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1.Introduction.

The operation of the ergodic divertor in tokamaks permits to modify and to

control the edge plasma parameters in order to obtain the optimum boundary conditions

without degradation of the core confinement [1,2,3].

The magnetic field perturbation generated by ergodic divertor coils contains a

radial component, leading to stochastic behaviour of the magnetic field lines, which can be

described by Hamiltonian formalism. Assuming that the electrons follow the magnetic field

lines, it was shown theoretically that the perpendicular energy transport through the ergodic

layer is amplified by the diffusion of the magnetic field lines, since the large parallel

transport has a radial component due to the stochastisity and acts in addition to the usual

transverse transport [3,4]. The temperature profile is expected to be flat in the ergodic zone,

due to the large effective transverse diffusion. In fact, it was shown experimentally that the

averaged temperature is lower in the ergodic divertor configuration in comparison with the

limiter one [3,5,6] with no central degradation of the electron temperature (Fig.l).

On the other hand the local temperature profile measurements with Langmuir

probe on the tokamaks Tore Supra [3], TEXT [5] and CSTN-II [6] demonstrated the

existence of some stationary periodic radial, poloidal and toroidal structures with the

magnitude at the given radius about 5-20eV, which are more pronounced at the low density

(Fig.2). It was found out that the poloidal and toroidal periodicity of the temperature field

follows the wave numbers of the magnetic perturbation [3,6] and the radial width

corresponds of the distance between the resonant surfaces (~2cm for Tore Supra). The

small-scale temperature structures could not be described in the terms of the effective heat

diffusion coefficient [3,7], since it is averaged already over the ergodic zone (~16cm) and

there is no access to the small scales.

The efforts of theoretical understanding of local behaviour of the temperature

field in ergodic layer were done in the frame of quasi-linear approach in [7,8,9]. The

linearized set of transport equations in the presence of the radial magnetic perturbation was



obtained for the temperature and density. The perturbation as well as the temperature and

density fields were expanded in poloidal and toroidal harmonics (m,n). For each mode

(m,n) localised around the resonance surface where -m/q(r)+n=0, q(r) being safety factor,

the analytical solution was obtained in WKB approximation [7,8]. The quasi-linear theory

is not complete, since the resonant modes coupling, which appears due to the stochastisity,

was neglected, and so, in order to recover the chaotical properties of the system, the

transverse heat diffusion coefficient was renormalized ensuring that parallel structure of the

temperature is consistent with the quasi-linear field lines diffusion approach [3,7] in the

ergodic zone.

In order to study the temperature field structures in the ergodic zone one should

consider the heat transport as diffusive only at the small scales of "normal" transport. At

this scale the influence of the magnetic field perturbation on the energy fluxes can be taken

into account in the form of corrections to the operators of perpendicular and parallel

gradients. In this case the stochastic properties of the magnetic field in the ergodic zone are

introduced consistently by non-linear coupling of the temperature perturbation modes due to

the presence of the radial component of the magnetic field perturbation. This approach is

coincided in the present paper. Two numerical codes were developed: ERGOT 1 for solving

the quasi-linear and ERG0T2 for non-linear heat transport equations in stochastic layer,

taking into account the realistic plasma parameters and the divertor perturbation spectrum.

The transverse transport was considered as a constant. A non-linear dependence on the

temperature in the parallel heat conductivity was taken into account.

The averaged temperature profile flattening during the ergodic divertor

operation with no degradation of core confinement was reproduced in the numerical

simulations. It was shown numerically the existence of transport barrier near the separatrix

due to the possible creation of the convective sells, leading to entering additional radial heat

fluxes, which can maintain the temperature gradient even greater then in the limiter

configuration. The effective transverse heat conductivity decreases near the separatrix,

providing the transport barrier, and, on the contrary, radial transport increases in ergodic

zone due to the stochastisity of the field lines. In order to compare the numerical results



with the previous models the effective ergodic coefficient was calculated afterwards from

the numerical solution for the temperature field in stochastic zone. The factor of the

amplification of the transverse heat transport due to the ergodic divertor was estimated as

10-30, depending on Tore Supra plasma parameters and the perturbation amplitude.

The resonance structure of the solution for the temperature perturbation permits

the existence of local small-scale radial and angle modulations of the temperature field

observed in the experiments. The poloidal and toroidal periodicity of the temperature field

modulations follows the wave numbers of the magnetic perturbation spectrum and the radial

modulations correspond roughly to the distance between the resonant surfaces q=m/n.

2.Magnetic field line equations.

The results of Hamiltonian chaos theory [10] are usually used to describe the

statistical properties of the magnetic field perturbed by the ergodic divertor.

The tokamak equilibrium magnetic field in the magnetic intrinsic Hamada co-

ordinates is given by the expression [9]:

B o = V¥t°or x V6 + Vyp°o, x Vcp (2.1)

Here *F o l , *Ftor are the poloidal and toroidal magnetic fluxes divided by 2n and the 0, cp

are the intrinsic poloidal and toroidal angles determined in the unperturbed equilibrium

from the following constrains:

d6
= co = const

ds 9

(2.2a)
dcp

= co = const

ds <P



d BV
Here — = is a derivation along a field line. One can set:

ds B

dcp

here q is a safety factor.

The label of the unperturbed equilibrium surface where ^^ — const is the

third co-ordinate of the system j V ^ r , V6, Vcp > with Jacobian :

J = (V*Ft°orxVe,V(p) (2.3)

where symbols ( , ) and x correspond with scalar and vector inner products respectively.

Notice, that in the Jacobian and the safety factor are constant on a equilibrium magnetic

surface ¥ to r = const and the poloidal flux is the function only of the label of the magnetic

surface ^pol = ^po l^ tor ) .

Ergodic divertor operation generates small perturbation of the magnetic fluxes.

The generation of the stochastisity of the field lines and the appearance of the radial

component of the magnetic field 5Br which was zero in the unperturbed equilibrium is due

to the poloidal flux perturbation 5¥p o l (¥t°or ,6, q>) = ¥ p o I - ¥p°ol (¥ t°or). Other

components of the magnetic field perturbation leading to the small modulations ("ripple"-

type) or shifts in the equilibrium surfaces can be neglected since $B/ ~ io~3 .



Let us to obtain the magnetic field lines equations in the Hamiltonian form. The

projections of the perturbed magnetic field B = Bo + SB on the co-ordinate vectors

o n e c a n write in the following form:

90
(2.4a)

(B,Vq>) = J (2.4c)

Assuming that in the plasma edge zone the particles follow the field lines, the parallel

velocity is:

j(V¥t°or x VG) + ~L(VKr x Vq» + ̂ ~ " ( V 9 x V«p) 1 (2.5a)

From the other hand the velocity in the co-ordinates 4 V ^ ^ , V0, Vcp > is equal to the time

derivation of the displacement vector S:

f n <
f " j n r < ™ X * 9 ) + f ^X^Sr) + ̂ » *™>\ (2.5b)

The field lines equations follow from (2.8a) and (2.8b):

(2-6a)



dt B

dcp = JV//
dt B

or in the Hamiltonian form [10]:

(2.6c)

d<p 36

d6

( 2 7 a )

a 7 b )

Then the poloidal flux Y ^ = 'P , (̂ *t° r , 0, cp) is the Hamiltonian of the variables

{*Ftor, 0} and the toroidal angle cp is equivalent of the 'time' in the system. Notice, that the

unperturbed field lines are straight in the phase space { ¥£,• , 0}, since the equilibrium

poloidal flux does not depend on angles ^Pp^ = ^ (*Ft°r):

[O
tor = 0 -> ¥ ° = const (2.8 a)

d(p

d0 1
^ = - ^ T T = c o n s t (2.8b)

In the case of divertor operation the poloidal flux perturbation spectrum can be presented as

follows:

(2.9)
m,n

and the field lines equations (2.7) with (2.9) describe the Hamiltonian stochastic system

[10]:



(2.10a)
mn

I (2.10b)

This set of equations gives in the phase space { *¥t0T ,0} the topology of the islands chains

located near resonant surfaces where the phase of the mode (m0+ncp) is constant and

hence q^tor) = — • The boundaries of the islands separate the trapped trajectories from
n

the open ones. The criterion introduced by Chirikov [11] determines the threshold of the

chaotical behaviour of the magnetic lines between two rational surfaces :

GChir= 5 ( m ' n ) + 5 ( m + 1 ' n )

An(m + l,m)

where 5(m,n) is the unperturbed half island width and An(m + l,m) is the distance

between the resonant surfaces (m+l,n) and (m,n). The chaos appears if the neighbouring

islands chains (m+l,n) and (m,n) overlap, so C J Q ^ > 1-

For the sake of convenience for the axisymmetric tokamak usually the radial

label r of the equilibrium magnetic surface is used. Since for the axisymmetric tokamak:

V<p = — , where R does not depend on cp, from (2.4c) follows that Jakobian is J = —--.
R R

To simplify the formulas here we consider the circular equilibrium magnetic surfaces, so

1 r 1
one can write: *?£,. = — [BmrdrdG = - B o r 2 , were r is a new label of the magnetic

2no 2

surface. The Jacobian J = —— and Bo are constant in this approximation.
Rtor



The most significant component of the magnetic field perturbation which

appears due to poloidal flux perturbation is radial component, since it was zero without

ergodic divertor:

0 m,n

here b m n is 2D perturbation spectrum (poloidal number -m and toroidal-n) and b(r) - radial

dependence of the perturbation. For convenience one can use the "local" expression for the

Chirikov parameter [3] which in valid if S(m, n) = 5(m + 1, n) :

_ 2S(m,n) , . , . , ,

An(m + l,m)

here the unperturbed half island width in radial units

A/2

V ms
is[3] 8(m,n) ~ 1 " n " v t o r |b(r)bmn 1 , An(m + l,m) = — is the distance between the

ms

r dq
resonant surfaces (m+l,n) and (m,n), s = is a shear.

q dr
The parallel to the magnetic field gradient is given by :

- _ B (B,V) _ B f (B,Vr) 3 , (B, V6) d , (B,Vy) d ]
11 "B B "iU"ar+^"ae+~TS a i 4 )

Taking into account (2.2) and (2.4a-c) one can rewrite (2.14) as follows:

The general form of the perpendicular gradient is:



qB
V c p - ^ B (2.16)

Let us estimate the expression (2.16) for unperturbed magnetic field (2.1), which can be

presented as:

B o = x V0 +
" M o r

t°or x Vcp (2.17)

Taking into account (2.3) one can write in the orthogonal cylindrical system of co-

ordinates:

Bo= J 9
Vcp I q I V6

(2.18)

Here we suppose that Vcp = VY&r x V0, Vcp = V¥ t° r x V0 and

cp = Vcp/ I Vcp 1,0 = V0/ I V0 I. In this approximation expression (2.16) becomes:

Vi = V r — +

+0 I V0 I

+cpl Vcp

1 + -
I V0 I2 J 56 B2qlV0l2a(p

• + •

B2qlVcpl230 (2.19)

To estimate the order of magnitude of the different terms we take:

^ ^ ^ l ^ ; I V 9 N - , so approximately
R Rtor B 9 R R Rtor r

for the tokamak parameters taking r/R -1/3, Bq/Bf-1/10, q~3 in the ergodic zone one can

set:

10



- ° U e ^ - (2-20)
3r r 30

3.Magnetic field perturbation spectrum.

The Tore Supra ergodic divertor consists of six multipolar coils located at the

low field side and distributed regularly on in toroidal direction. On each coil the current can

be presented as a gate-function with poloidal modulation of 3.5 periods. In the "real"

geometry the poloidal width of the each coil is A9geom = 120° and toroidal one:

A(pgeom = 14°. In the intrinsic co-ordinates the effective angle extensions change, since the

magnetic co-ordinates depend on the equilibrium.

For the calculations we use the expression of the perturbation spectrum[3]:

sin n
= i-

A(p
2

Acp
n —

2

. ( , _ ,A6^ . (f_ AS
sin ( m - m ) — sin (m + m)

V 2 ) \ 2
, _ ,A6
( m - m ) —

(3.1)

where i 2 = - l ; n = kn; k = 0,±l,±2...; n = 6; A(p = A(pgeom. The values of main

poloidal mode of m and poloidal extension A0 in the intrinsic magnetic co-ordinates were

taken from [3,9]. For typical equilibrium during divertor operation with the resonant value

of the safety factor at the plasma edge q(a) = 3 and (3poi+—= 0.7 one can set

A6-0.58Aeg e o m ; m * 3.5— = 18. Taking the edge value of the safety factor
A9

q(a) = m / n, one provide the condition of the resonance of the ergodic divertor.

From (3.1) follows that b_ m _ n = - b m n = iB m n here B m n is real hence

magnetic perturbation (2.15) is a real number. Using the symmetry of the spectrum one can

write:

11



cp) ( 3 . 2 )
m,n=±°° m,n>0

The radial dependence of the perturbation is taken as in [9] exponentially decreasing:

b(r) = b(a)exp(-krsAr) (3.3)

where Ar = (a - r) and the e-folding length is determined by the real space poloidal wave-

vector k r s = ——, m r s = 3.5^ \ ~ 10.5. Typically for Tore Supra at the plasma edge

a [2TU/3J

b(a) = 10~3. The ergodic divertor spectrum used in calculations is presented on Fig.3.

4.Heat transport equations in the ergodic layer.

The magnetic field perturbation generated by ergodic divertor coils contains a

radial component, leading to the stochastic behaviour of the magnetic field lines. It was

shown theoretically that the perpendicular energy transport through the ergodic layer is

amplified by the diffusion of the magnetic field lines, since the parallel transport has a

radial component and acts in addition to the usual transverse transport. The effective

ergodic heat conductivity was estimated in [7,9] as follows:

%tglne= X l l *Wl + ^ l [ m 2 / s ] (4.1)

( ? ~\4/3 ( \
here LK ~ 7tqRtor is a Kolmogorov length and LT = LK log " F L is

parallel correlation length and the quasi-linear field line diffusion coefficient on the resonant

surface q=m/n has a following form:

D F L = 7CqRtor|b(r)Bmn| (4.2)

12



The temperature profile was expected to be flat in the ergodic zone, due to the large

effective transverse diffusion at the edge. If the heat flux from the central plasma is fixed,

this decreasing of the edge temperature gradient leads to the temperature degradation in the

centre. In fact, it was shown experimentally that the edge temperature is lower in the

ergodic divertor configuration in comparison with the limiter one, but without central

degradation of the electron temperature (Fig.l). The local temperature profile Langmuir

probe measurements [1,10,11] demonstrated the existence of stationary modulations of the

temperature field with the same poloidal and toroidal periodicity as the magnetic

perturbation. The small-scale temperature structures could not be described in the terms of

the effective ergodic diffusion coefficient, since it is averaged already over the ergodic zone

and there is no access to the small structures observed, so the numerical transport

modelling was a logical issue for the temperature field structures studies in the ergodic

zone.

The 3-D heat transport modelling in the ergodic-divertor configuration is

performed by quasi-linear (ERGOT 1) and non-linear (ERGOT2) numerical codes. For local

temperature T(r,6,(p) the continuity equation is taken in the following form :

(4.3)

Here ne-is a plasma density, %\\{ne,T), %±(ne,T) are parallel and cross-field heat

conductivity, SQ is the heat power density, operators V|( ,V_L are given by (2.15) and

(2.20). In the stationary regime, assuming that in the stochastic layer the source SQ =0 ,

one can write:

(4.4)

13



For present modelling the parallel heat conductivity is [12]: ^ - 2 x 1022 T^/ 2 [m 's ' ]

and the perpendicular one is taken from empirical estimations at the edge:

Expanding the temperature field as the magnetic perturbation (3.2):

T = (4.3)
m,n=±°°

one can present (4.4) up to the 3rd order of perturbation in the form of the system of

equations for harmonics amplitudes:

dr
X,,b(r)- mn

-(X|,k rnn

dr ,n'>

-X| ,b(r)Bm nkm n (4.4a)

dT
m' n' 1 = d(3/2neTmn)(4.4b)
9r dt

Here the symmetry of the spectrum is taken into account:

B_ m _ n = - B m n and T_m_n = Tmn, notice that: T = Too + 2 ^ T m n (r)cos(m9 + n<p).
m>o,n>o

The coefficients in (4.4a-b) are:

Y i = -

T2 =

(4-5)

tor

b^ =2 Ilb(r)Bmnl2

m > 0 , n > 0

The first line of the equation (4.4a) coincides with quasi-linear equation

obtained in [4,7] and is solved numerically in linear code ERGOT 1. The all terms (4.4a)

and (4.4.b) are treated in non-linear code ERGOT2.

14



5.Boundary conditions.

The heat transport equation is solved in the zone between the surfaces

q(rmin) = 2 and q(rmax) = 3 which for Tore Supra parameters (a=0.8m, Rtor=2.38m) is

about 15 cm.

For the steady state plasma one can consider that at the magnetic surface rmin

the magnetic perturbation is small because of the exponential decay (3.3) and the thermal

flux from the plasma core is constant:

= Cj = const
rmin

T I = 0 ( 5 ' 1 }

imn| rm;n
 u

The heat flux behaviour al the plasma radius rmax is governed by the presence

of the solid surfaces (limiter or divertor plates). The contact of the plasma with the wall

generates the voltage drop which accelerates the ions up to the acoustic speed in the

entrance of the sheath (Bohm Criterion) [13]. The particles flow to the divertor plate can be

estimated as follows [14]:

r n = 0 . 5 « e C s (5.2)

T +T- 2T
where Cs = — ~ —— is the acoustic ionic speed, T is measured in energy units.

V m i V m i

The energy flow is proportional to the particle flow and the temperature:

Qil « 5 T Tn (5.3)

15



f T- 1
here 8 = 8 — is the sheath energy transmission factor which for plasma with T; = Te is

about-10 [14]. From the other hand in the laminar zone between the divertor and the

stochastic region the energy flow is mainly parallel and can be written as follows:

3T
Ql l—XH-T- (5-4)

ds

where — is a derivation along the magnetic line, which one can present as
ds

a 3 dr d 8Br
— = = so:
3s dr ds dr B

B dr

From the equivalence (5.3) and (5.5) and taking into account (3.2) and (4.3) one can write:

X||(TOO) X b ^ b m - m ' n - n ' + b m + m ' n + n ' ) ? '" ' = § "eCs(Too)Tmn (5.6)
m',n'>0

The condition ((5.6) contains a non-linear dependence on the

temperature. Here we do not treat the boundary conditions in the form (5.6), leaving this

for the following papers. For simplification of the numerical method and taking into

account that normally I Tmn l « Too, in the stationary regime, here we consider

Too = const = lOeV; Tmn =0 (5 7)
0 0 r=rmax m n r = r m a v '

6. Linear code ERGOT1.

16



Linear numerical code ERGOTl was developed for solving the equation (4.4)

where the terms of the harmonics coupling are neglected and the averaged temperature Too

is fixed, hence each harmonics amplitude can be found from (see [7]):

mn Xll ^2 -p __Xll_b(r)B k 0 0 (6.1)

2

Here in the coefficient at Tmn (4.4a) normally - ^ - k ^ n » XL ~y- Introducing the radial
X± *

meshjxj : i = 1,NX}, Xj = -^^^ .x^x = m a x ,where a-is the plasma radius one can write
a aa a

(6.1) in the finite differential form as a 3-diagonal matrix equation [15]:

(6.2)

where for i=2,NX-l:

f i

B i = - | A. V
Xl

Lmn| ->dx

m
Rtorl Qi

for i=l: Aj = C t = Rj = 0, ^ = 1; and for i=NX: A N X = C N X = R N X = 0, B N X = 1.

All coefficients needed are taken in the middle of the sell, for example:

x- +x-
oo ~ ioo and the coefficient i\\ is taken as a function of the averaged

S / 2.
temperature %n ~ Too . The typical Tore Supra parameters during divertor operation were

17



taken (see Fig.4) for testing the program. One can see that for q(a)=3.2 the harmonics

(n=6,m=12-19; n=12,m=24-38;...) are resonant (q=m/n) in the region (r=0.55-0.8m). For

chosen plasma parameters the Chirikov coefficient (3.4) rises up to 2.7 at the plasma edge

(for the perturbation amplitude b(a)=10-3) generating the chaotic behaviour of the magnetic

lines in the stochastic zone (Fig.5).

The numerical solution was compered with the approximate one obtained in [7]

by introducing average transverse wave number k r: — ~ -ik r in (6.1), so for x i = const
at

one can present the solution as follows:

lmn (6.3)

Linearising q(r) in the vicinity of the resonant surface r = rmn one can show that the

Tmn(r) is localised around rmn in the interval:

(6.4)

where a = , s = —. Since krA ~ 1 one obtains [7]:
rqRtor q dr

In absence of ergodic divertor local perpendicular energy flux is:

dr {66)

18



The parallel heat flux leads to the additional radial flux due to the radial perturbation of the

magnetic field:

where ( ) e means poloidal and toroidal averaging. Taking into account (3.2) and (4.3),

up to the 2-rd order of perturbation (6.7) can be presented as follows:

Qlrg=-x,i
dTnoo V w ^ n 2b( r ) 2 B m n

2 +
m,n=±°° m,n=±°°

(6.8)

Taking into account the expressions (6.3) and (6.7-8) one can estimate the effective radial

heat conductivity in ergodic layer in WKB approximation as:

b ^ B

The comparison between the numerical results and the analytical (WKB) approximation for

single harmonic (n=6,m=16) with the perturbation amplitude b(r)=10-3=const is shown in

Fig.6a. One can see a good agreement between analytical and numerical solutions which are

localised near resonant surface q(r™") = m/n and change the sign on it, so

Tmn(rr^s
n) = O. This localisation one can see at the Fig.7 where the temperature

perturbation (4.3) for harmonics (n=6,m=16) and (n=6,m=14) is presented as a function of

(r,9). For one mode (m,n) the effective Xerg 1S a l s o localised on the resonance surface

q=m/n (Fig.6b). The overlapping of the resonances leads to the effective perpendicular heat

conductivity much grater then Xl- Taking in consideration the exponential decay of

19



perturbation b(r) (3.3) the main resonant harmonics amplitudes (n=6,m=14-19) versus the

radial co-ordinate obtained numerically were plotted on Fig.8 . One can observe the radial

and poloidal modulations of the edge temperature due to the divertor operation on Fig.9 and

Fig. 10. In the linear approximation the temperature perturbation is the simple sum of non

coupled harmonics with the spectrum corresponded to the divertor magnetic perturbation

spectrum. The Chirikov parameter and the effective diffusion coefficient ~ Xera ^ne [m2s-

1] (n e = 10 + 19m-3 = const) profiles are presented on Fig.ll. One can see the obvious

correlation between the increasing of the effective radial transport and the degree of

stochastisity at the edge.

The numerical simulations of the heat transport at the edge during divertor

operation with the linear code ERGOT 1 could explain qualitatively the presence and some

features of the resonant structures in the temperature field. Nevertheless, the linear code is

rather limited in exact predictions of the experimental data because the averaged temperature

Too is not treated self-consistently and the effect of the temperature profile flattening can't

be modelled, also the overlapping of the resonances is governed by the coefficient x± and

not by stochastical properties of the magnetic field, since the resonances of the temperature

are not coupled in the linear model. The increasing of the Xi leads to the recovering of the

resonances (see Fig. 12) and, since %j_is proportional to the density, the temperature

modulations amplitudes increase with the decreasing of the edge density (Fig. 13).

7. Non-linear code ERGOT2.

Next step in the heat transport modelling is to take into account the

poloidal and toroidal harmonics coupling, since in this way one can introduce self-

consistently the stochastic properties of the perturbed magnetic field in terms of the

temperature equation (4.1), which is presented as follows:

20



^m'n'1-d(3/2n eTm n) (7.1)
m'>0,n'>o[ A - dr j dt

here the harmonic Too is treated self-consistently. In order to simplify the control of the

temperature profile in numerical simulations at plasma edge r=a, here the energy flux is

taken being a constant and so due to the (5.3) one can set the averaged temperature

Too(a)=const (5-10ev in Tore Supra experiments). At the other boundary (r=r min) the

condition (5.1) was satisfied.

The numerically stable implicit relaxation method to the stationary profile is

taken to solve (7.1), so the time dependence in the equation is taken into account. The initial

profile of Too(r,t=0) is equal to Too (r) fixed in the linear code ERGOT 1, all harmonics

amplitudes Tmn(r,t=0)=0. The divertor current and so the magnetic perturbation amplitude

is switched on lineary:

b(r,t) =
b ( r ) — , t < t 0

l (7.2)
b(r), t > t 0

In finite differential form the (7.1) can be presented as follows:

^ = AT(J+1) (7.3)
At

here index (i) indicates the radial point of the mesh, index (j) the time step number: t=j At.

The finite vector is organised as follows: for each toroidal harmonic number (n) one takes

certain number of poloidal harmonics (m) to treat in each radial point, so:

21



jU-> = (7.4)

~ Ne-Nb
i = 1: NX,n = Nb,m = Mb(l): Me(l),..,n = Ne,m = Mb(JV): Me(N); N = — - — +1.

6

The number of harmonics to treat is much greater then in linear code due to the shift in

coupled modes (4.5).

The matrix equation to be solved on each time level (j+1; j=0,..,NTIME ) one

can rewrite as:

AT ( J + 1 ) =B (7.5)

1 - f
here A = A E, B = . The example of the matrix view for harmonics numbers:

At At
n=O(m=O-l) and n=6(m=17-18) is follows:

n=0, m=0

n=0, m=l

n=6, m=17

n=6, m=18

n=6, m=0

\

\

n=0, m=l

\

\

\

\

n=6, m=17

\

\

\

n=6, m=18

IN
\

i=l,2,..,NX
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One can notice that in the linear code ERGOT 1 only main three diagonals (here

in bold-lines) are taken into account. The other block-diagonal's elements are proportional

to the value of the magnetic perturbation, so the harmonics coupling is getting stronger if

the level of stochastisity increases.

All temperature dependent coefficients are taken as a functions of T ^ . On each

time-step the matrix inversion is performed by the method of LDU-decomposition of

nonsymmetric sparse matrix [15,16]. Only non-zero elements are stored.

The comparison of the ERGOT2-code with the results of ERGOT 1 for single

harmonics (here n=6,m=16) where zero-harmonic Too is fixed (not coupled with the

others) gives exactly the same results (Fig. 14 (a)). One can see that the introduction of

harmonics coupling between (n=0,m=0) and (n=6,m=16) changes the solution for the

temperature perturbation (Fig. 14 (b,c) ). Near the resonance surface the Too profile is

flatter then in linear modelling due to increasing the effective heat conductivity (Fig.l4(c)

and the harmonic (n=6,m=16) amplitude is less in non-linear case (Fig.l4(b)) since it is

r)T
proportional to the averaged gradient —r2 2- (6.3).

BT

The most important effect one can model with non-linear code is the averaged

temperature profile flattening in the ergodic zone and the barrier creation near separatrix due

to the divertor operation. One can notice from (7.1) that in the absence of the magnetic

perturbation the solution is Too(r,t)=Too(r,t=0) and all other harmonics Tmn=O, if the

initial Too(r,t=0) profile is linear at the edge and the coefficients of the equation (7.1)

(plasma density and perpendicular heat conductivity) are constants. In the case of non-zero

magnetic perturbation amplitude the stochastisity of the magnetic lines creates for plasma

particles the additional possibility of cross-field diffusion.

One can see on Fig. 15 that in comparison with the ERGOT 1 code the

stationary Too-profile is much flatter in the ergodic zone (r>0.6m) then Too fixed in the

linear modelling (Fig. 16c). The stationary regime in the solution of (7.1) is achieved very

rapidly after divertor effective switch-on time (Fig. 15) and the numerical procedure is very
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stable in the time. The stationary solution does not depend neither on the switch-on time nor

on the time-step, providing the time-step small enough to keep the main-diagonal

domination in the matrix A , which makes the inversion calculations stable (here

At = 1.5 10~4s,t0=1.5 10~3s).

As one can see from Fig. 16 more harmonics are taken into account more the

effective diffusion in stochastic field increases and the Too-profile is getting flatter at the

edge. The studies of convergence in poloidal and toroidal harmonics number (Fig. 16,17)

shows that in general the set of (n=0,m=0-2; n=6,m=10-24; n=12,m=20-40; n=18 m=40-

54) is enough to describe the solution.

The radial points-convergence is shown on Fig. 18. Normally the radial mesh

NX=100 was used. So the standard matrix dimension is about 5400x5400.with -10+6

non-zeros. One step inversion takes -0.8 min on the work station "Alpha Server-2100"

(4CPU-300MHz), which gives the time of calculation up to the stationary regime about

~24min (for -30 time steps needed to obtain the stationary regime).

The harmonics amplitudes decreases with the toroidal harmonic number

(Tmn(n=6)>Tmn(n=12)>Tmn(n=18)...) (Fig. 19), which is the consequence of the

perturbation spectrum (Fig.2) and also notice that only resonant harmonics (q=m/n) and

n=0(m=0-2) have significant amplitudes.

The comparison between the effective diffusion coefficient due to the

stochastisity of the magnetic field estimated from the expression(4.1) and from (6.7-8) for

linear and non-linear codes for edge value of the Chirikov parameter a 2.7 is shown on the

Fig.20(a). One can see the that in the non-linear modelling the temperature profile

(Fig.22(c)) is much flatter in the ergodic zone without central degradation and the resonant

structure in the %erg disappears due to the non-linear harmonics coupling. Notice also, that

the increasing of stochastisity (Chirikov -3.7) leads to more flatter profile of the average

temperature at the edge (Fig.20(c)). The quasi-linear estimations for effective ergodic heat

conductivity are in a good agreament with numerical simulations on the averaged profiles

and in ergodic zone where Cirikov parameter is much greater then one and, so the quasi-
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linear approach is justified. The factor of the amplification of the transverse heat transport

due to the ergodic divertor was estimated as 10-30, depending on Tore Supra plasma

parameters and the perturbation amplitude.

Present simulations show that near the separatrix (here r=0.65-0.7m) locally

effective conductivity could be even less then "normal" one %er2 <%j_(Fig.20(a)-(b)) In

this region the islands of magnetic topology are not recovered, and the large value of

parallel heat conductivity (Xn^T ) overcomes the smallness of the magnetic

perturbation. All this could possibly create the entering convective heat fluxes (Fig.21),

which maintain temperature gradient and form the barrier(Fig.20(c)), the result observed in

ergodic divertor experiments (Fig.2) and also obtained in test-particles code for heat

transport modelling in ergodic zone [17].

The resonant structure of the solution explains the poloidal, toroidal and radial

structures in the temperature field (Fig.21). Notice, anyway, that normally in non-linear

code the modulations have smaller amplitudes then in linear one (Fig.22), since the average

temperature is flatter, and also due to the harmonics recovering. The poloidal and toroidal

modulations exhibits the same poloidal and toroidal periodicity as the magnetic perturbation

(main resonant harmonics numbers in the ergodic zone on Tore Supra:

n=6,m=18,17,16,15,...), notice that each harmonic is located near corresponding resonant

surface(q=m/n) (Fig.22).

8. Conclusions.

The 3-D heat transport modelling in the ergodic-divertor configuration is

performed by quasi-linear (ERGOT 1) and non-linear(ERGOT2) numerical codes. The

stochastic properties of the magnetic field in the ergodic zone are introduced consistently in

the heat transport equation by non-linear coupling of the temperature perturbation modes

governed by the radial component of the magnetic field perturbation.

The non-linear calculations show that the edge temperature profile is flattening

in ergodic divertor configuration in comparison with the limiter one. This fact can be
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interpreted as a creation of the additional perpendicular particle and heat diffusivity due to

the parallel transport in the stochastic zone, where the magnetic surfaces are destroyed. The

factor of the amplification of the transverse heat transport due to the ergodic divertor was

estimated as 10-30.

Present simulations exhibit no degradation of the stored energy in the plasma

centre, a feature which has been reported in the experiments and test particle calculations.

The convective fluxes on perturbed ,but not destroyed, magnetic surfaces near separatrix,

lead to the barrier creation in this region.

Numerically one can obtain the periodical poloidal, toroidal and radial

modulations of the edge temperature field which are similar to the experimentally observed

structures. The poloidal and toroidal wave numbers of the temperature field modulations

corespond to the main resonant in the ergodic zone (q=m/n) harmonics of the magnetic

perturbation spectrum.

9. Observations.

The main features observed in experiments are reproduced numerically ,but for

the quantitative comparison with the experimental data one need further analysis. The

temperature modulations in boundary conditions (5.6) should be considered, since there is

the experimental evidence of poloidaly and toroidaly non-uniform temperature profile at the

plasma boundary. One should also study the influence on the results of modelling the

different perpendicular transport scaling depended on the plasma temperature. Notice, that

the other source of nonlinearity in the equation (7.1): the temperature dependence of the

parallel heat conductivity %n ~ T ( here is a function only of the averaged temperature

Too), one should take into account, since in some law-density experiments the amplitudes

of the temperature perturbations are about 10-20 eV and so the condition Tmn«Too is not

no more fulfilled. Plasma density in present simulations is constant ~1019m~3, amplitudes

of modulations are about ~3-5eV. Further analysis of these modulations is required for

comprehensive comparison to the experimental data which exhibits large modulations.
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typically ~20eV at low density ~1O m . Present non-linear (ERGOT2) numerical

modelling at such low densities are unstable, since the regulator parameter

2—1 19 —3
X I ~ l[m s ]*ne[10 m ] is very small. All this problems we keep for the next

publications.
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