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Abstract

Magnetic field stochastization at the plasma edge in Tore-Supra with the ergodic divertor (ED) results in a significant
reduction of the impurity concentration and a simultaneous increase of the edge radiation. This behavior is modelled by the
codes RITM and CNET by taking the enhancement of the energy and particle transport with ED into account. A qualitative
explanation of the influence of stochastization on different charge states of impurities is proposed.
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1. Introduction

Enhancement of the particle and energy transport by
the magnetic field stochastization at the plasma edge should
lead to a reduction of the impurity content in tokamak
plasmas. On the one hand, impurity ions generated by
ionization of atoms released from the walls leave more
promptly the plasma [1]. On the other hand, recycling of
main particles increases as well [2] and this leads to a
decrease of the edge plasma temperature [3] and of the
wall erosion by physical sputtering [4].

Experiments on Tore-Supra with the ergodic divertor
(ED) confirm such expectations. The measurements [5-7]
demonstrate that activation of the ED leads to a significant
diminution of the concentration of intrinsic impurities
(carbon, oxygen, iron). Conversely, the impurity radiation
from the plasma edge is enhanced noticeably [5,6].

These findings manifest that stochastization acts differ-
ently on the charge states which make the main contribu-
tion to the total impurity density (nuclei, H- and He-like
particles) and on ions which contribute dominantly to the
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edge radiation (Li-like and lower ionized ions). Such a
selective effect on impurities of different charges has been
demonstrated directly by spectroscopic measurements of
line radiation from carbon ions [8,9].

An interpretation of these experimental results is of
importance for a deeper understanding of mechanisms of
impurity behavior and for optimization of the methods to
control this behavior in thermonuclear devices. In this
paper the results of a one-dimensional modelling of the
plasma and impurity transport in Tore-Supra with and
without ED are presented. This modelling is done by the
numerical codes RITM and CNET, which are described in
the next section. Section 3 is a comparison between numer-
ical simulations and experimental results. A qualitative
interpretation of the influence of stochastization on impu-
rity ions of different charges is proposed in Section 4.

2. Numerical models

2.1. Code RITM

The influence of stochastization on transport processes
requires a coherent approach to modelling. Such an ap-
proach underlies the transport code RITM [10] which
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describes self-consistently changes in transport coeffi-
cients, the effect of impurity radiation on the electron heat
balance and dilution of the ion component. RITM solves
time-dependent one-dimensional equations for the radial
variation of the densities and temperatures of neutral and
charged particles inside the last closed magnetic surface
(LCMS). Without the ED the LCMS is determined by the
position of the limiter and with ED — by the inner border
of the ‘laminar’ layer (where the lines of force can hit the
wall elements). Impurities are described in a non-corona
approximation taking into account ionization, recombina-
tion, charge-exchange with hydrogen neutrals, anomalous
diffusion and neo-classical convection. The boundary con-
ditions at the LCMS prescribe the percentages of molecules
and atoms in the hydrogen neutral influxes, their veloci-
ties, the influxes of impurity neutrals, e-folding lengths of
densities and temperatures of charged particles.

2.2. Code CNET

The code CNET [8] solves the transport equations for
impurity ions for prescribed profiles of the plasma parame-
ters (for the present calculations the profiles of the electron
and ion densities and temperatures found by RITM were
used). As distinct from RITM a detailed collisional radia-
tive model for transitions in carbon ions is incorporated in
CNET, which allows to compare the results of calculations
with the data of spectroscopic measurements.

2.3. Transport coefficients

Without ergodic divertor in ohmic discharges the parti-
cle and electron heat diffusivities are modelled by the
Alcator-like scaling: D, =A,/n, and x| =a, D, re-
spectively. The parameters A, and a, were determined
from the comparison of measured and calculated particle
and energy confinement times. The pinch velocity of the
main ions is defined by the relation V, =, D, r/a’
with @, chosen to reproduce the experimental peaking
factor of the electron density n.; for impurities V s
calculated from the neo-classical theory [11]. For addition-
ally heated plasmas Xj'i are determined from the Rebut—
Lallia model [12] and D | is the OH scaling increased up
to Bohm diffusion at the plasma edge [10].

The transport coefficients with ED are calculated on
basis of the physical picture proposed in Refs. [5,13,14].
The following general formula has been found for the
effective heat and particle diffusivities across the stochas-
tic layer:

) [ E )] o

where L is the characteristic dimension of the correspond-
ing parameter (temperature, density) change along the line
of force and L, is the length of correlation between the
components of the magnetic field perturbation.

In the case of the heat transport L is determined by the
equation exp(2L/L.)=x,/x . Dg/(L+x,), with y,
being collisional heat diffusivity [15], Dg, the diffusivity
of magnetic field lines, and y, the path length between
Coulomb collisions of electrons which carry heat. For
A, =0 these formulas recover in principle details the
results of Refs. [5,13]; distinction of A, from zero takes
into account non-local effects in the parallel heat transport
[16] which are important for Ay, comparable with L_. For
typical magnitudes of parameters this correction leads to
reduction of y.; by an order of magnitude in comparison
with the estimate of Ref. [5].

For diffusion of the main ions L=L_-In[Dg/D
«(T,/m)"/*1/2. In the case of impurity particles their
thermal motion along field lines is superimposed with the
friction with the background ones. Electric field and ther-
mal force arise due to parallel gradients of the plasma
density and temperature. Thus, in addition to diffusion a
convection with a flow proportional to the particle density
can be generated. In the present consideration we do not
distinguish these flow components and it is assumed that
stochastization leads only to a modification in the diffusiv-
ity of impurity particles. In this case L=L_-In[Dg/D |
(T,/m)""? - £,1/2, where m;, is the impurity mass and the
factor f; depends on the frequency of collisions with the
background ions. In the case of high collisionality f;
approaches (m;/m;)!/?, so the diffusivities of the main
ions and impurity particles coincide.

The radial profiles of L, and D which are needed
for computation of the transport coefficients in the stochas-
tic layer were taken from Ref. [17].

3. Results of calculations and comparison with experi-
mental data

In this Section we present the results of computations
by the codes RITM and CNET performed for conditions of
ohmic discharges in Tore-Supra with the following main
characteristics: the major and minor radii of the LCMS are
Ry=24 m and a=0.75 cm, respectively, the toroidal
magnetic field By =3.8 T, the plasma current /, = 1.6
MA.

RITM has been run to model the conditions of shots
#19807 (w/0 ED) and #19808 (w ED) at t=9 s with
roughly the same volume mean electron density {(n,) =
2.85- 10" cm ™. Comparison of the results of computa-
tions and measurements shows that a reasonable agreement
is achieved for A, =5-10"" cm™*, a, =35 and a, =
0.5. Fig. 1 shows the radial profile of the electron heat
diffusivity and particle diffusivity of the main ions for
cases with and without ED. The calculated and the mea-
sured temperature profiles are given in Fig. 2.

The influxes of carbon and oxygen neutrals were cho-
sen to reproduce the measured level of the total radiation
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Fig. 1. Radial profiles of the electron heat diffusivity (a) and

diffusivity of the main ions (b) in plasmas without and with
ergodic divertor as calculated by RITM.

losses, being, respectively, 34 and 40% of the ohmic
power without and with ED, and of the ratio of viewing-line
integrated intensities of L —a lines of C and O
hydrogen-like ions. The spectroscopic measurements are
taken with XUV spectrometer with a radial viewing line in
the midplane of the plasma. Without ED this requires
influxes of carbon and oxygen atoms of 0.033 and 0.003 of
the outflow of deuterons, respectively. Under ED condi-
tions the relative influxes into the well confined bulk
plasma should be 0.016 and 0.0035, respectively. Such a
change of the carbon yield is in an agreement with the
diminution of the physical sputtering with decreasing tem-
perature at the LCMS; according to calculations it drops
from 18 to 10 eV. The increase of the oxygen yield with
activation of the ED could be explained by a stronger
interaction of the plasma with the liner being the main
reservoir of oxygen molecules.

Fig. 3 shows the radial profiles of the effective plasma
charge Z.. It can be seen that the activation of the ED
leads to a significant plasma purification. The calculated
magnitudes of Z. are in qualitative agreement with the
data of measurements which give Z =~ 1.65 and 1.34
without and with ED, respectively. The densities of carbon
ions with different z and the radiated power density are
presented in Fig. 4.

The results of the modelling reproduce the selective
influence of stochastization on different impurity charge
states. The profiles of densities of the radiating ions with
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Fig. 2. Calculated by RITM and measured radial profiles of the
electron temperature.
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Fig. 3. Radial profiles of the plasma effective charge as calculated
by RITM.

z=2, 3 become significantly broader. Although their am-
plitudes decrease slightly the total amount of these parti-
cles and radiation losses from them increase. Conversely,
the densities of ions of higher charges reduce significantly
and one can distinguish two different effects: reduction of
the density at the edge due to diminution of the impurity
source and reduction of the peaking factor in the plasma
core due to changes in the neo-classical transport.

The code CNET was run to calculate the so called
‘r-ratio’ of the line integrated intensities of the L —a line
(33.74 A) of C V ions and of the resonance line (40.73 A)
of C V ions. The radial profiles of these signals, computed
for plasma profiles found by RITM for conditions of the
ohmic shot #14342 at r=4 s (w/0ED)and at 1 =7 s (w
ED), are presented in Fig. 5. The corresponding ‘r-ratio’
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Fig. 4. Radial profiles of the densities of different carbon charge
states and of the power density of impurity radiation without (a)
and with (b) ergodic divertor as calculated by RITM.
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Fig. 5. Radial profiles of intensities of L, — « (CVI) and R (CV)
lines calculated by CNET without (a) and with ED (b).

changes from 1.71 to 1.01 in a agreement with the mea-
surements of 2-2.5 and 1-1.5, respectively. The ‘r-ratio’
gives a measure of the ratio of the integrated line densities
of C*3 and C** ions and its variation manifests that
stochastization leads to a redistribution of carbon particles
in favor of lower charges.

4. Discussion and summary

The results of numerical modelling show in agreement
with measurements a different influence of stochastization
on the different charge states of impurities. This can be
interpreted on the basis of the following consideration. For
each charge state Z one can introduce the characteristic
width I of the region where these particle are mainly
localized. This width is estimated by the distance which
the ions diffuse into the plasma before further ionization.
Tonization takes place in a time of 1/(k_n.), where k_ is
the ionization rate coefficient, and 1.~ (D, /k_/n,)"/?
[18].

The intensity of a particular spectral line or the total
radiation losses from a given charge state are determined
by the total number N, of particles with charge z which is
proportional to I, and by their cooling rate. Stochastization
leads to changes in the particle diffusivity and in the
ionization rate which determine [I.: k. decreases with
decreasing temperature and D | increases. At the same
time the edge temperature remains high enough (7, > 10
eV) for effective excitation of transitions being of most

importance for radiation losses. Thus I. and N, grow, but
the closer the region of localization to the coils of ED is
and the larger the magnetic field perturbations are the
stronger is this effect. Therefore, it is strongest for the
radiating ions of low Z which are localized at the very
periphery. This explains why the total radiation losses
increase and the ‘r-ratio’ decreases by stochastization.
Thus the different strength of the perturbation in the
regions of localization of the different charge states is the
cause of the selective influence of stochastization on impu-
rities.

It is interesting to analyze what of the effects of
stochastization, decrease of the edge temperature and in-
crease of the particle transport, is more important for
changes in impurity behavior. For this purpose calculations
have been done with a selective turn on of the alterations
in transport coefficients due to ED. The results predict that
the changes in the temperature profile are of most impor-
tance for radiating ions of low Z and conversely the
alteration of the particle transport is responsible for reduc-
tion of the central impurity concentration.
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