27]

3
7 Cs dnn (22)
w;? dx

Kse =0,

where a-. is a nurnerical factor, ¢, =(T,/m;}* is the ion sound velocity, w;=eB/(m) is the
ion Larmor frequency.

Diffusion of charged particies is a more complicated process than heat conduction and
tiii now there isn’t any reliable theory for particle transport in the discharges with auxiliary
heating. Therefore we try to connect D. with T analytically and to determine from the
measured dependences of T, ON net power and mean plasma density how D. depends on
the plasma parameters.

Let us assume that T=T, in the region where neutrals are ionized. We consider
discharge modes with negligible impurity radiation and search for D. in the following form:
D.=An°T%. The plasma flux across the LCMS can be estimated as follows[28]:
ry=<<D, >>n,/l., where < <D, >> is the averaged diffusivity in the region under
consideration, . is its characteristic width. As follows from (14a), (i4c)
lo=1/(g.<<n>>) where 0T.=A 0=k k2+k))#/V, depends on the plasma
temperature very weakly (with T change in the range of 16+ 100 eV ¢ deviates from
7-10"'%c¢m?2 not more than by 15%), < <n> > =n,/2. T is estimated from (17b) assuming
9, =do

Finally for 7, =n,a/(2ly) one obtains

a-f pB-a-1 " :
r e a2 Yoy 7B (23)
P A O, QO

According to the experimental data [26] 7, changes in inverse proportion to square root
of the power or qg. This means that B must be equal to 1. Besides, 7, is practically
independent of the density for <n>=2.5-10"%¢cm™>. Hence a=R-1=0. Thus the
dependence of D. on the plasma parameters is analogous to Bohm diffusion
Dy =cT/(16eB). Moreover the magnitude of D. is numerically close to Dg. With y, =10,
q0=5.5W/c:m2 {the net power 1.8 MW) and A=c/{16eB) by 2.25T rp=12.5ms in
agreement with experiment[26]. :

- Henceforth we assume D. =Dg. In order to avoid an unrealistically strong increase of D |
.to the discharge centre the magnitude .of D. is restricted by Dg value at a certain
- temperature T.. The calculation results depends on T. magnitude relatively weak when
T.=100eV. . .

4.2, The calculation results and their interpretation.
. Here we present the results of our modeliing of TEXTOR discharges with additional
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heating by neutral injection and with neon puffing[2,8]. The calculation has done with
qO:S.Schmz, which corresponds to the total heat flux to the peripheral region of 1.8
MW; besides neon, carbon atoms are released into the plasma with §;=0.03,
vo=5-10%cm/s; in formula (22) g. =2.5. Fig. 10 shows how the radiation level &, depends
on nieon concentration cy, =ZIn,/n at the border between the central and peripheral parts
of the discharge(x=xg). The different curves correspond to different magnitudes of ny,.

The heat flux into the SOL decreases with increase in ¢y, owing to diminution both of
the plasma temperature at the LCMS and of the charged particle flux into the SOL. This
is demonstrated in Fig. 11 and 12, where the dependences of T, and 7, on a, are
presented for different ny. In order to understand such their behaviour we analyze the
changing of some parameters with an increase in cy,. Fig.13 presents the profiles of the
density of radiative losses with n, =5.6:10"%cm™ and different a,. There are two maxima
in the radiation profiles. The first one is in the vicinity of the LCMS and connects with
carbon radiation. The second one occurs at a distance of 8 cm from the LCMS and
corresponds to radiation of neon. The strongest changes in the temperature and diffusivity
occurs in the region, located nearer to the LCMS than the second maximum of Q4 - see
Fig.14,15. This strongly influences the deuteron flux since their source is also localized in
this part of the discharge periphery as follows from the Fig. 18, where ths profiles of their
source density S;=k;°nn, are presented.

An increase of a, up to 90% does not result in any substantial displacement of Q4
maximum to the discharge centre, i.e the plasma does not detach. To understand this fact
let’s analyze the function F(T,), defined by the expression (21). For the case under
consideration {D.=Dg) and neon as an impurity, F is presented in Fig.17 with
n, =5.6-10"3cm™2 and different cy,. The stationary magnitudes of T, are determined by
the points of intersection of the line p(T) = qy/ny, and the graphs of F(T}. F is a monotonic
function of T, for all values of neon concentration. Thus with an increase in Cy,, one can
Q'_eaiize discharge modes without "dstachad plasma” and with a heat flux into the SOL
smalier than 10% of g, (the curve 6 gives the ratio of this flux to ny).

The neon concentration, which is necessary to radiate 30% of net power, depends on
ny and gq as it is shown in Fig.19. in TEXTOR-U with a reactor level of g of 20 W/em?
and ny~ 10*%cm™ a state with such a radiating periphery is feasible with ¢y, not larger
than 1%.

4. 3. Comparison with experimeant,

In TEXTOR([8] radiation of 90% of a net power is attainable with a neon concentration
“in the discharge centre of 0,5%. According to Fig.19 the calculations give a similar value
of 0.75%. The corresponding ratio of the neon and deuterium atom fluxes from the limiter
‘equals 0.036, which agrees with the measured concentration of neon ions-in the SOL
| .:..?4%. hths \ ' _

- .Spectroscopic datal7] show that the maximum of Ne”* ion radiation is located in the
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discharge region where T~ 140 ev. An analogous conclusion can be drawn from Fig.14
and Fig.19, where the profiles of the densities of neon ions with z=1+7 are shown for
the case of n, =5.6:101%cm™, ¢y, =0,75%(a, =0.806). But contrary to the conclusion of
Ref.[7] that Ne’* jons give a main contribution in the radiative energy losses, the
calculations show that Ne®* ions radiate more intensively. This follows from Fig.20,
presenting the profiles of power densities of radiative losses Q,=nn,L, for differentions.
it is noteworthy that according to Fig.4 of Ref.[7] the maximum of Ne’* radiation is
shifted also more deeply into the discharge than the maximum of the total radiative losses.

'Since the calculated data thus agree on the whole with the experimental results, the
proposed model gives an adequate description of the processes of energy and particle
transport in the discharges with additional heating and neon puffing.

5. CONCLUSIONS.

1. The pronosed one-dirmensional model of particle and eanergy transport in the peripheral
region of a tokamak allows one to describe discharge modes with strong impurity radiation
in agreement with experimental data.

2. The simple approximaie formulas, derived for the dependences of energy radiative
iosses of impurities on the electron temperature, simplify calculations essentially.

3. In ohmic discharges:

the radiative potential - net energy losses by electrons on the ionization and excitation of
an impurity particle, coming into the plasma, - depends mainly on the electron temperature
at the last closed magnetic surface T, what results from the inversely proportionality of
the diffusivity to the plasma density (neo-Alcator scaling);

the transition into the stats with "detached plasma” occurs when with a changing of T
the ratio of total energy losses in the peripheral region to the plasma density at the border
with the discharge core passes through its minimum vaiue.

4. in the discharges with auxiliary heating and deteriorated confinement:

‘particle transport in the peripheral region can be described by Behm diffusion;

with puffing of neon, more than 90% of the powaer transported to the discharge periphery
can be radiated without the onset of "detached plasma”.
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8.SUPPLEMENT

1. Energetic specirum of neutrals, coming from a limiter.

An interaction of deuterium ions with the limiter surface results in the reflection of some
part of them as atoms with an energy of T,. With T, =40 eV and in the case of a carbon
surface the reflection coefficient Ry=0.3 and increases with a decrease of
temperature{298]. When the surface is saturated with gas the absorbed particles desorbs
as molecules with a thermal velocity of 10%cm/s. These molecules are dissociated and
ionized by electrons at a distance from the limiter of 0.5 cm and as a result deuterium ions
and atoms appear with a kinetic energy of 1 eV. With the electron temperatures lower
than 20 eV dissociation of molecules prevails and we do not take their ionization into
account. In any case this does not give a large error because the deuteron source due to
the molecular ion dissociation doesn’t differ principally from that one due to ionization of
Franck-Condoen atoms since both are located much closer to the LCMS than the source
due to ionization of charge-exchanged atoms.

2. Diffusive approximation for charge-exchanged atoms.

A diffusive approximation can be applied when kf <k, and the temperature gradient is
not very sharp. In our case, the first condition only loosely satisfies - k@ <k, with all T. But
the used form of D, derived in Ref.[8] from a kinetic equation, allows to describe correctly
an opposite limit case of k;®»k,. Indeed in such a case it follows from Eq.(1) and the
formula for D, that the characteristic length of the density decay of charge-exchanged
atom is the same as in a kinetic approximation - V/{k;®n).

3. Transparency of the SOL for neutrais.

‘The plasma parameters in the SOL depend strongly on the discharge conditions. In
Chmic discharges T=20 eV, n<3-10'%em3, in the discharges with auxiliary heating
T=40eV, n=<10"%cm™3, In the both cases the path length of Franck-Condon atoms before
ionization I;=v/{k;®n) is longer that 5¢cm, for charge-exchange atoms ;> 10 cm. For carbon
and oxygen particles with v, =5-10%m/s 1°>4 cm and 1°>8 cm, respectively, in ohmic
discharges and 1°>0. ch and °> Tcmin the additionally heated discharges. Neon atoms,
reflected from the limiter, with a velocity of V, have l'\'“> i0cm. A decay length of the
electron density in the SOL is of 2+3 cm. Thus the SOL is always transparent for
deuterium and neon atoms and for carbon and oxygen neutrals in ohmic discharges. In the
case of auxiliary heating the SOL can be opaque for the latter particles but these impurities
do not play an important role enough in the energetic balance of the peripheral plasma.
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&, Applicability of a one-dimensional model for the peripheral plasma.

With a localizing of the neutral particle source in a toroidal or a poloidal directions, for
gxample, in a limiter configuration, the transport of charged particles, momentum and
energy has a two-dimensional pattern - along and perpendicular to magnetic surfaces. In
the case of toroidai limiter the equations of tha continuity, thermal balance and motion
along the magnetic field have the following form (without taking into account of drift

effects)i13I:

ary g s1)
ax ol ' '
9. ,%9 _ g (82
ax of
a a 2 _
ﬁ (Fiiﬁ;V") + Ef (m,ﬁV" + B = o] (33)

where dl=aB;/Bgd, & is the poloidal angle, I“’" =nV I’ \/" . qy are the velocity and particle
flux density along B, P=n(T;+T,) is the plasma pressure, the terms S, Q, F describes an
interaction of charged particle with neutrals and impurities.

An averaging of Eqs.(S1), {(S2) over the magnetic surfaces give Egs.(3), {5} but before
using them it is necessary 1o ensure that everywhere on a surface the plasma paramesters
are close to the averaged ones. The characteristic change of {emperature AT along B can
be estimated from the equality of a heat flux into the region near the limiter due to electron
heat conductivity, Qﬂ , and an energy loss here. In the discharges with strong radiation of
impurities the latter is close to the total power launched into the plasma W =4rrzaRq0. For
Q" ong has the estimate

9y = Klif‘j? sing 2nRé,
where K =AK'T'2'5 is the longitudinal heat conductivity of electrons,A_ =1 .5-10%%m"
ev'25, L" =mqgR is a connection length, sing=a/(gR), ¢ is a pitch angle of the magnetic
field to the toroidai direction, ¢, is the characteristic width of the peripheral region. From
the equality of Q| and W one has o S e i

ig-1

s

AT _ 20mgR)qo

. T K 6, T .

A characteristic plasma temperature in the radiative region is of 30eV in ohmic discharges

(gp = 1W/cm?) and 1008V in auxiliary heated discharges (g, =5.5W/cm?), &, ~ 10cm. This

gives for TEXTOR condition (a=46cm,R=175cm, q =4) AT/T = 0.3and 0.03 respectively.

~ From Eq.{S3) it is _bos§ible_ to estimate a plasma pressure change ‘on the magnetic
surface: = ' '




A2 - (M2

P s
Vg can be evaluated from Eq.(S1):

s o 7Y

| or Ly

Thersfore
AP (Fslyy (8L )2
P 6V 20,7,V
Both for ohmic and additionally heated discharges (37'p = 40ms and Ty = 10ms, respectively)
we have AP/P<0.01.
Thus relative changes of the plasma temperature, pressure and density, consequently,
along the magnetic surfaces are smali and a one-dimensional description can be applied.

5. Pinch-effect.

Modelling of the transport of particles, puffed into the discharge, shows that in order to
explain the time of their penetration into the plasma centre it is nacessary to introduce an
anomalous convection with a velocity V, of 5m/s [30]. But for conditions of the peripheral
region convective transport is negligible. Indeed V<D dlinn)/dx=D | /6, =20 +40m/s.

6. Plasma isothermality.
The condition that T; and T, be nearly equal in the peripheral plasma has been discussed
in Ref.[12] and is reduced to the foliowing: L S '

4
qo‘eDLnb

where qo is W/em?, DJ_ is in m?/s and ny is in 1073cm™,
This helds for the considered conditions under consideration - <n> =3- 10138m an OhmIC
discharges and <n> =4.4-10"%cm in auxiliary heated discharges. |

7. Effect ef :mpunty recombination.

Negligibility of the radiative, dielectronic and three-body- recombmatwe processes for
impurity in the tokamak peripheral region is shown in a number of papers (see Ref.[9]). The
charge-exchenge on deuterium neutrals can pley a more essential role[31]. A cross-section
of such g process, o, is of 3- 10'15cm for carbon and oxygen ions. With a neutral density
near the limiter of 10 'em® the time till charge- exchange 7, is of 500us and is smaller
than the ionization time of C3+ 03"' O5+ ions. But 7, does not exceed the time of the
ion residence in the vicinity of the limiter T =I"/\/” where !" is the length of the limiter
in B direction. One can show that 7, /r" m/a > 2.5. This means that the charge- exchange
on deutenum neutrals is not a dominant process in the im punty part[cte balance and in the :
first approx:mat:on it can be negiected : '
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Fig.1 - A schematic view of the peripheral region in a tokamak with a toroidal
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TEXTOR COCLING RATES

Fig.3 - Temperature dependences of the cooling rates of ions C2+(1) and

0%+ (2): 8
-- - calculations according to formula (12), x - Ref.[16] data. -
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Fig.18 - Calculated profile of the deuteron source. (n, = '5.6_-,1013cm'3):_'.31-

1-a, =0.16, 2- 0. =0.34, 3-a. =0.67, 4 -a. =0.91.
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Fig.17 - Function F(T¢) with n, = 5.6-10"3cm3;

T-cpne = 0.18%,.2 -Cpye = 0.36%,.3 .'-C-Ne = -0.541-%, _4- '--'C_Ne = 0.72.%,
5 - CNE 0. 9 A‘-’ .
6 - the part of F, correspondlng to the heat Iosses in the SOL with particles.
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Fig.18 - Dependence of the neon concentration needed for radiation of 0%

of the power on the boundary plasma density ny:

1-qp = 5.5 Wem?, 2-qo =11 Wiem?, 3 - qp = 22 WiemZ.
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Fig.19 - Calculated profiles of the neon ion densities with.ny, = 5.6:10"3%cm™3
and a. =0.88.
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Fig.20 - Calculated profiles of the power densities of the neon ion radlatlon

with Np = =-5.6- 1013c:m 3 -and a,

=0.88..
















	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35
	page 36
	page 37
	page 38
	page 39
	page 40
	page 41
	page 42
	page 43
	page 44
	page 45
	page 46
	page 47
	page 48
	page 49
	page 50
	page 51
	page 52

