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ABSTRACT

This paper gives a brief introduction on numerical transport
codes. The relevant equations which are used in these codes
are established, and on the basis of these equations, the
necessary calculations needed to resolve them are pointed
out. Finally, some examples are given, illustrating their
application.

I . INTRODUCTION

The ultimate aim of plasma fusion research is to
reach the conditions for a self sustained burning plasma.
From the Lawson criterion the necessary conditions to
reach this objective are well known : we need to confine a
plasma for a sufficiently long time at a high temperature
and density. However, these plasmas have a natural
tendency to reduce temperature and density gradients by
particle and heat transport, thus counteracting our efforts to
make them hot and dense. Therefore, there is a need for a
more detailed understanding of transport processes.

Transport equations describe the temporal and spatial
evolution of densities and temperatures, under the influence
of external and internal sources and sinks of particles and
energy (a-heating, pellet injection, additional heating,
etc...). In applying these equations to the experimental data,
by means of so-called transport codes, the transport
coefficients corresponding to a given basic set of discharge
parameters can be determined. The inverse problem can of
course also be solved. Given certain theoretical or empirical
expressions for the transport coefficients, the behaviour of
the plasma densities and temperatures can be predicted.

In essence, the whole difficulty consists in solving
the ion and electron particle and energy balance. However,
the solution of these equations requires the knowledge of
many additional physical parameters of the discharge.
Indeed, some of them are very difficult or impossible to
measure, as e.g. neutral density profiles in the discharge,
bootstrap currents or charge-exchange losses of the neutral
beams, and therefore have to be calculated using adequate

physical models. As such, these codes provide, in addition
to transport coefficients, quasi automatically a whole series
of subsidiary discharge parameters which are derived from
the basic input data set and which can then later be
compared with the corresponding measured ones.

In this way, transport codes provide a very detailed
picture of the discharge, which is at the same time a
consistency check of the discharge data and which
eventually leads to a better understanding of the transport
processes in a plasma.

II. STRUCTURE OF TRANSPORT CODES.

A description of the transport problem in a general
way, i.e. for all different types of devices currently in use to
study thermonuclear plasmas, would make this introduction
unnecessarily heavy. To get an idea of the complexity of
such calculations, it is sufficient to give an outline of the
transport problem for one particular device, as the problems
encountered are essentially the same for all devices. The
description given below will therefore be restricted to
tokamak    plasmas only.

II.1 Dimensionality of the problem

Owing to the fact that diffusion and heat transport are much
larger along a magnetic surface than perpendicular to it, the
problem of plasma transport in a magnetically confined
plasma is considerably simplified. This is not surprising,
as the charged plasma particles move along the magnetic
field lines and thus cover the whole magnetic surface to
which they belong. Temperature and density gradients are
therefore practically immediately smoothed out along the
surface, such that to a good approximation they can be
considered as constant on a magnetic surface. In a device
with toroidally symmetric magnetic surfaces, such as the
tokamak, we therefore can solve all the necessary equations
in one poloidal cross-section.



In the case of circular flux surfaces, the problem is
obviously one dimensional, with the flux surface radius as
independent variable, as all quantities directly related to
plasma transport practically only vary perpendicular to the
magnetic structure. The poloidal plasma cross section is
then divided in a number of N discrete flux zones and a set
of equations is written down for each of these zones.

In the case of a non-circular plasma cross-section,
the dimensionality of the transport equations can also be
reduced to one. The independent  coordinate can now no
longer be the flux surface radius, but some other quantity
has to be used as a flux surface 'label'. Any quantity
constant on each magnetic surface can in principle serve
this purpose. The different equations are then expressed as a
function of this new independent coordinate and averaged
over the flux surface zones. As such, we solve
mathematically a one dimensional problem, although
physically we have to deal with a two dimensional
problem. In the jargon, these codes are therefore termed 1
1/2 dimensional.

Thus the presence of the magnetic surfaces provides
in a general way a 'natural' grid on which the different
equations can be solved.

For the sake of simplicity however, we will restrict
ourselves in this introduction to a description of the
transport problem in tokamak plasmas with concentric and
circular flux surfaces. What follows, is largely based on the
transport code TRANSP1.

II.2 General structure of transport codes

II.2.1.Electron energy conservation equation

This is the central equation to be solved. If viscosity
terms are neglected, this equation may be written as2:
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The first term in this equation represents the rate of change
of the electron energy, the second term the heat flux losses
of the electrons, the third electron convection losses and the
fourth represents work done by the plasma particles against
the pressure gradient; the terms in the right hand side
represent the different power gain and loss terms for the
electrons : pOH, given by

pOH r  = j
2 r
σ r

where j(r) is the plasma current profile and σ (r) the
conductivity, represents the ohmic power; padd.heat. is the
power going to the electrons from any additional heating
source (neutral beams, ICRH, ECRH,...). pioniz. reflects
the power loss by ionisation of a neutral and is equal to
(see also Sec II.7) :

pioniz. = nen0<σv>ieWion

where ne and n0 represent the electron density and the
neutral atom density in the plasma respectively, <σv>ie the
reaction rate is for electron ionisation and Wion the energy
lost by the electron to ionise the neutral atom (13.6eV in
the case of hydrogen)

The electron heat flux qe is defined as :

qe = neχe∇Te

where

neχe = κe

is the electron thermal conductivity and χe the electron
thermal diffusivity. qie is the ion-electron equilibration
term , given by 3:
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qie reflects the transfer of power from the electrons to the
ions in Coulomb collisions. Finally, prad is the power loss
of the electrons due to radiation processes.

Thus to solve this equation for the electron heat diffusivity
χe we need at least the following quantities :

- the electron density profile ne(r,t)
- the electron temperature profile Te(r,t)
- the ion temperature profile Ti(r,t)
- the profile of the radiated power prad(r,t)
- the current profile in the plasma, j(r,t)
- the profile of the plasma conductivity σ(r,t)
- the radial velocities ve and vi of electrons 
and ions
- the neutral density profile n0(r,t)
- the power padd.heat.(r,t) from the additional 
heating going to the electrons

The first five of these quantities can be obtained from
different plasma diagnostics4 : ne(r,t) and Te(r,t) from the
Thomson scattering diagnostic, from interferometric
measurements:, or electron cyclotron measurements. The
ion temperature profile Ti(r,t) can in principle be obtained
from charge-exchange emission spectroscopy, Doppler
broadening of impurity lines, or the neutron emission in
the case of a Maxwellian plasma. The radiated power
prad(r,t) is obtained from bolometric measurements. The
current profile j(r,t) can be measured by polarimetric
measurements. All the other quantities are not directly
available experimentally and have to be calculated. In
addition, it is necessary to dispose of an alternative for



some of the above mentioned quantities, for those
discharges where some of the data are not very reliable or
not available. In what follows we will briefly outline how
these calculations can be carried out.

II.3 Magnetics module

The (time varying) current profile in the plasma is
obtained by solving the so-called poloidal magnetic field
diffusion equation. Upon combining Maxwell's equations
(neglecting the terms linked to the displacement current5)

∇ × B = µ0J
 

and ∇ × E = - ∂B
∂t

and substituting :

J= σ E + v × B  

one obtains :

 - ∂B
∂t

 = 1
µ0

 ∇ × 1
σ r,t

 ∇ × B  - ∇ × v × B  

It can be shown5 that for the plasmas under
consideration, the second term of the left hand side can be
neglected. The simplified equation, called the magnetic field
diffusion equation due to the close analogy with the heat or
density diffusion equation, is then solved with the boundary
conditions :

Bp(0) = 0
 
and Bp(a) = 

µ0Ip
2π a

The quantity σ(r,t) in this expression is the plasma
conductivity. This can be calculated from the input electron
temperature and density and is given by the equation :

σ(r,t) = σSpitzer×CNeo

The first factor is the so-called Spitzer conductivity6,7, the
second factor takes into account so-called neoclassical
corrections. For the plasmas considered here the Spitzer  
resistivity ηSpitzer  resp. Spitzer conductivity σSpitzer are
given by:

ηSpitzer = 2.8 * 10-8Te-1.5 Ohm-m

 σSpitzer = (ηSpitzer)-1 = 3.6 107 Ohm-1m-1

with Te in keV, and a good approximation to CNeo is
given by 8

CNeo = 1 - ft
1 + ξ Zeff ν*e

1- h(Zeff)ft
1 + ξ Zeff v*e

where ft is the trapped particle fraction and ν*e the electron
collisionality.

The Spitzer or classical conductivity is the
conductivity of a cylindrical plasma column. The
neoclassical theory, taking into account the toroidal
geometry of the plasma, predicts under certain conditions
the existence of so-called banana particles, which are
trapped in the magnetic field and do not contribute to the
plasma current. This effect leads thus to a decrease of the
plasma conductivity, which is expressed by the factor
CNeo. This neoclassical correction depends on the
collisionality of the electrons, ν*e. In the limit of high
collisionality, theory predicts the absence of banana
particles and in this case Spitzer conductivity should then
apply. Indeed, as ν*e → ∞, ft → 0 and the factor CNeo
tends to 1. To test the validity of the Spitzer or neoclassical
model for a specific discharge, one can specify whether the
neoclassical corrections have to be taken into account or
not.

For the calculation of the conductivity, in principle,
the profile Zeff(r), of the effective ionic charge of the
plasma, must be provided. This can be input, but as this is
difficult to measure, often an averaged value is be computed
by iteration, such that the calculated loop voltage (given by
the product of the total plasma current with the plasma
resistance) is equal to the measured value.

Another important output of this module is the
safety factor q, which is for a cylindrical plasma and large
values of the aspect ratio A = R0/a, (with a the minor and
R0 the major radius of the plasma) given by�:

q(r) ≈ rBt0
R0Bp(r)

where Bt0 is the value for the toroidal magnetic field on the
tokamak axis (R=R0) and Bp(r) the poloidal magnetic field.
For non-circular geometries one uses a more general
treatment, by incorporating into the code existing well
established stand-alone codes, such as VMEC9 or EFIT17.
These can of course also be used for less advanced
geometries.

II.4 Particle balance equation

To obtain a value for the diffusion coefficient and
the radial velocities ve and vi for electrons and ions, one
has to solve the particle conservation equation for the
respective particles. This equation is given by  

∂nα(r,t)

∂t
 = -∇⋅ Γα(r, t)+ Svol,α(r, t)+Swall,α(r, t)

(with α=i,e resp. for the ions and the electrons).

Svol,α(r,t) is calculated by modelling possible
volume sources (e.g. particle deposition by neutral beams,



pellet injection, etc...) and Swall,α(r,t) by modelling the
neutrals originating from the wall. The neutral density
profile in the plasma caused by neutral particles released
from the wall, is normally calculated by a neutral
penetration code. For the latter calculation, we need to
specify the particle flux at the edge, Γα(a). This can be
done by specifying the value of the particle confinement
time τp, defined as the ratio of the particle flux through the
last closed flux surface to the total number of particles in
the discharge. This equation is then solved for Γα(r) and a
radial flow velocity is eventually obtained by equating
Γα(r) to nα(r)vr,α(r). A diffusion coefficient Dα(r) is
obtained by equating nα(r)vr,α(r) to - Dα(r) dnα(r)/dr.
Alternatively, one could take into account an anomalous
pinch velocity vp,α and deduce with this assumption a
diffusion coefficient according to the equation :

-Dα(r)
∂nα(r,t)
∂t

 + vp,α(r) nα(r,t) = Γα(r,t)

II.5 Simulation of additional heating

II.5.1 Neutral beam simulation

The most complete description is given by a Monte-
Carlo simulation of the neutral beam injection, coupled to
a module which solves the Fokker-Planck equation in order
to describe the slowing down of the beam particles. Monte-

Carlo Fokker-Planck10 solvers give a very accurate
description but are relatively slow. A considerable faster
solution is given by a solver for the bounce averaged
Fokker-Planck equation, although it gives a less detailed
description of the evolution of the velocity distribution of
the injected beam particles and slowing down distribution.
Additional outputs of this module are the power deposition
profile to ions and electron, the beam shine through power
and charge-exchange losses, the fast ion source terms due to
ion-ion and ion-electron collisions and charge-exchange
with the (slow) plasma background ions, beam driven
currents and neutron production rates due to the beam-beam
and beam-plasma reactions.

II.5.2. ICRH, ECRH, Lower Hybrid Heating and combined
heating scenarios

For each of these heating methods, a separate
package has to be developed, which calculates the profile of
the power going into the different plasma species. If several
heating methods are combined, e.g. ICRH and neutral
injection, so-called synergistic effects can play an important
role and have to be taken into account.

A model for the ICRH heating is the code
SPRUCE, a 2D Full Wave code, currently used in
TRANSP. It solves a wave equation for Bφ, the toroidal

component of the magnetic field, obtained by a reduction of
the full set of Maxwell equations by: (i) assuming toroidal
symmetry of the problem, which allows to treat each
toroidal mode independently and (ii) treating the
contributions from the toroidal component of the electric

field, Eφ, as a small perturbation. (This is true for a pure

fast wave but can be wrong when the wave acquires a more
electrostatic behaviour as can be the case e.g. when mode
conversion occurs). The geometry of the grid used to
discretise the equation is completely general and allows for
D-shaped and up-down asymmetrical plasma shapes, typical
for divertor configurations. The dielectric tensor model
currently defined in the code considers bimaxwellian (i.e.
non-isotropic) non-relativistic distribution functions for all
species, and this to all orders in the Larmor radius

expansion. The k⊥2 dependency in the dielectric tensor is

eliminated by solving the local dispersion relation on each
point of the discrete grid, and feeding back the fast wave

k⊥2 root to each tensor element before using it in the wave

equation. This procedure becomes questionable in the
presence of mode conversion where two roots (or more) are
very close to each other, which physically means that the
modes corresponding to them start interacting by
exchanging wave energy.

Once the wave equation is solved, the code
determines the power deposition profile, as well as the
repartition of the power among the different species. To
reduce the CPU time in the calculation, this is done for a
single toroidal mode, although the possibility of using a
full toroidal spectrum is included in a standalone version of
SPRUCE.

Upon termination, SPRUCE transfers the wave
profiles and power deposition profiles to a Fokker-Planck
code for further analysis of the deposited power.

II.6 Ion energy conservation equation

As for the electron conservation equation, we neglect
again effects due to viscosity. The ion energy conservation

equation can then be written as2 :

3
2
 ∂
∂t

niTi  + ∇⋅qi + ∇⋅  52
 niTivi  - vi⋅∇ niTi  = 

padd.heat. + pneut. + qie - pcx

The different terms in the left-hand side of this
equation are analogous to the corresponding ones in the
electron energy conservation equation. pcx in the right hand
side represents the power loss due to charge exchange of a
plasma ion to a neutral and can in a simplified way be
written as :  

pcx = nin0<σv>cx(Ti - T0)

where T0 is the "neutral temperature" and pneut. the power
gained by ionising a hot neutral. (For more details on pcx
and pneut, see Sect. II.7)

The ion heat flux qi is defined as :

qi = niχi∇Ti



where

niχi = κi

is the ion heat conductivity, and χ i is the ion heat
diffusivity. If the ion temperature profile is known, the
profile χi(r) can be calculated from this equation. In most
of the cases the ion temperature is not known at all plasma
positions, and a different approach must be followed. One
possibility is to input the ion thermal diffusivity
(assuming χi(r) = αχi,Neo(r) with χi,eo(r) a neoclassical
expression, as e.g. given in refs. 11 and 12, or assuming
χi(r) = αχe(r) with χe(r) the electron diffusivity profile as
calculated from the electron energy conservation equation
and α  a multiplier) and calculate the ion temperature
profile. The resulting ion temperature profile can then be
compared with the values measured at the different plasma
positions to check the assumption which was made for
χi(r) or to determine the value of the multiplier α . In case
the neutrons are exclusively due to fusion reactions from
the thermal background plasma, the neutron yield as a
function of time could be used in a feedback loop for the
ion temperature and a fit can be carried out for the ion
temperature profile such as to obtain the number of
measured neutrons.

II.7 Modelling of neutral transport

As already indicated in the sections II.2 and II.6, the
expressions dealing with processes where neutrals are
involved, are rather approximate. This section intends to
give some more details on how these effects can be modeled
in a more realistic way18. Processes which cause neutrals
to ionize are electron impact ionization, charge-exchange
and ion impact ionization. The reaction rate for electron
impact ionisation is to a good approximation only
dependent on the electron temperature, and the calculation is
in principle straightforward. For the other two reactions,
there is a conceptual difficulty with the definition of a
"neutral temperature", which does not really exist, due to
the fact that there are not sufficient collisions between
neutrals themselves in order for a Maxwellian distribution
to develop. What is usually done in simulations is to
subdivide the plasma in a certain number of zones, and
assign to the neutrals emerging from charge exchange
reactions in each zone an energy equal to 3/2 of the local
ion temperature. This approximation is based on the fact
that a charge exchange interaction involves in essence only
an exchange of electrons, leaving the velocity of the
participating particles nearly intact. The emerging neutral
has therefore to a good approximation the same velocity as
before the reaction, when it was still an ion. The neutral is
no more bound to the magnetic surfaces and its path has
then to be followed through the plasma until it reionizes
again or leaves the plasma.

In presence of neutral beams or pellet injection, an
additional source of neutrals is created in the plasma which
need to be followed by the code.

The ionisation rates due to charge-exchange and ion
impact can then be evaluated as integrals over the neutral

energy distribution, weighted by the appropriate rate
coefficient, a function of the difference of the energies
between the colliding ion and neutral, both of which are
known.

In addition the processes of impurity impact
ionisation and impurity charge exchange also occur. There
are some subtleties here as impurities have more than one
charge state. A charge-exchange reaction between a
hydrogen neutral and e.g. a C6+ ion, generates a hydrogen
ion and a C5+ ion. The result of this reaction is thus two
ions, i.e. two particles still bound to the magnetic field
lines and this should be taken into account correctly. Such
reactions are therefore treated as ionisation reactions in the
neutral transport codes.

The work done in ionisation of neutrals is linked to
the radiated power loss, as each ionisation reaction is likely
to be followed by decay/excitation reactions, causing
radiation to be emitted from the plasma. Some specialised
codes take these details into account (e.g. MIST19), others
as TRANSP avoid these details by taking the measured
radiated power profiles as an input.

III. APPLICATIONS AND EXAMPLES OF
USE

III.1 General remarks

Before one is able to reach the final step, where a
global consistent picture of the  discharge is obtained, a
careful preparation of the input data is necessary. A
diagnostic could have been out of operation during the
experiment, or there could have been some trouble with one
or more diagnostics. In the first case we have to look for a
replacement of the missing signal in a similar discharge; in
the second case one has to find out the cause of the
problems, and if possible, correct the measured input data.

A typical transport analysis of a discharge, proceeds
therefore in three main stages :

i. Initial stage : collect as much data of the discharge as
possible.

ii. Preparatory stage : with partial analysis, checks are made
to ensure the quality of the input data. In case of
inconsistencies, a critical check of the data follows.

iii. Final stage : a full analysis can now be made, i.e.
transport coefficients can be calculated, comparisons
can be made between the predictions of the code and
the actual measurements, etc...

III.2 Typical outputs and example of analysis.

In what follows we show an example of how a transport
code can be used to get a better understanding of the physics
of a discharge. To this aim we bring in the next section a
discussion of part of the output obtained for a discharge
heated with CO and counter neutral beam injection (NBI-co,
NBI-counter) on the tokamak TEXTOR showing a phase
with improved confinement (I-mode) and L-mode



confinement. An overview of the most important discharge
parameters is given in Fig. 1 below.

Figure 1 :  Some parameters of TEXTOR discharge
44566. Shown is the time evolution of the central line
averaged density, the central electron temperature,
different plasma energies, the additional heating power
and the power radiated away.

There are three distinct phases in this discharge, a phase
with NBI-co injection alone, a phase with combined NBI-
co+NBI-counter heating and a phase with only NBI-counter
injection. In addition, the combined heating phase showed
two different confinement regimes : a short phase, lasting
about  150 ms, where an improved confinement was found
and a  phase of about 650 ms, where L-mode confinement
was observed. In what follows, interesting aspects in each
of the phases above will be highlighted, in order to get a
feeling of what can be learned by the use of transport codes.

In Fig.2, the different contributions to the beam
particle deposition are shown during the NBI-co heated
phase. Similar figures are obtained during the other phases.
The sum of the different terms in this figure is an input to
the particle conservation equation for the ions. This figure
illustrates the relative importance of the different ionisation
reactions to the fast ion formation in the plasma. The
beam-beam terms play in this example a minor role.
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Figure 2 Deposition rate of beam ions during NBI-CO
injection due to: Charge exchange with D+ background
ions (circles, dashed lines); impact ionisation on electrons,
ions and impurities and charge exchange with impurities
(squares); charge exchange with H+ background ions
(crosses); beam-beam charge exchange (triangles) and beam-
beam impact ionisation (circles, full lines).
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Figure 3 : Time evolution of the beam power going to
ions (triangles) and electrons (crosses).

In Fig. 3, the evolution is shown as a function of
time of the beam energy deposition to the ions and the
electrons. For the discharge under consideration, we have in
the I-mode phase clearly a slightly larger fraction of the
beam energy which is going to the ions. The situation
changes suddenly at the transition to the L-mode phase,
where about equal parts of the beam energy are going to the
ions and to the electrons. This is due to the change in the
electron temperature of the plasma, which determines the
critical energy Ec (Ec ~ Te). If beam particles are injected
with energies above Ec they will transfer their energy
preferentially to the plasma electrons, below this energy
they transfer their energy to the ions. As the electron
temperature dropped dramatically after the transition, one
should then see a larger energy input to the electrons, as is



indeed the case. The energy deposition profiles to ions and
electrons, inputs to the energy conservation equation are
given in Fig. 4.

The presence of fast ionised particles in the plasma
is responsible for the presence of large non-inductive,
beam-driven currents in the plasma. This is another
important output of this package. The evolution of the
different plasma currents as a function of time is given in
Fig. 5. This illustrative example shows clearly the different
effects due to the presence of a beam current in the direction
of the plasma current during NBI-co injection, the reduction
of the total beam current during combined NBI-co+NBI-
counter injection, and a large beam current flowing in the
opposite direction of the plasma current during NBI-counter
injection.
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Figure 4 : Energy deposition profiles of the neutral
beam injection. Shown is the energy deposition profile
to the ions (circles) and electrons (triangles).

0. 5 1. 0 1. 5 2. 0
- 100

- 50.

0

50

100

I (kA)

Time (s)

Total beam
driven current

Total bootstrap current

Figure 5 : Time evolution of the non-inductive plasma
currents : beam-driven current (triangles) and bootstrap
current  (circles).

In addition, the presence of a bootstrap current13,14
is predicted. As an illustration, the different current profiles

of the plasma during the NBI-co heating phase are given in
Fig. 6.

The evolution as a function of time of different
heating sources of the plasma is given in Fig. 7. We learn
from this figure that only 2.2MW out of 3MW injected
beam power is really absorbed by the plasma, the rest is
lost by shine-through (fast neutrals which go unionised
through the plasma and hit the wall) and by charge-
exchange (fast ions which are re-neutralised and leave the
plasma as fast neutrals). For an estimate of the confinement
time one has to take these effects carefully into account.
Note on the same figure the drop in the ohm heating power
during the beam heated phase : the high electron
temperature (Fig. 1) and the presence of beam driven
currents (Fig. 5) during the neutral injection phase lead to a
drop in the observed loop voltage.
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Figure 6 : Radial profile of the total plasma current
(crosses), beam driven current (triangles) and bootstrap
current (circles) during the-injection phase of the
discharge under consideration.
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Figure 7 : Time evolution of the different heating
powers of the plasma : total injected power (crosses), the
net absorbed beam power (triangles) and the ohm input
power (circles).



As the total plasma current is feedback controlled to
a constant value during the flat top phase of the discharge, a
drop in the loop voltage leads thus to a drop in the ohm
heating power, being equal to the product of the loop
voltage and the total plasma current. These effects have to
be taken into account for a realistic estimation of the
effective ionic charge from the loop voltage.

The result for the diffusivity values at r=0.5a (i.e.
halfway between the plasma centre and boundary) is shown
in Fig.8. The spectacular increase of these values at the
transition to the L-mode is clear from this figure.
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Figure 8 : Time evolution of the central values for the
diffusivities of the ions (crosses) and the electrons
(circles) and of the diffusion coefficient for the electrons
(triangles) at r=0.5a.
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Figure 9 : Time evolution of the calculated central ion
temperature, assuming χi = χe

The result of a calculation of the ion temperature
assuming χi = χe during the L-mode phase is given in Fig.
9. We see very high central temperatures during the
improved confinement phase, up to 5 keV, suddenly
dropping to about 2.5 keV as soon as the L-mode sets in.
A comparison of the electron and ion temperature as a
function of time shows that in this discharge the central ion
temperature is much higher than the electron temperature :
we have to deal with a so called 'hot-ion' mode. The reason
for this effect is the central energy deposition of the beam,

which is preferentially to the ions in the centre of the
discharge, as can be seen in Fig. 4.

The simulation of the ion temperature profile can be
compared with the results of the experiment. This is shown
in Fig. 10 for another discharge, similar to the one
considered here. The calculations are confirmed by the
experimental values at the positions indicated, giving
additional confidence in the value of the simulation and in
the assumptions made for the ion heat diffusivity.

Figure 10 : Comparison of the calculated ion
temperature profile with experimental values.
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Figure 11 : Time evolution of the neutron production
due to beam-target reactions (circles), beam-beam
reactions (triangles) and reactions of the Maxwellian
background plasma (crosses). The total neutron
production is represented by the dashed line (squares).

The high plasma temperatures in the improved
confinement phase of the discharge must have its
consequence on the neutron production in the discharge.
This is seen in Fig. 11, where the time evolution of the
different processes responsible for neutron production is
shown. A very high neutron rate is found during the
improved confinement phase, suddenly dropping to about
half this value during the L-mode phase. We also see that
most  of the neutrons are due to beam-target reactions, and
during the combined NBI-co+NBI-counter phase also for a



large fraction to beam-beam reactions, due to the fact that
we have then two fast particle streams colliding nearly
'head-on'. The number of neutrons produced by fusion
reactions of the Maxwellian plasma ions is negliglible in
this example.

And finally different energy confinement times are
obtained, as shown in Fig. 12.
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Figure 12 : Time evolution of different plasma
confinement times: the electron energy confinement time
(circles), the ion energy confinement time (triangles) and
the global energy confinement time of the thermal
plasma (crosses).
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