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Abstract:

The 1.5 D transport code PRETOR, that has been previously used to simulate tokamak plasmas, has been
modified to perform transport analysis in stellarator geometry. The main modifications that have been introduced
in the code are related with the magnetic equilibrium and with the modelling
of energy and particle transport. Therefore, PRETOR-Stellarator version has been achieved and the code
is suitable to perform simulations on stellarator plasmas.

As an example, PRETOR-Stellarator has been used in the transport analysis of several Heliac Flexible TJ-
II shots, and the results are compared with those obtained using PROCTR code. These results are also
compared with the obtained using the tokamak version of PRETOR to show the importance of the
introduced changes.
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Resumen:

El código de transporte PRETOR, que previamente ha sido utilizado para simular descargas de tokamaks,
ha sido modificado para realizar análisis del transporte en stellarators. Las principales modificaciones que se
han introducido en el código están relacionadas con el equilibrio magnético y con la modelización del trans-
porte de partículas y energía. Por esta razón se ha obtenido la versión PRETOR-Stellarator y ahora el
código está también disponible para realizar simulaciones de plasmas de stellarators.

Como ejemplo, PRETOR-Stellarator ha sido utilizado en el análisis de diversas descargas del Heliac flexible
TJ-II y sus resultados se comparan con los obtenidos utilizando el código PROTR. Estos resultados son
también comparados con los obtenidos usando la verdsión para tokamaks de PRETOR,
con el fin de demostrar la importancia de los cambios introducidos.





1. Introduction

Stellarator plasmas have a very complicated geometry and so do the vacuum chambers of
these devices. Transport properties depend on the local characteristics of these devices, but
transport codes usually make some approximations, as averaging magnitudes in each
magnetic surface. Therefore, it is necessary to validate the results of a simulation using
several codes. For this reason the PRETOR code [1] has been adapted to devices without axial
symmetry, like stellarators, in order to compare its simulation results with those obtained with
other stellarator transport codes. Moreover, the stellarator geometry can be included,
somehow, in a standard transport code that is widely used and has been used, up to now, to
perform transport estimations in tokamak plasmas.

PRETOR is a 1.5D transport code that permits the simulation of radial profiles and temporal
evolution of main local plasma magnitudes (ion and electron temperatures, particle density,
etc). The graphic interface of this code plots the simulated magnitudes as they are being
calculated, allowing to follow the evolution of plasma characteristics and to stop the
simulation to change any of the parameters of the simulation. PRETOR was initially
developed in JET to simulate shots in big tokamaks and it has been validated in a wide range
of JET [1,2] operational conditions.

A simulation using the original version of PRETOR has been performed in order to see in
what accuracy it can reproduce experimental data in stellarators like TJ-II. As it could be
expected, results were not correct. PRETOR has problems to reproduce the temperature
profiles showing the difficulties of RLW model to describe plasma conditions in small and
middle size stellarators, particularly in the plasma edge region. Other source of error in
stellarator simulations is the fact that the plasma must be assumed to be circular and the real
geometry of plasma is not considered. Moreover, an amount of plasma current, although
small, must be introduced in order to avoid having an overflow error in a division by zero
anywhere in the code, whereas in stellarator shots is assumed to be zero.

With the purpose to have a code able to simulate stellarators shots, the version of the code
PRETOR V2.2 was taken as a starting point to introduce the stellarator geometry and
substantial changes have been performed to achieve the PRETOR-Stellarator version. This
new version is ready to perform transport analysis in stellarators and TJ-II Flexible Heliac [3]
has been used as an example. Thus, several discharges with different characteristics are
simulated and the results are compared with those calculated with PROCTR code [4],
commonly used to simulate stellarator transport. In this way a benchmark of PRETOR-
Stellarator code is performed. PROCTR, and TOTAL [5] codes include the stellarator
geometry in a similar way in which it is taken into account in the new version of PRETOR.

At the end of 1997 the Asociación EURATOM-CIEMAT started the operation of the Flexible
Heliac TJ-II which has the following characteristics: a major radius of 1.5 m, an average
minor radius between 0.1 and 0.22 m and a magnetic field about IT [6]. Plasmas confined in
TJ-II are heated with two gyrotrons of 300 kW at the second harmonic of the electron-
cyclotron resonance frequency (53.2 GHz in X-mode). With this heating power, in first
experimental campaign plasmas have reached a highest electron temperature of 1 keV and an
averaged electron density of 1.2x10 m"J in shots up to 300 ms. Nowadays, temperatures of
up to 2 keV have been reached and the electron density is increased up to the cut-off. The
maximum plasma stored energy is about 2 kJ [7].





2. Modification of the PRETOR code

Stellarator plasmas are similar to tokamaks in some aspects, but in others their properties and
behaviour are quite different, so there are many transformations to be made in the code in
order to simulate correctly stellarator shots. The routines to be changed are mainly those
related with the magnetic configuration and equilibrium, the geometry, the transport of energy
and particles and finally the scaling laws of energy confinement. These changes are detailed
below.

2.1 Magnetic equilibrium and geometry

For tokamaks, PRETOR can solve the MHD equilibrium equations and obtain the magnetic
configuration in a quick way because of the axial symmetry, but for stellarators, due to the
complex geometry of their plasmas, the resolution of the equilibrium must be done by means
of powerful numerical codes. The VMEC (Variational Moments Equilibrium Code) code [8]
has become a standard tool for obtaining the equilibrium magnetic configuration in 3D
devices. VMEC is used to determine the magnetic configuration in TJ-II for given plasma
pressure profile. For the moment, time evolution of the equilibrium is neglected, which is a
valid assumption for ECRH conditions. When NBI is applied to the plasma this assumption
has to be removed.

VMEC solves the magnetic equilibrium equations from a given initial plasma pressure profile
and gives, as a result, the flux surface geometry. The cylindrical coordinates (R,Z,(j)) of a point
in a magnetic surface are given in terms of flux coordinates (p,0,£) according to the following
Fourier expansion

For a stellarator as complex as TJ-II and due to the distinctive shape of its magnetic surfaces,
the number of Fourier modes needed to describe correctly the magnetic configuration is over
one hundred.

The simulation code PRETOR estimates only radial transport, so the different physical
magnitudes are averaged over each magnetic surface. In order to perform simulations of
stellarator shots, PRETOR must take into account the real tridimensional geometry of these
devices in some way. This is achieved by means of the metric tensor averaged over the whole
surface, (ypf , whose value is used in the calculation of heat and particle flux:

V

v dp

where cj)c is the radial heat flux for electrons, ne is the electron density, %c is the thermal
diffusivity, Tc is the electron temperature, re and T, are the radial particle fluxes of electrons
and ions, D, is the diffusion coefficient for ions, n, is the ion density and Vpj is the pinch



velocity of ions. Electron density is obtained from ion and impurity densities assuming
plasma neutrality, i. e., the transport is assumed to be automatically ambipolar:

The value of Vp in a point on the magnetic surface with poloidal angle 6 and a toroidal angle
£ can be evaluated from VMEC output, using the Rm,„ and Zm,„ coefficients, according to the
following expressions:

{

where the metric tensor elements are given by:

oCXj dec öOCj doc, dccj

and g is the determinant of metric tensor:

3a,
=R

In previous equations coordinates x¡ refers to cylindrical coordinates (R,Z,<p) and a, to flux
coordinates (p,0,^).

2.2 Energy and particle transport

In a thermonuclear plasma transport code, the main modules are those that calculate the
diffusion of energy and particles and determine the values of thermal conductivity (for
electrons and ions) and the particle diffusivity.

Transport models to be applied to obtain transport coefficients are basic to be able to simulate
correctly the experimental data. The dependence of transport coefficients on plasma
parameters must be chosen following some physical principles or some experimental
dependence. Up to now, the Rebut-Lallia-Watkins transport model [9] was implemented in
PRETOR. But this model was only suitable for simulating tokamak plasma transport. Other
transport models that consider the new knowledge on transport in stellarators must be
included. Models based upon typical stellarators scaling laws, like LHD [10] and ISS95 [11]
scalings, have been taken into account. More models have been added to PRETOR code for
the seeking of completeness. Namely, the following models for the electron thermal
conductivity are implemented: Alcator experimental mode, Alcator with beta limit, Kaye-
Goldston model, empirical with density dependence, and averaged pseudoclassical model. For
the ion conductivity the following models are now implemented: Alcator, Hinton-Hazeltine
and empirical without density dependence. Finally for the particle diffusivity the proposed
models are: averaged neoclassical model, Alcator-like, pseudoclassical and proportional to the
conductivity. A description of all these models can be found in [4] and references therein.



3. Transport analysis

To determine the electron temperature profile, PRETOR solves the local power balance
equation:

where the electron flux, 0e, is given in equation 1, Te and T¡ are the electron and ion
temperatures, ne is the electron density, V is the derivative of volume, me and mp are
respectively the electron and proton mass, te is electron-ion collision time. The last terms in
expression are the different contribution to input power and power losses: the absorbed power
density is qadd, the radiated power density is qrad, qn, and qfm, are the ohmic power and the
fusion power densities, that are zero for the stellarator case and the plasma parameters
considered in the present calculations.

Similar equations must be solved for ion energy transport. Electron heat conductivity is
assumed to have dependence on density and temperature according to LHD scaling law. The
thermal diffusivity is chosen to take the value at p = 2/3:

i (2 )
!TLHD s

Where W is the plasma stored energy and S is the area of the magnetic surface. The
parameters of this modei are chosen to obtain electron temperature profiles similar to
experimental ones, that are given at a single time in the shot by Thomson Scattering system
[12]. The parameters that are included in the particle transport coefficients are also chosen to
obtain a density profile similar to the experimental one.

4. Power balance

Several sources of power can heat plasmas in a fusion device: fusion power, ohmic power,
and auxiliary heating. But in a stellarator device as TJ-II, where no fusion reactions are
produced and the plasma current is very small, the only heating source is ECRH (Electron
Cyclotron Resonance Heating). Although 2 MW of NBI (Neutral Beam Injection) will be
available in the future.

Plasma energy can be lost by different radiation processes: the electrons can emit
Bremsstrahlung radiation when they suffer Coulomb collisions, neutrals can radiate energy by
many excitation and de-excitation transitions before they get completely ionised. Finally
neutrals can also lose their energy when an electron decay from one energy level to other
level with less energy.

These different contributions to the radiated power density included in PRETOR are given by
the following expressions:
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where the constants C,on and C/inc are simulation parameters.

Two phases can be distinguished in the life of TJ-II: before and after the baking of the wall
and the introduction of Ar glow discharges [13]. The wall conditioning achieved using these
techniques has allowed TJ-II Team to get better plasma performance, since the density is now
under control and the level of impurities inside the plasma is pretty low, as it is shown by the
low radiated power [14] and the low Zejf[\5].

In the first campaign plasmas the ECRH power is assumed to be deposited in a broad region
of about 10 cm around the axis with 60% of power absorbed by single pass and a 20% is
deposited following a broad parabolic profile. This assumption is due to the fact that electron
temperature and density were too low to have full single pass absorption. For nowadays
plasmas single pass absorption reaches about 100% for on axis heating [16].

5. Simulation results

The new version of the code, PRETOR-Stellarator, is used to analyse electron heat transport
of three discharges of TJ-II Flexible Heliac, as a case example. The first one is the number
955 that belongs to first experimental campaign, the others two, #3088 and #3158, have been
performed in March 2000.

PRETOR code and, in general, ali simulation codes make several simplifications and
approximations. Most of them have been detailed above. In order to analyse the validity of the
outcomes obtained in the PRETOR-Stellarator simulations, their results are compared with
the available experimental data and they are also compared with that obtained using similar
codes. For this reason the same shots have been simulated using PROCTR code [15], a tool
commonly used in stellarators transport studies, and a comparison of the obtained results is
presented.

To show the necessity of modifying PRETOR code, these discharges are also analysed using
the old version of PRETOR code, with the Rebut-Lallia-Watkins model for heat transport and
with the tokamak geometry simulation.

5.1 First campaign plasmas

In first experimental campaign, the averaged electron density is between 0.5 and 1.2x1019 m"3

and the maximum of temperature profiles is found between 0.4-1 keV. The typical plasma
stored energies are about 1 kJ.

A first simulation work has been based in TJ-II shot #955, its main parameters are shown in
table 1.



Parameter
ECRH power
Central electron temperature
Averaged minor radius
Line average electron density
Radiated power

Value
250 kW
0.5 keV
19 cm
0.5xl019nf3

~180kW
Table 1. Main parameters of TJ-II shot #955

The magnetic configuration is obtained running the VMEC code and its results are introduced
in PRETOR as well as other parameters needed to simulate this shot.

The experimental profile of temperature is reproduced by choosing an empirical model with
density and temperature dependence given by the LHD scaling law (equation 2). The same
shot has been simulated with PROCTR code and the outcomes obtained in both codes are
compared. Results are similar taking into account the uncertainties in the experimental data,
like the radiated power profile, effective Z, impurity density, etc. In figure 1 the simulated and
experimental electron temperature profiles as well as the electron thermal diffusivity profiles
are plotted.

The electron thermal diffusivity profiles show the same shape in both codes, however, the
profile used in PRETOR-Stellarator has higher values near the plasma edge. With these
conductivity profiles, the obtained temperature profiles are very similar in both codes
although the value in the plasma edge presents more discrepancies. This behaviour was not
unexpected due to the different simulation of the plasma properties in this region, which is the
most difficult to simulate, since the models used for neutrals are less realistic. The models
used for neutral density cannot take into account toroidal or poloidal asymmetries and both
transport codes use simplified models to obtain the plasma fuelling.

In figure l(a) the temperature profile obtained using the original version of PRETOR for
tokamaks is plotted too. Although central temperature is similar to the experimental value, the
profile along the minor radius is quite above the experimental one, this fact shows the
difficulties of RLW to simulate small and middle size stellarators. But the main difference
between PRETOR and PRETOR-Stellarator is in the simulation of thermal diffusivity (figure
1 (b)), since having a similar central temperature value the diffusivity needed in PRETOR is
about a factor two higher than that used with PRETOR-Stellarator. This makes evident the
effect of ignoring actual plasma geometry.

In order to perform the simulation with the tokamak version of PRETOR it has been
necessary to introduce a small current in the plasma. Nevertheless, the effect of this current is
very small, since the total value of the current, 15 kA, and its contribution to plasma heating,
4 kW, are negligible.

5.2 Recent campaign plasmas

The analysis of discharges #3088 and #3158 is presented. Main plasma parameters describing
these shots are shown in table 2.



Parameter
Averaged minor radius
ECRH power
Central electron temperature
Line average electron density
Radiated power

#3088
19 cm
500 kW
1.0 keV
0.9xl019m"3

57 kW

#3158
19 cm
300 kW
0.7 keV
1.0xl019m"3

64 kW
Table 2. Main experimental parameters of TJ-II shot #3088, #3158.

The main difference between the shots belonging to the recent campaign and those from the
former campaign is the wall conditioning, as it has been reported above. Heat conductivity is
also assumed to have a global density and temperature dependence given by the LHD scaling
law. The electron temperature profiles obtained with PRETOR-Stellarator are compared with
experimental profile as well as with those obtained with PROCTR code. Ion conductivity is
chosen to give a flat and broad temperature profile as expected according to recent
measurements of ion temperature in TJ-II [17], and the measurements in Weldelstain 7-AS
[18].

In figure 2, the simulated temperature profiles for shots #3088 and #3158 are plotted. It is
shown that a good agreement is obtained between experimental and simulated profiles with
PRETOR-Stellarator and PROCTR codes. The electron heat diffusivity profiles used to
simulate the temperature are plotted in figure 3.

Shot #3088, with a heating power of 500 kW, has a central electron temperature over 1 keV,
and shot #3158 reaches 0.7 keV with only 300 kW of ECRH power, whereas shot #955 has a
maximum temperature of 0.5 keV with 250 kW ECRH. This fact is due to the different losses
of plasmas. In the first campaign plasmas, the radiated power was higher due to the higher
content of impurities in the plasma.

Radiated powers measured in shots #3088 and #3158 reach values between 10 and 20% of
total absorbed power. Radiated power was unknown in the first campaign plasmas, but
calculations indicate that radiation reached values about 75 % of absorbed power. The
radiated power is compared with the additional heating power in table 3. Experimental
radiated power and simulated values are also compared in table 3, where a good agreement
between both values is observed.

"Power #3088 #3158 #955
Additional power 500 kW 300 kW 250 kW
Experimental radiated power 57 kW 64 kW
Simulated radiated losses 61 kW 59 kW 180 kW

Table 3. Total input power for shots #3088, #3158 and #955 of TJ-II. Experimental radiated
losses are compared with simulated values.

Transport analysis is also performed for shot #3088 with the old version of PRETOR. The
edge electron temperature cannot be properly simulated with this code and the thermal
diffusivity at the edge is much lower than the obtained using PRETOR-Stellarator and
PROCTR. Besides, the thermal diffusivity at the plasma centre obtained using the tokamak
version of PRETOR is a factor 2 higher than the conductivity obtained using the stellarator
codes, for the same power deposition profile and losses. This fact can be attributed to the way



in which the plasma geometry is considered in the code, showing that it is necessary to
introduce somehow the 3D geometry, specially for complex plasmas like those of TJ-II.

Simulated electron stored energy is also compared with calculated values from experimental
temperature and density profiles. In shot #3088 the simulated electron energy is 0.37 kJ
whereas the calculated value is 0.35 kJ. For shot #3158 the simulated value is 0.24 kJ and the
calculated value is 0.30 kJ. Total plasma energy measured is over the value calculated from
experimental profiles assuming a flat ion profile. In shot #3088 measured energy is between 1
and 1.2 kJ but the calculated value is about 0.7 kJ. In shot #3158 the experimental value is 0.9
kJ and the calculated is about 0.65 kJ. These differences might be due to the contributions of
non-Maxwellian velocity distribution function of the electrons.

6. Conclusions

PRETOR code, which was initially developed for tokamak plasma transport simulations, has
been adapted to stellarators and its results have been benchmarked with PROCTR code.
PRETOR is a modular code, which means that the several physical magnitudes are simulated
in independents modules of the code. This fact makes possible the change of some of these
modules keeping untouched the structure of the code.

In order to simulate stellarator plasmas, the magnetic equilibrium and geometry calculation,
the transport models and the energy confinement time have been modified:

- The magnetic equilibrium is determined using the numerical code VMEC and the shape
of magnetic surfaces is introduced in PRETOR as Fourier series.

- The tridimensional plasma geometry is taken into account by means of the metric tensor
averaged over a magnetic surface, (Vp)2 •

¥

- New transport models have been added to PRETOR, to better simulate stellarator data. In
fact only tokamak transport models were available in PRETOR before these changes
were performed.

The electron temperature profiles simulated with PRETOR-Stellarator reproduces the
experimental ones when adequate parameters in transport models are chosen. No
experimental data were available for ion temperature of those shots, so no comparison can be
performed. The ion temperature profiles were considered to be similar to density profiles,
according to the measured profiles in W7-AS stellarator and the preliminary measurements
performed in TJ-II. Simulated radiation losses and electron stored energy are also compared
with experimental values, results show a good agreement with experiments.

In order to perform a benchmark of PRETOR-Stellarator code, the same shots have been
simulated using PROCTR, a transport code commonly used in stellarators studies. The results
obtained are compatible with those calculated with PRETOR, taking into account the
uncertainties that exist in experimental data, specially those related to neutral behaviour and
plasma fuelling, radiation profiles, impurity densities, and effective Z.

With the help of PRETOR-Stellarator code it can be verified that in recent TJ-II plasmas the
confinement is improved. The total radiated power is between 10 and 20% of additional
heating, while in first campaign it was about 75% of heating power. Now both codes can be
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used to study transport in stellarator devices. Future development in order to introduce
simulation of internal transport barriers will be taken into consideration.

The comparison between the simulations performed with the tokamak version of PRETOR,
the experimental results and the simulations of PROCTR and PRETOR-Stellarator shows that
the geometry effects, even considered in an approximated way, can piay an important role on
transport simulation.
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Figure 1. (a) Electron temperature and (b) thermal diffusivity profiles for TJ-II shot #955. Simulated
results obtained using PRETOR-Stellarator are compared with experimental profiles and with those
calculated with PROTR code. Profiles obtained with the tokamak version of PRETOR are also plotted.
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Figure 2. Temperature profiles for TJ-II shots (a) #3088 and (b) #3158. Simulated results obtained
using PRETOR-Stellarator are compared with the experimental profiles and the results obtained using
PROCTR code. The results obtained with the old version of PRETOR are plotted for shot #3088.
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Figure 3. Thermal diffusivity profiles for TJ-II shots (a) #3088 and (b) #3158. Profiles obtained using
PRETOR-Stellarator are compared with those obtained with PROCTR code. Again the thermal
diffusivity obtained with the tokamak version of PRETOR is plotted for shot #3088.


