
y^°~~°',~~€

	

~`~$a ~;~,~~~ ;~a~a ,~~~~ ~~.
..~

A- F~~a~~,~~, ~~~4s" 8 n :~r~i'~ .~~~~~~~~~ä~a

~ -~. ~

	

~ t ~~ p
,

	

.R., z ~.~ ~R .Na~ c
~
. ,y 4 g .~+"

.~
.a°~~e~~~`~:~~"ä8~@~~ ~~g~.,~ ~ P

	

~'~~®~'~~~ö



. . ... .. . .. . . .... .. .. . .

	

.... . .. .. .. . . ... . . ...... ...







One dimensional model of a tokamak
edge plasma under conditions of
strong im auity radiation~

M .Z. TOkar '



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 project[1), 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 discharge[2].

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 - 103 times[31. 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 the 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 place[41.

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[8I.

Importance 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 from the edge . Usually such a modelling is restricted either by a
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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.19I.

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 year.

The structure of the paper is the following . In Section 2 we discuss the model used to

describe physical processes in the tokamak peripheral region, 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"[b,6I here .
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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 assumption

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.

c. 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 atoms are determined

by the physics of their release : it is physical and chemical sputtering in the case of carbon

and oxygen[1O] ;; the energy of neon neutrals depends on the conditions of ion reflection

from the limiter.

d. The scrape-off Iayer(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.

a. 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 [1 1 ] . 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 anomalous diffusion prevails.

f. The charged particle diffusivities across the magnetic surfaces are the same for all
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species - electrons, deuterons and impurity ions . The temperatures of ions and electrons

are equal 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 neutrals, 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 question is

discussed in .the Supplement.

22. The equations 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

V
2

	

a

	

(1a)

dx ( ®
a

ddx
a )

	

-k7 nn: + k, n (n 1~ + na )

	

di h)

dx
( vono) = - k°n no

dr
-

	

= k? n(n; ¢n~ + n
s

)

1 3z3zL;
Here x is the distance from the LCMS, na l,2 .* are the densities of Franck-Condon, reflected
and charge-exchanged deuterium atoms, no is the density of impurity atoms, v a ''2, vo are
the velocities of neutral particles ; n, T are the plasma density and temperature, n, is the
density of the impurity ions with the charge z, zu is the charge of the lithium-like ions;

f 1 =Dldnldx, Z =D I dn2/dx, q 1 =x 1 dT'/dx+of I T are the densities of the particle and
heat fluxes in the direction to the LCMS, D 1 ,x1 are the diffusivity and heat conductivity

impurity atoms

deuterons

impurity ions

the plasma heat balance
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across the magnetic surfaces, E 8 , L z 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 formuia[12,13]

m1 ( k7+k 0 )n

where kc 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=xo) ; the latter is determined by the condition that with x~xo the atoms of

deuterium and impurity, the impurity ions with ze5z Li are practically absent:

x=0:

the recycling of deuterium neutrals

n 1 v a _ (r +n ° v•) (1-R) , n a v2 = (i +n " v•) RN , D dn = n : v-

	

(6a)

impurity atom flux

rl = n~ Vz

91 = vs rl i

	

(7b)

where RN is the reflection coefficient of particles, V ., VQ~, vs 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(13I V~~Vm~ (® 1 SVS IL s}'~ (C 1 s is the transverse

diffusivity, LS is the connection length in the SOL, VS = (2TIm i) ) and ys 7-10 is the heat

transfer factor from the plasma to an isolated surface ; S i is the erosion coefficient and

according to Ref .(10] S i 0 .03 in the case of carbon, for neon S i is determined by neon

concentration in the discharge;

x=xo:

l,2,

	

(8)

= nb 91 = qo

	

(9)

The plasma density at x = xo, nb , is determined by the mean density in the discharge (n)

and if the profile of n is not strongly peaked n b .--(n), qo is given by the total power,

no vo = ,S, r 1

the continuity of particle and heat fluxes

r l = n V m

(6b)

(7b)
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launched into the plasma.

2.4. The constants of elementary processes.

The following simple approximative formula is used for the temperature dependences

of the ionization constants :

exp ( - /IT,

k'

	

¢ C,T~

The magnitudes of the ionization potentials l and constants A i , C; for different atoms were

found using the data of Ref.[14,15] and are presented in the Table:

Table I

(10)
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The cooling rates of impurity ions L Z 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:

L2

	

E (k$E1j +kz l2 )
ij

where k9 'i is the constant of excitation and E i .i is the energy of the transition between the
levels with quantum numbers i and j.

In Ref.[161 the T8-dependences of ke» are given for carbon and oxygen ions . Using
them we have approximated La(TB ) as follows:

L _ A e J Te exp(-E/T8 )
a

+Be/ Te +Ce i e

The "activation" energies E and coefficients Ae , Be, Ce are presented in the Table 2 ; the
numbers of the transitions taking into account are also given there

Table 2

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

(12)
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transitions and therefore used the following procedure for determination of L z (T e ) . For a
transition in neon ions with charge z, for which kex' .j, E ; i are known, we calculated the
ratio w of kex1' Ej i to the cooling rate of the corresponding transition in the isoelectronic ion
of oxygen with charge z-2 . These ratios weakly depend on T e . For example for the

transition 2s 22p 2P,2-.2s 2 p 22 P, 12 in ions ®s+ and Ne 5 + w is practically constant with T e > 20

eV and is close to 0 .55 . For the transition 2s 21 S-'2s 2 p 'P in ions ® 4¢ and Ne5+ w = 0 .7 with

Te >30 eV. We assume, that the sarne relation is correct for others transitions in
isoelectronic ions, so LZ for neon ions can be calculated multiplying LZ_2 for oxygen on w.

Fig .2 and Fig .3 show how our approximative formulas for k®x ' . j and LZ (T G) 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 e weakly relatively with Te > 5 eV and according to
Ref. [20] we take E i = 25eV.

3. OHMIC DISCHARGES

3 .1 . The transport equations in dimensionless variables.

In the discharges with ohmic heating of the plasma the transverse diffusivity and heat

conductivity are described by the neo-Aicator scaling:

A 0 (T8 )

	

A®=	 	 x

	

(13)

where A0 , c do not depend on the plasma density.
In such a case Egs .(1)-(6) can be reduced to a more simple form with introduction of the

following dimensionless variables

u = ~o
r

n dx

	

~ 1 .' . .

	

a

	

~ _
~a z

	

_ Ac(Ts ) c~o ~

~

	

/ a +

	

rs

	

' ~
e

n°(0)

	

rs

where

0-° = 10-14 cm2 , Ts = T(0) , Fs = r l (0) , V: = Vs(0)

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

dna
1,2

1

'

2

	

1,2

- - -~a . a
daa .

2 ~

	

a
d ~a +

1.y
d3la

= d~a 2
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a du
(14a)

duo
= _ iloo no

du
(14b)
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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)-(9) have the following form:

u=0

~
~ _ (I ¢'7~ ) (1

-RN) , V o2 = (1+17: )RN
Vs

	

s

11 =

	

di)

	

Oz--
z

of/7z

	

(15)

17 ~~ = s®(Ys-ca) i
du

u= ts0

(14c)

(i4d)

(14e)

= 0O �z� zL. = 0 (16a)

AD( Ts) cro nb d_

	

=	 	 _	 g0

is

	

du K I nb uo

where US = V°/(ADoo), crz s = V° Zl(A D cro).

Besides (15) Eqs(14) have an additional boundary condition -17(0)=A D (TS)uoN ° - and

for determination of rip(u), M(u), 17Z(u), T(u) only the second condition of (16b) is

enough.The first one is necessary to determine r 5 and to obtain the profiles of dimensional

densities with given n b. It is remarkable that the profiles 17p(u), 11(u), 17 z(u), T(u) and the

radiative potential can be calculated if instead of (16b) one sets the plasma temperature

at the LCMS .

(16b)



13

3 .2.The radiative potential.

The integration of Eq .(5) gives the plasma heat balance in the peripheral region as a

whole :

Q'o=~s(ys Ts¢ Ei~S1E.4)

	

(17)

xo

EA = ~dx E nZ n Lz
i SzszLi

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]:

uo

EA =

	

E Lz(T(u))r)z(u)	
du

0 1 5z Ij

	

voo-o

As it was shown above the profiles q (u), T(u) are determined simply by Ts value . Hence

the radiative potential depends on the discharge conditions only through the temperature

at the LCMS and the parameters as ,cr,s ,ys, AD, ed , rq (0), which are external ones for a

model of the peripheral region.

The scheme of EA calculation is the following . We set a certain initial profile T(u) and

Egs .(14a)-(14d) are solved numerically by the method of factorization[211 . Then the

obtained solution are used to calculate the next approximation of T(u) from Eq .(l 4e) . The

convergence of iterations is high enough - a difference between the fourth and fifth ones

is smaller than 5% . With u0 > 5 the value of EA is practically independent of u0 . The results

change weakly with magnitudes of as, czs , ys , /2(01.

In Fig.4 curves 1 ;2 present the dependences of E A on Ts for carbon and oxygen,

respectively, calculated with as = azs =0 .15, E D =0 .4, AD =10 17cm-1 s" 1 , Ifs = 8, S i =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 calculation for the ratio of carbon and oxygen influxes into the discharge

equal 2 and Sic +S;0=0 .03-

EA increases sharply when the plasma temperature at the LCMS becomes smaller a

certain value . In order to understand this we consider the following simple model . Let's

assume that T is close to T in the entire peripheral region . Summarizing all Egs .(14d) with

here
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ddrl2
= - prlo + '~z,!izt;

where

'i z _ E

	

riz
1 �z5za

The first term in the right hand side of Eq.(18) describes an appearance of impurity ions

due to the ionization of neutrals, the second one - the ionization into the weakly radiating

helium-like state . Since A,4A z_1 with Ts $ l Z lithium-like ions penetrate into the plasma more

deeply than the ions with z<zu . Thus for an estimate one can presume r7E =17ZU in the

whole peripheral region . According to (14b) r1o =exp(A 00u) and with < 1 one has from

Eq .(18)

~ 2

rizU.

	

rlf ~ 2 [ exp(-Azijil) - exp(-i+ 0 u)]
~oo

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 (19) into the
expression for E one has :

vo LzL

'c! kz
iu.QD

Since the temperature dependences of LZL1 and kio practically compensate each other

EA --exp(l2u/2/T S ) . Thus the increase of E A with a drop of TS results from a deeper

penetration of strongly radiating ions into the plasma . The formula (20) gives a qualitative

agreement with the calculation results.

3.3.Transition into the state with 'detached plasma".

With taking into account of the conditions (16b) the plasma heat balance in the peripheral

region (17) canbe rewritten. in the following form:

q0 AD(Ts) Q0
(Ys Ts + Ef + Si EA ) = E( Ts)

rtb •

	

r1b(u0)

For several impurity species, entering into the discharge, S I EA _ IS iJ EA', where, Sit is the

partial erosion coefficients.

There is a function of Ts on the right-hand side of Eq .(21), which is shown in Fig .5 for

a case of carbon and oxygen influxes into the plasma with S ic =0 .02, S I° =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,

F0 =ADu0(vvTS +Ei)/r7b(u0), and with impurity radiation, F r =A DaOS I EA/rl b(u0)•
The left hand side of Eq.(21) is inversely proportional to the ratio of the mean electron

(18)

(19)

EA _ (20)

(21)



and current densities in the discharge p . Indeed for ohmic discharges qo = I pVL /(4rr2aR),

where l p is the plasma current, VL is the loop voltage, a, R are the minor and major radii

of the plasma column, and

9o

	

Vt. a
rib	p 4rrR

According to Ref.[22,23] the onset of MARFE's or a "detached plasma" occurs in ohmic

discharges when p exceeds a certain critical value pc. An analogous conclusion can be

drawn from Fig .6: if qo/n b is smaller than the minimum value of F, i .e. p is larger than

pc t = VLal(4rrRFf „ if ), any stationary stable state with moderate radiative losses doesn't exist

i .e . detachment takes place . Magnitudes of pc do not differ strongly for different devices

and are in a range of 4+ 7 . 10 11 A -1 cm" 1 [22,23] . Assuming V L =1 V, a/R =0 .4 one has

pct 7 . 1011 A-1 cm -1 in good agreement with the experimental data . It is interesting to note

that earlier[121 the same result was obtained on the basis of a much simple model, 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 losses are presented in Fig .6-8 for

ohmic discharges in TEXTOR(Ip =340kA, VL =0.9V) for different nb . The state with

"detached plasma" takes place with the highest density - nearly 90% 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 TS lower than

the hydrogen ionization potential . Experimentally such an evolution of density and

temperature was observed in TORE SUPRA also[241.

Fig .9 shows radiation level er r = FsS I E Algo as a function of n b , calculated and measured

in TEXTOR [21 for two different magnitudes of the plasma current (the corresponding

values of o. are 0.8 (the curve 1 and diamonds) and 1 .06 W/cm 2 (2,triangulares)).

4 . AI,.JXLIARY HEATING.

4 .1 .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 TEXTOR[25,26] the particle confinement time Tp is by 3 e 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 K. on the plasma parameters. From our
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point of view the approach, elaborated in Ref .[271, 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 .127]

ii C3S dlnl1

2 dx
r

where a. is a numerical factor, cs = (Tg/m;) is the ion sound velocity, w, = eB/(m ;c) is the

ion Larmor frequency.

Diffusion of charged particles is a more complicated process than heat conduction and

till now there isn't any reliable theory for particle transport in the discharges with auxiliary

heating. Therefore we try to connect D . with rp analytically and to determine from the

measured dependences of rp on net power and mean plasma density how D . depends on

the plasma parameters.

Let us assume that T=Ts in the region where neutrals are ionized . We consider

discharge modes with negligible impurity radiation and search for D . in the following form:

®m.=AnaTß . The plasma flux across the LCMS can be estimated as follows[28]:

1- s = < < D 1 > > n %II®, where <<D 1 >> is the averaged diffusivity in the region under

consideration, to is its characteristic width . As follows from (14a), (14c)

Im = 1 /(cry < < n> >) where as rieao = (k;~(k,~ + k~)) 14 Ns depends on the plasma

temperature very weakly (with T change in the range of 15 - 100 eV am deviates from

7 . 10 -15cm 2 not more than by 15%), < <n> > = n b/2 . TS is estimated from (1 7b) assuming

q 1 qo•
Finally for rp =nba/(2CS) one obtains

2a4 nb 0-a-1 Ys

	

1 ( )

	

R

According to the experimental data [26] rP changes in inverse proportion to square root

of the power or qo. This means that ß must be equal to 1 . Besides, T is practically

independent of the density for <n> - 2.5 . 1013cm -3 . Hence a=ß-1 =0 . Thus the

dependence of D . on the plasma parameters is analogous to Bohm diffusion

De=CUM 6eB) . Moreover the magnitude of De is numerically close to D g . With ys = 10,

qo=5 .5W/cm 2 (the net power 1 .8 MW) and A=c/(16eB) by 2.25T rp = 12.5ms in

agreement with experiment[261.

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 DB value at a certain

temperature T . . The calculation results depends on T . magnitude relatively weak when

T . L. 100 eV.

4.2 . The calculation results and their interpretation.

Here we present the results of our modelling of TEXTOR discharges with additional

(22)

rP = a[
Au .

	

qo
.(23)
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heating by neutral injection and with neon puffing[2,8] . The calculation has done with

qo = 5 .5W/cm2 , 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 S i = 0 .03,

vo = 5 . 105cm/s; in formula (22) as = 2 .5 . Fig .10 shows how the radiation level ar depends

on neon concentration cm, = Tn Zln at the border between the central and peripheral parts

of the discharge(x=xo) . The different curves correspond to different magnitudes of n b .

The heat flux into the SOL decreases with increase in cNe 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 Ts and rp on err are

presented for different n b . In order to understand such their behaviour we analyze the

changing of some parameters with an increase in CN8 . Fig.13 presents the profiles of the

density of radiative losses with nb =5.6 . 10 13cm -3 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 grad - 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 .16, where the profiles of their

source density S i = k i nns are presented.

An increase of ar up to 90% does not result in any substantial displacement of grad

maximum to the discharge centre, i .e the plasma does not detach . To understand this fact

let's analyze the function F(Ts), defined by the expression (21) . For the case under

consideration (D = DB ) and neon as an impurity, F is presented in Fig .17 with

n b = 5 .6 . 10 13cm -3 and different cm, . The stationary magnitudes of TS are determined by

the points of intersection of the line p(T s ) = qo/n b and the graphs of F(TS ) . F is a monotonic

function of Ts for all values of neon concentration . Thus with an increase in CNe, one can

realize discharge modes without "detached plasma" and with a heat flux into the SOL

smaller than 10% of go (the curve 6 gives the ratio of this flux to nb).

The neon concentration, which is necessary to radiate 90% of net power, depends on

nb and go as it is shown in Fig .19 . In TEX TOR-U with a reactor level of go of 20'N/cm 2

and nb -- 1014cm-3 a state with such a radiating periphery is feasible with cNe not larger

than 1%.

4.3 . Comparison with experiment.

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%.

Spectroscopic data[71 show that the maximum of Ne 7 ¢ ion radiation is located in the
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discharge region where T e a-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 e 7 are shown for

the case of n b = 5 .6 . 1013cm-3, cNe =0,75 %(ar =0.906) . But contrary to the conclusion of

Pef .[7] that Ne7 ¢ ions give a main contribution in the radiative energy losses, the

calculations show that Nea+ ions radiate more intensively . This follows from Fig .20,

presenting the profiles of power densities of radiative losses Qz = nn zLa for different ions.

It is noteworthy that according to Fig .4 of Pef.[7] the maximum of Ne 7¢ 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 proposed one-dimensional model of particle and energy 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 approximate formulas, derived for the dependences of energy radiative

losses 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, corning into the plasma, - depends mainly on the electron temperature

at the last closed magnetic surface T s , what results from the inversely proportionality of

the diffusivity to the plasma density (neo-Alcator scaling);

the transition into the state with "detached plasma" occurs when with a changing of T s

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 value.

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

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

with puffing of neon, more than 90% of the power transported to the discharge periphery

can be radiated without the onset of "detached plasma".
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6.SLUPFLEMENT

1. Energetic spectrum 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 Ts. With Ts = 40 eV and in the case of a carbon

surface the reflection coefficient RN --0.3 and increases with a decrease of

temperaturel:29) . When the surface is saturated with gas the absorbed particles desorbs

as molecules with a thermal velocity of 105 cmIs . 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-Condon 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 ki $ ks and the temperature gradient is

not very sharp . In our case, the first condition only loosely satisfies - k i a <k° with all T . But

the used form of D s , derived in Ref.[8) from a kinetic equation, allows to describe correctly
an opposite limit case of k 1 s >k° . Indeed in such a case it follows from Eq .(1) and the
formula for Ds that the characteristic length of the density decay of charge-exchanged
atom is the same as in a kinetic approximation - Vs/(ki8n).

3. Transparency of the SOL for neutrals.

The plasma parameters in the SOL depend strongly on the discharge conditions . In
Ohmic discharges T � 20 eV, n <3 . 10 12cm"3, in the discharges with auxiliary heating

T � 40eV, n 10 13cm "3 . In the both cases the path length of Franck-Condon atoms before
ionization l i =vs /(ke en) is longer that 5cm, for charge-exchange atoms I ;> 10 cm . For carbon
and oxygen particles with vo=5 . 10 5cm/s l i°>4 cm and l i°>3 cm, respectively, in ohmic

discharges and l E°> 0 .6cm and l i °> 1 cm in the additionally heated discharges . Neon atoms,

reflected from the limiter, with a velocity of Vs have I 1Je > 10 cm . 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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4. 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

example, 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 toroidal limiter the equations of the continuity, thermal balance and motion

along the magnetic field have the following form (without taking into account of drift

effects)[131:

ar~ +

	

s
ax

	

al

&Il

	

m 0
ax

	

al

äx (r~-r"''~l~) + äl (~''a¢
P) _

where dl =aB 1/B dc t, ö is the poloidal angle, r =nVV 11 , q 1 are the velocity and particle

flux density along B, P=n(T i +T®) is the plasma pressure, the terms S, Q, F describes an

interaction of charged particle with neutrals and impurities.

An averaging of Egs .(S1), (S2) over the magnetic surfaces give Egs .(3), (5) but before

using them it is necessary to ensure that everywhere on a surface the plasma parameters

are close to the averaged ones . The characteristic change of temperature AT along B can

be estimated from the equality of a heat flux into the region near the limiter due to electron

heat conductivity, Q II , 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 =4rr-2aRgo. For
Q lj one has the estimate

I II ®T sins' 2rrRdr
L

where x ll =AKT2 is the longitudinal heat conductivity of electrons,Ax =1 .5 . 1020cm - 's-1

ev-2.5 , = rrgR is a connection length, sine = a/(qR), u is a pitch angle of the magnetic
field to the toroidal direction, d r is the characteristic width of the peripheral region . From
the equality of Q~I and W one has

AT

	

2(i7gR) '9o
(r T

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

(go 1 W/cm2) and 100eV in auxiliary heated discharges (go = 5 .5WIcm 2), dr =10cm . This

gives for TEXTOR condition (a = 46cm, R =1 75cm, g =4) ATIT 0 .3 and 0 .03 respectively.

From Eq.(S3) it is possible to estimate a plasma pressure change on the magnetic

surface :

(S1)

(S2)

(S,3)



21

P ( ll)2
Vs

Vll can be evaluated from Eq .(51) :

s ~ n ~ll
ör
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Therefore

Ap

	

FsLll)2

	

(	 aL ll	 )2
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01"' Vs

	

26rTp Vs

Both for ohmic and additionally heated discharges (rp 40ms and rp 10ms, respectively)
we have APR < 0 .01.

Thus relative changes of the plasma temperature, pressure and density, consequently,

along the magnetic surfaces are small 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 necessary to introduce an
anomalous convection with a velocity V p of 5mis [301. But for conditions of the peripheral
region convective transport is negligible . Indeed Vp 4D d(Inn)/dx D±/ör 20-,40m/s.

6. Plasma isotherrnality.

The condition that T i and TB be nearly equal in the peripheral plasma . has, been discussed
in Ref .112) and is reduced to the following:

qa 4®1 n6

where qo is W/cm 2 , D ± is in m2/s and nb is in 10 13cm -3 .

This holds for the considered conditions under consideration - <n> - 3 . 10 1 3cm -3 in ohmic
discharges and <n> �4.4•10 13cm -3 in auxiliary heated discharges.

7. Effect of Impurity recombination.

Negligibility of the radiative, dielectronic and three-body recombinative processes for

impurity in the tokamak peripheral region is shown in a number of papers (see Ref .[9]) . The
charge-exchange on deuterium neutrals can play a more essential role[311 . A cross-section
of such a process, uc, is of 3 . 10 -15cm2 for carbon and oxygen ions . With a neutral density
near the limiter of 10 1 1 cm -3 the time till charge-exchange r is of 500/is and is smaller
than the ionization time of C3+, 03' - 0 5+ ions . But rp does not exceed the time of the

ion residence in the vicinity of the limiter
r ll =III/VII,

where lli is the length of the limiter
in B direction. One can show that r,/r ll U./0',> 2.5 . This means that the charge-exchange

on deuterium neutrals is not a dominant process in the impurity particle balance and in the
first approximation . it can be neglected .
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Fig . 1 - A schematic view of the peripheral region in a tokamak with a toroidal
limiter .
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