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INTRODUCTION

In the perspective of an exponential growth in the energy demand for the next cen-
tury, thermonuclear fusion appears as a challenging energy source to mankind. Its small
chemical and radiological impact on environment and the absence of greenhouse effect,
comes to join low fuel cost and virtually unlimited resources. The ITER international
project, scheduled to operate in the first half of the next century, must show the technical
and scientific feasibility of controlled magnetic fusion inside a tokamak-type reactor and
provide the data necessary for the construction of the first fusion power plants.

Interesting conditions for fusion reactors are achieved when thermonuclear burn is
self sustained, i.e. no additional energy must be supplied externally. This regime is
called ignition. ITER is supposed to operate in ignition. An operating point of a fusion
reactor is fully denned by a set of plasma parameters which can be obtained by analysis
of the balance between power sources and losses inside the thermonuclear plasma. Hence,
accurate modelling of the power sources and losses in a thermonuclear plasma is necessary
to optimize parameters for ignition and reactor design.

The aim of this thesis is to give a global scope of the problem of energy transport
within a thermonuclear plasma in the context of its power balance and the implications
when modelling ITER operating scenarios. This is made in two phases. First, by furnish-
ing new elements to the existing models of heat and synchrotron radiation transport in a
thermonuclear plasma. Second, by applying the improved models to plasma engineering
studies of ITER operating scenarios. The scenarios modelled are the steady state oper-
ating point and the transient that appears to have the biggest technological implications:
the fast burn termination.

In general, the sources in the plasma power balance can be estimated accurately. On
the contrary, the modelling of the power losses is still an open question. The conduction-
convection losses are modelled through the energy confinement time. This parameter
is empirically obtained from the existing experimental data, since the underlying mech-
anisms are not well understood. A number of local transport models describe quite
accurately the temperature profiles in existing devices. The Rebut-Lallia-Watkins local
transport model is one of them. In chapter 2 an expression for the energy confinement
time is semianalitically deduced from the Rebut-Lallia-Watkins local transport model.

Concerning the radiative losses, the physics of the synchrotron radiation is well known,
but the modelling of the local emission and absorption inside an inhomogeneous tokamak
plasma complicates its calculation. The current estimates of the synchrotron radiation
losses are made with expressions of the dimensionless transparency factor deduced from
a O-dimensional cylindrical model proposed by Trubnikov in 1979. In chapter 3 realistic
hypothesis for the cases of cylindrical and toroidal geometry are included in the model to
deduce compact explicit expressions for the fast numerical computation of the synchrotron
radiation losses. Numerical applications are provided for the cylindrical case. The results
are checked against the existing models.



The design and technological constraints of ITER will determine the nominal operating
point. It can be fully expressed in terms of the plasma temperature and density for 1.5
GW of required fusion power and a given impurity content. ITER must be optimized
to meet in such conditions the aim of an inductively-sustained burn scenario during a
steady-state fiat-top of 1000 seconds and more. In chapter 4, the nominal operating point
of ITER and its thermal stability is studied by means of a 0-dimensional burn model of
the thermonuclear plasma in ignition. This model is deduced by the elements furnished
by the plasma particle and power balance.

The ITER goal of demonstrating the scientific and technological feasibility of fusion
energy is presupposed by the system ability to manage the 1.5-GW of nominal fusion
power coming out from the ignited plasma. Possible heat overloading on the plasma facing
components may provoke severe structural damage, implying potential safety problems
related to tritium inventory and metal activation. In chapter 5 the assessment of fast
burn termination scenarios in ITER is made by combining thermalhydraulic and fusion
plasma modelling codes that implement the results obtained in the preceding sections.



Chapter 1

NUCLEAR FUSION



1.1 THE ENERGY PROBLEM
Life is energy. Animals and plants obtain the energy for surviving from the chemical
degradation of their food. The human body obtains an average energy of 2500 kcal every
day from food (i.e. the energy spent by a 100 W lamp in 24 hours). However, the average
energy consumption per capita is nowadays about fifteen times this basic energy need. The
additional energy used in heating, transportation, and industrial activity makes the annual
worldwide energy consumption increase up to 340x 109 GJ. This amount is expected to be
doubled during the first half of the XXIst century if the current world population growth
rate subsists.

1.1.1 Energy sources

The increasing energy demand must be satisfied by sources of reasonable economical and
environmental costs.

Coal, petroleum and gas, the so-called fossil fuels, are nowadays the main source
of energy because of the low cost of the resulting kWh. However, their resources have
been seriously depleted and, particularly for gas and petroleum, their supply cannot be
guaranteed for more than fifty years. On the other hand, the massive amounts of wastes
released to the atmosphere during combustion have a negative impact on the natural
environment. In particular, CO2 could have important perturbation effects on the earth
climate, due to greenhouse effect.

The renewable energies, namely, hydraulic energy, solar energy, tidal power, wind
power, geothermal energy, biomass ...; are by definition inexhaustible energy sources that
fulfill environmental criteria in their current state of development. They represent a good
solution for specific problems (isolated areas, proximity to the sources, special climate
conditions), but in general the cost of the energy obtained is too expensive to envisage
their use for massive production. In most cases, large scale development of these energies
would damage environment itself.

The classical nuclear energy is obtained from heavy radioactive atoms breaking into
smaller ones during the fission process. It provides 7% of the world energy consumption.
The main advantages of the fission nuclear energy are the large existing resources of new
fissile fuels, the low chemical pollution of the environment, and the absence of emission
of ereenhouse-effect gas. However, further develoDment must tackle the nroblem of the
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50 < M < 90, are the most stable. Energy is released when nuclei turn into more stable
configurations either by fission of a single heavy (M > 90) nucleus or by fusion of two
light (M < 50) nuclei.

CO

10 20 30 60 90 120 150 180

Atomic mass number (a.m.u.)
210 240

Figure 1.1: Binding energy per nucleon as a function of the atomic mass number M
[Sab96].

Massive production of fusion energy will require a very advanced technology. But on
the other hand, in addition to the environmental advantages of the fission reactors, it will
offer a virtual inexhaustibility of the resources, an intrinsically passive safety and a low
radiological waste production.

1.2 ENERGY FROM NUCLEAR FUSION REAC-
TIONS

The most interesting nuclear fusion reaction, from the point of view of the potential
operation of a first fusion power plant, is the one between deuterium \D and tritium f T

+ \T —• |He (3.54 MeV) + £n (14 MeV) (1.1)

Deuterium and tritium are two isotopes of hydrogen. Conditions for significant D-T fusion
rates are the less difficult to reach: reactants must have a kinetic energy of about 10 keV
(i.e. more than 100 million °C) to overcome the Coulomb repulsion between nuclei. At
this temperatures the electrons are stripped away from the neutral fuel atoms. The result
is the plasma: a globally neutral mixture of electrons and ions moving about at very high
speeds.

Deuterium is inexpensive and very abundant in water on earth. Tritium is radioactive
and does not exist in the nature. It can be produced on a large scale by neutron irradiation
of lithium. The products of the D-T reaction are not radioactive, though the high energy
neutrons activate surrounding metallic structures. 10 MW of fusion power were obtained
in 1994 from the D-T reaction in the TFTR experimental reactor.



In a D-T fuel mixture some D-D reactions may take place

2 2 / |He (0.82 MeV) + l
on (2.45 MeV) (50%)

l D + l U ~* { ?T (1.01 MeV) + Jp (3.03 MeV) (50%)

This reactions do not use tritium and high-energy neutron production is precluded. How-
ever, the cross section of this reaction is not significant except at temperatures 10 times
higher than that of the D-T reaction. The D-3He reaction

?D + ^He —> ^He (3.67 MeV) + \p (14.67 MeV)

is very interesting since significative fusion rates at about 50 keV produce neither tritium
nor neutrons. The high energy from the proton could be recuperated by direct energy
conversion to electrical power, with efficiencies of the order of 80%. The main difficulty,
together with the high temperature conditions, is the scarceness of 2 He on earth. Recent
studies [Wit92] suggest the technical and economical feasibility of obtaining |He from
lunar resources.

1.2.1 Fusion ignition
Nuclear fusion becomes useful for massive energy production when the fusion power Pfus

obtained from the plasma is much bigger than the additional power injected to heat
the system Padd- The ratio between them is the so-called plasma figure of merit or
amplification factor

The so-called breakeven condition is achieved for Q = 1, i.e. when the plasma produces
as much energy as it receives. In 1992 the JET European experiment produced 1.7 MW
of fusion power with an equivalent QDT — 1.1 in a deuterium plasma seeded with tritium.
As a matter of fact, in the perspective of a fusion power plant, only a fraction n ~ 30%
of the total energy recuperated from the plasma would effectively be transformed into
electric power, because of the effectivity of the transformation cycles. Hence, a value of
Q ~ 1.5 is already required only to cover the energy consumption of the power plant with
null energy injection in the public electric net.

For values of Q » 1 the fusion power plant would actually work as a power amplifier.
The ideal regime is when additional power can be switched-off {Padd = 0) and fusion burn
is self-sustained. This is the ignition regime, which is reached when Q —> oo.

Already in 1957, J. D. Lawson [Law57] established a generalized relationship to deter-
mine the plasma basic parameters required to achieve a given factor Q. Let us consider
a volume V of a D-T plasma with a density n/2 of deuterium ions and a density n/2 of
tritium at a temperature T. If Efus = 17.59 MeV is the total energy obtained per fusion
reaction (see Eq. 1.1), then the total fusion power is given by

n2

Pfus cz —avEfusV

where av is the reactivity of the plasma, which is only temperature-dependent. The
plasma temperature is established by the equilibrium between the power sources and the
power losses of the plasma. Plasma power sources are the additional power Padd and,
in the case of the D-T reaction, the fraction of the fusion power due to alpha particles
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(Ea — 3.54 MeV) since neutrons escape from the plasma with negligible power deposi-
tion. Concerning plasma power losses we distinguish between conduction-convection and
radiation losses. Radiation losses are principally due to Bremsstrahlung emission of the
electrons interaction with ions, and can be modeled as

PB = CBn2Tl'2V

with CB a constant. The conduction-convection losses or thermal losses are expressed as

where Wth — 3nKTV is the thermal content of the plasma (K is the Boltzmann constant),
and TE is the so-called energy confinement time, i.e. the characteristic time of heat
escaping the plasma. So, in steady-state the power balance for a thermonuclear plasma
is written as follows

^ V + Padd = Cgr
TE

but Padd can be expressed from Eq. 1.2 in terms of the Q factor as Padd — \
which yields to

12KT
nrE = 7 r (1.3)te i ) l / 2

with Y°- = 0.2 for the D-T reaction. Hence, for a plasma with a temperature T, Eq. 1.3
determines the value of the product UTE required to achieve a certain Q. So, the expres-
sions of TITE for breakeven and ignition are respectively derived from Eq. 1.3 as

12AT

_ 12KT
{nrE)ignition - ^

Apphcation of Eqs. 1.4 and 1.5 to a plasma temperature of 25 keV imposes, for instance,
("-^breakeven ^ 0.25 x 1020 m"3s and (nrE)igniti<m =* 1.5 x 1020 m-3s respectively. Fig. 1.2
plots the UTE product as a function of temperature for the cases of breakeven and ignition.

There are two ways to approach the required value of TLTE fixed by the Lawson criterion.
The first is using plasmas of a very high density, nearly the existing in the core of the
stars, with rE of the order of the nanosecond. Another way is to increase TE up to the
order of the second by confining magnetically low density plasmas.

1.2.2 Inertial confinement

The inertial confinement has its origins in the development of nuclear explosives by the
1940's. Intense compression of a solid fuel mixture heats it up to the plasma state and
can increase the plasma density a factor 100. High power lasers or ion beams are used to
make a small pellet to implose by ablating its surface. The compressional waves generated
converge at the pellet core that ignites and burns. Then, the fusion front propagates
radially outwards. The resulting energy can only be confined for some nanoseconds, just
the time before the pellet blows away. Only the mass inertia allows the energy to be
confined. In spite of the short confinement times, reasonable TITE products are obtained
since very high densities are reached.

11
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Figure 1.2: nrg Lawson criterion as a function of temperature for breakeven (dashed line)
and ignition (solid line) in a D-T thermonuclear plasma.

1.2.3 Magnetic confinement

Managing a mass at a temperature of a hundred million degrees for an indefinite time: this
is the challenge of magnetic confinement. The plasma must be suspended inside strong
magnetic fields to avoid the contact on any material surface. Since the kinetic pressure
of the plasma cannot exceed a certain fraction of the magnetic pressure, plasma density
is limited (~ 1020 m'3). So, plasma parameters must be optimized to obtain confinement
times of the order of one second.

The principle of magnetic confinement lays on the fact that the charged particles of
the plasma spin around and along the magnetic field lines. Magnetic configurations can
be divided into closed and open configurations, depending on whether the filed lines are
closed or not. In the open configurations, particles are confined inside a finite space by
magnetic mirrors that increase locally the magnetic field and reflect the particles back.

The closed magnetic concepts are generally toroidal devices. The most important are
the stellarator and the tokamak configurations. The shape of the plasma confined inside
a stellarator is shown in Fig 1.3. During the last years an important effort has been made
in the development of large stellarator devices like the projects W7 in Germany, LHD in
Japan and the recent TJII in Spain. However, the tokamak configuration is currently the
one that has achieved the closest conditions to ignition.

1.3 THE TOKAMAK PRINCIPLE
The name tokamak is a Russian acronym. It is composed by the first letters from the
Russian words for current (tok), chamber (kamera), magnet (magnit) and coil (katushka).
The first tokamak developments started in the USSR forty years ago, following the original
concept due to Sakharov and Tamm. The performances achieved with the T-3 experi-
ment at the beginning of the 70's are at the origin of the worldwide expansion of the
tokamak technology. Nowadays, big tokamak devices are used in successful experiments

12



Figure 1.3: Plasma shape inside the coils of the W7-X stellarator.

like TFTR in the United States, JET and TORE SUPRA in Europe, and JT60 in Japan.
The tokamak configuration is actually the more seriously considered solution for future
commercial reactors.

As shown in fig. 1.4 a tokamak device magnetically confines a toroidal plasma using
a set of toroidal field coils. The toroidal field coils generate an axisymmetric toroidal
magnetic field Bt that decreases with the distance from the vertical axis. This radial
dependence makes particles to move with a so-called vertical drift velocity. If the induced
vertical motion is not corrected its interaction with Bt results in a force that expels the
particles from the plasma.

Transformer winding
{primary circuit} Iron transformer

/ co re

Toroidal
tl&ld colte

Fbfoldal
agnetlc
field

Plasma current
(secondary c Ire ulr)

Toroidal
magneTic

field
Resultant

helical field
(twist exaggerated)

Figure 1.4: The tokamak concept.

To avoid the particle drift effect, a magnetic poloidal field BP is superposed to Bt.
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Bp is created by a current Ip circulating inside the plasma in the toroidal direction. Ip is
induced in the plasma by the poloidal coils (see fig. 1.4) which have the role of the primary
circuit of a transformer where the secondary circuit is the plasma.

The magnetic field lines resulting from the combination of the toroidal and the poloidal
magnetic fields wind helicoidally over coaxial toric surfaces called magnetic surfaces. In
doing this, particles transit alternatively through regions of high and low magnetic field
and, thus, the drift effects are compensated. Fig. 1.5 shows the form of the magnetic
surfaces inside an elliptical cross section tokamak.

Figure 1.5: Magnetic surfaces inside an elliptical cross-section tokamak [DDR96].

In a plasma in thermodynamical equilibrium, density, temperature and pressure con-
ditions are everywhere the same on a given magnetic surface. A given magnetic surface is
characterized by its so-called safety factor q. It is defined as the number of times a field
line turns around the torus for every time it turns around the poloidal direction, and is
calculated from the values of the toroidal and poloidal magnetic field and the major and
minor radius defining the magnetic surface. The plasma stability depends on the value of
q-

1.4 THE ITER PROJECT
In November 1985, as a result of the promising results achieved by the tokamak devices,
Gorbarchev, by then president of the USSR, proposed to the leaders of the USA, EU
and Japan to join the efforts in the construction of a next step tokamak in the frame of
a worldwide collaboration. In this way, the ITER project was born under the auspices
of the International Agency for the Atomic Energy (IAEA). ITER, an acronym formed
from the first letters of International Thermonuclear Experimental Reactor, is also a Latin
word which means path, way.

The first phase of the ITER project, called Conceptual Design Activities (CDA),
started in April 1988 and finished in December 1990. The Engineering Design Activities
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(EDA) phase started in July 1992 and must finish by July 1988, with the publication of
the Comprehensive Design Report. The selection of the site for ITER must be made in
1988. Manufacturing of superconducting magnets, vacuum vessel sectors, blanket modules
and divertor cassettes must start in 1998 and last for seven years. After the site specific
design, the critical buildings are to be constructed between 2000 and 2003. The beginning
of the tokamak assembly is envisaged for 2003 and must be finished between 2007 and
2008. After the operations of startup, integrated testing and commissioning, ITER should
produce its first plasma no later than 2010.

1.4.1 Aim
The overall aim of ITER, as defined in the EDA agreement, is to demonstrate the scientific
and technological feasibility of fusion energy for peaceful purposes. ITER would accom-
plish this objective by demonstrating controlled ignition and extended burn of deuterium-
tritium plasmas with steady-state as an ultimate goal, by demonstrating technologies
essential to a reactor in an integrated system, and by performing integrated testing of
the high-heat-flux and nuclear components required to utilize fusion energy for practical
purposes.

1.4.2 Main Parameters
The main characteristics and parameters of the ITER design are optimized to meet the
objective of demonstrating controlled ignition and extended burn, in pulses with a flat-
top duration of approximately 1000 seconds and an average neutron loading of about 1
MW/m2.

The main parameters and overall dimensions of ITER remain those established in
the ITER Detailed Design Report [DDR96], summarized in table 1.1. In fig. 1.6 the total
fusion power expected to be produced by ITER is compared with the fusion power already
achieved by other tokamaks.

Parameter
Total Fusion Power (MW)
Neutron Wall loading (MW/m2)
Plasma burn time (s)
Major radius (m)
Minor radius (m)
Plasma horizontal triangularity
Plasma vertical elongation
Safety factor
Plasma current (MA)
Toroidal field on axis (T)
Auxiliary heating power (MW)

Symbol
P

Orient

h
R
a

<$95

«95

995

Ip
Bt

Padd

Value
1500

1
1000
8.14
2.80
0.24
1.60
3.0
21

5.68
100

Table 1.1: Main parameters and dimensions of ITER as detailed in the Detailed Design
Report.

The essential features of the ITER tokamak design include:
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Figure 1.6: Fusion power already achieved by several tokamaks compared with the fusion
power expected for ITER.

• A superconducting magnet system formed by 20 cased toroidal field coils, 7 poloidal
field coils and a monolithic central solenoid linked to the vacuum vessel in an inte-
grated structural arrangement.

• Modular blanket modules and back-plate divertor cassettes designed to be readily
and safely maintainable by a practical combination of remote handling and hands-on
techniques inside the vacuum vessel.

• Containment of the machine core in a cryostat vessel, and installation in an under-
ground pit, inside a building of minimum height.

Fig. 1.7 shows a 3-dimensional cutaway view of ITER. Fig. 1.8 shows the ITER toka-
mak cross section.

1.4.3 Power and particle exhaust

Power and particle control in ITER will be accomplished with a tightly baffled, single null
poloidal divertor that is actively pumped with ex-vessel cryo-pumps. The detail of the
ITER divertor is shown in fig. 1.9.

Plasma fuelling will be provided with gas puffing and pellet injection. A total heating
power between 300 and 400 MW from the alpha power and the additional heating will
be exhausted via the first wall and divertor by a combination of bremsstrahlung and
synchrotron radiation from the plasma core, impurity radiation from the outer plasma
and divertor channel and conduction to the divertor targets, as illustrated in fig. 1.10.
The radiation losses to the walls reduce the peak heat loads on the divertor target plates
to acceptable values.
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Figure 1.7: Cut-away view of the ITER tokamak [DDR96].
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Figure 1.8: ITER tokamak cross section. Major systems and design solutions [DDR96].
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Figure 1.9: Detail of the ITER diveHor [DDR96].
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Figure 1.10: Conceptual ITER power and particle exhaust processes [DDR96].

18



1.4.4 Operating scenarios

The physics basis for ITER operation is an ignited sustained burn in a single-null divertor
plasma with a nominal plasma current of Ip = 21 MA. The poloidal field system will
provide sufficient inductive current drive capability (A4>pp = 530 Wb) to support plasma
current initiation, current ramp-up to 21 MA, heating to ignition and approximately
1000-s self-sustained burn. Fig. 1.11 shows the poloidal field and main plasma parameters
evolution in time for ITER nominal ignition/inductively-sustained burn scenario.

The plasma discharge scenario for ITER starts with breakdown and current initiation
(Ip ~ 0.5 MA) assisted with electron cyclotron heating power followed by a 150 s inductive
current ramp up, current channel expansion and elongation, and divertor formation (Ip ~
15 MA) as shown in fig. 1.12. Up to 100 MW of auxiliary power can be applied if desired
during current ramp up for control of plasma current profile and toroidal rotation. Plasma
density and temperature at the start of current plateau will be 0.2-^0.5 xlO20 m~3 and
2-̂ 4 keV respectively. Attainment of current plateau is followed by initiation of auxiliary
heating, leading to onset of enhanced confinement modes (H-mode) and rapid increase
of the plasma temperature. Subsequent plasma fueling, either by gas puffing or pellet
injection, combined with continued auxiliary heating for about 50 s leads to ignition and
achievement of the nominal 1.5 GW of fusion power and eventual attainment of sustained
burn in which the D-T, thermal He and secondary impurities, e.g., Be; concentrations all
reach quasi-stationary levels.

In the scenario described in fig. 1.11, burn duration is limited to about 1000 s by the
poloidal field system flux swing (80 Wb) available at burn initiation. When the maximum
poloidal field flux is reached, the burn is terminated, first with fusion power rampdown,
followed by current rampdown and termination. Power and current rampdown rates are
low to avoid disruption.

1.4.5 Site requirements

The overall ITER site layout has been developed to minimize the connection distances
and the complexity of the system interfaces. The whole footprint for ITER structures,
enclosed in a fence to control public access, is 70 ha. However, an adjacent additional
space of about 60 ha is required for auxiliary services. The geological properties of the
terrain site must be strong enough to support a heavy structure of 115 meters high, 50
of which must be under the floor level. The whole tokamak building is 70 meters wide
and 180 meters long. Since 2.6 GW of thermal power need to be evacuated in nominal
conditions, the site must be geographically placed near a cold point (river, sea) and have
appropriate cooling facilities. The site must also supply 230 MW of electric power. The
geographical situation of the site must facilitate the transport of about a hundred of pieces
between 300 and 600 tons.

19



Begin Pulse
c
o

End Pulse

1200 1300 1500

Figure 1.11: Poloidal field and plasma parameters evolution in time for ITER nominal
21-MA scenario [DDR96].
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Figure 1.12: ITER tokamak cross section showing the plasma current channel evolution
up to plateau conditions [DDR96].
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Chapter 2

GLOBAL ENERGY
CONFINEMENT TIME SCALING
DERIVED FROM THE LOCAL
REBUT-LALLIA-WATKINS
TRANSPORT MODEL
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2.1 INTRODUCTION
Ignition in ITER and next step commercial tokamak reactors depends strongly on how
much energy the system can confine. Power released by fusion reactions must be kept
into the plasma for a certain time in order to maintain self-sustained burn. Interesting
conditions for massive power production will only be met if the time scales of the heat
diffusion through the plasma are high enough. Hence, modelling the transport of this
energy through the plasma is a very important feature of plasma physics research. The
energy of a thermonuclear plasma is supposed to escape from the core either by radiative
or conductive processes. In this chapter we will investigate the modelling of the heat con-
duction losses in connection with the consistence between global and local heat transport
models.

The interest of the local heat transport models is that they can provide valuable infor-
mation about the radial distribution of parameters such as temperature, density, current
and safety factor, which are very useful for understanding localized phenomena. The local
models are applied to the estimate of global transport parameters by integration of the
density and temperature profiles. The key issue of local heat transport models is the mod-
elling of the difFusivity coefficients as a function of the plasma parameters. Historically,
this problem was successively addressed by the classical and neoclassical collisional the-
ories. However, the experimental results showed that transport was anomalously higher
than expected. The Rebut-Lallia-Watkins (RLW) model assumes that anomalous trans-
port is a result of the presence of magnetic turbulence. The turbulence would be triggered
when a threshold value for the temperature gradient is achieved. A large number of present
tokamaks discharges (in particular on the JET experiment) can be simulated using this
model.

From the point of view of plasma engineering and reactor design, the use of global pa-
rameters to characterize heat transport is much more convenient. Global heat transport
models use the so-called energy confinement time Tg. Scaling laws for the energy con-
finement time are empirically determined by dimensionless and multiple linear regression
criteria.

In this chapter a semi-analytical approach is applied to the RLW local model in order
to obtain a scaling for the energy confinement time. The consistence between the local
RLW transport model and the offset RLW scaling for the energy confinement time is
checked through the semi-analytical expression obtained.

Unless explicitly stated, MKSA units are used except for the temperature which is
always expressed in keV {K = 1.6022 x 10~16 J/keV).

2.2 LOCAL MODELLING OF HEAT TRANSPORT
The local heat transport models explain the radial distribution of the plasma parameters,
e.g. temperature, current and safety factor. This information is very useful for under-
standing some localized phenomena, like MHD activity. The results of the local models
can be applied to the estimate of global transport parameters by integration of the density
and temperature profiles.

The conductive part of heat flux 0 in a thermonuclear plasma can be locally expressed
in terms of density n and temperature T under the general form
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The problem of the local heat transport modelling can be reduced to the estimation of
the thermal diffusivity coefficients \-

2.2.1 Elements of classical and neoclassical transport theories
The collisional transport theories are generally developed in the frame of particle diffusion
in a plasma. However, their results can be extended to the case of thermal diffusion. This
is made by assuming that coulombian interactions are restricted to identical particles
with different thermal energy. In that case, the electron thermal diffusivity Xe can be
assimilated to the electron diffusion coefficient De.

Xe~De

In fact, the thermal transport is mainly due to ion thermal diffusivity, which is shown to
be

• The classical theory

The classical theory of transport is limited to the case of a plasma with a cylindrical
geometry and homogeneous magnetic field Bt. The charged particles at temperature
T spin helicoidally around the magnetic field lines with the Larmour's radius pie =
1.07 x lQ-4y/T^/Bt for electrons and pLi = 4.57 x 10~3 y/Ttfll/ZiBt for ions of normalized
mass \Xi = nti/nip (mp being the proton mass) and atomic number Zi. Because of the
coulombian collisions the particles change from one magnetic field line to another with a
frequency equal to the coulombian collision frequency.

i/ce = 10-16lnAeneZe//r-3/2

vCti = 1.5 x lO-^hiAimZeff v:1/2T-3/2

where lnA is the coulombian logarithm and Zeff the effective atomic number of the plasma,

given by Zeff = E ; ^
The diffusion phenomenon can be well described by considering it as a random step

PL of frequency uc so that the corresponding classical diffusion coefficient D in the Fick's
law (P = —DVn) is of the order of

D « p\vc

The results of the classical theory predict ignition conditions for the nominal parame-
ters of present tokamaks. In practice ignition cannot be achieved because heat transport
is higher than expected.

• The neoclassical theory

In toroidal geometry, the neoclassical theory must be modified in order to take into
account the effects of the inhomogeneity of the toroidal magnetic field, which decreases
with the distance r to the main axis. This causes the magnetic field along a field line to
modulate as a function of the poloidal angle <p like Bto(l - rcos<p/R), where Bto is the
magnetic field on the cross section axis. The resulting potential well acts as a magnetic
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mirror that can trap the particles with no parallel velocity enough to escape. The trapped
particles will then follow a so-called "banana" closed trajectory as they are reflected back.

Banana regime. If collision frequency is low the trapped particles trace out several
banana orbits before being ejected by collisional scattering. This regime of low collision-
ality is called "banana" regime. It occurs when the effective frequency of the coulombian
collisions able to detrap banana particles {yeff = vcje) is lower than the transit frequency
in the banana orbit vb = ^e 1 / 2 , where e = ^, and q stands for the safety factor. The
ratio between both frequencies defines the collisionality parameter v* — ueff/ub,that for
the banana regime is v* <C 1. In the latter conditions the relevant transport mechanism
is the diffusion of the trapped particles, for whom the random step is the width of the
banana orbit Ab « e1//2pp and the frequency of collisions is ueff, being pp the gyroradius
in the poloidal field Bp. Hence, the diffusion coefficient is found to be of the order of

D » A2
bueff = t^vcp% = p\v

this is, a factor g2e~3/2 higher than the classical one.
Pfirsch-Schliiter regime. On the other hand, in the case of high collisionality, if

the frequency of collisions vc is bigger than the frequency of transit around the torus of
the untrapped particles, the diffusion of the last ones that rules the transport, and it is
found

D « p\vcq
2

It is the so-called Pfirsch-Schliiter or collisional regime, valid for v* 3> e~3/2.
Plateau regime. The existence of a transition regime between the two preceding

can be shown in the range 1 <IC v* <C e~3//2. For these values the collision rate detraps a
large population of banana particles but typical untrapped particles can trace out several
orbits before colliding. In such regime, the value of D saturates in front of the frequency
of collisions. It can be approached by

n ~ D2
R

The three collisional regimes are represented in terms of D as a function of the colli-
sionality parameter in fig. 2.1.

An important consequence of the neoclassical theory is the prediction of the bootstrap
current. This current, generated by the moment transfer when trapped particles collide
with untrapped ones, can be used for generating a part of the total plasma current.

2.2.2 Anomalous transport

Historically, the disagreement between the neoclassical predictions and the experimental
results was supposed to be justified by the high impurity content in the small tokamak
devices. However, the disagreement subsists nowadays in bigger and cleaner tokamak
plasmas. The thermal diffusivities should be about two orders of magnitude higher to fit
the experimental data, showing the existence of an anomalously enhanced heat transport
that cannot be fully explained by collisional theories.

Other evidences of the existence of the anomalous transport are the degradation of the
thermal energy confinement and the resilience of electron temperature profile when ex-
ternal heating is applied. The temperature perturbations do also propagate anomalously
faster.
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D

Figure 2.1: Neoclassical transport regimes [Sab96].

Because of the complexity in the understanding of the underlying phenomena, the eas-
iest way to study anomalous transport is through macroscopical parameters, namely, the
statistical scaling of the energy confinement time TE from experimental data, as detailed
in section 2.4.1. Nevertheless, local heat transport models, like the Rebut-Lallia-Watkins
one, propose semi-empirically explicit expressions for the anomalous heat diffusivities.

2.2.3 The Rebut-Lallia- Wat kins heat transport model

Most of the models deduce expressions for anomalous local transport coefficients by ac-
cepting that the anomalous transport could be somehow explained by the presence of elec-
trostatic turbulence. However, the Rebut-Lallia-Watkins heat transport model assumes
magnetic turbulence as the underlying phenomenon for explaining anomalous transport,
and derives expressions for electron and ion heat flux from heuristic and dimensional
arguments.

The first assumption of the RLW model is that when a threshold value for a cer-
tain plasma parameter is exceeded, turbulence would be triggered and heat transport
enhanced. This could be similar to the transition from laminar to turbulent flow observed
in fluid mechanics when the dimensionless Reynolds number exceeds a critical value. In
the case of plasma physics, and according to experimental observation, the RLW model
proposes that turbulence and, therefore, anomalous transport appear when the electron
temperature gradient reaches the following critical value

1 / rjjBj 1/2

(2.1)

where Cvre,crit is a constant, ne is the electron density and r\ = 2.8 x 10~8 |§^ is a simplified
expression for Spitzer resistivity without neoclassical corrections.

This value is deduced from the expression of the normalized electron power flow

P
4>e =

3iT2aRneTevth
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as a function of other three dimensionless plasma parameters: the normalized plasma
resistivity A, the normalized plasma pressure (3 and the normalized drift Q,

Bpvth \eBtvth)

where Bp is the poloidal magnetic field and vth the thermal velocity of electrons. The
dimensionless geometrical parameter ap/R where p is the dimensionless radial coordinate
of the magnetic surface (p = 0 at the magnetic axis, p = 1 at the last closed magnetic
surface) and the safety factor q — ^J*- are also taken into account. Analysis of the
L-mode and H-mode database in JET suggested the following forms for the normalized
power flow for electrons and ions

with

This relationships lead to an expression of the local electron heat flux written as
4>e = 4>neo + 4>an with (j)an = nexan,eKVTe where for the anomalous electron thermal
diffusivity, we have

Xe,an = Xe,RLW ( l " H

where H is the Heaviside function and

Xe,RLW = Cx RLW 1 - J—p
_2_dne

Te dp ne dp

1/2 (l 1/2

(2.2)

where CXe RLW is a constant.
Ion thermal diffusivity becomes also anomalous when the electron critical temperature

gradient is reached. We have the same expression for the local heat flux with

Xi,an _ si 2 . T e Z j

Xe,an i e T l t ^ + ^eff)

where CXie is a constant, Zi is the ion species charge and Zeff the ion effective charge of
the plasma.

The RLW model as implemented in the PRETOR transport code is detailed in ap-
pendix D.

2.3 GLOBAL MODELLING OF HEAT TRANSPORT
Recent plasma engineering studies about design of tokamak reactors [AGJ96] show that
the main plasma parameters can be fully determined from a set of dimensionless and tech-
nological design input variables. However, the power balance cannot be fully determined
unless the thermal losses term is well known. The thermal losses are characterized by the
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so-called energy confinement time parameter, which is the characteristic diffusion time of
the thermal energy through the plasma. The energy confinement time models the heat
transport globally, and it is the key parameter for 1/2D plasma engineering approaches.

For the present study the case of a thermonuclear plasma under the ITER nominal
conditions is considered.

2.3.1 The power balance in a thermonuclear plasma

The power balance in a thermonuclear plasma gives important information about the total
power furnished by the system and how this power is released by each of the transport
mechanisms. This information is specially useful for the design of the cooling systems.
The global power balance in a thermonuclear plasma in steady-state can be written as

Pa + PU + Padd = Prad + Pth (2-4)

The power sources are written on the left side member. Pa stands for the alpha power,
i.e. the power furnished by the alpha particles product of the fusion reactions, as they
thermalize into the plasma. For the ITER nominal conditions Pa is of the order of 300
MW. Pfi is the heat per unit of time released due to the Joule effect of the plasma current
and resistivity. Padd is the additional power injected externally to the plasma by means of
any of the usual heating systems. In the case of the ITER steady-state ignited operation
Padd = 0 by definition and PQ <C Pa.

The power losses are classified depending on the transport mechanism of the en-
ergy. Prod stands for the power lost from the core plasma by radiative processes such
as bremsstrahlung and synchrotron radiation. The radiative losses are of the order of 100
MW for a typical ITER scenario. The thermal losses Pth axe the energy lost per unit of
time by heat transport mechanisms. These losses are evacuated either by line radiation in
the very outer part of the plasma and the scrape off layer or through the divertor plates.
The thermal losses are the integral over the wide plasma surface of the total thermal en-
ergy flux density on the last magnetic surface. An amount of about 200 MW is expected
for ITER.

2.3.2 Energy confinement time

The power sources in the power balance can be calculated with quite accurate expressions
as a function of the physical plasma parameters. On the contrary, the global modelling
of the power losses, and in particular the thermal losses, is still an open question. In
Chapter 3 a new method for estimating the synchrotron losses is provided.

In general, the thermal part of the power losses is expressed in terms of the thermal
plasma content Wth as follows

fl»-^ (2.5)

where rE is the so-called energy confinement time. The energy confinement time is the
time in which the thermonuclear plasma looses by heat diffusion an amount of energy
equal to its thermal energy content. Ignition in ITER requires r £ « 6 s.

When the shape of the density and temperature profiles are known, the thermal plasma
energy content can be evaluated as

neKTe + YWr*) dV (2.6)
)
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where V is the total plasma volume. neji and Te<i are the density and temperature radial
distribution for electrons and ions. Wth « 1 GJ is envisaged for the nominal ITER
operation.

Hence, the problem of the calculation of the thermal losses reduces to the modelling
of the energy confinement time.

2.3.3 Analytical deduction of TE from a local transport model

Using Eqs. 2.4 and 2.5, one may express TE as a function of the terms in the power balance

re = ^ (2.7)

with Pth expressed as
Pth = (Pa + PQ + Padd) - Prod

Defined in this way, the energy confinement time is corrected for core radiation, with
the same assumptions as in the ITER Detailed Design Report (DDR) [DDR96]. This is
justified by the fact that in ITER most of the radiation is expected to come from the
central bremsstrahlung and synchrotron emission, whose radiation profile is expected to
have the same distribution as the power deposition profile of the sources.

The density and temperature radial profiles must be known for the calculation of Pth
and Wth- In order to obtain the density and temperature radial distribution, the transfer
equations for heat and particles have to be integrated over the plasma cross section. These
equations use the thermal and particle fluxes

4i = -n^Kx^Tej (2.8)

feti = -De!iWne<i + VPeiineti (2.9)

They can be solved if the expressions of the diffusion coefficients Xe,i and De^ are
provided by a local transport model. Consequently the global transport approach using
the energy confinement time is intimately related to the local one.

The temperature profile can be deduced taking into account the conservation equation
of the thermal energy in a steady-state plasma

where the total flux <l> accounts for electrons and ions

and pth = pfh + Pth is t n e radial distribution of the local thermal power density (Pth =
JvPth(r)dV).

Considering a simplified cylindrical geometry, the radial heat transfer equations in
steady-state for electrons and ions may now be derived from Eq. 2.8 as

-pe^ (2.10)
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with pe^i the collisional heat transfer between electrons and ions.
In order to solve the latter equations for Te (r), the density profiles may be calculated

by integration of the mass transfer equations similarly deduced from Eq. 2.9

where se>j is the local particle source density.
For the present work this analytical approach for calculating TE is retained. An expres-

sion of the global energy confinement time is deduced in section 2.4.1 using the expression
for the thermal diffusivity given by the local RLW transport model. In the present ap-
proach, the density profiles are supposed to be given ad hoc.

2.3.4 Scaling expressions for TE

The difficulty in applying the analytical methods for the determination of TE lies on the
uncertainties of the existing local anomalous transport models. Because of the complex-
ity in the modelling of anomalous transport coefficients, the use of scaling laws for the
energy confinement time are by now the most reliable way to predict future tokamak
performances, particularly those of ITER.

The empirical approach is based in the supposition that tokamak confinement is gov-
erned by certain identified dimensionless parameters. The exponents in the power law are
then determined by multi-regression analysis from the database of tokamak confinement
data.

For present tokamaks, the general dimensionless expression describing the energy con-
finement time is accepted to be

f3,v*,{pi}) (2.12)

where p* = PLJ&, and {Pi}={q, R/a-, «> ??, Te/Tiy...} stands for the dimensionless parame-
ters providing information about profiles and geometry.

Power-type scaling

The standard database approach to global confinement scaling is to assume that it
can be given by a power law of the form

which can be translated to "engineering" quantities as

TE = CTBnXeRXRIXlBXBPXpKXKMXMeXe

In order to calculate the exponents, experimental data about plasma geometry, current,
input power, density, magnetic field, plasma composition, thermal stored energy, thermal
and total energy confinement times are fitted by a multiple linear regression analysis in
the logarithms of the various quantities.
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Figure 2.2: Observed confinement times versus 0.85 x ITER93H fit for ELMy H-modes
[DDR96].

Using this empirical approach the ITER Confinement Modelling and Database Expert
Group proposed in the Detailed Design Report [DDR96] a scaling law for the ITER project
from the previous ITER93H fit [Sch93]

^ITER-DDR = 0.85 x rE
lTBR93H

= 8.3438 x
(2.13)

where ne is the electron hne averaged density. As shown in fig. 2.2 this scaling law describes
energy confinement times measured in present tokamaks over two orders of magnitude
with a maximal error of 15%. According to the results of the Expert Group the fit yields
to TE ~ 6 s. for ITER extrapolations with a 95% confidence interval of ±30%.

Offset-type scalings

Another approach to determining the functional form of Eq. 2.12 is by offset scaling.
The general formulation of the energy confinement time is then written as an incremental
confinement time TEinc plus a power dependent term in order to model the degradation
in confinement when increasing the power level

= TEinc +
With0

th
(2.14)

where Wtho stands for the offset thermal energy content.
In addition to the local heat transport model, an offset scaling for the confinement

time is implicitly proposed by Rebut, Lallia and Watkins [RLW89] when modelling the
electron thermal plasma content as

= 1.4621 x + 1.2 x 10- 5 7-1/2; .
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which is equivalent to writing

**th0RLW

=1.2 x \§~hZntt IniRxc

T(<0

(2.15)
This scaling was obtained by a fit to JET ohmic and L-mode data. It also describes fairly
well the L-mode discharges in Tore Supra.

The offset scalings are typical of the so-called "heat pinch" local models like the RLW
one. In order to explain the dependence on the temperature gradient of the thermal
transport coefficients, some models accept the existence of a "heat pinch" flux towards
the plasma core. The total thermal flux can be then represented as a linear threshold
model [Gui95]. In the case of the RLW local model the threshold parameter is VTejCrit.

Modelling transport for ITER DDR

As shown in section 2.3.3, using a local transport model completely determines the
global energy confinement time rE. The local RLW transport model describes fairly well
the experimental temperature profiles, but it is not consistent with the results of the
TEITER-DDR scaling given in Eq. 2.13. The ITER Detailed Design Report [DDR96] explains
that the preliminary plasma engineering studies of the local plasma profiles in the ITER
are made by means of the PRETOR v4.8 code, which implements the RLW local transport
model. However, the following choice is made for local transport coefficients

Xe = OlXcRLW Xi = 2Xe (2.16)

where the coefficient a is chosen at every time step in such a way as to exactly obtain the
value of TE predicted by the ITER DDR scaling in Eq. 2.13.

2.4 SEMI-ANALYTICAL SCALING FOR rE FROM
THE RLW LOCAL TRANSPORT MODEL

In the preceding sections, the different ways to evaluate tokamak confinement and their
links, together with the elements supplied by the RLW model; have been introduced. By
now, independently of the agreement between experimental data and model predictions,
a question arises:

7s the RLW global scaling really in agreement with the predictions of the RLW local
model?

This question is answered in the current section where an expression for the energy
confinement time is derived from the local RLW transport model, using a semi-analytical
method. The parameters and dependences of the scaling obtained are then compared
with the RLW offset law Eq. 2.15.
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2.4.1 The one fluid heat transport equation for |VTe| >̂ VTecrit

The radial heat transfer equations in steady-state Eqs. 2.10 and 2.11, can be extended
for a tokamak plasma with N ion species supposed to have the same temperature T* and
thermal diffusivity xu as

= P$

Since we have e-*j, preceding system may also be written as

(2.17)

with

( 0 _
N

3=1

Summing the equations for electrons and ions in system 2.17 and using the RLW
l&Te
a dp

relation between electron and ion thermal diffusivities given in Eq. 2.3 when

|VTe| ^> VTejCrit, then we obtain the following one fluid heat transport equation for a
circular large aspect ratio plasma

_ld_ / dTe

v dr V dv

where ^ is an effective thermal diffusivity defined as

=Pth (2.18)

X = 1 +
26ie_

Zeff f2 Xe

where 9ie = ^-, CXie is the constant introduced in Eq. 2.3 and Xe is given in Eq. 2.2.
At this point, the following hypothesis are made

• 6ie and Zeff are considered approximately constant all over the plasma cross section.

• The electron density and the thermal power density are modelled as

" Pth=Pth0

where the 0 subscript is used for central values.

The Spitzer resistivity is taken as 77 = 7?0Ze///Te
3/2, in order to compute the q profile

at equilibrium (radially constant electric field) as a function of Te. This calculation
is detailed in appendix A.I
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With the preceding hypothesis, Eq. 2.18 for decreasing temperature profiles may be
written as

dTx 2 dn*e

1 - (1 - p'

where the normalizations n*e{p) = ne(p)/neo and Ti(p) = Te(p)/Tn are made, with
(2.19)

where xo is defined as

a2Pth0

dTe 2dne
*•* i

Te dp ne dp

and Teo is the temperature at p = 0 otherwise called central temperature.
The solution of Eq. 2.19 may be written under the form

where Ti0 is a number and the central temperature is calculated as

T =
60

1 1 1

Qo

The preceding integral equation for T\ is only a function of ̂ 4, an, a.p. It may be shown
to be equivalent to a second order differential equation for y\ = Tx . However, for the
form of the density profile that we consider and the zero edge temperature condition, this
equation for y\ may be shown to exhibit a numerical singularity for p = 1. This problem is
solved by introducing the variable u = 1 — (1—p)1~otn^2. The resulting equation for yi (u) is
regular. Its solution is obtained by a Runge-Kutta shooting integration of the differential
equation obtained for the function fi(u) defined by the relation yi(u) = (1 — u)(3(u) and
which can be shown to have a finite value and a zero slope for u = 1. The resulting
expressions are detailed in appendix A.2.

2.4.2 Expression for the incremental energy confinement time

For the calculation of the energy confinement time the following auxiliary variable is
defined

T ( D _
•th

with

[
Jv

= [ 3neKTedV
J

In the present two-fluids model, the thermal plasma energy content is written as

'th =
3
21

(2.20)

(2.21)
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From Eq. 2.7, and introducing

the following relations can be established

Wth (2.22)

(2.23)

The expressions for Cw in the cases of two- and multi-fluids model are further developed
in appendix A.3.

With the use of Eq. 2.23, and including in Eq. 2.20 the electron temperature profiles
given by the numerical solution of Eq. 2.19, the incremental electron energy confinementy
time Tg may be shown to be

(e) _ /fO 1_(e)
TEinc

-CT(A,an,aP) e
1/2

(2.24)
yXe,RLW l+6ie

with the function CT dependent on the aspect ratio and the density and power peaking
parameters, given by

and plotted in fig. 2.3.

r [A, On, aP) -
/2 ! 3 /2

Tlo JO iTe(P)\

(2.25)

0tP 0.5

0 0

Figure 2.3: CT(A,an,aP) function.

Tio and T*(p) are given by the numerical solution of Eq. 2.19. From the preceding
model, The following fit is proposed for CT

T (A, an, aP) ~ r (A = 3, an, aP) (2.26)
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with

CT (A = 3, an, aP) = (l a

/ 0.3290 0.2313 -0.0316 ^
0.0366 -0.1607 -0.0007

-0.3371 0.4856 -0.0195
\ 0.1016 -0.4064 0.0542 j

aP

aP

The fit for CT (A = 3, an, ap) gives a maximum error of 4% in the range of values
an = 0 -7-1 and ap = 0 -r-1.5. For the aspect ratios in the range A = 2.6 -r- 5, the fit for
CT (A, an, ap) with a = 0.65797 gives a maximum error of 10% for A = 5.

The expression obtained in Eq. 2.24 presents no dependence on Pth- This indicates
that the confinement time calculated in this way corresponds to the incremental part of
an offset expression like the one in Eq. 2.14. This is in agreement with the hypothesis that
assumes a temperature gradient over the critical one (|VTe| S> VTe!Crit)- Experimentally,
such conditions are given in plasmas with high power levels, so that - ^ <C TEinc, and
therefore T£ine ~ TE. An expression for the estimate of the offset thermal energy content
Wtho is derived in section 2.4.3.

Therefore, Eq. 2.24 is to be compared with the incremental part of the global RLW
confinement time expression with K = 1 (original form without Meff correction), i.e. :

_(e) — I 0 v i n - 8 1 T (Pn2V/2

TERLw,inc - LZ x i U 7^72 h \ m )
Zeff

We see that the plasma current dependence is the same. In contrast, the detailed
dimension dependence as well as the Zeff dependences are different. Moreover, the global
RLW scaling exhibits no Ti/Te, an nor ap dependence.

Using Eq. 2.23, the total incremental energy confinement time results in

a1/2

3
2.4.3 Expression for the offset thermal energy content

We will conjecture that the offset thermal energy content is approximately given by
the thermal energy content corresponding to the temperature profile for which |VTe| =
VTe^crit at each point. This hypothesis is justified by the fact that in threshold local
models, typically yielding to offset expressions for the energy confinement time, the "heat
pinch" flux is the responsible for the offset thermal energy content. In the RLW model
the heat pinch flux is modelled as <f>hp = —nKx^Tcra [Gui95].

Hence, the offset thermal energy content can be calculated by taking | VTe| = VTejCrit in
the one fluid heat transport equation (Eq. 2.18). Considering the case in which bootstrap
and driven currents are negligible (rjj ~ E), the critical temperature gradient in Eq. 2.1
may be rewritten as

(2.28)ej£Tit V r e , e r i t r 1/2
qne T

and Eq. 2.19 becomes for the critical temperature profile

«V = 0 (2.29)
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to be solved for T2 as detailed in appendix A.2.1, where the following normalization is
made

with

giving

1 1 ul
n 4 0 $ ^

1/4

1/4 3/4

The corresponding electron thermal energy content, calculated from Eq. 2.20, is

where

is plotted in fig. 2.4.

3/4

(2.30)

(2.31)

1.05

0.95

0.85

0.75

Figure 2.4: Cw0 (an) function.

The following fit is proposed for CV0 (^n)

CWo (a,,) ~ 0.7730 + 0.2635an - 0.2492a2
(2.32)

The preceding expression for W$o is to be compared with the offset thermal energy
content given in the global RLW scaling in Eq. 2.15 with n = 1,

& = 1-4621 x lO-
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Now only the effective atomic number of the plasma and the line averaged density show
the same dependence in both cases. The geometric parameters as well as the magnetic
field and the plasma current dependences are different. The global RLW scaling for the
offset thermal energy content exhibits no dependence on the density peaking parameter
an.

Using Eq. 2.22, the resulting total energy confinement time is given by

TE = Y,
Cw {Zeff,Pie) CT(A,an,ap)

C-Xe,RLW

a/2

+ ... (2.33)

w,th0

(ZeffAe) CWo (an) ^

th

2.4.4 Comparison with the PRETOR code

In order to check the validity of the semi-analytical scaling in Eq. 2.33, the incremental
energy confinement time Tein6 is computed in the case Te ~ Ti: which yields to rEinc ~
2T^ , through four different approaches, using

1. The adapted version 1.01 of the code PRETOR, which does not take into account
the 0.85 x TEITBR93H correction (Eq. 2.16), and with the following input parameters

VTccrft

n
^Xe.RLW

0
2
2

Te(a) = T^a) ~ 0

2. The semi-analytical scaling with the exact value of CT (A, an, ap) as given by Eq. 2.25

3. The semi-analytical scaling with CT (A, an, ap) given by the approximate fit pro-
posed in Eq. 2.26

4. The global RLW scaling (Eq. 2.15)

In fig. 2.5 the incremental confinement time TEinc is plotted as a function of the aspect
ratio A for each of the preceding cases. The main parameters are chosen as follows

R(m)
10

Bt(T)
6

IP (MA)
0.22

Zeff
1

Pie
1 0

aP

0

variation of A is obtained by fixing R and varying a. Although values are quite similar
for the aspect ratios of interest, a different dependence of the global RLW scaling can
be appreciated for increasing values of A. The three expressions left show very good
agreement.

Fig. 2.6 illustrates the variation of reinc as a function of the thermal power peaking
parameter aP. For realistic values of aP the estimates of the global RLW scaling are
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10 . 15 20

Figure 2.5: Comparison, for variable aspect ratio, of the incremental confinement time
given by PRETOR (full line), the semi-analytical scaling with the exact value for CT

(dash-dotted line) or the proposed fit (dotted line), and the global RLW scaling (variation
of A obtained by varying a).

more than a factor 1.5 smaller than the other. We can also appreciate the benefits of core
heating on confinement. For fig. 2.6 the following parameters are kept

R(m)
9

a (m)
3

Bt(T)
6

IP (MA)
6

Zeff
1 1 0

Comparison of the electron energy confinement time when varying the plasma effective
charge is presented in fig. 2.7 for the following values

R{m)
9

a (m)
3

Bt(T)
6

IP (MA)
6 1

OCn

0
dp

0

Once again we see a common dependence between the code results and the semi-analytical
approach that differs from the standard RLW global scaling. It also subsists a significant
disagreement between the numerical estimates for the realistic values of Zeff.

As a whole, we can say that the semi-analytical scaling presently deduced for TEinc,
together with the proposed fit for CT (A, an,ap), reproduces the same dependences on
aspect ratio A, ap and Zeff as given by the PRETOR code, and that it is numerically
accurate.

Fig. 2.8 compares the electron thermal energy content as calculated by PRETOR, with
the expression

() () ()th th0

with
to

given by Eq. 2.30 and r ^ given by Eq. 2.33. The main parameters are fixed

R(m)
10

a (m)
0.5

Bt(T)
6

IP (MA)
0.22 1

&n

0
aP

0
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CO

Figure 2.6: Comparison, for variable power profile peaking parameter, of the incremental
confinement time given by PRETOR (full line), the semi-analytical scaling with the exact
value for CT (dash-dotted line) or the proposed fit (dotted line), and the global RLW scaling.

PRETOR

2 2.5 3 3.5 4

Figure 2.7: Comparison, for variable plasma effective atomic number, of the incremental
confinement time given by PRETOR (full line), the semi-analytical scaling with the exact
value for CT (dash-dotted line) or the proposed fit (dotted line), and the global RLW scaling.
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We see that Eq. 2.30 describes the offset thermal energy content with a very good precision.
For large Pth, however, the incremental energy confinement time is well described by
Eq. 2.33.

50 100 150 200 250 300

P,JMW)

Figure 2.8: Comparison of the thermal energy content of the plasma given by PRETOR
(full line), the semi-analytical scaling (dash-dotted) and the global RLW scaling (dashed);
as a function of the thermal power.
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2.5 CONCLUSION
The Rebut-Lallia-Watkins local transport model [RLW89] is implemented in the PRETOR
transport code [Bou92]. This transport model is characterized by a critical temperature
VTe^crit above which the thermal diffusivity is independent of the temperature (except
through a gradient length dependence). Such a model is known to result in a global energy
confinement time with an offset-linear dependence with respect to the total heating power.

Starting from the steady-state local transport formulation for both electrons and ions,
we show that, assuming a constant Te/Tj ratio and a fiat Zeff profile, transport for
|VTe| ^> VTe^cru can be described by a single fluid equation. We consider the case
of a circular plasma with purely inductive current drive with Spitzer resistivity, zero
temperature at the plasma boundary and density and heating power profiles modelled
with parabolic functions of the radius with exponents an and ap respectively. Taking the
local RLW expression for anomalous electron diffusivity and Xi/Xe ratio, the incremental
energy confinement time expression may be derived analytically except for a universal
function CT(A, an, ap) where A is the torus aspect ratio.

It is shown that the computation of CT(A, an, ap) may be reduced to the solution of
a regular non-linear second order differential equation with appropriate boundary con-
ditions. The solution of this equation by a shooting method allows the derivation of an
accurate fit for CT(A, an,Qp).

Comparing with the RLW incremental confinement time scaling, it is found that the Ip

dependence is the same in both laws but the R, a, and Zeff dependences are found to be
different. Furthermore, the incremental part of the scaling obtained shows dependences
on Te/Ti, an and ap which are not taken into account in the RLW one.

The offset thermal energy content is supposed to be approximately given by the en-
ergy content corresponding to the temperature profile for which the gradient is everywhere
equal to the RLW critical gradient. With this assumptions, Jp, ne, Bt, R, and a depen-
dences of the energy offset may be derived in closed form. An extra an dependence is
found to occur in the form of a universal Cw0 {&n) function for which an accurate fit is
proposed.

Comparison with the global RLW scaling shows that the ne and Zefj dependences are
the same but the Ip, Bt, R, and a, dependences are different. Moreover, the offset thermal
energy content of the global RLW scaling exhibits no an dependence.

Finally, an extensive comparison is made between the semi-analytical confinement
time scaling and the results of the PRETOR vl.01 code which implements the local RLW
transport model without the 0.85 x TEITBR93H correction. Our law is shown to describe
the results of the code for any parameters, in contrast with the global RLW expression
that exhibits quantitative and sometimes qualitative disagreement.

A first approach shows that the effect of ellipticity results in a new different dependence
in the semi-analytical expression. The effect of ellipticity and finite edge temperature must
be taken into account for further studies. A Bohm correction factor 0 .3 , ,^ ' ^ for the ion
thermal diffusivity, which was recently proposed, is also to be included in the model.
Effort must be made to improve the modelling of the energy content for increasing input
powers.
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Chapter 3

CALCULATION OF
SYNCHROTRON RADIATION
LOSSES IN INHOMOGENEOUS
TOKAMAK PLASMAS
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3.1 INTRODUCTION
Depending on the physical mechanism of the energy transport, the loss terms in the
power balance of a thermonuclear ignited plasma can be divided in two : the conduction-
convection (Pom) and the radiation losses {Prad)- The conduction-convection losses stand
for the energy transferred from the core to the edge plasma by conduction and convection
processes. They are modelled through the energy confinement time TE by the term ^Lk

where Wth is the thermal energy content of the plasma. An expression of the energy
confinement time has been deduced and studied in the preceding sections.

The radiative losses are due to electromagnetic radiation and the hypothesis of an
homogeneous flux all over the plasma surface can be made. Regarding the origin of the
radiation they can be divided into three types of losses: bremsstrahlung, synchrotron and
line radiation. The bremsstrahlung radiation is emitted in the range of the X-rays by the
electrons interacting with the ion nucleii. The power lost by bremsstrahlung processes
per unit of plasma volume is well approximated by [R0C6I]

PB = 4x l (T 2 9 Z2
effn

2
eTy2

where the dependence in Zeff, the effective atomic number of the plasma, makes low impu-
rity content essential for thermonuclear plasmas. Te and ne are the electron temperature
and density.

The synchrotron radiation has its origin in the gyromotion of the electrons around the
magnetic field lines confining the plasma. The emission is in the millimeter wavelength
region. Because of the complexity of its exact calculation, the synchrotron radiation losses
(SRL) per unit of plasma volume are roughly estimated by expressions of the form [Uck90]

PSRL * 2.5 x ltfQRB5
t
/2az'2nlJ2Tl/2

where R and a are the major and minor radius of the tokamak, and Bt is the magnetic
field on axis.

The line radiation is localized in the edge region of the plasma and is produced by
several atomic physics processes, i.e. ionization by electron scattering, radiative recom-
bination, dielectric recombination, charge exchange recombination and excitation, the
reaction rates of all of them depending on the local plasma electron temperature. A good
estimation of the power that a plasma can radiate by this processes is well provided by
the coronal equilibrium assumption [Cha94]. However, line radiation losses are only im-
portant in the edge plasma, where they help in dissipating the conductive-convective heat
flux. So, they do not affect the global power balance and for ITER-relevant cases they
can be neglected in front of the bremsstrahlung and SRL for the present study.

Using the preceding formulation for the range of densities (~ 1020 m~3) and tempera-
tures (~ 10 keV) of present tokamaks and those envisaged for ITER, the SRL are found to
be 5 to 10 times smaller than the bremsstrahlung losses [Cha94j. So, the approximations
made in the expressions for the calculation of the synchrotron radiation losses have been,
up to now, acceptable.

However, if the trends in terms of high operation temperatures are confirmed in next-
step tokamaks, the SRL (oc Te dependence) may no longer be negligeable with respect to
the bremsstrahlung losses (a Te

1/2dependence). In the short term, higher operation tem-
peratures are envisaged in order to enhance the efficiency of the inductive, non-inductive,
and bootstrap current drive. In addition, the materials envisaged now for the first wall
have low reflectivities for the synchrotron radiation wavelengths range.
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In the long term a special attention must be paid to D-3He performance. This op-
eration mode, very interesting from the point of view of the impact of the reactions in
the power balance and also by the low wall activation, has its self-sustained burn point
at temperatures around 50 keV [R0C6I]. In these conditions the SRL would become the
dominant losses in the power balance and they need to be estimated accurately.

In the present chapter the aim is to provide compact explicit expressions for the fast
numerical calculation of the SRL by means of the dimensionless transparency factor. In
the two first sections the basics physics of synchrotron radiation as well as the original
formulation of Trubnikov for the calculation of the SRL are reviewed. In the following
sections realistic hypothesis for the cases of cylindrical and toroidal geometry are included
in the model and several numerical applications are provided for the cyhndrical case and
the results checked against the existing models.

Unless explicitly stated, MKSA units are used except for the temperature which is
always expressed in keV (K = 1.6022 x 10~16 J/keV).

3.2 PHYSICS OF SYNCHROTRON RADIATION

3.2.1 Electromagnetic field radiation of a moving electron

It is easily shown [Jac75] that an electron of charge e at r' moving with an arbitrary
velocity v, according to fig. 3.1, radiates a time dependent electric field whose value at the
point r is given by the following relation when the motion of particle is non-relativistic
( v < c)

(nx v)
Erad{f,t) =

where n = zr, and v= 4iv
' dt

n x

r' (t) - f I _
(3-1)

Figure 3.1: An electron moving from A to B radiates at the point P at time t an electric
field depending on the time t\

All the parameters between quotes must be evaluated at time t', which stands for the
so-called retarded time. Since electromagnetic perturbations travel at the velocity of light
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c, f can be expressed as
r' (t) - f

The instantaneous flux of energy associated with the radiation field in Eq. 3.1 is given
by the corresponding Poynting vector

S = Erad n

and the emitted power per unit solid angle at the time t' is equal to

dPe
dfl (*)-rj [S-n] (3.2)

Now taking into account that n x (nx v)\ = v sin< ,̂ where <fi is the angle between the

electron normalized acceleration f3 and the ray vector n, one can express

2

S-n\ = sin

which integrated in Eq. 3.2 over all the space directions leads to the Larmor's formula for
the total power radiated by a single electron

v\
(3.3)

3.2.2 Synchrotron radiation emission

\J
B

Figure 3.2: Synchrotron motion of an electron of velocity v around a magnetic field line
B.

In a magnetically confined plasma the synchrotron radiation has its origin in the
electrons spinning helicoidally around the magnetic field lines as illustrated in fig. 3.2.
The trajectory of the electrons is then determined by the motion equation

me v= e (v x Bj
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where me is the electron mass. The magnetic field in a tokamak is the resultant of
the superposition of two independent components: the toroidal magnetic field and the
poloidal magnetic field. The last one are perpendicular to and much smaller than the
toroidal magnetic field Bt. Hence, thereafter, only Bt is considered in the calculation of
the electron synchrotron radiation.

By integration of Eq. 3.4 we obtain the cyclotron frequency at which electrons turn
around the magnetic field lines in the non-relativistic limit

— Bt

corresponding to a centrifuge acceleration of

v = \v\Wc

Therefore, in the presence of a magnetic field Bt a maxwellian distribution of elec-
trons of density ne and temperature Te, generates a synchrotron power per unit volume
expressed from Eq. 3.3 as

where K is the Boltzmann constant and the electron plasma frequency up is defined as

. 2 _ e

nep eome

3.2.3 The equation of radiative transfer

The power flux density of the synchrotron radiation per unit of solid angle and unit of
frequency is called specific intensity (JS). The specific intensity depends on the local
equilibrium of the emission and absorption phenomena, and the local properties of the
plasma like temperature and refractive index. When all these conditions are well-known
Ju can be deduced from the equation of radiative transfer

_ T /O C\

that describes the variation of Jw in a differential element da of the space co-ordinate
along the ray path. r)u is the emissivity of the plasma; i.e. the power per unit volume
radiated away per unit solid angle and frequency. The second term on the right-hand
side accounts for absorption, where a^ is the absorption coefficient. N^ is the refractive
index for synchrotron radiation in plasmas, which in the frequencies of interest (u> » uc)
is taken to be Nw c± 1.

Integration of Eq. 3.6 over a ray path of length s, whose origin is placed on the plasma
border, yields to an exponential expression describing the self-absorption of a radiation

s) = f Vu,e-f>" ̂ 'da (3.7)

If we consider a plasma in thermodynamic equilibrium we can use the Kirchoff's law
relating the absorption coefficient aw and the emissivity ^

2

— = -A^KTeaw 87rc2
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and in the special case of an homogeneous and isotropic environment, i.e. 77̂  and a^ inde-
pendent on a, Eq. 3.7 yields to an expression for the specific intensity per unit frequency
of the form

^ (3.9)

where all the parameters are known except the absorption coefficient au.

3.2.4 The dispersion relation

For the frequencies of interest (u> > 2u>c), the Hermitian part of the dielectric tensor is
well described by the cold plasma approximation. The absorption coefficient QW is then
denned by

ReE* x

where e"^ is the anti-Hermitian part of the hot plasma dielectric tensor components, ft —

Bt/ Bt is the unit vector in the direction of the magnetic field, and

( C12 (^33 - 1)

1 - (en ~ 1) (e33 - 1)

with €ji the cold plasma dielectric tensor. For the cases of interest (uJ^juJ^. <C 1, N^ cz 1,
lei2/en| <S 1) it can be shown that the absorption coefficients for the ordinary (o) and
extraordinary (x) mode of propagation (when the radiated electric field is either parallel
or perpendicular respectively to the direction of magnetic field), can be calculated as

4* -4
ol W "

^ 7^33

(3-10)

An expression of the anti-Hermitian part of the dielectric tensor avoiding the standard
expansions of the Bessel functions, useful for the preceding expressions is proposed by
[GrF91].

3.3 SYNCHROTRON RADIATION LOSSES IN HO-
MOGENEOUS CYLINDRICAL PLASMAS. THE
TRUBNIKOV MODEL

3.3.1 Hypothesis

The existing theory for the calculation of the SRL in tokamak plasmas assumes a radiation
source uniformly distributed all over the volume of a circular cylindrical plasma of radius
a and length L. This plasma is supposed to be in thermodynamical equilibrium with a
maxwellian distribution for the electrons.

Flat profiles are assumed in this case for temperature and density distributions. The
density ne and the temperature Te at every point of the plasma volume V are equal to the
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volume average electron density (ne) = ^ fvne dV, and to the density average electron

temperature [Te] = (Te)n = ^fe'w , respectively.
The magnetic field is considered to be homogeneous in the whole plasma and equal to

the value on the magnetic axis Bto. Table 3.1 resumes these hypothesis

Plasma geometry
Plasma cross section
Density profile
Temperature profile
Magnetic field profile

cylindrical
circular

flat : (ne)
flat : [Te]
flat : Bto

Table 3.1: Hypothesis for the cylindrical homogeneous plasma. Trubnikov model.

3.3.2 Explicit expression for the transparency factor

For the calculation of the SRL in terms of fully dimensionless parameters, it is useful to
define the transparency factor $. The transparency factor is the ratio between the total
synchrotron power PSRL leaving the plasma surface, which is the SRL power, and the
synchrotron power sources Peo

* = ^ « 1 (3.11)

The total synchrotron power generated in a cylindrical plasma in the non-relativistic
limit is calculated from Eq. 3.5

6TTC6
-K [Te] (3.12)

with

H)2 = (ne)

The general expression for the total synchrotron power lost through the plasma surface
is

PSRL =JXLJk-dS) dQ (3.13)

where J is the specific intensity of the synchrotron radiation for all the frequencies and
k is the direction of the ray path. The integration for Q is extended to the external
hemisphere of solid angles and for S to the plasma cylinder surface. Using dS = NdS as
shown in fig. 3.3, and as S = 2?raL, Eq. 3.13 may be rewritten as

PSRL = L Jcos(k,N)dQ, (3.14)

Therefore, substitution of Eq. 3.9 in Eq. 3.14 together with Eq. 3.12 results in an ex-
plicit expression for the transparency factor per unit frequency given by

J1

4TT2 (po
(3.15)
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Figure 3.3: Geometrical parameters for the calculation of SRL in a circular cross section
plasma cylinder.

where the dimensionless average opacity factor is introduced

CU>C

with uc calculated using Bt0-
According to the cylindrical geometry illustrated in fig. 3.3 we may express the integra-

tion on the solid angles as a function of the angle 9 between the ray path and the magnetic
field, and the angle /3 between the projection of the ray path on the plane perpendicular
to the magnetic field, and the normal to the cylinder surface

sin0d0 2 / d/3
o

as well as

and the length of the ray path as

Hence, Eq. 3.15 becomes

3

dD,= sin9d9 2 /
Jn Jo Jo

cos(fc, N) = sin 9 cos (3

s =
cos/3

-r-T / sin29d9 / cos/3 < 1 - exp
•a) w| Jo Jo { SHI

d/3

Introducing v = u/uc, the transparency factor $v per unit of normalized frequency
is defined as $v = ^ c $ w , and provided that the absorption coefficient a is calculated
differently for the ordinary (o) and extraordinary (x) mode of propagation and for each
frequency (ai/), the total transparency factor will be given by the summation of the
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integration extended to all the harmonics v for each of the two modes

3
— exp sin#

(3.16)

3.3.3 The Trubnikov saddle-point expression for aw

The saddle-point expression of Trubnikov [Tru79] is an approach to Eq. 3.10 allowing the
fast calculation of aai,{6,v). This approach is supposed to be valid for non-relativistic
conditions with Te > 25 keV and u> » uc, giving

- cos2 0) 3 / 2

with

and
/(T) = (coshy- l)r , s i nhy -y=-

T = tv sin2 6

where t is the normalized temperature which, in the case of an homogeneous plasma, is
expressed as

mec
2

and the opacity factor for the case of an homogeneous plasma is taken as

Pa = (Pa)

The function f(r) is represented in fig. 3.4.

3.3.4 The Trubnikov fit for the transparency factor
The fit used presently for the estimation of the SRL in a tokamak derives directly from the
formulation deduced by Trubnikov [Tru79], which proposes an approximate expression for
Eq.3.16 of the form

2n2pa :
V

l=O,X

/ •OO /-7T

/ v2dv I si
Jo Jo

sin2 6 < 1 — exp d6 (3.17)

where the calculation of the optical depth aai, (0, v) is performed using the Trubnikov
saddle point expression detailed above.

A simple expression is usually employed to fit Eq. 3.17

,3/2
$(t,Pa) = 60—

Pa
(3.18)
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Figure 3.4: Trubnikov's / (r) function.

Fig. 3.5 compares the transparency factor as a function of the plasma temperature calcu-
lated using Eqs. 3.16 and 3.18. An opacity factor of pa = 3.86 x 103 corresponding to the
ITER ID parameters is taken in all cases.

0.0

Trubnikovfit
(Eq. 3.18)

10 15 20 25 30 35
[To]

40

Figure 3.5: Comparison of the transparency factor calculated using Eq. 3.16 and the Trub-
nikov fit Eq. 3.18, as a function of the plasma temperature.

The effect of the inhomogeneity of the magnetic field in a torus of aspect ratio A =
i = ^ is approximated by adding a correction factor to Eq. 3.18

(3.19)
Pa
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where the inhomogeneity parameter x (£i *) 1S given by

2e
X (£,*) =

(27rt)
1/2 (3.20)

3.4 SYNCHROTRON RADIATION LOSSES IN IN-
HOMOGENEOUS CYLINDRICAL PLASMAS.
THE PERSCYL MODEL

3.4.1 Hypothesis
More realistic conditions will now be considered for the calculation of the SRL. Although
assuming a plasma with cylindrical geometry, the PERSCYL code was developed to take
into account the inhomogeneity in density, temperature and magnetic field of a typical
tokamak plasma. Hence, radiation emission and absorption is no longer considered uni-
formly distributed all over the plasma volume. PERSCYL also takes into account the
cross section vertical elongation K = b/a > 1, where b the vertical semiaxis, of the present
and next step tokamaks. Hypothesis about thermodynamical equilibrium of the plasma
and maxweUian distribution of the electrons are still kept. For the calculation of the ab-
sorption coefficients the saddle-point expression of Trubnikov is used. Table 3.2 compares
the hypothesis of the Trubnikov model for homogeneous circular plasmas with those of
the PERSCYL model for inhomogeneous elliptical plasmas.

Plasma geometry
Plasma cross section
Density profile
Temperature profile
Magnetic field profile

Trubnikov
cylindrical

circular
fiat (n)
flat [T]
flat Bt0

PERSCYL
cylindrical
elliptical

ne 0(l - p2)a"

re0(i - py*
D H

Table 3.2: Comparison of hypothesis between the Trubnikov and the PERSCYL models.

• Elliptical cross section

As illustrated in fig. 3.6, if an elliptical cross section for the plasma is assumed, the
equation of the flux surfaces is written as

•Iw
where

is the normalized radius.

P = a(sin if + K2 cos2

Density and temperature profiles
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Figure 3.6: Geometrical parameters for the calculation of SRL in an elliptical cross section
plasma cylinder.

The plasma density profile in a tokamak, as illustrated in fig. 3.7, is modelled as

ne(p) = neo(l - p2)a" (3.21)

where n^ is the electronic density on the magnetic axis, being the volume average electron
density

= - nedV = ne

The same is valid for the temperature profile

so the density average electron temperature is

» JvnedV Teo' an + aT

(3.22)

(3.23)

• Magnetic field profile

Tokamak configurations present a radial variation in the toroidal component of the
magnetic field described by

1 ~r R

where Bto = Bt(0) is the value of the toroidal magnetic field at the axis, as illustrated
in fig. 3.9
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Figure 3.7: Density profile modelled by neo (1 — p2)an, (ay = 0.4) compared with the density
profile calculated by the PRETOR code for the ITER ID case.

Figure 3.8: Temperature profile modelled by 2^,(1 — p2)aT, (aT = 1.5) compared with the
temperature profile calculated by the PRETOR code for the ITER ID case.
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Figure 3.9: Radial profile of the toroidal magnetic field in a tokamak, compared with the
plasma cross-section in the case of ITER ID.

3.4.2 Explicit expression for the transparency factor

Taking into account the preceding hypothesis, and according to the calculations detailed
in appendix B.I, the total power emitted in the non-relativistic limit by a cyhnder with
length 2TTR is

Uc \U!p) , , 2 2 P y W ' £ ' K> y "*" I ' (Q OK\

^ o = o__a ^ l ^ J X ̂  O K X ( ^ D j

where 7 = an + ax and
7T

,e,«)= / / -
Jo Jo 1

1 p (cos2 ip + K2 sin2 if) (1 -

+ pe (cos2 <p + K2 sin2 cp) cos (p
dpd(p (3.26)

is plotted in Fig 3.10 for the ITER ID inverse of the aspect ratio e = 0.344
Therefore the transparency factor will now be a function of six dimensionless parame-

ters

with deduced in appendix B.5 as

r7r/2 rw/2 rn/2r-K/2 j-K/2 fw/2 pZ

>W = c * i/2 / dtp I de d@ dux-•
J-v/2 Jo J-TT/2 JO

• • • x 5(«,y?,P) sm.6 T*{p) KOO$(U,9) exp
cos/3

s
sin^

r2 l

where

K.(sin2 <p + K2 cos2

K2 sin2, — 2K(K 2 — 1) sin <p cos (p sin /? cos /3 + (sin2(p + K4 COS2 cp) cos2 /?
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Figure 3.10: Function / (7 ,e , K) for e — 0.344 according to the ITER parameters.

S(K,<P,0) =
K

K2 cos2
 <P)1/2S*(K, <p, 0)

with
1 - p2 = Su(2 - u)

Space dependence of aw

For the numerical calculation of the local absorption coefficient a£/(p, 6) with the
Trubnikov saddle point method, the following expressions for pa and t are used

P.(P, U) = (Pa)

- W
and r^, following appendix B.3, is given by

rx(a,K,<p,P,u) = a (sin2 <p + K2 COS2 V?) sin<p - S*(K, (p, 0)ucos{3sin ((3 + aictan(K tanip))]

3.5 SYNCHROTRON RADIATION LOSSES IN IN-
HOMOGENEOUS TOROIDAL PLASMAS

3.5.1 Hypothesis

The hypothesis of inhomogeneous density, temperature and magnetic field distributions
are now extended to a toroidal, elliptical cross section geometry. This configuration is the
nearest to the realistic conditions inside a tokamak. The PERSTOR model was developed
to take into account all these realistic hypothesis for the calculation of the SRL. The
evaluation of local radiation emission and absorption is no substantially different from
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the cylindrical case, but on the other hand the calculation of the ray path length becomes
more complex because of the toroidal geometry. Hypothesis about thermodynamical
equilibrium of the plasma and maxwellian distribution of the electrons are made. For
the calculation of the absorption coefficients the saddle-point expression of Trubnikov is
used. Table 3.3 compares the hypothesis of the Trubnikov model for homogeneous circular
plasmas with those of the PERSCYL model for inhomogeneous cylindrical plasmas, and
those of PERSTOR model for inhomogeneous toroidal plasmas.

Plasma geometry
Plasma cross section
Density profile
Temperature profile
Magnetic field profile

Trubnikov
cylindrical

circular
flat (ne)
flat [Te]
flat Bo

PERSCYL
cylindrical
elliptical

ne0(l-p2r
Te0(l - pTT

PERSTOR
toroidal
elliptical

no(l - P2)an

T0(l - p2)aT

B0B.+r.

Table 3.3: Comparison of hypothesis for the Trubnikov, PERSCYL and PERSTOR mod-
els.

With the references and angles defined in fig. 3.11, if an elliptical cross section for
the torus is considered the equation of the flux surfaces can be written the same as the
cylindrical case

(x - R)2 y2 _
2 2 2 '

so that expressions Eq. 3.21, 3.22 and 3.24 are also valid to modelling the density, tem-
perature and magnetic field distribution over a toroidal plasma.

Figure 3.11: Angle and reference definitions for the calculation of SRL in a toroidal
elliptical-cross section plasma.
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3.5.2 Explicit expression for the transparency factor
According to the calculations detailed in appendix B.I, the total power emitted in the
non-relativistic limit by a torus of major radius R, is the same as for a cylinder of length
27rR, SO that Eqs. 3.25 and 3.26 are also valid for this case.

The transparency factor will be a function of six dimensionless parameters

<a),[t\,K,an,aT,e)= 2^ I ^Vav

with

/•if r'2 r
= C* v2dv dQ dp I dtp (sin2O cos/? (K2 + (1 - K2) COS2 cp)1/2)

Jn J-n/2 JO

J T{p) a£>fo v) exp I - j a£V>») d

where
c =

and the calculation of the ray path sK (G, /?, ip) is given by the set of Eqs. B.20-B.24
detailed in appendix B.5

• Integration over the normalized frequencies v

The integration over the normalized frequencies v over the interval ^=[0, oo[, may be
avoided by making the change

v = 1 ; dv = —odui

so that the integration is then be performed over the interval V\ = [0,1]

/ $(i/) dv = f $(l/i/i - l)\dux
Jo Jo v\

• Space dependence of aw

For the local computation of the absorption coefficients aw with the Trubnikov dis-
persion relation as a function of the ray path coordinate cr, the following expressions for
pa(p, <p) and t(p) must be used.

pa(p, <p) = (pa) (1 + an) (1 - p2)a" ^1 + pe (cos2ip + K2sin2<p)1/2cos(p\

UP) = W (1+,a; + aT) ™
with p (cr) given by (see appendix B.5)

f 2} (3.27)
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The calculation of the angle 6 between the directions of the ray path and of the
magnetic field, is deduced in appendix B.6 and performed as follows

^ (3.28)
1 + t a n 2 * v ;

where
I J ( 3 . 2 9 )

Px,K

3.6 NUMERICAL APPLICATIONS

3.6.1 Numerical integration of the expressions

• PERSCYL model

The computation of the transparency factor through the explicit expressions of the
PERSCYL model implies the numerical evaluation of a fifth order integral plus a sec-
ond order integral for the I(j, e, K) function. The fifth order integral is performed on an
exponential-integral equation which is calculated using all the algebra associated to the
calculation of the length of the ray path and to the Trubnikov saddle-point expression.
Because of the long times required for standard alpha workstation processors, the calcula-
tion must then be performed on fast supercomputation devices (CRAY C90). In addition,
special optimization and accurate choice of the numerical integration routines is required.

In the case of the PERSCYL code a fast method for the evaluation of the function
/ ( r ) in the Trubnikov saddle-point expression is implemented. It consists in the approach
of the function by a series of Tchebychev polynomials and asymptotic expansions. The
fifth order integration is performed with an adaptive subdivision strategy routine and the
exponential-integral equation by a gaussian quadrature with Gauss-Legendre formulae.
In these conditions the calculation of the SRL for one single case is performed by the
PERSCYL code in times of the order of one minute.

• PERSTOR model

The inclusion of the effect of the toroidal geometry, as done in the PERSTOR model,
does not affect the order of integration of the expressions obtained but has a severe effect
against the fast numerical convergence of the calculation. The integration of the specific
intensity over the ray path coordinate shows singularities associated to the existence of
either one or three real solutions of the third degree equation (see fig. B.3) for the calcu-
lation of the length of the ray path. This affects deeply the convergence of the numerical
standard methods of integration, and the calculation times become unacceptable even for
fast supercomputers.

Numerical integration routines specially adapted to the specific problem must be de-
veloped. At the same time further optimization of the code is necessary to reduce the
times of calculation. The code can also be modified for massive parallel computation,
because the problem of numerical integration is well adapted to parallel processing. The
equations developed for the PERSTOR model also admit an alternative approach by
Monte-Carlo methods.
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3.6.2 Sensitivity of the transparency factor

To assess the impact of the hypothesis assumed by the model in the PERSCYL code for
the computation of the transparency factor, the results obtained with the expressions in
section 3.4.2 are checked with the TRUBNIKOV&t in Eq. 3.19 and the FIDONE-MEYER
fit [FMG92], which adds to the Trubnikov expression two correction factors: one for the
elliptical cross section effect and another for the temperature and density profiles effect,
as follows

[t],K,an,aT,e) =
~r

with EI(K) = |-E[(1 — 1/K2)1^2] where E(x) is the complete elliptic integral of the second
kind.

In order to compare the SRL power computed with the PERSCYL code with the other
two models, the factor fsm. is introduced as

PSRLPERSCYL

SRLi

(i = TRU, FM)

so that values near JSRL — 1 indicate agreement in the SRL computed. JSRL is directly
calculated from the respective transparency factors as

$PERSCYL e0PERSCYL

P<o<

(i = TRU, FM) (3.30)

Note that the expression of the total synchrotron power produced in the plasma (PeQi)
depends on the hypothesis of the model. PeoTRU is given by Eq. 3.12, PeoFM by Eq. 3.30
and Pe PERSCYL by Eq. 3.25. Therefore, in Eq. 3.30 we take into account the following
relations

'(7,«,e)

r e
0FM

Figs. 3.12-3.16 compare the transparency factor computed by each of the three models
and show the behavior of the fsRLt factors, when varying respectively the values of tem-
perature [Te], vertical elongation of the cross section K, density and temperature peaking
factors an and CXT, and inverse of aspect ratio e. The rest of dimensionless variables are
kept in each case constant and equal to the ITER DDR nominal values detailed in table
3.4.

(Pa) (103)
3.87

[t] (10-*)

3.91
K

1.6 0.5
a.?

1.5
e

0.344

Table 3.4: Values for the adimensional parameters used for the comparison between the
results of the PERSCYL code and the Fidone-Meyer and Trubnikov fits.

The temperature effect
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Figure 3.12: Transparency factor and fsaz factor calculated with the TRUBNIKOV
(dashed line), FIDONE-MEYER (dotted line) and PERSCYL (solid line) models, as a
function of the electron temperature [Te] for the ITER DDR parameters (Table 3.4)-

Fig. 3.12 plots the transparency factor and the fsRL factor for ITER DDR in the
range of temperatures between 10 and 40 keV. It shows the strong increase of the trans-
parency factor with electron temperature. In spite of the realistic hypothesis assumed,
the agreement of $PERSCYL with $TRU is fairly good in the D-T operation domain, i.e.
for temperatures below 30 keV. For [Te] > 30 keV the agreement is better with $FM-
However, $FM underestimates QPERSCYL when the importance of the SRL in the power
balance becomes critical.

fsRLTRU shows an important difference between the SRL computed with the PERSCYL
and the TRUBNIKOV models, which grows up to more than a factor 2 for high temper-
atures. Note that the ratio •§£M- is nearly constant for every temperature, since the
dependence of both with respect [Te] is just the same ([i]3^2), though corrected in the case
of $FM by the effect of the peaking factors and vertical elongation. On the other hand,
fsRLFM show good agreement.

It is important to note that the good agreement of $PERSCYL and $FM with $TRU is
no longer observed when they are used for calculating PSRL, i-e. fsRL- As stated above,
this is due to the fact that the expression of the total synchrotron power produced in the
plasma (PeQi) depends on the hypothesis of the model.

• The elliptical cross section effect

For realistic values of the plasma ellipticity, fig. 3.13 shows a similar linear decrease
of QPERSCYL and $FM with K. $TRU shows no dependence but an unexpected good
agreement, specially with $PERSCYL, for the typical values of K envisaged for next step
fusion reactors.

The fsRL plot is a good example of the unequal relative differences between models
when comparing $ and PSRL. $ p | ^ r f ' decreases with K when comparing the trans-
parency factors, but fsRLTRU shows both bigger differences and increasing behavior. The
values of fsRLTRU could certainly be reduced by only adding the ellipticity correction
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Figure 3.13: Transparency factor and fsm factor calculated with the TRUBNIKOV
(dashed line), FIDONE-MEYER (dotted line) and PERSCYL (solid line) models, as a
function of the vertical elongation K for the ITER DDR parameters (Table 3.4)-

on the calculation of Pe TRU. On the other hand, the agreement between the FIDONE-
MEYER and the PERSCYL models is better for fSRL than for $.

• The density profile effect

An important decrease of <&PERSCYL and $ F M is observed in fig. 3.14 in the range
between an = 0 —- 1.5, showing that the SRL can be reduced by peaking the density
profiles, i.e. by pellet injection. fsRLFM shows also a very good agreement. Note that the
flatter the profile is, the biggest is fsRLTRU-

• The temperature profile effect

In fig. 3.15 the two temperature profile-dependent models show a moderate increase
of the transparency factor for growing values of a^. Again, $TRU shows surprisingly a
good agreement with QPERSCYL for the ITER DDR values of aT. On the other hand,
the fsRLTRu PlQt show important differences, even for moderate peaking of the plasma
temperature profile, that cannot be entirely explained by the ellipticity correction on the
calculation of PBQ .

• The aspect ratio effect

In the domain of the ITER DDR parameters, fig. 3.16 shows practically no dependence
of $PERSCYL for the aspect ratios of interest. The similar dependence of the FIDONE-
MEYER and TRUBNIKOV fits, which increase with the inverse of the aspect ratio, is
explained by the same inhomogeneity correction factor included in the fit (l + x(£,t))*
(see Eq. 3.20).

For e close to 0, in the limit of high aspect ratios, the hypothesis on the cylindrical
geometry of the PERSCYL model is fulfilled. In these conditions the ratios fSRL are
found to be fSRLFM ^ 1.4, fsRLTRU ^ 2.7.
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Figure 3.14: Transparency factor and fsRL factor calculated with the TRUBNIKOV
(dashed line), FIDONE-MEYER (dotted line) and PERSCYL (solid line) models, as a
function of the density peaking factor an for the ITER DDR parameters (Table 3.4)-

0 0.5 0 0.5 1 1.5 2 2.5 3

Figure 3.15: Transparency factor and fsm factor calculated with the TRUBNIKOV
(dashed line), FIDONE-MEYER (dotted line) and PERSCYL (solid line) models, as a
function of the temperature peaking factor aT for the ITER DDR parameters (Table 3.4).
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Figure 3.16: Transparency factor and fsm factor calculated with the TRUBNIKOV
(dashed line), FIDONE-MEYER (dotted line) and PERSCYL (solid line) models, as a
function of the inverse of the aspect ratio e for the ITER DDR parameters (Table 3.4)-

Conclusion

In general, the FIDONE-MEYER model has a good agreement with the PERSCYL
model in terms of 4>, showing the same numerical values and dependences, except for the
inverse of the aspect ratio e. The agreement is even better for fsnz, when calculating
PSRL- On the other hand, the opposite is observed for the TRUBNIKOV model, specially
for the ITER DDR case. Although dependences on the dimensionless variables are not
the same, $TRU and <&PERSCYL have nearly the same value for the ITER DDR parameters
in table 3.4. Nevertheless when comparison is made in terms of fsRLTRU, disagreement
reaches easily a factor 2. This factor could be strongly reduced by only adding the
ellipticity correction on the calculation of PeoTRU-

So, in order to have good estimates of the SRL in the cases close to the conditions
of ITER DDR without complicated calculations, one should use the TRUBNIKOV fit
together with the expression of PeQ as calculated with the hypothesis of the PERSCYL
model (Eq. 3.25). For higher ranges of temperatures and parameters different from those
of ITER, the PERSCYL should be used.

3.6.3 SRL estimates for tokamak projects

The power lost by synchrotron radiation is estimated for two tokamak projects designed
for D-T operation (low temperature) and three for D-3He operation (high temperature).
The order of magnitude of the SRL for different operation conditions and the differences
between the three models are computed in terms of power units.

The SRL power is calculated through the transparency factor as follows

PSRL = C^PeQ

where Cm is the coefficient describing the effect of the reflectivity that the first wall offers
to the radiations in the order of the synchrotron wavelength. Following Trubnikov [Tru79],
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this coefficient may be written as

C* = (1 -

where 5ft is the average wall reflection coefficient, i.e. the fraction of the incident radiation
which is reflected back into the plasma. In the actual state-of-art of the materials and
design envisaged for the first wall, a wall reflection coefficient of 9? = 0.7 is commonly
accepted [Bor88j. For D-3He future projects 3J becomes a critical design parameter, and
they will only be feasible if a minimal 3£ — 0.85 corresponding to a metallic wall is
guaranteed.

The SRL are then calculated as follows
for PERSCYL

*SRLpERSCYL

for TRUBNIKOV

PSRLTRU =

for FIDONE-MEYER

PpRSFM
 =

• ITER DDR [DDR96]

37TC3
-K[Te] x x

I( 7 , £,«)(! + 7)
7T

w. M'4
x v 9TT a 7?

The SRL are computed for the case of the D-T nominal operation point envisaged
for the ITER project in the last of its reports, the Detailed Design Report. The ITER
parameters used in the calculation of the SRL are the following

a (m)
2.8

R(m)
8.14

(ne) (102Um-a)
1.0

[Te] (keV)
12

Bto(T)
5.7

3*
0.7

Pfus (MW)
1500

The main characteristics of ITER DDR are the low temperature due to the operation
with D-T as fuel and the low wall reflection coefficient as a result of the use of beryllium
for the first wall. In these conditions the six dimensionless parameters for the numerical
calculation of the transparency factor are

(Pa)
2965

[t] (10-*)
2.35

K

1.6 0.5 1.5
e

0.344

With the preceding parameters the transparency factor is computed as in the preceding
section for the PERSCYL , TRUBNIKOV and FIDONE-MEYER models, as well as the
corresponding SRL power. The difference in MW of the results using the TRUBNIKOV
and FIDONE-MEYER models (A) are compared to those of the PERSCYL code in terms
of fsRL-

PERSCYL
TRUBNIKOV

FIDONE-MEYER

$ (
6
6
7

10~3)
.05
.63
.56

PsRL
18
11
20

(MW)
.03
.07
.21

A (MW)
7.26
-1.87

fsRL
1.66
0.91
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In spite of the low wall reflection coefficient, the amount of SRL power is in every
case very small with respect to the global power balance (Pa ~ 300 MW) as it could be
expected from the low plasma temperature. The power estimated through the TRUB-
NIKOV fit strongly underestimates the other two models, who show less than 10% of
difference between them. However, because of the small contribution of the SRL to the
losses term in the power balance (less than 5%), the TRUBNIKOV fit can be used as a
first approach in this case in particular and for the study of ITER operation in general.

• SEAFP [ABK94]

In the benchmark of the activities on Safety and Environmental Assessment of Fu-
sion Power (SEAFP) undertaken by the Commission of the European Communities, the
conceptual design of a tokamak power reactor with enhanced safety and environmental
protection features was launched. The design is based on ITER data and reasonable ex-
trapolations of ITER physics and technology with the requirement of removing 3 GW of
thermal power at high temperatures as main difference. In the document containing the
project specifications, the following data is detailed

a (m)
2.11

R(m)
9.4

(ne) (1020m-3)
1.2

(Pa)
1959

[t] (10-2)
5.48

[Te] (keV)
28

K

1.6 0.5

Bto(T)
7.8

aT

1.5

0.7

0.224

P/u* (MW)
3000

From the preceding parameters we see that the aspect ratio, the volume, the fusion
power but specially the plasma temperature and the magnetic field are larger than in
ITER. The reflection coefficient is kept to 3? = 0.7 since the same material (beryllium) is
expected to cover the first wall.

PERSCYL
TRUBNIKOV

FIDONE-MEYER

$ (io-2)
2.72
2.31
2.64

PSRL (MW)

280.2
132.7
242.2

A (MW)
147.5
37.9

fsRL
2.11
1.15

Doubling the temperature with respect to the ITER DDR case makes the SRL contri-
bution grow from 5% to 50% in the power balance (Pa ~ 600 MW). Because of this and
to the increasing disagreement with the results of more accurate models (JSRL = 2.11),
the TRUBNIKOV&t is no longer valid. For the SEAFP conditions the FIDONE-MEYER
fit underestimates the results of the PERSCYL code with /SRL = 1-15.

• ITER D-3He [IPA91]

Former operation scenarios studies for the ITER project propose an operation mode
using D-3He as fuel in order to assess the confinement and transport in the plasma of
future D-3He tokamak power reactors.

a (m)
1.8

R(m)
5.6

(ne) (1020m-3)
1.2

(Pa)
2328

[t] (lO-2)
5.87

Pel (keV)
30

K

2.4 0.5

Bto
5

ax
1.0

(T)
.6

3?
0.7

e
0.321

Pfus (MW)
1000
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To reach good D-3He burn conditions the plasma temperature, the magnetic field
and the eUipticity of the plasma cross section are importantly increased and the rest of
parameters are kept as in the D-T reference case. The plasma physics specifications for
the temperature profile recommend ay = 1.0.

PERSCYL
TRUBNIKOV

FIDONE-MEYER

$ (10-*)
1.54
2.54
2.20

PSRL (MW)

73.8
34.9
72.5

A (MW)
38.8
1.27

fsRL
2.11
1.02

A very good agreement is observed between the estimates of the FIDONE-MEYER
and PERSCYL models. With respect to the preceding case we see that although the
temperature and density conditions are nearly the same, the order of magnitude of the
SRL power are different. This can be explained by the bigger volume, magnetic field and
temperature profile peaking of the SEARL project.

• ARIES III [NaC91]

A concept design of a D-3He burning reactor called ARIES III was generated in the
frame of the ARIES project (Advanced Reactor Innovation and Evaluation Study), spon-
sored by the US DOE Office of Fusion Energy, in order to determine the potential eco-
nomics, safety, and environmental features of a possible D-3He tokamak reactor. The
ARIES III design parameters and dimensionless variables concerning the computation of
the SRL are the following

a (m)
2.5

R (m)
7.5

(ne)( 10*um-3)
2.1

(Pa)
4169

[Te] (keV)
53

[t] (10-*)
10.4

K,

1.8 0.5

Bto(T)
7.6

a.?

1.0

0.85
£

0.333

P/ u s (MW)
2680

Because of the small size of the reactor and in order to reach the nearly 3 GW of
fusion power, the plasma density and the toroidal magnetic field, but specially the plasma
temperature are very high. The impact of the first wall reflectivity on the SRL is taken
into account by adopting a high reflection coefficient metallic wall.

PERSCYL
TRUBNIKOV

FIDONE-MEYER

$ (io-*)
4.10
4.19
3.90

PSRL (MW)

1271
600
1004

A (MW)
671
267

fsRL
2.11
1.27

In the latter conditions the SRL power reaches the level of the GW. The FIDONE-
MEYER underestimates by 267 MW the PERSCYL calculations which means an uncer-
tainty of 10% on the total amount of fusion power.

• JOHNER 91 [Joh91]

The realistic dimensions and operation conditions of a commercial D-3He ignited re-
actor are calculated as a contribution to a report of the ONES (Centre National des
Recherches Spatiales) about the potentials of the moon, namely, as a cheap source of 3He.
The resulting machine has the following characteristics
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The 8 GW of fusion power are provided by a really big machine working at high
temperature and high magnetic field with metallic walls, in order to minimize the SRL
by enhancing the reflectivity of the first walls.

PERSCYL
TRUBNIKOV

FIDONE-MEYER

$ (10"a)
1.90
2.44
2.21

PSRL (MW)
3265
1668
2990

A (MW)
1597
275

fsRL
1.96
1.09

The SRL are of the order of 3 GW. The results of the FIDONE-MEYER and the
PERSCYL models show a good agreement in front of the TRUBNIKOV fit whose use is
not advisable for this kind of high temperature prospecting studies.

Table 3.5 summarizes all the preceding numerical data in order to compare the charac-
teristics and results for each kind of machine. We can see that for operation points in the
range of ITER the SRL are not important in the power balance and the accuracy of the
fits is, somehow, acceptable. However, since the temperature and magnetic field increase,
the SRL grow dramatically together with the differences between the predictions of the
TRUBNIKOV model and the other two. This shows the importance of the ellipticity and
profile effects in the calculation of the SRL. The FIDONE-MEYER fit also underesti-
mates systematically the predictions of the PERSCYL code for the SRL-relevant cases at
high temperature and magnetic field. Nevertheless, the agreement between both models
is, in any case, quite good. High wall reflectivities appear to be fundamental to reduce
the impact of the SRL on the power balance.

3.7 CONCLUSIONS AND PERSPECTIVES
A set of explicit expressions for the calculation of the SRL in a thermonuclear tokamak
plasma through the dimensionless transparency factor are developed. They take into
account realistic conditions of toroidal geometry, elliptical cross section, radial distribution
of temperature, density and magnetic field for a plasma in thermodynamical equilibrium
and a maxwellian distribution for the electrons. For the calculation of the absorption
coefficients the Trubnikov saddle-point expression is used. The transparency factor is
then found to be a function of six dimensionless variables, i.e. the opacity factor (pa),
the normalized temperature [t], the vertical elongation of the plasma cross section «, the
temperature and density profile peaking factors aT and an, and the inverse of the aspect
ratio e.

The explicit expressions of the model assuming cylindrical geometry can be readily
implemented in a numerical code (PERSCYL) for its integration on lineal fast computer
devices (CRAY C90). The PERSCYL code is then able to perform the calculation of the
SRL for one single case in times of the order of one minute. The integration of the explicit
expressions of the PERSTOR model, which assumes toroidal geometry, shows problems
of convergence when the same numerical methods are applied and the calculation times
are unacceptable. The explanation is that the trajectory of ray path in toroidal geometry
includes strong singularities in the integrand.
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R(m)
(ne) (lO^nr*)
[Te] (keV)
Bto(T)
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PSRLPERSCYL ( M W )

JW™, (MW)
fsRLTRU
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ITER DDR
[DDR96]

2.8
8.14
1.0
12
5.7
0.7
1500

2965
2.35
1.6
0.5
1.5
0.344

6.05
6.62
7.56
18.03
11.07

1.66
20.21

0.91

SEAFP
[ABK94]
2.11
9.4
1.2
28
7.8
0.7
3000

1959
5.48
1.6
0.5
1.5
0.224

2.72
2.31
2.63
280.2
132.7

2.11
242.2

1.15

ITER D-aHe
[IPA91]

1.8
5.6
1.2
30
5.6
0.7
1000

2328
5.87
2.4
0.5
1.0
0.321

1.54
2.54
2.2
73.76
34.91

2.11
72.49

1.02

ARIES III
[NaC91]

2.5
7.5
2.1
53
7.6
0.85
2680

4169
10.4
1.8
0.5
1.0
0.333
4.1
4.19
3.9
1271
600

2.11
1004

1.27

JOHNER 91
[Joh91]

5.0
15.0
1.5
40
8.0
0.85
8000

5658
7.82
1.98
0.5
1.0
0.333

1.9
2.44
2.21

3265
1668

1.96
2990

1.09

Table 3.5: Comparison of the parameters, transparency factors and SRL for each of the
reactor projects, calculated using for the comparison between the results of the PERSCYL
code and the Fidone-Meyer and Trubnikov fits
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The sensitivity in front of the six dimensionless variables of the transparency factor
calculated by the PERSCYL code, is assessed and compared to the most used fits for the
SRL: TRUBNIKOV and FIDONE-MEYER. The results show clearly the importance of
the elhpticity and profile effects. When they are included in the model the transparency
factor happens to increase with peaked temperature profiles and to decrease with ellipticity
and density peaked profiles.

In general, The FIDONE-MEYER and PERSCYL models have good numerical agree-
ment and similar dependences for the transparency factor. The agreement is better when
calculating the total SRL power. However, the divergence of the models is quite impor-
tant in the limit of very high aspect ratios, when the hypothesis of cylindrical geometry
of the PERSCYL model is fully met.

Although the dependences of the TRUBNIKOV and PERSCYL models on the di-
mensionless variables are not the same, they give nearly the same transparency factor
for ITER DDR. In spite of that, disagreement reaches easily a factor 2 when the total
SRL power is computed. So, the TRUBNIKOV &t can be used to estimate the SRL in
the cases close to the conditions of ITER DDR, but using the total synchrotron power
emitted (P6o) as calculated with the hypothesis of the PERSCYL mode.

The results of the three models are also compared when applying them to the compu-
tation of the SRL power in the power balance of five tokamak reactor projects. Because
for operation points in the range of ITER the SRL are small in the power balance, the
accuracy of any of the three models checked is enough. However, as the temperature and
magnetic field conditions increase, the SRL grow dramatically and the predictions of the
TRUBNIKOV model, that neglects the ellipticity and profiles effects, are no longer valid.
The FIDONE-MEYER fit underestimates systematically the predictions of the PERSCYL
code for the SRL-relevant cases at high temperature. Nevertheless, the agreement between
both models is quite good.

To include the effect of the toroidal geometry in the calculation of the SRL, the
problems of convergence in the numerical integration shown by the PERSTOR code must
be solved. Further optimization of the code is necessary to reduce the times of calculation.
Since the problem of numerical integration reduces to the evaluation of a same function
in a large collection of points, the code can be adapted for massive parallel computation.
The equations developed also admit an alternative approach by Monte-Carlo methods
that should be investigated.

Concerning the physical aspects several improvements can be made to the model. For
the calculation of the absorption coefficients, specially for low temperatures, the Trubnikov
saddle point expression should be substituted by the Granata compact expression. The
enhancement of the SRL due to a population of relativistic electrons in the distribution
function is to be checked as well. Future work would also envisage a better modelling of
the first wall reflectivity effect.

The final aim of these works should be the calculation of a six-variable fit for the
transparency factor for the fast calculation of the SRL. This fit would be computed by
multiple regression of a database as large as possible, generated by an optimized code for
massive parallel computers based in the PERSTOR model.
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Chapter 4

STEADY STATE SCENARIO AND
BURN CONTROL IN ITER DDR
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4.1 INTRODUCTION
In the present chapter, the nominal operating point of ITER is studied by means of a
OD burn model of the thermonuclear plasma in ignition. The design and technological
constraints of ITER will determine the nominal operating point which can be fully ex-
pressed in terms of the plasma temperature and density for 1.5 GW of required fusion
power and a given impurity content. ITER must be optimized to keep in such conditions
an inductively-sustained burn scenario during a steady-state fiat-top of 1000 seconds and
more.

The thermal stability of the equilibrium point must be controlled by an active burn
control feedback loop. The critical engineering design parameters of fusion power (1.5
GW), first-wall fluence (1 MWa/m2), divertor target power (50MW) must not achieve
the critical values. On the other hand, excursions of temperature and density from the
nominal conditions would imply an increased consumption of the available poloidal flux
swing for the inductive current drive. Finally, a minimum power level must be guaranteed
during operation in order to maintain the plasma above the H to L mode threshold and
below the density limit.

Several studies about burn control in ITER [HPM90],[WBG94] point out the impor-
tance of the refueling rate modulation as the main control input variable, but external
power and impurity injection should also be taken into account for a robust burn control
feedback loop.

The OD model used in the present chapter is developed from the particle and power bal-
ances. The heat transport is modelled with the 0.85xITERH-93P-ELMy scaling (Eq. 2.13)
for the energy confinement time TE- The OD approach is justified by the need of a compact
form of the expressions for the state variables, in order to apply the conventional algo-
rithms of linear stability and control analysis. The main advantage with respect to the
models used up to now for thermal stability and burn control is the inclusion of beryllium
as the second impurity species in the plasma. This adds a forth dimension to the state ma-
trix of the system and complicates significantly the algebraic developments. The resulting
expressions are readily implemented in a code that permits to include automatically for
analysis any expression for T£.

Unless explicitly stated, MKSA units are used except for the temperature which is
always expressed in keV (K = 1.6022 x 10~16 J/keV).

4.2 OD BURN MODEL FOR ITER PLASMAS
We consider the standard conditions of an ITER thermonuclear plasma in ignition with
a fuel mixture 1:1 of deuterium and tritium, and with beryllium as a second impurity.

4.2.1 Particle Balance

In this case, the OD equation describing the beryllium density balance in the plasma
is expressed as

dnBe c nBe

~dT = SBe~~ ( 4 1 )

al TBe
where Sse in [m~3s~1] is the beryllium rate entering the plasma from the first wall tiles
and divertor plates. nse is the beryllium particle density.rBe is the apparent beryllium
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particle confinement time defined as

rk = -?1- (4-2)
£effBe

where TBe is the beryllium particle confinement time and £effBe the effective exhaust effi-
ciency for beryllium as defined as the fraction of particles that are pumped and exhausted
from the plasma when reaching the last closed magnetic surface. Its value depends both
on the pumping device efficiency and on the details of the recycling processes. Tge can be
related to the energy confinement time as rjge = pBe^E-

The alpha-particle density balance is determined by

dna 1 2
 na

dt 4 * r.
a

where na is the alpha-particle density, n* = ri£, = rtx is the density of the hydrogenic
species in, ~av is the product of the D-T fusion cross section and the relative velocity
averaged over a Maxwellian distribution, this is, the so-called reactivity in [m3 s"1]. r*
is apparent alpha particle confinement time similarly defined as in the case of beryllium
(Eq. 4.2). T* is related to the energy confinement time TE as r* = PCJE-

The ion density balance of the fuel hydrogenic species is determined by

drii 1 2 rii

_ = S--nl(rv-- (4.4)

where 5 is the refuelling rate in [m~3s~1] and r* is apparent hydrogenic ion confinement
time similarly defined as in the case of beryUium (Eq. 4.2). r* is related to the energy
confinement time TE as r* = PPTE-

4.2.2 Power Balance

In the same conditions the power balance is determined by

SOURCES

^-Wth =(Padd + Pa + PQ) - (pB + PSRL + ^ ) (4.5)
dt > ' \ TE J

LOSSES

where Wth is the thermal energy content of the plasma in [keV], PgM is the additional
power supplied by any external heating system to the unit of plasma volume, PQ is the
power of the alpha particles from the D-T reaction thermalized in the plasma, and PB
are the losses due to the Bremsstrahlung effect. All these powers are thereafter expressed
in [keV s"1].

The ohmic power PQ, in the sources and the synchrotron emission PSRL in the losses
are not taken into account in the preceding expression, since they are not relevant for the
ITER operating points of interest.

For a OD approach we may express
3

Wth = ^ ("Be + na + m + ne)TV (4.6)

where ne is the electronic density and T is the plasma average temperature, assuming
T = Te = Tu

V (4.7)
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with av the reactivity of the plasma, which is only temperature-dependent, rjQ the fraction
of the alpha power trapped in the plasma, Ea the energy coming from alpha-particles
released by a single fusion reaction, i.e. 3.54 MeV, V the plasma volume, and

PB = CBZeffn
2

eVTv (4.8)

CB is a constant in [m3s~1keV1/2], and Zeff is the effective atomic number of the plasma.
So, dividing every term of Eq. 4.5 by the plasma volume V we may rewrite it as

i [\{nBe + na + ni + ne)T] = (fy + **r$avEa) - (cBZeffnlVT + §iM^±2i±-)l)
(4.9)

To simplify the notation, thereafter we employ

p
Pk = TT k = add, a, B

4.2.3 Expressions for fusion burn kinetics

Given a certain fusion power, the operating point of a reactor can be fully determined by
the electronic density ne, the plasma temperature T, the alpha fraction fQ = na/ne and
the beryllium fraction fBe = nBe/ne. Provided that

ne = ^^ Zjfij = Hi + 2nQ + 4nSe (4.10)
i,a,Be

na = nefa (4.11)

nBe = nefBe (4.12)

z = 2

ne

we can characterize the kinetics of a thermonuclear plasma in terms of the temporal
evolution of ne, T, fa and fBe. Actually, substitution of the preceding expressions into
Eqs.4.1, 4.3, 4.4 and 4.9, yields to

df l (Q (i At \ f q^,f (l-V*-±fBe , 2/Q l - 4 / B e \
jfBe = —{SBe(l-4fBe)-fBeS)+fBe[ + — 1 (4.14)

+
rp Ta TBe

dt V« f°(q , A* \ , f (l-V*-*fBe l -2/ t t

dt \ r; r*

rp _ 2 (Padd+Pa-PB) T_ _j_
M1 3 n e ( 2 - / Q - 3 / B e ) r s

+ - - -

'Be /

(4.16)

li^T) {^ra ~ i Wa + 3/B«) - SBe(3 - 4/a -
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4.2.4 Nominal steady-state operating point for ITER DDR

The solution of the system formed by Eq. 4.9 and the set of Eqs. 4.10-4.13 define the burn
steady-state operating point of a fusion reactor determined by the 0D model of a plasma
with a second impurity in steady-state. The steady-state condition is introduced in 4.9
by considering

d_
dt

3
- {rise + na + rii + ne)T

= 0

so that we obtain

Padd + ̂ ^ f° 3 / g e ) T = ̂ r(ne(l - 2/a - AfBe)favEa -CB{1 + 2fa + 12fBe)n
2
eVf

2 TE 4

which can be rewritten as

\{2-fa-ZfBe)T){neTE) = ...
1 - 2/« - 4fBe)

2WvEa - CB(1 + Va + \2fBe)y/f] (neTE)2 ('

In the particular case of ignition (padd = 0), the preceding equation becomes

3ne(2-/Q-3/Be)T = r±Mi 2U 4 h )

Z TE 4

obtaining the following condition for steady-state operating points in ignition

nerE = i(2-/--3/B.)r
^(1 - 2fa - AfBeYavEa - CB{\ + 2fa + 12fBe)VT

For fixed fa and fBe, the product neTE can be plotted, using Eq. 4.18, as a function of
the temperature T for different values of paddJE. The Plot of Operation Points CONtour
in steady-state obtained in this way (the so-called generalized POPCON) is shown in
fig. 4.1 for a pure D-T plasma (fa = fBe = 0,r)a = 1).

The input data for the 0D model as extracted from the ITER Detailed Design Report
[DDR96], in the particular case of a self-sustained operating point producing 1.5 GW of
fusion power, is detailed in table 4.1

The equilibrium point in ignition can be given in terms of T and ne by solving nu-
merically Eq.4.19 for ne. The 0.85xITERH-93P-ELMy scaling (Eq.2.13) is used in the
calculations for modelling TE- Table 4.2 shows the results produced by our 0D model with
Be as a second impurity.
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Figure 4.1: Generalized POP CON for fa = fBe = 0, labelled for PaddTE in MWm~3s-3o-2

Parameter
Major radius (m)
Minor radius (m)
Plasma elongation
Plasma current (MA)
Toroidal field on axis (T)
Alpha fraction
Beryllium fraction
Isotopic number (1:1)D-T
Fusion power (MW)
Pa fraction to the plasma
TBe/TE
r*/rE

Symbol
R
a
K

h
Bt

fa
fBe
M

Pfus

V*
PBe

Pp

Value
8.14
2.80
1.60
21
5.7

0.09
0.02
2.5

1500
0.9
15
5

Table 4.1: Input data for the OD model as extracted from the ITER Detailed Design
Report.

Parameter
Energy confinement time (s)
Temperature (keV)
Electron density (1020m-3)

(1:1) D-T Refuelling rate (lO^m^s"1)
Beryllium source rate (1016m~3s~1)

Symbol

1~E

T
ne

Pa

s
Sse

Value
5.7
12
1.0
7

3.2
2.4

Table 4.2: Nominal operating point of ITER DDR as calculated with the 0D model for
DT plasmas with Be as second impurity.
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Figure 4.2: Power losses and sources in a thermonuclear plasma as a function of Tem-
perature. The intersection points are the solutions of the differential equations system.

4.3 THERMAL STABILITY OF STEADY-STATE
ITER PLASMAS

As shown in fig. 4.2, the power losses in a thermonuclear plasma of constant density are
an increase with temperature. The power sources, namely, alpha power, behaves in front
of temperature like the reactivity av does. Keeping constant the rest of parameters,
the resolution of the equations of kinetics determines two equilibrium points 7\ and T%
corresponding to the intersection points between losses and sources plots, i.e. when in the
power balance losses become equal to sources.

The point with the lowest temperature 7\ corresponds to an unstable equilibrium
point while T2 is a stable one. In the unstable equilibrium point 7\, initially small tem-
perature perturbations grow making the equilibrium to be lost and making the system
to evolute towards Ti- This is illustrated in fig. 4.2: a small temperature perturbation
over the equilibrium value makes the power sources level to grow, heating the plasma and
increasing the temperature even more. In the stable equilibrium point the effect is just
the opposite, small temperature perturbations are dumped more or less fast depending
on the characteristics of the system and equilibrium is finally recovered.

4.3.1 Linear stability analysis

Neglecting the problem of how the system is brought to a given equilibrium state, it is
important to know if the equilibrium is stable or not. The stability problem reduces to
investigate if perturbations in plasma temperature, density and impurity contents; this is,
the time-dependant state variables fully characterizing the system, will grow or diminish
in time.

To this end, the differential equations of the state variables are expanded around their
equilibrium values, linearized neglecting the non-linear terms, Laplace transforming and
solving for the transform variable. The values of the transform variable for each of the
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state variables are given by the eigenvalues of the state matrix. The condition for the
stability is that the real parts of each of the computed eigenvalues are all negative.

The stability of the operating points of an ITER-like reactor is studied from the
linearized forms of Eqs.4.14-4.17 at the equilibrium points determined by its steady-state
solutions (d/dt = 0). We will choose as state variables the perturbations of fse, fa, ne
and T with respect to the equilibrium point, which will be the components of the state
variable vector x

, 8 fa, Sne, ST) = (JBe ~ fBeo, fa ~ fa0,
 ne ~ ne0j T — TQ)

The linearization for the state variables leads to an expression of the form

—Xi = Y^ [Aij]o XJ (hJ = *> 2> 3 > 4 )
j

So, for instance, the linearized form for 5/se; this is, x\, will be

jt6fBe = [Au]0 SfBe + [A12]0 6 fa + [A13}0 8ne + [A14\Q 8T

where the coefficients Aij are the elements of the state matrix and are calculated in
appendix C.I as

4.3.2 Thermal stability of the ITER DDR nominal operating
point

In the case of the ITER DDR nominal operating point calculated as detailed in section
4.2.4, with the expressions for the elements A^ given in appendix C.I and the input data
from tables 4.1 and 4.2, we obtain the following eigenvalues for the state matrix A

Ax = -33.0914
A2 = -0.1213
A3 = -0.0101
A4 = -0.0180

The ITER DDR nominal operating point is found to be stable, because all the eigen-
values are real negative numbers.

4.3.3 Robust burn control

The thermal stability of the equilibrium point must be guaranteed by an active burn
control feedback loop. The nominal values for the state variables can be achieved by
tuning the so-called control input variables, which can be piloted externally. For the
present study the control input variables are going to be the refueling rate modulation S,
the external power VaM-, the beryllium impurity injection Sse and the plasma current Ip.

The linearized forms of the state variables can then be expressed as

d
—x = A- x + B -u
dt
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where u is the control input vector

U = (6S, Spadd, 6SBe, Sip) = (S — So, Sse ~ Sfieo JPadd ~ Paddo> Ip ~ Ipo)

and B is the so-called control matrix, whose coefficients Bij are calculated in appendix
C2as d

B ^' 1 2 3 4 )

From the information provided by the matrices A and B, the optimal feedback gain
matrix K for the feedback loop is obtained using any of the algorithms introduced by
the robust control theory. The general expression for the feedback on the control input
variables is of the form

u{t) = K • x(t)

4.4 CONCLUSIONS
A OD model of burn kinetics of a D-T thermonuclear plasma in ignition with beryllium
as second impurity is developed from the particle and power balance equations. It is
readily applied to the computation of the nominal steady-state operating point for the
parameters of the ITER Detailed Design Report. When the energy confinement time is
calculated using the 0.85xITERH-93P-ELMy scaling the nominal steady-state operating
point producing 1.5 GW of fusion power is fully determined by the state variables fse —
0.02 , fa ~ 0.09 , ne ~ 1020m~3and T ~ 12 keV. The model gives also the corresponding
steady-state values of the D-T refuelling rate S ~ 3.2 x 1018m~3s~1 and of the beryllium
source rate ~ 1016m~3s~x. Information about the required value of S is necessary for the
design of the fuel supply systems, namely, gas puffing or pellet injection. The numerical
value of SBe is specially useful when in Chapter 5.7.4 the effects of plasma pollution by
beryUium evaporation during a fast burn termination scenario are assessed.

The OD model used is extended to show that the equilibrium point calculated is ther-
mally stable. The inclusion in our model of beryUium as the second impurity species in
the plasma is a significative improvement with respect to the models used up to now for
linear stability analysis of fusion reactor operating points.

In spite of the thermal stability of the ITER DDR steady-state point calculated, the
expressions for the design of an active robust burn control feedback loop are deduced in
order to guarantee a perturbation-free operation. The control input variables considered
are the refueling rate modulation S, the external power PaM, the beryllium impurity
injection SBe and the plasma current Ip. The expressions deduced can be used for tuning
the feed back loop for any equilibrium point obtained from the original OD model, even
for stabilizing unstable operating points.

Special effort is made in the analytical deduction of the energy confinement time
partial derivatives respect to the state and control input variables. The result is a set of
universal analytical expressions that permit to include automatically any expression for
the energy confinement time in the linear stability analysis.
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Chapter 5

ASSESSMENT OF FAST BURN
TERMINATION SCENARIOS IN
ITER ID
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5.1 INTRODUCTION
The ITER goal of demonstrating the scientific and technological feasibility of fusion en-
ergy is presupposed by the system ability to manage the 1.5-GW of nominal fusion power
coming out from the ignited plasma. Possible heat overloading on the plasma facing com-
ponents (PFC) may provoke severe structural damage, implying potential safety problems
related to tritium inventory and metal activation [EDA95].

The following situations might cause an increase in the PFC material temperatures
over their nominal values:

• Excursion over the nominal fusion power because of a loss of burn control.

• Loss-of-coolant accident (LOCA) or loss-of-fiow accident (LOFA) in the cooling
system loops of first-wall and/or divertor.

In both cases the energy received by the insufficiently cooled PFC must be minimized
by implementing a so-called Fast Burn Termination (FBT) in order to avoid the
collapse of the materials. An FBT is the fast and controlled reduction in the fusion power
production of the thermonuclear ignited plasma, implemented in such a way as to avoid
a major disruption.

A third scenario, namely, the loss of plasma position control, may also cause PFC
overheating. However, if such a loss cannot be retrieved by the poloidal field system, it
will lead to a major disruption in such a short time that implementation of an FBT would
not be possible.

From a safety point of view, there is a clear difference between Fast Burn Termination
and plasma shutdown. A plasma shutdown is the ending phase of a pulse, which
consists not only in burn termination but also in current rampdown because the poloidal
field system reaches the maximum flux-swing limitation. In the case of ITER [TAC94],
the duration of the plasma shutdown is estimated to be nearly 300 s. This is unacceptable
for an FBT, which should be able to suppress fusion power production in a few tens of
seconds in order to avoid material damage.

Unless explicitly stated, MKSA units are used except for the temperature which is
always expressed in keV (K = 1.6022 x lO"16 J/keV).

5.2 STANDARD LOFA SCENARIO IN ITER
A detailed loop modehng of the divertor cooling loop in ITER has been performed by
means of the 2-D finite elements thermal hydraulic CATHARE code [MBB95], [BaB95].
The modeling takes into account all the characteristics of the loop as well as of the loop
components: the pipes, the pressurizer, the pump, the heat exchanger and the pipes
geometry and orientation. The thermal flux deposited from plasma onto the structures
has been modeled by taking into account a homogeneous flux on the divertor pipes. Pipe
coatings (copper, beryllium) and all the metallic structures surrounding the components
have been modeled too. A preliminary computation has been performed in order to assess
all the thermal hydraulic parameters in steady-state conditions. The time has been reset
to zero and a LOFA transient analysis has been started by simulating, at t = 0, a pump
trip. The sequence of the main events during the transient is as follows:
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t = 0 s: pump stops. Loop flowrate depends on the pump inertia; the
power source is kept at nominal power;

t ~ 25 s: the set point (p — 135 bar) is reached at the pressurizer top; the
relief valve opens and keeps the pressure constant for the overall transient;

t ~ 30 s: start of the decrease of the exchanged heat between the wall
and the fluid in the divertor panels, the void fraction sharply increases in the
divertor pipes;

t ~ 55 s: no heat exchange between the wall and the fluid (thermal crisis);
the divertor structures heat up almost adiabatically;

t ~ 75 s: temperature around 1000°C on the divertor structures;
t ~ 100 s: end of calculation.

1400

0 10 20 30 40 50 60 70 80 90 100
time(s)

Figure 5.1: Divertor wall temperatures for a LOFA accident as simulated with the
CATE ARE thermal hydraulic code.

The most relevant result of this preliminary computation is, being the actual loop
configuration, the incapability of the proper cooling down of the structures heated by
the plasma. During the pump coast down the loop configuration and the high pressure
drops in the pipes prevent the onset of the natural circulation of the cooling fluid; the
thermal crisis in the divertor pipes leads to their heating up, with consequences which are
expected to be unacceptable. The melting points of the divertor materials, i.e. 1278°C
for beryllium and 1083°C for copper, are reached between 75 and 90 seconds after the
pump trip. Melting of Be and Cu would cause relevant plasma contamination from the
divertor structures with major disruption, or and induced in-Vessel LOCA with hydro-
gen production and accumulation due to the exothermic reaction between steam and Be
[Bar95]. It has to be remarked, also, that since a normal plasma shutdown will take a long
time (~300 s), such consequences cannot be easily avoided. For this reason the mitigative
effect of an FBT on the accident scenario must be studied.
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5.3 FBT STRATEGIES

The aim of the FBT is not the termination of the discharge but the extinction of the D-T
burn without disruption, with a confined Q <^1 plasma as a final state. This is caused by
the need to keep the plasma current almost to its nominal value during the fast transient
to avoid violent vertical displacement events (VDE) [LLN90] [WBH93] [Yu94].

FBT strategies must be based in the suppression of power production as quickly as
possible. In the case of a 1.5-GW ignited plasma in ITER, power production is essentially
the a-power

dPa

av
where no and ny are the deuterium and tritium densities respectively, Irv is the D-T
Maxwellian averaged reactivity, only dependent on the ion temperature; and Ea is the
a-particle energy (3.5 MeV) coming out from the D-T reaction. Hence, lowering fuel
density and temperature are the basic principles of any FBT strategy.

On the other hand, the assessment of the different strategies for FBT will strongly
depend on their potential for passive operation. This point is critical for a safety system
since passive methods have faster time constants and lower failure probabilities than active
ones.

5.3.1 Fuel density reduction
The fuel particle balance for a thermonuclear 1:1 D-T plasma may be written as

dND.T c 1 2 — T/
 ND-T ,_ -v

dt ~ 2 D~T ~ ( )

where UD-T = n^ + nx, S is the fueling rate (either by gas puffing or pellet injection)
and r* is the apparent fuel particle confinement time defined as

P £eff

where rp is the particle confinement time and eeff the effective exhaust efficiency as
defined as the fraction of particles that are pumped and exhausted from the plasma when
reaching the last closed magnetic surface. Its value depends both on the pumping device
efficiency and on the details of the recycling processes.

From Eq. 5.1 we see that the fuel density may be reduced by switching-off the fuel
supply S. Increasing eeff is advisable too.

Both actions have important potential for passive operation, because fueling systems
can be stopped automatically when overheating is detected or when the relief valve in the
cooling loops opens. Pumping devices already work in steady-state to ensure the nominal
ash concentration.

5.3.2 Injection of impurities

Because no auxiliary heating is provided for an ignited plasma (Padd = 0), it is not possible
to lower the plasma temperature except indirectly. Active impurity injection, for instance
by a so-called "killer pellet", is one of the possible methods. This would result in the
cooling of the plasma by increasing the radiation losses. In fact, if an accidental event in
ITER results in a strong overheating of the first line elements, important quantities of Be
could be released into the plasma [Ama95].
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5.3.3 Soft controlled disruptions
Sudden interruption of plasma confinement by soft controlled disruptions has also been
considered as a method of stopping fusion power production. However, this strategy
has the same disadvantages as plasma disruptions. Since structural damage caused by
disruption is supposed to be proportional to the plasma current, a controlled disruption
provoked at the ITER-OD nominal 24 MA would not be soft at all. Nevertheless, such
a technique could be envisaged at a low plasma current. However, the lengthy time
required to decrease the current slowly enough to avoid VDE is not compatible with an
FBT scenario.

5.4 THE TRANSPORT MODEL

The RLW transport model [RLW89] as implemented in the 1.5-D transport code PRETOR
is used for the current FBT simulations. It assumes that when the electron temperature
gradient is larger than a threshold value VTe)Crjf, the thermal diffusivity for both elec-
trons and ions increases as a result of anomalous transport effects that come to join the
neoclassical transport phenomena. The threshold value is taken to be

1 / r)sjBf \
VT^crit = CvTe,crit- ~ ^

y \nel9J-e J

where C-^TetCrit is a constant, n e l 9 is the electron density expressed in 1019 m~3 and rjs is
a simplified expression for Spitzer resistivity with a constant Coulomb logarithm

n* = 2.8 x 10"

For the anomalous electron thermal diffusivity, we have

Xe,an = Xe,RLW [1 ~ ~^ff) H (I VT*I " VT^it) H(Vq)

where H is the Heaviside function, V / = ft- V / with n = •%?-, where p is the dimensionless

radial coordinate of the magnetic surface (p = 0 at the magnetic axis, p = 1 at the last
closed magnetic surface) and

_ n (. HT\ ldTe 2 6ne
Xe,RLW - UXe<RLW Te dp ne dp 0.01 + 4 dp

where CXe RLW is a constant. The anomalous thermal diffusivity for ions is supposed to
be the same for all ion species with

\.i,an
1/2Xe,an ^ Te + % (1 + Zeff)

where Cx.e is a constant, Zeff is the ion effective charge of the plasma, and nion = Y^ni
(the summation is over all ion species). The particle fluxes are also supposed to be affected
by anomalous transport, resulting in an anomalous term to be added to the neoclassical
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expressions when |VTe| > VTe>Cf.i(. In this case, ion fluxes are given by the following
expression [Bou92]

where D^an and VPian are the anomalous particle diffusion coefficient and the anomalous
effective pinch velocity, respectively.

Following Boucher [Bou92], the two next assumptions are made in the model

for all ion species,
V {

where Cyv is a constant. The total electron flux is deduced from the quasineutrality
condition

The generally accepted values for the extrapolations to ITER are [TAC94]

Cvre,CTit = 6 , CXeRLW = 2

C* i e=2 , CVp=0.3

The transport equations for current, particles, and energy are integrated self-consistently
in the PRETOR code. The dynamic modelling of the particle inventory includes the ef-
fects of plasma fueling either by gas or pellet injection, exhaust with a given recycling
coefficient at the edge, fusion burnup, and helium ash production and accumulation.

Using the preceding expressions for the transport coefficients, ITER is found to reach
ignition in L-mode for 1.5 GW of fusion power. However, if we take into account the
Bohm correction for ions included in PRETOR v2.2

Xi,an „ 2Te 1 ne _ o RBt
x0.3-Xe,an ** Te + Tt (1 + Zefff

2 Uim {Te + Tif>

ignition is no longer feasible except under H-mode conditions.
The RLW model as implemented in the PRETOR transport code is exhaustively

detailed in appendix D.

5.5 FBT BY SIMPLE FUEL SWITCH OFF FOR
L-MODE IGNITED PLASMAS IN ITER OD

A first approach to the problem of the FBT in ITER is possible [VJA95a] [VJA95b]
[VJA97] assuming a set of simphficative hypothesis:

• The reactor parameters are those of the ITER Outline Design (OD) report.

• The transport model used is the Rebut-LaUia-Watkins local transport model
[RLW89] without Bohm correction for ions, which allows an ignited operating point
in L-mode.
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• The FBT is triggered through a passive fuel switch-off strategy.

• The density limit criteria adopted is the one described from the JET limiter
beryllated discharges in [BCC93].

• The exhaust efficiency is not supposed to decrease with density during the FBT.

• The second impurity concentration (beryllium) is fixed to the value in steady-
state.

• FBT is performed without external heating.

With the preceding hypothesis, simulations show that during an FBT the decay of
the edge density is much slower than that of the power flux at the last closed magnetic
surface. This results in a density limit disruption if the exhaust efficiency is lower than a
critical value.

For the ITER-OD parameters and the transport model implemented in PRETOR v2.1,
this critical FBT exhaust efficiency is found to be e*eff ~ 4.7%. This value corresponds to
an operating point in steady-state with a lower density ((ne) ~ 0.7 x 1020m~3) than that
of the reference ITER-OD operating point ((ne) ~ 102Om~3) corresponding to eeff ~ 2%.
Such a density is not compatible with proper operation of the ITER divertor configuration.
For further details see appendix F.

5.5.1 The D-T isotopic ratio effect
Decreasing the tritium ion fraction n,T/nD-T to values below 50% results in an equilibrium
point at 1.5 GW of fusion power with a higher density. This effect is illustrated in fig. 5.2
which shows the steady-state density corresponding to the critical FBT operating points
for ITER-OD at 1.5 GW as a function of the tritium ion fraction, the label being e*e^.

From fig. 5.2 we see that, by changing the tritium fraction, it is possible to obtain a
steady-state operating point with a disruption free FBT and a density compatible with
divertor operation. The cost to pay is a higher exhaust efficiency.

Hence, an operating point with an acceptable density, allowing a disruption free FBT
in an ITER L-mode plasma, can be obtained by decreasing the tritium fraction down
to nT/riD-T — 14.5% and increasing the exhaust efficiency to eeff ~ 8.8%. Simulations
show that in such conditions a sudden fuel switch-off would permit to reduce the power
emission in about 10 s. For further details see appendix F.

5.6 THE ITER INTERIM DESIGN (ID) OPERA-
TION POINT IN H-MODE

For ITER, an ignited operation in steady-state releasing 1.5 GW of fusion power is re-
quired. If the transport model assumes Bohm correction for the ion thermal diffusivity,
it is only possible if operation is in H-mode conditions. The H-mode was first observed in
ASDEX. It is characterized by a sudden reduction of the energy transport in the whole
plasma but more specially in a narrow region at the edge. The explanation for this is that
plasma turbulence, responsible for the anomalous transport, is initially dumped in the
edge region by the shear in the electric field when a certain level of power flux is reached
in this region. The formation of this transport barrier enhances significantly the values
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Figure 5.2: Modification of the density for the ITER-OD operating point corresponding
to the critical FBT conditions as a function of the tritium ion fraction nx/nor (label is

of the confinement time, say typically a factor 2. These conditions are very favorable for
reaching ignition. The impurity and particle transport towards the divertor for exhaust is
then possible by means of the Edge Localized Modes (ELMs) activity. The most common
way to simulate the H-mode in 1.5D codes is to establish a certain zone at the edge of
plasma where the energy transport is reduced by a given H-mode reduction factor.

In that situation the operation conditions in ITER-ID are described in table 5.1.

5.7 MAIN ISSUES CONCERNING THE FBT MOD-
ELLING

5.7.1 The effect of the H-to-L mode transition on FBT

Since ignition in ITER is supposed to be achieved in H-mode plasmas, H to L-mode tran-
sition has a great impact on FBT. The termination of the thermonuclear burn decreases
the net heating power to values under the power threshold needed to keep the plasma
in H-mode. In the moment of the change from H to L-mode the transport barrier at
the plasma edge is lost and the energy confinement reduces significantly. Hence, we can
expect a change in the time constants of the FBT as well as in the margins with respect
to the disruptive limits.

L to H power threshold

The transition towards the H-mode occurs when the net heating power defined as Pnet =
+ Pa — PB increases over a certain threshold value for the L to H-mode transition

r>L—*H
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Parameter
Major radius (m)
Minor radius (m)
Plasma elongation
Plasma current (MA)
Toroidal field on axis (T)
Fusion power (MW)
Radiated power fraction
Alpha fraction
Beryllium fraction
Effective atomic anumber
Energy confinement time (s)
ra/rE

Isotopic number (1:1)D-T
Volume-average temperature (keV)
Volume-average density (m~3)

Symbol
R
a
K

h
Bt

Pfus
/rod

fa
fBe
Zeff

TE

Pa
M

(Te)
(ne)

Value
8.14
2.80
1.60
21
5.68
1500
0.36
0.14
0.02
1.5
6.1
10
2.5
10.5
1.3xlO2U

Table 5.1: Equilibrium point of ITER EDA-ID.

H to L power threshold

A hystheresis effect is observed for the inverse process. Actually, it is accepted that once
in H-mode transition to L-mode occurs when the net heating power decreases to half of
the value of the power threshold for the L to H-mode transition

tf—L 1
— - P

- 2nhr
L-*H

Scaling for the L to H threshold power

In the Interim Design Report for ITER [EDA95] the following expression is proposed for
the L to H power threshold

^ - 2 2 -= 4.4 x !0-22neBtSp

where ne is the line averaged electron density defined by the relation

f°ne(x)dx

(5.2)

Tip =
a

Sp is the external surface of the plasma, typically Sp « 1200 m2, and Bt the toroidal
magnetic field on axis.

We can define the H-mode power threshold margin as

net net
MH-L =

which must be MH-L > 1 when in H-mode. This parameter gives an idea of how close is
an operational point to the H to L mode transition (M#_£ = 1).

The following values are obtained for a simulation with the PRETOR code using the
ITER-ID parameters in table 5.1.
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ne(m~3)
Pnet(MW)

C ( M W )
^TL(MW)

1.16 x 1(T20

200
353
176.5
1.13

Table 5.2: Parameters determining the H-mode at the equilibrium point of ITER EDA-ID.

Simulations performed with the PRETOR code show that for these steady-state con-
ditions, transition H to L mode, regardless of the density limit, is triggered typically about
11 seconds after a fuel switch-off. Fuel switch-off plus active particle pumping will be the
main strategy considered for FBT.

5.7.2 First wall outgassing
The particle balance differential equation in the PRETOR code includes an arbitrary
recycling coefficient Rc denned as

where 4> t̂ is the particle flux escaping the last closed magnetic surface and <&̂  is the
particle flux going back into the plasma (not taking account of the injected flux). The
effective exhaust efficiency £e// is denned as a function of Rc as follows

Rc = 1 - e,eff (5.3)

this is, the fraction of particles pumped and exhausted from the plasma when reaching
the last closed magnetic surface.

For the fuel switch-off mechanism implemented for FBT simulations, the total absence
of D-T sources is assumed. In fact, it is known that the first-wall retains a D-T gas
quantity several orders of magnitude larger than the plasma's. Because of this, after the
cutoff, particle exchange with the wall may change the value of the recycling coefficient
with respect to its steady-state value. This amount of supplementary D-T fuel during
FBT can be approximately estimated by using the standard two-reservoirs approach.

The plasma and wall particle contents Np and A^ may be described by the following
set of differential equations

dNp
dt

dNy
dt

(5.4)

where S is the particle source injected into the plasma, rp is the plasma particle con-
finement time, fpd is the fraction of the particle flux leaving the plasma that goes to the
divertor, ed is the pumping efficiency of the divertor, Rw and rw are the wall reflection
coefficient and resident time, respectively. In the preceding equation, we assumed that the
fraction of the flux leaving the wall that goes directly back to the plasma is negligible and
that the particles which are not pumped in the divertor go directly back into the plasma
(through the X point). Also, the fuel losses due to D-T reactions have been neglected
here. The defined model is represented in fig. 5.3.
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Figure 5.3: Flux diagram of the two-reservoir model for the assessment of the effect of the
first-wall outgassing on FBT.
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At steady-state, it can be shown from Eq. 5.4 that the recycling coefficient is

RW = l-ed

Should the reflection coefficient keep this constant value after fuel cutoff, the plasma
particle contents would decay with a characteristic time equal to the apparent particle
confinement time at steady-state, i.e.

*(st) _ TP _

1 - B™ ed

In fact, the time evolution of Np after fuel cutoff (S = 0) is governed by the slower of
the two characteristic time scales of 5.4 (denoted T{).

10

Figure 5.4: Density decay time from a two reservoirs model as a function of TW/TP.

Fig. 5.4 shows the variation of TI/TP as a function of TW/TP for typical ITER parameters:
fpd = 90%, Ed = 5%, Ryj = 20%). We see that for a wide range of rw/rp values (0 <
TW/TP < 5), T\ is practically unchanged with respect to the apparent particle confinement
time at steady-state. We conclude that for strongly diverted plasma in ITER (fpd ~ 90%)
with realistic values of the wall resident time (TW/TP < 10), the recycling coefficient
after fuel cutoff is not drastically changed with respect to its steady-state value. This
assumption will be used as a first approach in the current PRETOR simulations for FBT.

5.7.3 Exhaust efficiency dependence on plasma density

In the physics model in PRETOR the exhaust efficiency eeff is fixed to a constant value
independent of the plasma density. This approach is in fact only valid for steady-state con-
ditions. Recent experiments with different kinds of edge plasma configurations [PLT96],
[LCG95] show an increase of the exhaust efficiency with the averaged plasma density (ne).
This dependence is supposed to be explained by the strong nonlinear relationship between
the averaged and edge plasma densities that affects directly the neutral pressure in the
plenum of the pumping devices.
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Figure 5.5: Exhaust efficency eeff as a function of the volume averaged plasma density
[LCG95J.

Fig. 5.5 displays the exhaust efficiencies as a function of (ne) for several experiments
in TORE SUPRA performed with throat limiters and ergodic divertor configurations.

Since the plasma density decreases during an FBT, so should do the exhaust efficiency.
In order to take this effect into account, this dependence of the exhaust efficiency on
plasma density was included in the PRETOR code. We suppose that the behavior of
exhaust efficiency is described by means of the averaged plasma density as follows

(5.5)

where ef^ and (ne)
st are respectively the exhaust efficiency and the averaged density in

steady-state (e?ff - 3.2% and (ne)
st ~ 1.3 x 1020m-3 for ITER conditions in table 5.1

and the value for ae is to be fixed from the experimental data.

5.7.4 Plasma pollution by beryllium evaporation

A thin layer of Be will recover all the PFCs, mainly the divertor plates, in order to avoid
a massive income of high atomic number impurities into the plasma. The presence of
evaporated Be as an impurity source for the plasma can modify the plasma parameters:
therefore, the estimated Be inventory must be evaluated.

The original model for the second impurity implemented in PRETOR assumes a con-
stant concentration of Be impurities for the whole FBT time. However, existing security
studies [Ama95] admit the possibility of passive disruptive "poisoning" of the plasma
caused by Be impurities coming from the overheated first-wall.

The evaporation flux per unit area of the divertor surface J (atoms/m2s) is given by
[LaL59]

pNA
J =

(2nRMT)1/2
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where NA is the Avogadro Number, p is the vapor pressure calculated from the absolute
temperature of the PFCs surfaces following [CRC94], R the gas constant, M the molar
mass and T the absolute temperature.

The evaporation rate per unit surface J strongly increases when increasing the surface
temperature. At T — 600 K (nominal temperature of the divertor wall at steady-state)
J ~106 at/m2s, while at T = 700 K (temperature of the divertor wall just before the
thermal crisis), J ~ 1010 at/m2s. This value corresponds to an overall evaporation rate
of 2.5 xlO12 at/s assuming that the half of the overall divertor surface (250 m2) reaches
700 K. At T = 1000 K, J ~ 1017 at/m2s and increases of about one order of magnitude
every 100 K.

A thermonuclear ignited plasma is supposed to burn with a Be fraction of fBe =
("-Be)/("e) = 0.014-0.05 in steady-state, where (nBe) is the Be volume averaged density.
The Be term source is a result of both sputtering and evaporation. The total number of
Be atoms entering the plasma per unit of time is given by

where V is the plasma volume, and rBe is the residence time of the Be particles, defined as
the total content of Be particles divided by the income rate. For ITER ((ne) ~ 1.3 x 1020

m~3, V ~ 2015 m3, fBe ^ 0.02, rBe ~ 100 s.) we get NBe<in ~ 5.2 x 1019 at/s. Taking
into account a screening factor of 3? = 0.05 [Hon94] (the probability of a Be atom released
from the PFCs to end up in the plasma) we get that the total inventory of Be released
from the PFCs is NBe,PFC ^ 10.4 x 1020 at/s.

When comparing this value with the evaporation rate at 700 K (2.5xlO12 at/s) we
conclude that the effect of Be evaporation can be neglected in the calculation of the
plasma impurity source during FBT at least for time scales before the thermal crisis
(704-90 seconds).

5.8 IMPACT OF DENSITY LIMIT ASSUMPTIONS
ON FBT

5.8.1 The density operational limit in a tokamak

The operational domain of current tokamak plasmas is limited for high plasma densities.
In most cases, this density limit is manifested as a major disruptive event when a certain
edge density is reached. It is the so-called disruptive density limit (DDL).

The mechanism of the density limit disruption is, at a final stage, the development
of an MHD instability in the m = 2, n = 1 mode. The sequence of events leading to
this disruption is originally triggered when a certain edge electron density threshold is
overshoot, inducing a massive radiation loss by means of a Marfe formation. A Marfe is
a toroidally continuous region located at the edge region of the plasma, characterized by
low temperature, high density, and a very increased radiation. The principle of the Marfe
is a radiative thermal instability at the edge [LLM84].

When the power radiated by the Marfe exceeds the net power flux across the SOL,
then the temperature and radiation profiles begin to contract since Marfe does not affect
temperature and density conditions of the core plasma. This causes the conductivity in
the outer plasma region to crash and therefore shrinking of the current channel. The
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modification in the current profile will also lead to modification of the q profile, push-
ing the q = 2 surface towards the plasma edge and approaching the conditions for the
destabilisation of the m = 2 mode [SMM92].

Sometimes the plasma reacts spontaneously imposing a certain "fuelling limit" over
which density cannot be increased anymore: it is the nondisruptive density hmit (NDL).A
NDL appears to be a limit of inaccessibility for the plasma density, but almost never
associated to a disruption. In those cases the Marfe extinguishes spontaneously and
density and temperature profiles recover their original shape. If fuelling is still kept, the
Marfe will appear again and the process can be repeated several times [BCC93].

As shown in preliminary simulations [VJA97], during FBT the power level decreases
faster than edge density, so that density hmit conditions are quickly met. Hence feasibility
conditions for a successful FBT will strongly depend on the density hmit criteria. It
will determine the requirements in terms of steady-state safe operation point, exhaust
efficiency and additional heating.

5.8.2 Scalings for the density limit
Since experience proved the existence of an upper operational hmit on plasma density,
effort has been done in obtaining a universal expression that could describe the threshold
density for such a hmit. From the experimental database a number of scalings have been
empirically and semiempirically produced.

• Non dependent on power flux

- Hugill density limit [Uck90]

where h is the Hugill parameter, and qc is the circular cylindrical safety factor:

2TT Bta?

flQ Rip

For elliptical cross section plasmas qc is replaced by q3
c = Kqc. The typical values for

h~8
h~ 13
/ i~22

for ohmic discharges with C limiters.
for auxiliary heated discharges with C limiters.
for auxiliary heated discharges with Be limiters.

- Greenwald density limit [Gre86]

neGreenwald = 10UK-^- (5.7)
iJcs

where 5^ ~ iraa? is the cross section surface of the plasma. The Greenwald limit is
identical to the Hugill limit with h = 50/TT ~ 15.9.
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• Dependent on power flux

JET radiative density limit for limiter plasmas [ICD89]

/ p ^ -1.5 \ 1 / 2

nejET = Cj [tp K* q< 2 ) with Cj^ 1.11 x 1020 (5.8)

where Pnet = Paux + Pa- PB

Borrass89 density limit [BIU89]

nSS89 = 1.8 x 1020 ^ - ^ 0 2 2 (5-9)

where ns is the density at the separatrix

- Borrass91 density limit [PBC91]

/p \ 0.57 D0.31

= 5 x 1019 - ^ t ' , w (5.10)

- Borrass93 density limit [TAC94]

0-66 £0.33

5.8.3 Density limit values for ITER ID operation
For Eqs.5.6-5.11, and with the reference values in table5.1, table5.3 shows the values
for the density limit for the ITER ID operation point in steady-state as calculated with
PRETOR. The parameter Mn is the density limit threshold margin defined as

Mn = %=- or Mn = ^
n

or Mn = ^
ne (ne)

depending on the density parameter (hne or volume average density) taken as reference.
For the power flux dependent scalings the usual ITER modeling assumption (ne) = 3.5 x ns

[TAC94] is taken to calculate the corresponding volume-averaged density limits.
From table5.3 we see that for the scalings non dependent on power flux (Hugill and

Greenwald) the limit hne density is largely overshot. These scalings are usually associated
to the DDL. However, several experiments have shown the possibility to work at higher
hne densities than the limit by peaking the density profile, for instance, by fueling by
pellet injection. These density limits have no impact on FBT since they scale from a
set of parameters whose values in steady-state remain the same during the whole FBT
transient.

On the other hand, although power flux dependent scalings Borrass89 and Borrass93
show comfortable Mn margins in steady-state, they have an important impact in the
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Power flux
Scaling
ne limit (1020 m"3)
Mn

non dependent
neHuaill

0.71
0.62

77/
^Greenwald

0.85
0.74

dependent

0.94
0.73

line avg. density

\ne/B89
1.93
1.49

\ne/B9l
0.78
0.60

\ne/B93
1.88
1.45

volume avg. density

Table 5.3: Density limit and density limit threshold margin values for the equilibrium point
oflTEREDA-ID

perspective of a potential FBT. Fig. 5.6 shows the evolution in time of density and density
limits for the first 14 seconds of an FBT by fuel switch-off. Traces in fig. 5.6 were obtained
with the PRETOR code upgraded with the model improvements in section 5.7. We can
see that for scalings dependent on the power flux, the decay of the power flux at the last
closed magnetic surface is much faster than that of the plasma density. For the Borrass89
and Borrass93 cases, the plasma density reaches its limit values typically about 1 second
after the H-to-L mode transition; this is 13 seconds after the triggering of the FBT.
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Figure 5.6: Evolution in time of ne and (ne) limits for the first 14 s of a FBT triggered
att = O. Results are respectively compared with ne and (ne) (solid lines).

5.8.4 External heating requirements for FBT: The heating as-
sisted FBT

To avoid triggering a density limit disruption during FBT it would be advisable to operate
at higher Mn margins in steady-state. However, in order to achieve significant higher
density margins at the same level of fusion power (1.5 GW), it should be necessary to lower
down density operation conditions; which is in conflict with the divertor requirements:
High density-low temperature operating points are necessary for divertor optimization in
ITER. High density conditions also improve exhaust efficiency as well as operation at the
high impurity levels required for enhancement of radiative losses fraction.

Another solution is to increase the exhaust efficiency in steady-state so as to improve
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the density decay times in case of FBT. Unfortunately, this should have as a secondary
effect, again, the decrease of density operation conditions. This effect could be partially
corrected by properly adjusting the D-T fuel isotopic fraction [VJA97]. However, this
strategy does not appear to be capable, all alone, to guarantee a safe FBT, mainly due
the existing uncertainties on exhaust efficiency related to ELM's in H-mode.

Hence, provided the dependence on (:£|£t j of the existing density limits, a Heating
Assisted FBT strategy must be considered in order to avoid disruption. Therefore it
makes it necessary to optimize the auxiliary power injection in order to obtain the fastest
disruption-free FBT. At this point the paradox of cooling the plasma by heating it, is
met.

5.9 FBT SCENARIO IN ITER ID BY FUEL SWITCH-
OFF AND AUXILIARY HEATING

We will consider a standard FBT scenario for ITER-ID assuming the following hypothesis:

• The reactor parameters are those of the ITER-ID report [EDA95].

• The transport model used in the simulations is the Rebut-Lallia-Watkins local
transport model [RLW89] with Bohm correction for the ion thermal diffusivity term.
Following the results of PRETOR v2.2 this approach makes ignition feasible only
under H-mode conditions.

• The FBT strategy implemented consists in passive fuel switch-off with auxiliary
heating. Auxiliary heating is provided for avoiding major density limit disruption.

• The plasma current is kept to its nominal value of Ip = 21 MA during the FBT.

• The density limit criteria adopted is the one derived from [TAC94] (Eq. 5.11).

• The exhaust efficiency is supposed to decrease with density during the FBT,
following Eq. 5.5 with ae = 3

• The ̂  ratio is supposed 3.5 [TAC94] for all the FBT.

• The H to L power threshold is the one described in section 5.7.1.

• The beryllium concentration is considered constant during FBT. Be evaporation
from divertor is neglected following the results in section 5.7.4.

5.9.1 Auxiliary Heating for FBT

The auxiliary heating is supposed to be in the ion cyclotron radiofrequency. The power
deposition profile is supposed to fit a Gaussian of the form

dp r i _(£Z£E)H J _ i e U J dp

98



TOT

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 5.7: Additional power deposition profile for pp = 0 and pw = 0.3 as used for the
present FBT simulations for ITER ID.

where P ^ r is the total auxiliary heating injected. pp and pw are the resonance position
and the resonance width respectively. As illustrated in fig. 5.7. pp = 0 and pw = 0.3 are
taken for the current simulations.

It is important that auxiliary heating is enabled only after the H to L-mode transition.
Heating the plasma in H-mode would slow down the power decrease and therefore delay
the H-L transition event. This would increase the FBT time constant because cooling of
the plasma is slower in H-mode due to the enhanced energy confinement. Detection of the
H-L transition can be performed by monitoring the neutron flux to check the threshold
value for the alpha power, since both physical magnitudes are proportional.

Auxiliary heating during FBT has to be enough to keep the density limit over the
plasma density, but it must not affect the time constant and performance of FBT. A first
approach for the optimization of the auxiliary heating is proposed

to ensure an FBT without disruption.

5.9.2 Results of the simulation

The detection signal adopted for triggering the FBT is, for instance in the case of a LOFA
event, the opening of a relief valve in the cooling system. At this point the feedback
loop for steady sate operation on fuel injection and auxiliary heating should be disabled.
Fuel supply must be automatically interrupted and auxiliary heating is kept in stand-by,
waiting for the H to L transition. The rest of tokamak systems work normally, specially
feedback loop on equilibrium coils and exhaust pumping devices.
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Fig. 5.8 show the results of an FBT simulation performed by implementing the hy-
pothesis assumed above in PRETOR v2.2. The sequence of events is as follows

t = 0 s: Pump stops. Beginning of the LOFA. Tokamak operation remains
in steady-state.

t ~ 25 s: Opening of the relief valve in the cooling system and automati-
cally triggering of FBT. Fuel supply is switched off.

t ~ 36 s: Decrease of the power level triggers H-to-L mode transition.
Auxiliary Heating feedback on density is enabled.

t ~ 51 s: Lowest value for the density limit margin.
t ~ 85 s: End of calculation.
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Figure 5.8:
(a) Evolution in time of alpha power (solid line) and auxiliaty heating (dashed line) for a
FBT triggered att~25.
(b) Evolution in time of volume avg. density (solid line) and density limit (dashed line)
for a FBT triggered at t ~ 25.
(c) Evolution in time of the density limit margin Mn for a FBT triggered at t ~ 25.

Fig. 5.8(a) shows the alpha power evolution, as well as the amount of auxiliary heating
injected. The H-to-L mode transition, which occurs about 11 s after the start of the
FBT, provokes a fast decrease of the alpha power which stabilizes at about 20 MW, after
a diminution of 300 MW in 25 seconds. This fast cooling of the plasma implies severe
requirements in terms of power supplies of the equilibrium coils and central solenoid in
ITER. Concerning the auxiliary power, 65 MW are immediately required just after the
H-L transition, growing up to a maximum of 90 MW 14.5 seconds later. The auxiliary
external heating becomes the predominant power source in the power balance at t = 41.8
s. The ICRFH requirements are in the range of the 100 MW projected for ITER.

In fig. 5.8(b) the evolution of the simulated volume averaged plasma density is com-
pared with the value of the density limit as calculated with Eq. 5.11. Fig. 5.8(c) plots the
values of the density limit margin Mn. We see that Mn < 1.1 between t ~ 42.7 s and

100



t ~ 58 s, with a minimum at t ~ 50.9 s of Mn ~ 1.02. The parameters of the operation
point at t ~ 85 seconds after the beginning of the LOFA event are compared with the
steady-state parameters at t = 0 in table 5.4.

Parameter
Major radius (m)
Minor radius (m)
Plasma elongation
Plasma current (MA)
Toroidal field on axis (T)
Beryllium fraction
Alpha fraction
Effective atomic anumber
Volume avg. temperature (keV)
Volume avg. density (1020m~3)
Density limit margin
Power sources (MW)

Ohmic power
Alpha power
Auxiliary heating

Power losses (MW)
Radiated power
Convected power

Energy confinement time (s)
Hydrogen exhaust efficiency (%)

Symbol
R
a
K

Bt

JBe

fa
Zeff
(Te)
(ne)
Mn

Pn
Pa

•Laux

J~rad

*con

TE
£eff

Value
Steady-State FBT (t ~ 85 s)

8.14
2.80
1.60
21

5.68
0.02

0.12
1.46
10.4
1.24
1.56

1.2
322
0

121
200.2

6.0
3.19

0.15
1.53
3.8

0.78
1.23

6.4
16.3
73.1

28.8
68.7

3.95
0.8

Table 5.4: Comparison of the plasma parameters in ITER ID for the steady state and at
t — 85 seconds after the beginning of the LOFA event.

5.10 LOFA SCENARIO IN ITER ID WITH HA-
FBT IMPLEMENTATION

Once proved that FBT can be performed respecting the physics operational limits of a
tokamak, we must check whether it actually allows to respect the technological limits as
well. In the case of a LOFA, the final aim of the FBT is to avoid the thermal crisis in
the cooling system and prevent an induced in-Vessel LOCA by melting of the divertor
structures. In order to evaluate this, the CATHARE code takes as input the data provided
by the previous PRETOR v2.2 simulation on time evolution of the power on divertor plate,
as plotted in fig. 5.9.

The run of the CATHARE code gives the time evolution of the thermal hydraulic
parameters. It is conservatively assumed that the faulted cooling loop affects the overall
divertor surface (250 m2). The most relevant result is that the reduction of the power
flux due to the FBT allows to avoid the thermal crisis in the divertor pipes for the overall
transient duration; the loop pressure reaches the set point for the opening of the relief
valve (p = 135 bar) at t ~ 25 s; then, 40 s after the LOFA starts, the relief valve closes
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Figure 5.9: Power dissipated on the divertor plates during a LOFA scenario in ITER ID
with a Heating Assisted FBT implemented from t ~ 25 5.

since the loop pressure decreases. In fig. 5.10 the divertor wall temperatures in case of
LOFA with and without FBT implementation are compared. In the case LOFA+FBT
the divertor wall temperature raises up to a maximum of 380 K in correspondence of the
peak of the power flux. For the overall transient duration the thermal crisis is avoided
and temperature is kept well below the threshold for structure melting and an in-Vessel
LOCA to be induced.

5.11 PLASMA POSITION CONTROL REQUIRE-
MENTS DURING FBT

In the standard ITER scenario [EDA95], fusion power is ramped up in 50 s and ramped
down in 100 s. During the fusion power ramp-down, plasma current is simultaneously
ramped down from 24 to 20 MA to avoid overshooting the maximum allowable current in
the central solenoid (CS). In an FBT the duration of the fusion power rampdown would be
one order of magnitude smaller so that the problem of whether the poloidal field system
can control the plasma position during this process must be considered.

A three-coil model for the poloidal field system of ITER is used to simulate plasma
control during an FBT [VJA97]. It includes the central solenoid (CS), which mainly
monitors the plasma current, and the upper and lower equilibrium coils (EC), which
mainly create the equilibrium vertical magnetic field.

5.11.1 Constraints imposed by FBT

During the FBT the equilibrium field has to be reduced in order to follow the plasma
poloidal beta reduction. The decrease of the absolute value of the current in the EC
induces an increase of the absolute value of the current in the CS. If the FBT is triggered
too late during the plasma burn, the final current in the CS at the end of the FBT might
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Figure 5.10: Comparison of divertor wall temperatures for a LOFA accident with (solid
line) and without (dashed line) FBT implemetation, as simulated with the CATHARE
thermal hydraulic code.

overshoot the maximum allowable value. For an FBT with a (3P rampdown from 0.77 to
0.08 in 15 s, the three coils model shows that an FBT cannot be triggered after typically
500 s of burn.

The FBT can only be adopted as a safety strategy if a flux provision is kept until the
end of the plasma burn. In such a case the FBT could be triggered at any time during
the burn. The cost is an increase of the radius of the central solenoid, the value of which
will depend on the capacity to rampdown the plasma current during the FBT without
triggering a vertical instability.

5.11.2 Power requirements for FBT
The thermal inertia time scale of the first-wall elements imposes a very fast FBT (15
s) compared with the nominal burn termination duration (100 s). The capability of the
poloidal field system, designed for a standard scenario, to fulfill the power requirements
of an FBT has to be checked. The power requirements for the CS and EC power supplies
are computed with the three-coil model for the most demanding phases of the plasma
scenario, i.e., plasma current ramp-up, plasma heating and FBT. They are compared in
table 5.5 with the FBT case.

Ip ramp-up
Plasma Heating
FBT

CS
270 MW
-60 MW

590 MW

EC
180 MW
120 MW

-380 MW

Table 5.5: Maximum power requirements in MW for the CS and EC power supplies from
different phases of an ITER plasma scenario.

It appears that the power requirements for an FBT at constant plasma current are
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typically twice as large as those for the plasma current rise. Plasma current rampdown
during the FBT tends to reduce the power demand on the CS power supplies and to
increase the demand on the EC power supplies because of the necessity to further reduce
the equilibrium field in order to follow the plasma current evolution. Since the absolute
value of the current in the EC has to be reduced during the FBT, dump resistors can be
used to alleviate the requirements on the EC power supply.

5.12 DISCUSSION
As shown above, feasibility and effectivity of FBT by fuel switch off depend strongly on
two main issues: H-L threshold and density limit. H to L mode transition threshold
plays an extremely important role on the time constants of the process. On the other
hand density limit threshold determines the external heating required for a successful
FBT. The numerical results presented have been obtained using the most recent scalings
for both thresholds. However, its validity for the physics studies in ITER is still an open
question.

In addition to the physical constraints, exhaust efficiency has a great impact on
FBT too. It is at the origin of the triggering mechanism for the cooling of the plasma by
reduction of the fuel density. It also determines the plasma density decay velocity. Fast
plasma density decay delays density limit conditions and reduces external heating require-
ments. Unfortunately exhaust efficiency has an upper limit due to divertor performance
at low densities. v

Characterization of the FBT do also change for each kind of tokamak design and
operating point considered.

5.13 CONCLUSIONS AND PERSPECTIVES
The 1.5 D transport code PRETOR is used in order to assess the feasibility of an FBT.
The inclusion of the Bohm correction for the ion thermal diffusivity in the RLW transport
model, the modelling of the H-mode and a criteria for the H to L-mode transition allow
the accurate simulation of the ITER ID scenarios. PRETOR v2.2 has been upgraded by
implementing the dependence of the exhaust efficiency on plasma density, the calculation
of the density limit according to different scalings and the effect of fuel outgassing from
the first-wall.

The simulations confirm that in a Fast Burn Termination by fuel switch-off the decay
of the edge density is much slower than that of the power flux at the last closed magnetic
surface. This results in a density limit disruption about 13 seconds after the beginning of
the FBT scenario. The effect of active external heating to the plasma is then evaluated
as the way to avoid the disruptive density limit. A simple feedback loop of ion cyclotron
radiofrequency heating on plasma density is set on just after the H-L transition. It allows
to keep the density limit over the plasma density with power requirements in the range
of the ITER ID project. A stable state is reached about 25 seconds after the beginning
of the FBT scenario, with a power source three times smaller than the steady-state one.
This power level is the minimum necessary to keep a safe density limit.

If this time constant is correct it will impose an increase of the CS power supply
(typically by a factor 2 if plasma current rampdown is precluded) and an increase of the
CS radius (about 30 cm in the same conditions). On the other hand, the FBT should not
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determine the power requirement of the EC power supply since dump resistors could be
used.

The influence on FBT of impurities coming from the overheated first-wall has been
studied by taking the results of the PRETOR simulations as input for the thermalhy-
draulic code CATHARE. This study has shown that in the case of a LOFA in ITER
ID, the effect of beryllium evaporation can be neglected in the calculation of the plasma
impurity source during FBT at least for time scales in the range of 70^90 seconds. The
CATHARE code also shows the effectivity of the FBT in case of a LOFA in the cooling
system of the ITER divertor plates.

The perspectives for a better assessment of FBT scenarios in ITER include the im-
plementation of more accurate scalings for the H to L mode transition threshold and for
the density limit. The optimization of the auxiliary heating feedback loop and its power
deposition profile are also key aspects to be treated. The possibility to work at higher
exhaust efficiencies by adequately varying the tritium fuel fraction, has to be taken into
account too. The feasibility of other scram strategies needs to be checked. A better model
of the poloidal field system is also required to evaluate the FBT poloidal scenarios and
determine the requirements of the poloidal field system.
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CONCLUSIONS

GLOBAL ENERGY CONFINEMENT TIME SCALING DERIVED
FROM THE LOCAL REBUT-LALLIA-WATKINS TRANSPORT

MODEL

An important result for ITER is that the incremental energy confinement time expres-
sion derived analytically from the local RLW expression for anomalous electron diffusivity
shows dependences on the ratio Te/Ti and on the power and density profile peaking factors
(an and ocp). These important effects had never been taken into account before in the
scalings of the energy confinement time, either in offset or power scalings. In addition,
the R, a, and Zeff dependences are found to be different from the RLW incremental
confinement time scaling which fits accurately the data obtained in the TORE SUPRA
experiments.

An original feature is that the offset thermal energy content can be well approximated
by the energy content corresponding to the temperature profile for which the gradient
is everywhere equal to the RLW critical gradient. This is stated by comparison with
the PRETOR code which implements the local RLW transport model. An extra an

dependence, which has never been observed in the offset thermal energy content, is found
to occur. In addition, the Ip, Bt, R, and a, dependences are not the same as for the global
RLW scaling.

An extensive comparison is made between the semi-analytical confinement time scaling
and the results of the PRETOR code. Our law is shown to describe the results of the code
for any parameters, in contrast with the global RLW expression that exhibits quantitative
and sometimes qualitative disagreement.

CALCULATION OF SYNCHROTRON RADIATION LOSSES IN
INHOMOGENEOUS TOKAMAK PLASMAS

Significative progress is made in the calculation of the SRL in a thermonuclear tokamak
plasma since for the first time explicit expressions of the dimensionless transparency factor
have been developed taking into account realistic conditions of toroidal geometry, elliptical
cross section, radial distribution of temperature, density and magnetic field.

In making this, the transparency factor, at the origin only dependant on the opacity
factor (pa) and the normalized temperature [t], is found to have four new additional
dependences whose real effects were unknown up to now, i.e. the vertical elongation of
the plasma cross section K, the temperature and density profile peaking factors ax and
an, and the inverse of the aspect ratio e.

The most significative innovation is that the explicit expressions obtained can be
readily implemented in a numerical code (PERSCYL) for its integration on fast lineal
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computer devices (CRAY C90). The PERSCYL code is then able to perform the calcu-
lation of the SRL in cylindrical geometry for one single case in times of the order of one
minute where the typical times of existing codes are of the order of one hour.

The most important implication from the point of view of the ITER design is the
fact that although the dependences of the TRUBNIKOV and PERSCYL models on the
dimensionless variables are not the same, they give nearly the same transparency factor
for ITER DDR. In spite of that, disagreement reaches easily a factor 2 when the total
SRL power is computed. So, the TRUBNIKOV fit can be used to estimate the SRL in
the cases close to the conditions of ITER DDR, but using the total synchrotron power
emitted (Pe ) as calculated with the hypothesis of the PERSCYL mode.

STEADY STATE SCENARIO AND BURN CONTROL IN ITER DDR

A OD model of burn kinetics of a D-T thermonuclear plasma in ignition with beryl-
lium as second impurity is readily applied to the computation of the nominal steady-state
operating point for the parameters of the ITER Detailed Design Report. It is also ex-
tended to show that the equilibrium point calculated is thermally stable. The inclusion
in the model of beryllium as the second impurity species in the plasma is a significative
improvement with respect to the models used up to now for linear stabiUty analysis of
fusion reactor operating points.

When the energy confinement time is calculated using the 0.85xITERH-93P-ELMy
scaling the nominal steady-state operating point producing 1.5 GW of fusion power is
found to be fully determined by the state variables jse — 0.02 , fa ~ 0.09 , ne ~
1020m~3and T ~ 12 keV. The model gives also the corresponding steady-state values of the
D-T refuelling rate S ~ 3.2 x 1018m~3s~1 and of the beryllium source rate ~ 1016m~3s~1.

Specially original is the effort made in the analytical deduction of the energy con-
finement time partial derivatives respect to the state and control input variables. The
result is a set of universal analytical expressions that permit to include automatically any
expression for the energy confinement time in the linear stability analysis.

ASSESSMENT OF FAST BURN TERMINATION SCENARIOS IN
ITER ID

Great progress is made in upgrading the 1.5 D transport code PRETOR in order to
assess the feasibility of a Fast Burn Termination (FBT). PRETOR v2.2 is improved by
implementing the dependence of the exhaust efficiency on plasma density, the calculation
of the density hmit according to different scalings and the effect of fuel outgassing from
the first-wall.

First detailed simulations ever made on FBT confirm that when switching-off the fuel,
the decay of the edge density is much slower than that of the power flux at the last closed
magnetic surface. This results in a density limit disruption about 13 seconds after the
beginning of the FBT scenario. A simple feedback loop of ion cyclotron radiofrequency
heating on plasma density allows to keep the density hmit over the plasma density with
power requirements in the range of the ITER ID project.

If the time constant computed is correct, critical implications on the ITER design are
derived: it will impose an increase of the Central Solenoid (CS) power supply (typically
by a factor 2 if plasma current rampdown is precluded) and an increase of the CS radius
(about 30 cm in the same conditions). On the other hand, the FBT should not determine
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the power requirement of the Equilibrium Coils power supply since dump resistors could
be used.

For the first time an original work of coupling plasma and thermalhydraulic simulation
codes is made by taking the results of the PRETOR simulations as input the thermalhy-
draulic code CATHARE. This study shows the effectivity of the FBT in case of a LOFA
in the cooling system of the ITER divertor plates.
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Appendix A

DETAILED CALCULATIONS OF
CHAPTER 2

A.I Expression of the safety factor q as a function of
the temperature profile

Using
2

with

I(r) = f j(r')2irr'dr'
Jo

and supposing a simplified Spitzer resistivity,

J

we obtain

Using the relation

together with

we obtain

In terms of Ip, we also have

E

We obtain

/io REfQT!'\r')2r'dr'

J-eo

2Bt

2vo Bt

VoIP 1
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Introducing p = r/a, we get

=

m



A.2 Obtention of a regular second order differen-
tial equation describing the temperature profile
from the one fluid heat transport equation

In section 2.4.1 the following integral equation for Xi is deduced from the one fluid heat
transport equation (Eq. 2.18)

1 - (1 - p2)1+ap V A + ^
dp + n*edp) dp

^ _ J . ^ T 3 / 2 ( p 0 2 p V _ T 3 / 2 ( p ) =

The preceding integral equation may be rewritten under the form of a second order
differential equation for y\=Tx as follows

'1^1 , ^
| [

• { 1 -

dp 2n*J dp2

aP)p(l-p2)c

P 1 - (1 - p2)1+ap 2n* 2n*J yi \dpj
(i + oP) p (i - p2y ne , n*e \ dVl |

n* 2n*J dp[1-y/ep p 1 - (1 - P
2)1+ap

3 1 - (1 - p2f+ap 1
8 V\ dp

= 0

where the prime denotes differentiation with respect to p.
However, for the form of the density profile that we consider and the zero edge tem-

perature condition, this equation for y\ may be shown to exhibit a numerical singularity
for p = 1. This problem is solved by introducing the variable u = 1 — (1 — p)l~an/2. The
resulting equation for y\(u) is regular.

1 +
1 dyi- u — — - anp

2/1 du

\_2\ 1 - Jep p

d2
Vl

du2

2 - O , , '

1 _ (1 _ p2)l+«i

an + (4-3an)p 1
1 - M

dw /

(l-u)«-...

1 - (1 - p 2 ) 1 + a p

4(2-0,0
- T - = 0
du

Its solution is obtained by a Runge-Kutta shooting integration of the differential equa-
tion obtained for the function /3(u) defined by the relation y\(u) = (1 — u)f3(u) and which
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can be shown to have a finite value and a zero slope for u = 1

(2-an)(l+P) + anp-^i4iJ^Z-^+an Ul-u)^ +

1 - (1 - ^ ' (3

1- fv / ip l
1 -

anp 8 - 5an + (4 - an) p

•aJ+10-^

l - u

2-an 1 -

1 - (1 - p2 ) 1 + a p 2-an

(1
an+2ap | cfyj?

" U) 2~aU ) III +

aP) p

1 - (1 - P 2 ) 1 + < 1 P

3 1 - f l

4 (2 - O n ) -«, f - / , ! = 0

A.2.1 The special case of the offset thermal energy content con-
dit ion: |VTe| = VTefCrit

For a temperature profile fulfilling the condition of a critical temperature gradient in every
point |VTe| = VTetCrit, Eq.2.19 becomes

Introducing

The preceding equation may be written as

dp 2pr

Introducing

u = l - ( l - p ) ^

the equation for y\ (u) may be written as

101 4 + (4 + an)p «„. dyx

Q , ( i + . ) ( 1 " u ) • ^
(A.2)
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which is regular for u = 1. The preceding equation must be solved with the boundary
conditions

6/5 and yi(u = 1) = 0 (A.3)

The T*(p) profiles obtained by Runge-Kutta solution of Eq. A.2 with boundary con-
ditions A.3 are plotted in fig. 2.4 for an=Q, 0.5, 1, 1.5.

0 0.2 0.4 0.6 0.8 1.0

Figure A.I: Critical temperature profile |VTe| = VTe)Crit. Runge-Kutta solution for y\{u).
an=0, 0.5, 1, 1.5.

114



A.3 Expressions for

A.3.1 The case of a pure plasma

In the case of a plasma with a single ion species of density n* and atomic number Zi, and
from Eqs. 2.20-2.21, we can express the coefficient Cw as

_ Jv (\neKTe + \njKTj) dV

2jv(ineKTe)dV

Considering #;e = |f constant allover the plasma volume, then is readily found

2 V *«/ / /
where Ze// = Zi — ne/rii is also taken constant.

A.3.2 The case of a single impurity species

In the case of a plasma with a ion species of density rii and atomic number Zi, plus a
single impurity species of density np and atomic number Zimp we have

_ Jv {\neKTe + \njKTj + f npKZimp) dV
W 2fv(lneKTe)dV

With the same hypothesis on 9ie, and taking into account that now

it can be shown that

n... - I (i _L Zi + Zimp-Zeff,

A.3.3 The case of a single impurity species in the PRETOR
model

For the comparison of the expression obtained with the numerical results of the PRETOR
code, we must take into account that in the PRETOR code the impurity concentration
is given by

Up = CpTli

where Cp is a constant. Using the quasineutrality condition ne = ZiUi + Zimpnp, this
results in constant fi = ^- and /p = 2E fraction profiles and in a constant Ze// profile.
We obtain

f. = L _ f =
 C3

Z i r 7 ' Jp 7 4- r 7
& C Z Z/j •+- CpZ

i -f CpZ/jmp

Z{ +cpZi
Zeff =
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giving also

So that

Zi

= \ [ 'eff

_ 1

~ 2

(Zeff -

1+Cp

+ imp
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A.4 The effect of the plasma elongation

We consider a cyhndrical plasma with an elliptical outer cross section. For low values of f3p,
the magnetic surfaces are approximately elliptical with a constant elongation K [LHW81].
The relation between the plasma current and the safety factor q^ at the plasma surface
is now given by the following relation

_ 2TT 1 + K2 Bta
2

HQ 2 IpR

The safety factor profile is approximately unchanged.

A.4.1 Incremental energy confinement time

If we define
0e(p) = / $e.nd£x 2nR

and provided that

P%(P)= t P
(
tidsx2nR

JsP

for a plasma in thermal equilibrium equation we may write

where Lp and Sp are the contour and the cross section of the p flux surface, respectively.
<j> is the thermal flux

0e = -neKx^Te

In the case

we obtain

Using

we obtain

UP) = -

In the case

fi_ dTP

dp

^ < 0 , ^
dp dp

f
JL

+ 2^

n% ) \dq/dp\ dp

dp

(A.4)

dp
X2TTR
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we have

4?(

Using the normalization

with

giving

Te(p)=TnT1(p)

( l l (e)

0
i 2 K 2 1

The thermal equilibrium equation for Ti may be written as

«;

The confinement time Tg may be written as

a2

r

3 Jo K(p)T;(p)2pdp
with

We see that, for a given plasma current, the confinement time is a decreasing function of
the elongation. The decrease is due both to the increase of q^ and to the increase of the
thermal flux in Eq. A.4.

A.4.2 Offset thermal energy content
The temperature gradient is now dependent on the poloidal angle. We suppose that the
threshold for the change in the transport is now given by the following condition

where | VTe| is a poloidal average value of the temperature gradient. For elliptical magnetic
surfaces, we choose

k d£

|vr.| =
which means that the critical flux of the temperature gradient is identical through the
magnetic surface labelled p than, in the circular case, through a magnetic surface with
the same p and the same poloidal surface. We finally obtain the condition

dT,

dp

2K3/2
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with VTe^it (q, ne, Te, E) given by Eq. 2.28.
In the elliptical case, the electrical field can be shown to be given by the following

relation
E = 277o 1 + K2 Bt

Mo 2«

which reduces to Eq. A.I in the case K = 1.
The equation for T2 is still Eq. 2.29 with

giving
V / 4

T l /8 1/4 \ ! + K2 I ni/4_V4 3/
-̂ 20 Mo v - " - ^ " 1 / -K' n e o q0

The corresponding thermal energy content is now

/
i _, ^2 P

with CV0 (an) given by Eq. 2.31. Note that j ^ is an increasing function of K for 1 <
« < \ /3 .
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Appendix B

DETAILED CALCULATIONS OF
CHAPTER 3

B.I Total synchrotron power emitted by an inhomo-
geneous plasma

In order to calculate the total synchrotron power emitted by an inhomogeneous plasma,
we will include Eqs. 3.21, 3.22 and 3.24 instead of (n e) , [Te] and Bto in Eq. 3.5, obtaining

jp , ,2 /, , \2 / r>

dV

where 7 = an + ax and rx = r cos ip. Since the differential of volume for a torus may
be expressed as dV — r(R + r cos ip)dr dip d^f, then the total synchrotron power can be
calculated as

. i tn

f27T/-27T ra(cos2tp+K2srn2<p)/ (-1 _ n2\-y

+ 7) 27ri?2 x / / l{] P) dr
Jo Jo R + rcostp

/ 9 9 • 9 \1/2

r = pa ̂ cos ip + K sin y?j

With the following change of variable

^cos ip + j

dr = a (cos2 99 + AC2 sin2 </?) dp

we obtain

P i i ^ p y x 2A2R x
7T

where
x f2w f1 P (cos2 ip + K2 sin2 ^ ) ( l - p 2 ) T

7(7 ,e ,« )= / / — dp dip (B.2)
Jo J0 1 + ps (cos2 ip + K2 sin2 ip) cos ip

that for the ITER ID values (« = 1.6, e = 0.344, 7 = 2.0) is found to be 7(7, e, K) ~ 1.9
In the limit of circular (K ~ 1) high aspect ratio plasmas (s ~ 0), the preceding

expression reduces to

7(7) = 2TT
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and as

we obtain

^ 2.VR

which is the same expression as that of cylindrical homogeneous plasmas Eq. 3.12, taking
L = 2-KR.

Now in the limit of elliptical high aspect ratio plasmas (e ~ 0), Eq. B.2 becomes

•I /-27T/•I /-27T

7(7, K) — / p ( l - p 2 ) 7 (cos2 if + K2 sin2 </?)

and as
/•27T/•27T

/ (cos2 </? + K2 sin2 y?) d(/? = ?r(l + K2

then Eq. B.I can be rewritten as

x 2^a*R x H ± ^ (B.3)

For circular (K ~ 1) plasmas 7(7, e,«) reduces to

Jo Jo 1 + pecoscp

Since the integral over 9? is solved as

/ dtp = —
Jo l + pec- -

then with the change of variable d — p2, we can rewrite

rl (i _ $)7 2-fi(|;l;2 + '

and the final expression becomes

. .2 / . . \2 i

<2TTV7?X 2F1(- ; l ;2 + 7;^)

Considering the axisymmetric geometry of a torus, no magnitude is considered de-
pendent of the \I> angle, and therefore all the above is also valid for a cyhnder of length
L = 2TXR.
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B.2 Expression of the transparency factor in a cylin-
drical geometry

B.2.1 Homogeneous plasma with elliptical cross section

We consider an elliptical homogeneous cylinder of vertical elongation K and length L =
2TTR as represented in fig. 3.6. In this case, the total synchrotron power emitted in the
non-relativistic limit is calculated in appendix B.I as

UJ2

e ° =
2 2

K2)

e ° = 37rc3

Using the same definition of the Trubnikov transparency factor as in the circular
cylindrical case, we can establish the following relation

i=l,2J°

and since in Eq. 3.13 the element of surface is now given by dS = 27rRa\/sm2 <p + K2 COS2

then we obtain

7T/2

ir* (pB> (1 + «2) 70

/•TT/2

... x / cos/5 ^ 1 — exp
J — TV

dv?(sin2^ + K2cos2v?)1/2 / d0 sin2 (9

-r/2

where the optical thickness is now

with [Joh92]

•cos/5 s*(K,cp,P)

2as*

«(sin2 cp + K2 cos

K2 sin /? — 2K(K2 — 1) sin ip cos y sin (3 cos /5 + (sin2 <p + KA COS2 y>) cos2 /5

Note that the integrand of the f3 integration is not even with respect to <p. Using the
symmetry relation aai' (TT — 0,V) = aa^\d, v), we obtain the following expression

+ «2) y0

rir/2

rn/2

x / cos /5 ̂  1 — exp
J-TT/2 sin 6

r

Jo

cos/5 s*(K,(p,{3) d/3

B.2.2 Density and temperature inhomogeneity in circular cross
section

We consider a circular cylinder with density and temperature profiles of the form

Te{p) = TeoT*{p)
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with

where p — r/a is the normalized radius.
The total synchrotron power emitted in the non-relativistic limit is calculated in ap-

pendix B.I as

2 / \2

£ ° = 37TC3 ' eJ

The transparency factor may now be written as

In the calculation of the specific intensity from Eq. 3.7 we must take into account that

1. The Kirchoff's law shows now a local dependence on the temperature profile as

Ouip) 8TT3C2

2. pa and t are also space dependent following

3. Hence, a& becomes a function of the coordinate along the ray path cr, and must
be computed locally using the following relation valid for the circular cylindrical
geometry

p2(p) = 1 -2cos/?sin0 cr + sin20 a2

With the preceding assumptions the transparency factor per unit of normalized fre-
quency can be expressed as

*2(Pa)
/»7r/2 /•—:—•£-• /»—^~2

•x dfi cos (3 I daT*(p) ao${p,6) exp - /
J0 Jo Jo

and introducing the variable u = ^ 4 a it may be rewritten as

Q 1 I „ . i _ . /"7r/2

«« =

^ (Pa)
j-w/2 r2

X r d/3cos2/? / dW T*(p) a^J(p,tf) exp L ^ | f\a<${p',9)du'
Jo Jo I siny ,/«

where
1 - p2 = cos2 /? it(2 - w)
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B.2.3 Magnetic field inhomogeneity in circular cross section
We will now consider a circular cylinder with flat density and temperature profiles and a
magnetic field of radial distribution

Bt(rx) =

according to fig. 3.9, with rx((p,f3,u) deduced in appendix B.3.
The total synchrotron power emitted in the non-relativistic limit is calculated in ap-

pendix B.I as

J ^ ^ 2i?c?R x 2F1(^; 1; 2 + 7; e2)

The transparency factor may now be written as

l,2Jo

with

/ sisin0d0sin0 dip x

/•TT/2 t-

/ cos2/?d/? /
J-n/2 JO

exp

For the local calculation of ai,•(u,0,l3,<p) we must take into account that the space
dependence of pa can be written as

with the following relation valid for the circular cylindrical geometry

rx(<p, 13, u) = a [sin <p — u cos f3 sin ((3 + <p)]

B.2.4 Explicit expression for the transparency factor for an in-
homogeneous elliptical plasma cylinder.

Now we suppose that the conditions described in the cases above are simultaneously met,
i.e. the equation of the flux surfaces is given by (a~f)—H^2 = P2, density and temperature
profiles of the form xeo(l — p2)03, and radial distribution of the magnetic field following
D R

:
Then the total synchrotron power emitted by the plasma cylinder in the non-relativistic

limit is calculated in appendix B.I as

7)

where

u2
c (o ; p ) 2

 2 2 / ( 7 , g,

e ° = 37TC3 L e J

7 ( 7 , e,K)= I /
Jo Jo 1 + pe (cos2 y? + K2 sin
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The generalization of the preceding sections yields to the following formula

with
r/2

v2 r d<p(sin2y + K2cos2<p
rn/2

of I2 ,
JO2TT2 (pa) (l + o

/ •TT/2 /"o-i r pen

• ••x dp cos P daT(p) aa{j)(p,6)exp - aa^(p',9)da
J-n/2 Jo L Jcr

d9 sin2 9 x • • •

where ax = ^fs* and

2 , 2 n< • 2 2 2 M/2 • /. (sin2 (/? + « 2 COS y?) . ,
p2 = 1 cos /3(sm2 <£> + ft2 cos2 y?)1/2 sin 6 a + —— sm2 9 a

K KS*

Introducing the variable u = ji^^cr, $ i may be rewritten as

$W 3 L
cos2

/"r/2
/ d ^ s i n 2 ^ x •••

i o

x
/ • T / 2 Z-2 r Q r2

/ dPcos2ps* duT*(p) aa^(u,9)exp — r - ^ - s * / aa%\u',8)du'
J—ir/2 Jo L S l n " 7u

where
cos2/?, .

K
(sin2 (p + K2 cos2 <p)1/2s*u(2 - u)

For the numerical calculation of the local absorption coefficient a<y (p, 6) with the
Trubnikov saddle point method, the following expressions are used

p.(p< >•*) = W (i + O (i - PT (I + j

and rx , following appendix B.3, is given by

rx(a, K, <p, (3, u) = a\ (sin2 <p + K2 COS2 <p) sin (p - s*(«, <p, /3)wcos/?sin (/? + arctan(/c tan

Introducing the function

^ ^ s2 ^)1/2s*(/c ^ /?)(«, if, (3) = cos2

we obtain the following expression useful for the numerical calculation

_ (j\ O J.
d& dp

JQ J_n/2
 H Jo

du x • • •

with

x S(K, cp, p) sin0 T*(p) Kaaj^(u, 8) exp

1 - p2 = Su(2 - u)
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B.3 Horizontal coordinate for a differential of the ray
path in a cylindrical plasma

From geometry described in fig. 3.15, we will assume the perpendicular plane to the cylin-
der axis containing the intersecting point P of an arbitrary ray path with the cylinder
surface, as shown in fig. B.I. As far as the horizontal coordinate is concerned, only the
ray path projection on this plane is considered.

Figure B.I: Cross section of the plasma cylinder containing the intersecting point P of
an arbitrary ray with the cylinder surface. Angles, distances and references as defined for
the calculation of the horizontal coordinate for a differential of the ray path.

Hence, the horizontal coordinate rx of a differential da of the ray path is expressed as

rx = AB = PA- PB

where PA is the horizontal component of PO

PA = PO simp = a (sin2 ip + K2 COS2 9?) sin (f

On the other hand, PB may be expressed as

PB = PC cos

where PC is the distance of da to the intersection point P. The total length of the ray path
being 2as*(/c, <p, /?)f^f and that of the projection on the reference plane 2as*(K, ip, (3) cos /?,
then we may express the position of da along the ray path using the integration variable
ix =[0,2]

PC = uas*(n, (p, P) cos j3

Concerning the determination of angle £ is evident that
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( = p + S - TT/2 = • cosC = sin(/5 + 5)

where 5 is a function of the angle y? of the form

K sin cc
tano = = Ktano?

cosv?

Then an expression of rx as a function of the geometry parameters a and K, and the
integration variables <p, (5 and u, is proposed

rx(a, K, ip,/3,u) =a\ (sin2 ip + K2 COS2 cp) sin y — s*(«, v5, /5)« cos (3 sin (/3 + arctan(/c tan v))
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B.4 Expression of the transparency factor for toroidal
plasmas

B.4.1 Circular cross section

Homogeneous plasma

We consider a radiation source uniformly distributed in a toroidal plasma of circular cross
section with R and a as major and minor radius respectively, as shown in fig. B.2. In the

Figure B.2: Angle and reference definitions for the calculation of SRL in a toroidal
circular-cross section plasma.

simplest case of average density, temperature and magnetic field all over the plasma, the
total synchrotron power PSQ emitted by the torus in the non relativistic limit following
appendix B.I is expressed by

6 ° =
2 / \2

37TC3 * ^
(B.4)

In the integration of Eq. 3.7 we must take into account that in the toroidal case, as shown
in appendix B.5, the angle 6 between the ray path and the magnetic field depends now
on a. This dependence is extended to the absorption coefficient a, obtaining

Jo

using the Kirchoff's law relating the absorption coefficient a and the emissivity rj for a
plasma in thermodynamic equilibrium (Eq. 3.8), we obtain

>(*c) = f
Jo

8?r3c2 (B.5)
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In addition, taking into account that the element of surface is given by dS = 2irRa dtp we
may rewrite Eq. 3.15 as

47T3 (pa)
^x f dtp [ cos(k,N)dQ f a^)(a,u)e-^Ca^(<T''1/)da'c
wc Jo Jn Jo

Concerning the integration on the solid angles, following the geometry in Fig B.2 we may
express

[ dQ= [
n Jo J-%

as well as
cos(A;, N) = sin © cos (3

Hence, the transparency factor per unit of normalized frequency and mode of polarization
$ i = ^c$w, rnay be expressed as

v2 / sin2 Sde / cos 0d/3 / dtp / o${o, v)exp\- a$(a', v)da' \ da
Jn J_^/2 Jo Jo I Ja )

$ =
47T5(pa) /

The calculation of the length of the ray path sc(0,0, ip) for a toroidal geometry with
circular cross section as well as the dependence on a of the angle 6 between the directions
of the ray path and of the magnetic field for the calculation of aL , are detailed in appendix
B.5.

Density and temperature inhomogeneity

The inhomogeneity of temperature and density in the plasma are given by Eqs. 3.21 and
3.22. According to appendix B.I, the expression for the total synchrotron power PeQ

emitted in the non relativistic limit is given by Eq. B.4. Eq. B.5 must be now rewritten,
using Eqs. 3.22 and 3.23, as

So the transparency factor may now be written also as a function of the peaking parame-
ters

with

-^-v2 I sin2 QdS f cos (3d/3 f dp x • •
+ a n JTT J-TT/2 JO

x / T*(p)aU(a,v) exp(- f' c${a',v)da'\ da

where 7 = an + a?.
Using the geometrical parameters defined in appendix B.5, p may be written as a

function of a as follows

2 = (px + ix<y - R)2 + (pz

a2

129



In the calculation of a^ (a, v) the following relations are used

V.(p) = (P.) (1 + Q») (1 - P2Y" (B.6)

1 + a + aT (B.7)

as well as Eqs. 3.28 and 3.29.

Magnetic field, temperature and density inhomogeneity

The variation of the toroidal magnetic field Bt all over the radial direction in a tokamak
cross section is generally described by Eq. 3.24. As calculated in appendix B.I, it leads to
a total power emitted by a circular cross section plasma in the non-relativistic limit given
by 2

where 2-̂ 1(5; 1; 2+7; e2) is the so-called hypergeometric function of the second kind, given
by

F ( ; l ; 2 + 7;£2) = (l + 7 ) / \ L d *2 F 1 ( ; l ; 2 + 7;£) = (l + 7 ) / \2 Jo V1 -

being 7 = an + ar, £ = \ = ^- Provided this, the transparency factor may now be
written also as a function of the inverse of the aspect ratio

with

f27T r-w/2

| ; l ; 2 + 7; e2) 1 + an

T{p) a«(a, 1/) exp j - £ C a«(a', i/)dt/J da

y H J

For the calculation of a£' (cr, v) the same set of equations of the previous section is used
except for Eq. B.6, which is to be replaced by

Pa(P, V) = <P.> (1 + an

B.4.2 Elliptical cross section
Homogeneous plasma

Now we consider a toroidal configuration with a vertical elongation K as shown in fig. 3.11.
In this case, the total synchrotron power PeQ emitted in the non relativistic limit is

Q

(B.8)

130



and since in Eq. 3.13 the element of surface is now given by dS = 2i:Ra\f K2 sin2 <p + cos2 ipdtp
then we readily obtain

r
v2 I sin2

J
£ v I sin SdS / cos 0d0 / (K2 sin2 tp + cos2 <z>) ' dip x . . .

2TT3 (pa> 1 + K2 Jw J_n/2 Jo

p a«(<7> i/) exp j - j T <*«(</, u)da'\ da... x

The calculation of the length of the ray path sK(Q,0,<p) for a toroidal geometry with
circular cross section as well as the dependence on a of the angle 6 between the directions
of the ray path and of the magnetic field for the calculation of a£/, are detailed in appendix
B.5.

Density and temperature inhomogeneity

In the case of a toroidal plasma with an elliptical cross section of elongation K and pre-
senting density and temperature profiles, the total power emitted by the plasma in the
non-relativistic limit is the same as in the preceding section. Eq. B.5 must be now rewrit-
ten, using Eqs. 3.22 and 3.23, as

8TT3C
2L e j l + an

So the transparency factor may now be written also as a function of the peaking parame-
ters

/•OO

K,aB,ar)=X; / ^dv
i=l,2Jo

and the transparency factor per unit of normalized frequency and mode of polarization is
calculated as

*ro 3 1 + 7 .
* = o 3/ W1.L. 2M 1 " / /

27T3 (Pa) (1 + K2) 1 + an Jw J_w/2

• • • x f ^K2 sin2 <p + cos2 <pdcp I T*(p) o${a, u) exp | - f * a$(a', p)da'\ da

For the calculation of 0$ (a, v) Eqs. B.6 and B.7 are used taking into account the expres-
sion for p (a) deduced in appendix B.5.

Magnetic field, temperature and density inhomogeneity

The generalization of all the hypothesis assumed in the preceding sections lead to a total
synchrotron power PeQemitted in the non relativistic limit, as calculated in appendix B.I,
given by

Pe _^p£K[Te] x 27t2a2R x J(7, £ , « ) ( ! + 7)
0 37TC3 TX

where
[2« fl

 P (cosV + K2sinV) (1 - P
2)7

1(7, £ , « ) = / / ^— ; , —dp d^
Jo Jo 1 + pe (cos2 ip + K2 sin ip) cos<p
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Now, the transparency factor may be written also as a function of five dimensionless
variables

with

rOO

aB>aT,«,e)= V / *®d

/sin2 9 ^ 6 / cos

J
I y K2sin2 ip + cos2 ipd(p / T*(p) ajy(<r, v) exp < — / a^'(a',u)da'

JO Jo [ Jo

Considering
SK(TT - Q ) = i

due to the axisymmetric geometry, and taking into account that

K2 sin2 <p + cos2 <p = K2 + (1 - «2) cos2 ip

we obtain the following expression useful for numerical calculation

« = C * / v2dv f 2 d e f d(3 [ dtp (sin2 0 cos/3 (K 2 + (1 - K 2 ) COS2

T*(p) ag)(a, ̂ ) exp j - y aj?^, i/) A/

X

where
3

For the local computation of the absorption coefficients aw as a function of the ray
path coordinate cr the following expressions for pa(p, <p) and t(p) must be used.

Pa(p, <p) = (Pa) (1 + an) (1 - p2)an (l + pe (cos2 <p + K2 sin2 y?)1/2 cos

with p given by Eq. 3.27, and the calculation of the angle 9 between the directions of the
ray path and of the magnetic field for the calculation of o$, is detailed in appendix B.6.
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B.5 Length of the ray path for toroidal geometry

B.5.1 The case of circular cross section
From the references, lengths and angles defined in fig. B.2, one can write the equation
describing the torus surface in the absolute reference xyz as

(x2 + y2 + z2 + R2 - a2)2 - 4R2 (x2 + y2) = 0

and the parametric equation of the lineal ray path in the same reference xyz as

(B.9)

(B.10)

where px, py, and pz are the origin coordinates of the relative reference x'y'z', this is the
first intersection of the ray path with the torus surface. They can be expressed in the
reference xyz as

px = (R + a cos <p) cos ^
py = (R + acosip)smty (B.ll)
pz = a sin ip

(7*, 7y, 7z) is the direction vector of the ray path trajectory expressed in the absolute
reference xyz, namely,

(B.12)
7a; = (yx cos ip — 72 sin </?) cos ̂  — 7^ sin \I>

ly = ly c o s ̂  + (7a; c o s V ~ Iz SU1V5) s m ^
72 = 7Z cos (p + 'f'x sin ip

where (7^, 7^, 7^)is the same direction vector expressed in the relative reference x'y'z' as

j'x = sin 0 cos (5
7' = cos 0
7Z = sin 0 sin /?

Considering the axisymmetric geometry, we can avoid the \I> component for the calcula-
tions. Then imposing ^ = 0, equations in systems B.12 and B.ll become respectively

7s = s in0cos (3cosy- sin0sin(3sin<p = \ [sin(y? + 0 + /?) - s i n ( y - 0 + /?)]
7y = cos 0
7Z = sin 0 sin (3 cos <p + sin 0 cos (3 sin p = \ [cos (<p — 0 + /?) — cos (<p + 0 4- /?)]

(B.13)

px = R + a cos y>
Py = 0 (B.14)
pz = a sin y>

With the preceding equations the calculation of the normalized radius as a function
of the coordinate along the ray path a is given by

(B.15)
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Figure B.3: Physical interpretation of the two possible cases in the solutions of the system
. formed by the equations of the torus and the ray path.

The length of the ray path sc is given by the intersection of the equations of the torus
surface, Eq. B.9, and that of the ray path line, Eq. B.IO. The length of the ray path
sc(0, P, <p) for a toroidal circular cross section geometry is determined by the third degree
equation in a obtained by substitution of Eqs. B.14, B.13, and B.IO in the equation of the
torus surface Eq. B.9

Acs\ + Bcs
2

c + Ccsc + Dc = 0 (B.16)

with

Ac = l
Bc(a, R, 0 ,0, <p) = A(pxyx + pzlz)

Cc(a, R, 0, /?, tp) = 4[(p,7. + Pzlz)2 -R2(l- ll) + UPI+ Pi + R2~ a2)]
Dc(a, R,Q,f3,ip)=4 [{pxlx + pzjz)(p

2
x +P

2
Z + R2- a2) - 2R2pxlx)

The resolution of the preceding equation may lead to one of the two following cases, whose
physical sense is illustrated in fig. B.3

Case a.: One real solution and two complex solutions : the line containing the ray path
crosses the torus surface only once.

Case b.: Three real solutions : the line containing the ray path crosses two more times.

Hence, the length of the ray path sc is always the smallest real solution.

B.5.2 The case of elliptical cross section

For a torus with elliptical-cross section, as represented in fig. 3.11, Eq. B.9 must be rewrit-
ten as

(x2 + y2 + £ + R2 - aA 2 - m2 (x2 + y2) = 0 (B.17)
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and the origin coordinates of the relative reference x'y'z' are now expressed in the reference
xyz as

a c o s <f)cos

Z,K = aK s m f

and the direction vector of the ray path trajectory expressed in the absolute reference xyz

x,K = {ix,K [C0S V COS £ + S U 1£ (COS V + S m V)] ~~ 7z,K S m V C0S £} COS ̂  ~
7i/,« = {~t'x,K [cos V c o s £ + s m £ ( c o s V + s m V3)] — l'z,n s m V7 cos £} sin \P +
IZK — IXK (sin</?cos^ — cos cp sin ̂ ) + 7 Z K (sine/? sin £ + cos y? cos ̂ )

cos

(B.19)
the same direction vector expressed in the relative reference x'y'z' remains

7X K = sin 0 cos /3
-y'yK = cos 0 (B.20)
7Z)/C = sin 0 sin f3

Considering the axisymmetric geometry, we can avoid the ty component for the calcula-
tions. Then imposing \I> = 0, equations in systems B.18 and B.19 become respectively

7x,« = 7x,K [cos <p cos £ + sin £ (cos <p + sin <p)] — jZyK sin <p cos £ = . . .
. . . | [sin (<p — £ + 0 + (3) -

72 K = 7X K ( S m V COS ̂  ~ COS V S m 0 + 7z K (SU1 V S m ^ + COS V COS 0 — • • •

" ' ' - £ + 0- '". . . = \ [cos (y> - i - 0 - cos

PX,K = R + acos<p
Py,n = 0 (B.22)

With the preceding equations the calculation of the normalized radius as a function
of the coordinate along the ray path a is given by

2/ \ _ J _ r 2/ _|_ _ D\2 , / . \2"|

The length of the ray path sK is given by the intersection of the torus surface, Eq. B.17,
and that of the ray path line, Eq. B.10. The length of the ray path sK(a,R,K,Q,f3,(p)
for a toroidal elliptical cross section geometry is determined by the third degree equation
in a obtained by substitution of Eqs. B.21, B.22, and B.10 in the equation of the torus
surface Eq. B.17

AKs3
K + BKs2

K + CKsK + DK = 0 (B.23)

with

BK(a, R, K, 0,0,<p) = 4 ^ Q

CK(a,R,n, 0,P, <p) = -i& (7l% + 7,%) + 2 (pltK + i?2 + 4 F - a2) ( ^ + 7y
2. + 7,%

• • • + 4 (P«,K7X,K + Pz,^)2

DK(a, R, K, 0 , /3, VP) = -8i22 ^ 7 ^ ) + 4 (p2
>K + i?2 + ^ - a2) (PX,K1X>

(B-24)
The criteria for the validity of the solutions is the same as in the preceding section.
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B.6 Angle between the ray path and the magnetic
field in toroidal plasmas

Because of the axisymmetric geometry, the angle 9 formed by the directions of the ray
path and the magnetic field is a function of the space co-ordinate along the ray path a.

The direction of the ray path is fully determined in the absolute reference xyz (see
fig. 3.11) by the direction vector u = (7I?K, jy,K, 1Z,K) given in Eq. B.19. In the same
reference, the direction vector of the magnetic field in the point determined by of the
space co-ordinate along the ray path a can be expressed as

,0) ^ M
Vl + tan2

where

with px defined in Eq. B.22. Now, given that sin 9 = \u x v\, we can deduce the following
expression relating both magnitudes for the calculation of ai,(9) with the Trubnikov
dispersion relation

v ' 1 + tan2 *
the signum of cos 9 may always be considered positive, as it can be shown that

All the above is similarly valid for the cylindrical case.
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Appendix C

DETAILED CALCULATIONS OF
CHAPTER 4

C.I Elements of the state matrix A

Let the state variable vector x be

X = (6fBe, 8fa, 6ne, 6T) = {fBe - flleo, fa ~ fa0, « e - neo, T - T0)

The coefficients of the state matrix An are calculated as

with ^ given by Eqs.4.14-4.17. Hence, we have

-A12 =

A™ = U

Au =

where

3T i* ra dT +r*Be
f
Be) rBe

dT

= 1 - 2/« - 4/
Be

Accepting that we can express

fc =
= 1,2,3,4

Eqs.C.l-C.4 may be rewritten as

- . . . (C.I)

(C.2)

(C3)

(C.4)
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An =
drE 2 / a

a Pp

\SfBe-SBe(l-4fBe) , B drE

ni

V-Be
drE

W
where

he A - 4 /Be

PBe Pp Pa

Similarly for 6fa we have

A2i =

A22 =

•A23 =

8pa_ + 4 dT £ 4 / a / l

df
Be

pp p B e /

pp

1 /Pa

Pa CT drE

~E
adne

neEa T

where

£ - —
fafl~2fa J;

- 4 - Be

TE \ Pa PBe Pp,

For 8ne we have

-432 =

-433 =

-434 =

. TE \pp pBe

2 ^ f 1 - 1 '
. TE \Pp Paj

drE rE

drE

" " ^Be

' e 5 / a

5ne ne

drE

dT

where

And for 6T

An =

_ ne (lx 4/Be 2fa(
TE \Pp PBe Pa

PBe
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-442 =

-443 =

jr. ( \_ _ ±\ 8_] _
Ea \£3 h i 3̂ i Z€ffne£3

f (Pa— PB— Padd)

h

where

rp

n\Eal3

S(fa+3fBe) J_SP.
ne£3 +

4
4
4

4

4

4

2 — / a — 3/fie

l-2/a-6/B e

3-4/a-12/Be

4
- f 5 /

4 VPp PBe
2/a 4 / B e

and

as proposed in [Bru80].

Pp Pa

CT = 1.071 In
69

1.25
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C.2 Elements of the control matrix B

Let the control input vector u be

U = (6S, 6SBe, SPadd, Sip) = (S - S0,SBe - SBeo,Padd ~ Paddo,Ip

The coefficients of the state matrix Btj are calculated as

with ^Xi given by Eqs.4.14-4.17. Hence, we have

C.2.1 Refueling rate

The coefficients of the state vector Bsj are the following

BS,fa = J -
ne

&S,fa —
ne

BS,ne = 1

C.2.2 Additional power

The coefficients of the state vector BPaddti are the following

B t dl~E

edpadd

R , _ / E

Padd'U ~ adPadd

BPadd,ne = tn. dTE

R _ 2 dTE

6netz opadd

with T
—
T

= -—4

C.2.3 Injection of Be impurities

The coefficients of the state vector BsBe,i are the following
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BsBe,ne = 4

C.2.4 Plasma current

The coefficients of the state vector Bipji axe the following

R - / ®IE
Ip,fB. ~ Bed^

„ drE
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C.3 Differential expressions for the energy confine-
ment time

C.3.1 Differential expressions for the thermal power term

The net heating power per volume unit in [keV m~3 s"1] p, neglecting pn and PSRL f° r

the cases of interest, is defined [Uck90] as

P = Padd +Pa~PB

In the case of beryllium as the second impurity the alpha power is given by (from Eqs.4.7
and 4.10)

pa = ^n2
e(l - 2 / Q - AfBe)

2avEQ

and the Bremsstrahlung losses (from Eqs.4.8 and 4.13)

pB = CB(1 + 2fa + 12fBe)n
2
eVT

with
CB . 3.1574 x 1<r*.(l + ° /

1 + 2an + 0.5QT

Derivation of the preceding expressions with respect to the state variables gives re-
spectively for the alpha power

jBe

9

a = - 4 ^ ( 1 - 2/tt - AfBe)avEa = - 4 ^

4 ne
Pa_

'r
where CT is defined as

with

CT = 1.071
1.25

as proposed in [Bru80].
For the Bremsstrahlung losses we have similarly

-pB = 12CBn^\/T = 12

-PB = 2CBn2Vf = 2-#

PB
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Derivation of the net heating power with respect to the plasma state variables yields
to a a a a

So, for each of the state variables, we have respectively

» = -*(f + p) (C.5)
Of Be \ h Zeffj

-p = —2 I -r—h -=— 1 (C.6)p 2 I r
OJa \ h

dne ne
(C.7)

-^p = ±(2CTPa-pB) (C.8)

and for the control input variables of interest

d
p = l (C.9)

upadd
r) ft

3 = 0 (CIO)

A degradation in the plasma energy confinement is commonly observed as the net
heating power increases. Depending on the modelling of this degradation effect, scaling
laws can be divided in power type and offset type scalings. Power type scaling laws are
of the form

TE = i ' "

while the Offset type ones look like

C.3.2 Power type scalings

ITER-89P and Kaye-Goldston scalings [Uck90], for instance, are considered power type
scalings as they have the form

TE = Tip-"*

where the r% factor includes the geometry effects as well as those of plasma current Ip

and magnetic field Bt, electronic density ne and average atomic mass number M. So,
derivation of this type of scalings with respect the state variables of the linearized form
can be performed as follows

Derivation with respect to the state variables

In a first approach we will consider that dependence of r% on ne may be neglected provided
that more than often its exponent is small. Then, since r^ is no longer a function of the
state variables, Eq. C.l l reduces to

ah = Tih~" (ai2)
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In addition, we may also express

Substitution of Eq. C.13 into Eq. C.12 yields to

so, for a power type scaling, we have

d

with
vp d

and using equations (C.5-C.8), we obtain respectively

A* = M f s + f*) (C.14)
P \ h AeffJ

OF) <a i5>
= 2^^p.

_ 2vpPB-2CTPa
XT " 1 4T (

Derivation with respect to the control input variables

The differential expressions of the energy confinement time with respect to the control
input variables are written, similarly to Eq. C.ll, as

with
dp'1 _ 1 dp _ 1 / d d d \
dui p2dui p2 \dui dui dui )

Ip is the only control input variable on whom r^ shows dependence. Then, assuming
a Tg of the form

rE =

we have

Ulp Ip

so that the resulting differential expressions for the control variables are

drE drE = Q

dS dS
Be
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with

A - _ 3 »
Padd ~ p
\ - Vl

Ip ~ T
ITER-89P

For the ITER-89P scaling [Uck90] we have

up = 0.5
i// = 0.85

r% - 3.8128 x l O - 9 / " - 8 5 ^ 1 ^ 0 - 3 ^ - 5 ^ 1 ^ 0 ^ 0 - ^ ^

where M is expressed in [a.m.u.]; and Cp is a constant in units of [keV MW~1s~1m~3] and
of value

_ 6.24 x 1021

p~

ITERH-93P-ELMy

The so-called ITERH-93P-ELMy scaling was recommended by the ITER Confinement
Database and Modeling Group [EDA95] for estimating the transport energy confinement
time in ITER. It was obtained by multiplying by a reduction factor of 0.85 the ITERH-
93P-ELMfree scaling. We have

up = 0.67
vi = 1.06

r* = 1.2257 x

145



C.3.3 Offset type scalings
Offset linear type scalings are those of the form

_ ~.inc •
TE =TE -

Derivation of the preceding expression respect to the state variables is written as

drE dTjpc _i drE ^ dp~l

with
dp*1 1 dp 1 / d d d
~E = 9 o~~ = 9 -^—Padd + ^—Pa - -^—PB

T™0 and rE have no dependence on T, and they are of the form

rE{ne, fa, fBe, Ip) = C xn^Z/fflp1 (C.20)

with
Zeff = 1 + 2 fa + 12fBe

and Ctnc and C* constants.

Derivation with respect to the state variables

Taking the latter into account we may write
9 ~-inc 12/i/ jnc

E Zeff E

fa neff
d _ • _ ^ £ . T *

dfa
TE - Zeff

rE

f d Tinc _ Mn_inc
J 9ne 'E ne 'E /p n,N

I itj'E = ZT*E
 (C '23)

The set of Eqs. C.21 to C.24 into Eq. C.18 will produce the following expressions for
an offset type scaling

dfBe Zeff *

dT
with the XXi expressions provided by Eqs.C.14 to C.17, with a vv — 1 value, typical of

the offset type scalings.
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Derivation with respect to the control input variables

The differential expressions of the energy confinement time with respect to the control
input variables are written, similarly to Eq. C.18, as

with
dp~l J d p J fd d d

+

Ip is the only control input variable on whom rl£c and T% show dependence. Then,
from Eqs. C.19 and C.20 we have

drE T*E

'Padd f
drE = drE = Q

dS dSse
drE __ fii inc vi ^

^~ = TJE +TJE
WJ.p ±p

ITER-89O

For ITER-890 offset scaling [Uck90] we have

= 4.0 x 10-%a5i?a3aa8Ka6M0-5

_ _ . U14o x 1U lp K a K, 1

So
in = 0.0
if = 0.0

v ,x7 = 0.5

and

uf = 0.0

x z//= 0.8
Hence, we can write

"El

= A ,
Qt

EITBR-89O _ \ * - 1

Qt ~ AUTEITER-89C>P

dne

and

dpadd P2

€>TEl lTER-89O
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Rebut-Lallia-Watkins

For the Rebut-Lallia-Watkins (RLW) scaling [RLW89] we have

TERLW = 1 0 h\Ra K) Zeff M O-5

T*ERLW =

So

\ln = 0.0
lif = -0 .5
fU = 1.0
vn = 0.75
v} = 0.25
vi = 0.5

Hence, we can write

df Be eff

97ZZe

* - 1

P

and

P2

_ ( i
~ \TE

inc
RLw

The special case of the Johner-RLW scaling

For the Johner-RLW scaling (see section 2) we have

2/C 1 IPR

J

r-1

with CT given by Eq. 2.26, Cw in appendix A.3, CWo by Eq. 2.32, and

Hence, we may write

<-RLW

Of.Be

12
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66i

eff
\J3e TEj-RLwP

- 1

drEj_ RLW

dfa 5Xo (1 + Zeff
5 ' EJ-RLW "•" • • •

• + eie
i ZimpCw,

dne

- 1

dT

with Aj defined in Eqs. C.15-C17, and

-'J-RLW
dp,>add

dS
dT~Ej_RLW

OS
_

'Be

^Ej_RLW) I-
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Appendix D

THE RLW LOCAL TRANSPORT
MODEL AS IMPLEMENTED IN
PRETOR

The following units are used by the code and will also be used in the equations of the
present appendix

Density
Temperature
Current
Current density
Magnetic field
Electric field

1019 m-3

keV
MA
MA/m2

T
V/m

D.I Thermal transport

The RLW transport model [RLW89] as implemented in version 2.1 of the 1.5-D transport
code PRETOR assumes that when the electronic temperature gradient is larger than
a threshold value VTetCru, the thermal diffusivity for both electrons and ions increases
as a result of anomalous transport effects that come to join the neoclassical transport
phenomena. The threshold value is taken to be

1/2

where C-^Tecrit is a constant and rjs is a simplified expression for Spitzer resistivity without
neoclassical corrections.

For the electron thermal diffusivity, we have

Xe Xe,neo i \e,an

> For the neoclassical electron diffusivity, we introduce

(D.I)
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we have

Xe,neo ~ ^Xe,neo
0.272

D D 2

where CXe neo is a constant and

r 3.

> For the anomalous diffusivity, we have

67 if i/ei > 3.67
ei if i/ei < 3.67

Xe,an = Xe,RLW 1 - vr e ) C r i t
§3k
dp

H
a dp x

with

q2dp

where H is the Heaviside function, p is the dimensionless radial coordinate
of the magnetic surface (p = 0 at the magnetic axis, p — 1 at the last closed
magnetic surface), Scrit is a critical value of the shear below which no anomalous
transport occurs and Smax = 100 is a maximum value of the shear above which
no anomalous transport occurs. We have

Xe,RLW = Cx RLW I 1 - J—p )
V V -ft /

1 dTe 1 dne+ 2
Te dp ne dp 0.01 +

1/2

^ T I X

. . . X

where CXe RLW is a constant.

For the ion thermal diffusivity, we have similarly

Xi Xi,neo > Xi,a.n

D> For the neoclassical ion diffusivity, we introduce

a
Vi = with a =

B
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where rii, Zg are the density and charge of the main plasma ion; np, Zirnp the
density and charge of the first impurity species and CXi neo is a constant. We
have

with
iT-ion = ni + np + n3

where n3 is the density of the second impurity species (charge Z3). We have

where C3 is a constant.

> For the anomalous ion diffusivity, we have

Xi,an _ ^ 2Te 1 Tle — Zfastnfast

Xe,an~ *'Te + % {\ + Zeff)
1/2 "-ion

where CXie is a constant and

^ + nfastZ
2
fast)

The following quasineutrality condition is also satisfied

Zirnpnp + Z3n3 + Zfastnfast
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D.2 Particle transport

In the code source, the particle fluxes are given by the following expressions

r, = -Di ^

adp
dn

i imp — ~ imP fl ~̂~ Pi

r3 =
Te = ZgTi + ZimpTimp + Z3LZ

where VPi, VPimp are the effective ion and impurity pinch velocities.

• For the diffusion coefficients, we have

•L^i — Ui,neo < Ui,an

Uimp = Uimp,neo T J-'imp^n

> For the neoclassical ion (g) and main impurity (imp) particle diffusion coeffi-
cients, we have

Di,neo = Detneo + 2C^neo X 0.0038065i,neo = Detneo ^ y / ^

2

x 0.0038065 /̂Mg J 2 2 {Z2
gm

where

•'--'e.raeo —

with
.79
.79

^ f 0.79 if uei > 0.'
'e ~ \ vei if uei < 0./

where uei is given in Eq. D.I.

> For the anomalous ion and main impurity particle diffusion coefficients, we have

where

with

De,an =

Xe,an Xe Xe,r,

and
0.272 o
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• For the pinch velocities, we have

Vpi — yp;,neo i 'Pi,an

Vpimp = Vpimp,neo + Vpimptan

> For the neoclassical ion and main impurity pinch velocities, we have

Vpuneo = VpW + 0 ^ ^

2

Pimp,wo = VpW + CXi^o0.00380Q5yWg-^- x . . .

. . . x 2ZgZimp^^- - (Zg + c3Z3) (2Zg + 3Zimp) •

where

, „ . . , . . , a \ la 1
= - I 2.44- 1.44,/— p ) J-pE = ^r x

Bv\l + 0.928i/ei {%
r — - m

. . . x
1

> For the anomalous fuel and main impurity pinch term, we have

nion)Zg 1 dq u (dq
q adp \dp'Pi.an — {^Vv-'-'e,an

v -_r n {ne + ni(m)Zimp 1 dg u fdgs

The preceding expressions are equivalent to the following formulation

F — r - r) T) / V n e eEr Vpe,an\
\ ne ii r e L>e y

P. — p . rt-Fi-
L i L i,neo 'HJ-yz,a'i

where Tj = n • Tj, D^an = De^an and the radial electric ET = n • E is calculated from the
charge conservation condition

re = T z^
V*ean is the true electron pinch velocity due to anomalous transport which is assumed
following Boucher [Bou92] to be

v
P*e,an

— = —
i->e,an P ne q

where Cyp is a constant.
The generally accepted values for the extrapolations to ITER are [EDA95]
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6
/ie,neo

1
*e, RL W

2 1
Cx

2

De,*n
Xe.an

1 0.3
Scrit

- 1 0 1 0

C
Jmax

100

The transport equations for current, particles and heat are integrated self-consistently
in the PRETOR code. The dynamic modelling of the particle inventory includes the
effects of plasma fuelling either by gas or pellet injection; exhaust by a given recycling
ratio at the edge; fusion burnup and helium ash production and accumulation.
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Appendix E

EVALUATION OF THE
EVAPORATION OF THE
BERYLLIUM LAYER IN
TOKAMAK DIVERTORS

The evaporation flux of beryllium (atoms/m2s) is supposed to be given by the following
formula coming from the kinetic theory of gases

J=
(27rRmT)1/2

where

NA • Avogadro number (6.023 xlO23 atoms/mole)

R : Gas constant (8.314 J/mole K)

p : Vapor pressure (Pa)

m : Molar mass (kg/mole)

T : Absolute temperature (K)

The previous formula is sometimes given in the form

{2-KMKT)1'2

with

M : Atomic mass

K : Boltzmann constant

since R = KNA, m = MNA, one gets the same result.

For beryllium the vapor pressure as a function of the temperature is given by

logp = 5.006 + 8.042 - 1702071-1 - 0.444logT

Results of the evaporation flux in at/m2s and kg/m2s are given in the following table
as a function of the surface absolute temperature
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T(K)
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500
1600

p(Pa)
1.64xl0~45

2.20xl0~31

6.45 xlO"23

2.80xl0"17

2.95xlO"13

3.05xl0- lu

6.69 xlO-08

4.97xlO-°6

1.68X10-04

3.14xlO"03

3.74 xlO"02

3.12X10"01

1.96
9.72

J (at/m2s)
8.31xlO-2a

9.66xlO"U9

2.53
1.01 xlO06

9.80 xlO09

9.46xlO12

1.96xlO15

1.38xlO17

4.44 xlO18

7.97xlO19

9.11 xlO20

7.32 xlO21

4.43 xlO22

2.13xlO23

J (kg/m2s)
1.24xlO-4S

1.45xlO-34

3.79xlO-2e

1.50xl0-2U

1.47xlO-16

1.41xlO-13

2.93xlO-n

2.06xl0-09

6.65xlO~U8

1.19xlO-0d

1.36xlO-U5

1.09 xlO-04

6.63xlO-°4

3.19xlO-°3

Table E.I: Beryllium evaporation flux as a function of the surface abslotue temperature

157



Appendix F

FAST-BURN TERMINATION IN
ITER TRIGGERED BY FUEL
SWITCH-OFF
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The safety of the Imernaiionai Thermonuclear Ex-
perimental Reactor will depend on the abiliry of the sys-
tem to quickly extinguish the 1.5 CW of nominal fusion
power without disruption. The localRebut-Lallia-Watkins
transport model is used to simulate such a fast-burn ter-
mination. The conditions for a passively safe operating
point in steady state are discussed in terms of particle
exhaust capability and tritium fuel fraction. The time-
scales of the process could determine the design of the
poloidal field system.

I. INTRODUCTION

The International Thermonuclear Experimental Re-
actor (ITER) goal of demonstrating the scientific and tech-
nological feasibility of fusion energy is presupposed by
the system's ability to manage the 1.5 GW of nominal
fusion power coming out from the ignited plasma. Pos-
sible heat overbadings on the plasma-facing compo-
nents (PFCs) may provoke severe structural damage,
implying potential safety problems related to tritium in-
ventory and metal activation.1

Two situations might cause an increase in the PFC
material temperatures over their nominal values:

1. excursion over the nominal fusion power be-
cause of a loss of burn control

nuclear ignited plasma, implemented in such a way as to
avoid a major disruption.

A third scenario, namely, the loss of plasma position
control may also cause PFC overheating. However, if
such a loss cannot be retrieved by the poloidal field sys-
tem, it will lead to a major disruption in such a short time
that implementation of an FBT would not be possible.

From a safety point of view, we distinguish between
FBT and plasma shutdown. A plasma shutdown is the
ending phase of a pulse, which consists of not only burn
termination but also current rampdown when the maxi-
mum flux-swing limitation by the poloidal field system
is reached. In the case of ITER (Ref. 2), the duration of
the plasma shutdown is estimated to be nearly 300 s. This
is unacceptable for an FBT, which should be able to sup-
press fusion power production in a few tens of seconds
in order to avoid material damage.

This paper describes the FBT implications with re-
spect to a safety study for ITER. We consider a highly
passive FBT scenario by switch-off of the deuterium-
tritium (D-T) fuel while keeping the particle exhaust ef-
ficiency as wejl as the plasma current constant at their
nominal values. FBT simulations are performed with the
local Rebut-Lallia-Watkins (RLW) transport model to
give an order of magnitude to the timescales of such a
process.

Since FBT appears to be the fastest transient in plasma
operation, its implication on the design of the poloidal
field systems is considered. Unless explicitly notified,
units are MKSA except for temperature, which is always
expressed in kilo-electron-volts.

2. loss-of-coolam accident or loss-of-flow accident |j J ^ E PHYSICAL MODEL
in the cooling svstem.

In both conditions the energy received by the insuffi-
ciently cooled PFC must be minimized by implementing
a so-called fast-burn termination (FBT)—a fast and con-
trolled reduction in the power production of the thermo-

The RLW transport model,3 as implemented in ver-
sion 2.1 of the 1.5-dimensional transport code PRETOR,
assumes that when the electron temperature gradient is
larger-than a threshold value V7"e,cn:, the thermal diffusivity
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for both electrons and ions increases as a result of anom-
alous transport effects that come to join the neoclassical
transport phenomena. The threshold value is taken to be

V ' e.i-rii

1/2

where

Or,,,,, - constant

/I,.I9 = electron density (1OIS1 m~:<)

779 = simplified expression for Spitzer resistiv-
ity with a constant Coulomb logarithm

= 2.8 x 10" K

r-v:

For the anomalous electron thermal diffusivity. we have

Xe.un AV.RL.wl 1
V 1 v 1,.

where

H = Heaviside function

n =

p = adimensional radial coordinate of the mag-
netic surface (p = 0 at the magnetic axis,
p = 1 at the last closed magnetic surface)

= C V
] _ i —

V R P11 7, op ' n, dp

X
1 da

0.01 + — r
q- dp

T B,R1'2

^,RLW = constant.
The anormal thermal diffusiviry for ions is supposed to
be the same for ali ion species with

_ 27, 1 „,Xi.cui

X tr.ct/i \ ' / 2
«/>»>

where CVii. is a constant. Z^ is the ion effective charge of
the plasma, and n,,m = Hj/ij (the summation is over all
ion species).

The particle fluxes are also supposed to be affected
by anomalous transport, resulting in an anomalous term
to be added to the neoclassical expressions when j V7̂ .j >
^Tcc.rit. In this case, ion fluxes are given by the following
expression4:

322

where DiMn and Vp,jin are the anomalous particle diffu-
sion' coefficient and the anomalous effective pinch ve-
locity, respectively.

Following Boucher," the two next assumptions are
made in the model:

i.an Xe.an • ( i :

for all ion species.

V.P _ _ (", ~ "™,)Z,

where Cv is a constant. The total electron flux is de-
duced from the quasineutrality condition

j

The particle balance differential equation in the PRE-
TOR code includes an arbitrary recycling coefficient Rc
defined as

where Om,, is the particle flux escaping the last closed
magnetic surface and <£>,•„ is the particle flux going back
into the plasma (not taking into account the injected flux).

We define the effective exhaust efficiency eeff ac-
cording to the relation

Rc = 1 - e,* (2)

The generally accepted values for the extrapolations to
ITERare2

Or, = 6 ,

and

C =7

= 0.3

The transport equations for current, particles, and en-
ergy are integrated self-consistently in the PRETOR code.
The dynamic modeling of the particle inventory in-
cludes the effects of plasma fueling either by gas or pel-
let injection, exhaust with a given recycling coefficient
at the edge, fusion burn'up, and helium ash production
and accumulation.

Using the preceding expressions for the transport co-
efficients. ITER is found to reach ignition in L mode for
1.5 GW of fusion power. However, if we take into account
the Bohm correction for ions included in a subsequent
version of the PRETOR code,5 ignition is no longer fea-
sible except under H-mode conditions. Given the exist-
ing uncertainties in the understanding and modeling of
L-H transition. H-mode transport barrier, and particle
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transport by edge-localized modes (ELMs), the Bohm cor-
rection is not taken into account in the current simulations.

111. 1TER-OUTLINE DESIGN REPORT
NOMINAL OPERATING POINT

The main parameters proposed for ITER in the Out-
line Design Report2 (OD) are listed in Table I. For a given
tritium fraction nT/nD.T of 50%, a beryllium content nBe/
nD.T = I %, and a helium exhaust efficiency of 1.5%. this
set of parameters determines a single, thermally stable
ignited point in the temperature-density space.

With the model presented in Sec. II, we find an av-
erage electron density (ne) — 1020 m"3 and a volume-
averaged electron temperature of (Te) — 12.7 keV for
the equilibrium point, together with a helium ash fraction
nHJnt = 17.8%. Other parameters are listed in Table II.

The power source in such an ignited steady state is
mainly the alpha power. Nearly 40% of the total 312-MW
power losses are radiated mainly by bremsstrahlung. The
remaining losses, i.e., 189 MW, are dissipated by con-
duction-convection on the divertor plates. It is important
to note the nature of the losses during FBT so that the im-
pact of the power flux on first-wall tiles (radiated power)
and divertor plates (convected power) can be evaluated.

IV. STRATEGIES FOR FAST-BURN TERMINATION

The objective of the FBT is not the termination of
the discharge but the extinction of the D-T burn without
disruption, with a confined Q <&• I plasma as a final state.
This is caused by the need to conserve the plasma cur-
rent almost to its nominal value during the fast transient
to avoid violent vertical displacement events6"8 (VDEs).

FBT strategies must be based in the suppression of
power production as quickly as possible. In the case of a
1.5-GW ignited plasma in ITER, power production is es-
sentially the alpha power

—

TABLE I

Main Parameters for ITER-OD

Fusion power (MW)
Plasma current (MA)
Minor radius (m)
Major radius (m)
Elongation
Magnetic field on axis (T)

1500
24

3.0
8.1
1.55
5.7

TABLE II

Main Parameters for the Nominal Steadv-State
ITER-OD Operating Point

Power sources (MW)
Ohmic
Alpha

Power losses (MW)
Radiation
Convection

'E(S)

q* (95%)

g Troyon
Bootstrap current (MA)
I;

1.5
3!0

123
189

1.43
6.51
3.33

2.18
3.59
0.948

where nD and nT are the deuterium and tritium densities,
respectively, cry (7)) is the D-T Maxweliian-averaged re-
activity, and Ea is the alpha-particle energy (3.5 MeV)
coming out from the D-T reaction. Hence, lowering fuel
density and temperature are the basic principles of any
FBT strategy.

On the other hand, the assessment of different strat-
egies for FBT will strongly depend on their potential for
passive operation. This point is essential for a security
system since passive methods have faster time constants
and lower failure probabilities than active ones.

IV.A. Fuel Density Reduction

The fuel particle balance for a thermonuclear 50-50
D-T plasma may be written as

^ ' D - T 1 . ,
<

• p

wnere

S = fueling rate (either by gas puffing or pellet
injection)

T'P = apparent fuel particle confinement time

TP - particle confinement time

eeff— effective exhaust efficiency as defined in
Eq. (2), it depends both on the pumping de-
vice efficiency and on the details of the re-
cycling processes.
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From Eq. (3) we see that the fuel density may be reduced
by switching off the fuel supply S. Increasing e^ i s also
advisable.

IV.B. Injection of impurities

Because no auxiliary heating is provided for an ig-
nited plasma {Padd = 0). it is not possible to iower the
plasma temperature except indirectly. Active impurity in-
jection, which results in the cooling of the plasma by in-
creasing the radiation losses, is one possible methods. In
fact, if an accidental event in ITER results in a strong
overheating of the first-line elements, significant quan-
tities of beryllium could be released into the plasma. The
efficiency of this passive method for plasma cooling will
be studied in a future work by coupling transport codes
with thermohydraulics codes.

IV.C. Soft Controlled Disruptions

Sudden interruption of plasma confinement by soft
controlled disruptions has also been considered as a
method of stopping fusion power production. However,
this strategy has the same disadvantages as plasma dis-
ruption. Since structural damage caused by disruption is
supposed to be proportional to the plasma current, a con-
trolled disruption provoked at the ITER-OD nominal
24 MA would not be soft at all.

Nevertheless, such a technique could be envisaged
at a low plasma current. However, the lengthy time re-
quired to decrease the current slowly enough to avoid
VDE is not compatible with an FBT scenario.

V. FBT BY FUEL SWITCH-OFF AND
PARTICLE EXHAUST

Both fuel switch-off and particle exhaust have sig-
nificant potential for passive operation because fueling
systems can be automatically stopped by overheating
detection and because pumping devices are already
working in steady state to ensure the nominal ash con-
centration.

V.A. Effective Exhaust Efficiency Considerations

Fuel cutoff appears to be the most natural passive
way to reduce plasma heating generated by fusion reac-
tions. After the cutoff, however, particle exchange with
the wall may change the value of the recycling coeffi-
cient with respect to its steady-state value. Using the stan-
dard two-reservoir approach, the plasma and wall particie
contents Np and NK. may be described by the following
set of differential equations:

dNp

dr = Sp - {1 - ~ €d)Upd + RJ\ ~fpd)]} —
' P

" ( I ~€d)—

where

A' N
= (1 - Rw)(\ -fpJ) — - — . (4)

" , , " « •

Sp = particle source injected into the plasma

rp — plasma particle confinement time

fpd = fraction of the particle flux leaving the
plasma that goes to the divertor

ed — pumping efficiency of the divertor

Rw, rw = wall reflection coefficient and resident time,
respectively.

In the preceding equation, we assumed that the fraction
of the flux leaving the wall that goes directly back to the
plasma is negligible and that the particles that are not
pumped in the divertor go directly back into the plasma
(through the X point). Also, the fuel losses due to D-T
reactions have been neglected here.

At steady state, it can be shown from Eq. (4) that the
recycling coefficient is

Kc - i - ed .

Should the recycling coefficient keep this constant value
after fuel cutoff, the plasma particle contents would de-
cay with a characteristic time equal to the apparent par-
ticle confinement time at steady state, i.e..

'P 1 —
j

In fact, the time evolution of Np after fuel cutoff (Sp = 0)
is governed byrthe slower of the two characteristic time-
scales of Eq. (4) (denoted r,)-

Figure 1 shows the variation of ~\l~p as a function
of TW/TP for typical ITER parameters (fpd = 90%, ed =
5%, Rw = 20%). We see that for a wide range of rw/rp

values (0 < rw/rp < 5), r , is practically unchanged with
respect to the apparent particle confinement time at steady
state. We conclude that for strongly diverted plasmas in
ITER (fpd - 90%) with realistic values of the wall resi-
dent time (T»./TP < 10), the recycling coefficient after
fuel cutoff is not drastically changed with respect to its
steady-state value. This assumption will be used as a first
approach in the PRETOR simulations of this paper.

V.B. Switching Off the Fuel Supply

Figure 2 shows the density and temperature evolu-
tion during an FBT simulation by fuel switch-off from
the ITER-OD nominal point, taking into account that9
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Fig. 1. Density decay time from a two-reservoir model as a
function of rw/rP.

\ J (5)

where A; is the atomic mass number and e^ i s taken con-
stant to a value of 2% during the whole transient and is

calculated from an effective exhaust efficiency for he-
lium particles e^Hc) = 1.5% in steady state. In fact, efff

is a decreasing function of density: this effect is ne-
glected here since the density decay is <20% for a fu-
sion power decrease of 80%.

V.C. The Disruptive Density Limit Problem

For this study we assume a density limit criteria as
defined in Ref. 10 for beryllated limiter discharges:

-.0.53

«; = c \0.2:

where

nj = critical electron edge density (10 :o m"3)

Qs = mean heat flux across the last closed magnetic
surface (MW/m :)

<?* = q,i,{95%)

C = 1.8 for ITER-like conditions.

For the FBT described in Fig. 2, the simulated evo-
lution in time of both edge density and critical edge den-
sity are compared in Fig. 3, showing that for such a
scenario, the disruptive density limit is reached at r =
12 s.

To avoid this disruptive event, we can increase ei-
ther the decay velocity of plasma density or the density

0 10
time (s)

20 30

Fig. 2. Central electron temperature and volume-averaged electron density decays for an ITER-OD FBT by fuel switch-off with
an effective hydrogen exhaust efficiency efff = 2%.
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n.*(t) \ disruptive
; density
: limit
\ (n,=n,-)

zeff = 2%

10
time (s)

20 30

Fig. 3. Edge density /:_, and critical edge density n~ evolution
foran ITER-OD FBT by fuei switch-off for eefr = 2%.

Fig. 4. Modification of the 1,5-GW ignited ITER-OD point in
the temperature-density space for the labeled exhaust
efficiencies. Tritium ion fraction = 50%.

limit. In the next section we discuss the first possibility.
As the decay velocity of the plasma density increases with
eeff, a certain threshold value for eeff will avoid disrup-
tion during FBT. However, as shown later, this minimum
e ^ results in operating points in steady state at such low
densities that proper divertor operation might not be guar-
anteed. We will see that the reduction of the tritium fuel
fraction may solve this problem at the expense of an in-
crease in required exhaust efficiency. The alternative strat-
egy's main disadvantage is that it requires additional
heating to the plasma, which is exactly the opposite ef-
fect an FBT looks for.

V.D. The Critical FBT Exhaust Efficiency

We assume that g ^ during FBT has the same value
as in steady state because it is not technologically possi-
ble to increase it in an FBT timescale. which is due to the
long transient times of the cryogenic pumps, assuming
particle pumping. In addition, it also joins the criteria for
passive safety operation.

To preclude disruption during FBT. e ^ will be in-
creased. Hence, maintaining the 1.5-GW fusion power
constraint at steady state and operating at higher ec,^(i.e..
lower ash contents) results in a new equilibrium point
with a higher temperature and a lower density. The mod-
ification of the 1.5-GW ITER-OD operating point as a
function of e^ i s illustrated in Fig. 4.

Figure 5 shows the evolution of the ratio n,/n~ dur-
ing an FBT triggered by fuel switch-off from the operat-
ing points described in Fig. 4. We see that for 6 ^ = 3.75%
and below, the density limit is largely exceeded.

We can then define the critical FBT exhaust effi-
ciency e^as the one for which {njn~ )max = 1 during the
FBT. This is the effective exhaust efficiency above which

2.5 |,,,,.-,,,„,.,..

c"
3.75%

0 10 20
time (s)

30

Fig. 5. Time evolution of njn' for ITER-OD FBTs by fuel
switch-off labeled eeJy.

the disruptive density limit is no longer reached. In
Fig. 6 for the ITER case, we see that {njn')max may be
fitted as a function of e , j as follows:

1 1.25

The critical FBT exhaust efficiency is determined by set-
ting (njn")max = 1 in this equation, giving

ey = 4.7% .

For such an e^- and with the ITER-OD parameters
from Table I, a density (ne) = 0.7 x 1020 m~3 and a tem-
perature (T<.) = 16.3 keV are calculated by the PRETOR
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2r

"c" 1

0 0.1 0.2 0.3 0.4 0.5
!/£*,(%)

Fig. 6. A comparison of In Jn" ),„„,. and 1/fr/j f° r ITER-OD
FBTs by fuel switch-off.

10

o

Ao
C*
V

8r

7\

10 20 3 0
nT/nDr

40 50

Fig. 7. Modification of the density for the ITER-OD operating
point corresponding to the critical FBT conditions as a
function of the tritium ion fraction ny/no.j (.€,,•/•).

code for the steady-state ignited point. The correspond-
ing helium recycling ratio of 3.75%, estimated with
Eq. (5), would ensure a helium ash fraction of 11.6%,
again taking into account a beryllium content of 1 %.

However, the increase of e.vg to values greater than
€eff as a solution for avoiding disruption during FBT
needs to be discussed because the lower limit for the
plasma density is determined by the requirements for
divertor operation. The operating point in steady state ob-
tained for the computed e ^ appears to violate this phys-
ical limit in an ITER-relevant case. In addition, it is
certainly very difficult to obtain such large exhaust effi-
ciencies at low plasma densities.

V.E. The D-T Isotopic Ratio Effect

An interesting effect is observed in steady state when
varying the isotopic ratio. Decreasing the tritium ion frac-
tion nTInD.T to values below 50% results in an equilib-
rium point at 1.5 GW of fusion power with a higher
density. Consequently, the operating point corresponding
to e^has a higher density when nT/nD.T is decreased; on
the other hand, the corresponding value of e^ is higher.

This effect is illustrated in Fig. 7, which shows the
steady-state density corresponding to the critical FBT op-
erating points for ITER-OD at 1.5 GW as a function of
the tritium ion fraction labeled e'g. From Fig. 7 we see
that by changing the tritium fraction, it is possible to ob-
tain a steady-state operating point characterized by a
disruption-free FBT, with a density compatible with di-
vertor operation. The cost is a higher exhaust efficiency.
A compromise between the two effects can be found as
illustrated in Fig. 7.

V.F. FBT Simulations

The following simulations have been performed for
the critical FBT operating point for ITER-OD correspond-

ing to a density (ne) — 1020 m 3. Such an equilibrium
point is obtained witti nT/nD.T = 14.5%, e"tg = 8.8%, and
(7,) = 12.7 keV. Other parameters are listed in Table III.

The evolution of the edge and the critical edge den-
sities for an FBT triggered in these conditions are com-
pared in Fig. 8. The alpha- and ohmic-power evolution
in time is shown in Fig. 9. If we define r2 as the time
within which the nominal power is reduced by a factor
of 2, we have T 2 — 5 s for the alpha power.

Time evolution of the radiative and convective losses
are compared in Fig. 10. The total radiated and con-
vected energy lost by the plasma during the transient are
plotted in Fig. 11. We see that although convective losses
are initially larger than radiative losses, they decrease
faster, with r-> — 5 s. Thus, 30 s after the startins of the
FBT we have"<7;) = 3.3 keV, (ne) = 0.2 X 10-° m"3,

TABLE III

Main Parameters for a Steady-State 1.5-GW ITER-OD
Operating Point at €~g = 8.8%
(14.5% Tritium Ion Fraction)

Power sources (MW)
Ohmic
Alpha

Power losses (MW)
Radiation
Convection

Z<ff
7£(S)
q* (95%)

g Troyon
Bootstrap current (MA)
li

1
312

109
204

1.20
6.36
3.34

2.48
3.86
0.942
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12

time (s)

Fig. 8. Edge density ns and critical edge density n~ evolution
for"an ITER-OD FBT by fuel switch-off for e,/7 =
e'ff - 8.8% (14.5% tritium ion fraction).

n./nOT=]4.5%
S.,.=£st.*=8.8%

10 20
time (s)

Fig. 10. Evolution in time of the radiative and convective losses
for an ITER-OD FBT by fuel switch-off for eeff =
£'eff = 8.8% at nT/«D-T = 14.5%.

10 20
time (s)

Fig. 9. Alpha- and ohmic-power evolution in time for an
ITER-OD FBT by fuel switch-off for critical FBT ex-
haust efficiency at nT/nD.r = 14.5%.

O

2 i
0

Oi1 10 20
time (s)

nT/nDT=14.5%
• ee,,=ee(1*=8.8% ^ — '

con

rad

tota l

30

Fig. 11. Total radiative and convective energy lost by the plasma
during an ITER-OD FBT by fuel switch-off for eeff =
e'eff = 8.8% at nr/nD.~ = 14.5%.

and the ohmic power is now the dominant power source,
as illustrated in Table IV.

VI. SENSITIVITY TO THE PARTICLE TRANSPORT
DIFFUSION COEFFICIENT

In the preceding simulations, we assumed Diar =
Xc.an [Eq- (1)1- Such an assumption is suggested for ITER-
relevant cases,2 but it is strongly recommended to make
sensitivity studies over the domain

0.5-< — < 2 .
Xe.an

In Fig. 12 these limiting cases are compared. We find a
difference of more than 1.5 GJ for the energy losses cal-
culated 30 s after the start of a fuel switch-off for eeg =
e'gff and nT/nD.r = 50%.

VII. PLASMA POSITION CONTROL

In the standard ITER scenario." fusion power is
ramped up in 50 s and ramped down in 100 s. During the
fusion power rampdown, plasma current is simulta-
neously ramped down from 24 to 20 MA to avoid over-
shooting the maximum allowable current in the central
solenoid. In an FBT the duration of the fusion power
rampdown would be one order of magnitude smaller, so
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TABLE IV

Main Parameters for the Plasma State 30 s After FBT
from ITER-OD Operating Point for e'eff = 8.8%

and ni/nD.j = 14.5%

Power sources (MW)
Ohmic
Alpha

Power losses (MW)
Radiation
Convection

r £ ( s )
q* (95%)

g Troyon
Bootstrap current (MA)
/,

10.6
0.4

2.6
8.4

1.31
6.43
3.23

0.120
0.463
0.959

Ee,,=ee,,*=4.7%

10 20
time (s)

30

Fig. 12. Total radiative plus convective energy lost by the
plasma during an ITER-OD FBT by fuel cutoff for
e'ff = £~<JTan(^ " T ^ D - T = 50%. The two limit assump-
tions for the particle transport coefficients in the local
RLW transport model are compared. The reference
case {DiMnIXtMn = 1) is the dotted line.

the problem of whether the poloidal field system can
control the plasma position during this process must be
considered.

VILA. Model for the Poloidal Field System

A three-coil model for the poloidal field system of
ITER is used to simulate plasma control during an FBT.
It includes the central solenoid, which mainly monitors
the plasma current, and the upper and lower equilibrium
coils, which mainly create the equilibrium vertical mag-

netic field. Four equations are solved to compute the cur-
rents in and the voltages across the central solenoid and
equilibrium coils. The currents It and Is are derived from
the following:

1. an approximate equilibrium condition, which
states that the field at the plasma axis [R = Rp) is
equal to the vertical Shafranov equilibrium field:

2rrRn

Mo
In •

\ ap

li 3
+ A, - r - -

2TTRP
 J

2. the plasma circuit equation:

d_
psd~i

-J,1--0-
For these equations, the following definitions apply:

Ns,Ne = number of turns of the central solenoid
and the sum of the number of turns of
the upper and lower equilibrium coils,
respectively

^s,Pe = 27TRP times the field created at the plasma
axis per unit of current in the central so-
lenoid and in one of the equilibrium coils,
respectively •

Rp^cip— major and minor radius of the plasma,
respectively

J3P, U = poloidal beta and the internal self of the
plasma

flp,Lp = resistance and the self on the plasma,
respectively

Mps,MPe = mutuals between the plasma and the cen-
tral solenoid and one of the equilibrium
coils, respectively.

For linear variations of lp. flp, and Sf with growth
rates A/p, An,,, and A .̂, the.current in the central solenoid
reads

!'7
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with

"V =

In such a case the FBT could be triggered at any time
during the bum. The cost is an increased radius of the
central solenoid, the value of which will depend on the
capacity to ramp down the plasma current during the FBT
without triggering a vertical instability.

0,
and

C =
Mpc In / Mpe

B

where the upper index i is the initial value. The expres-
sion for the current ff in the equilibrium coils is obtained
by permutation of the indexes s and e in the preceding
formulas.

VII.B. Constraints Imposed by FBT

During the FBT the equilibrium field has to be re-
duced in order to follow the plasma poloidal beta reduc-
tion. The decrease of the absolute value of the current in
the equilibrium coils induces an increase of the absolute
value of the current in the central solenoid. If the FBT is
triggered too late during the plasma burn, the final cur-
rent in the central solenoid at the end of the FBT might
overshoot the maximum allowable value.

For an FBT with a f3p rampdown from 0.77 to 0.08
in 15 s, the three-coil model shows that an FBT cannot
be triggered after, typically. 500 s of burn. But if, during
the FBT. the plasma current is ramped down from 24 to
20 MA, then che FBT triggering can be delayed by 200 s
more. This can be explained by the emf induced by the
plasma current rampdown, which tends to reduce the ab-
solute value of the current in the central solenoid. How-
ever, the peaking of the plasma current profile resulting
from the rampdown is enhanced by the faster resistive
diffusion caused by the cooling of the plasma during FBT.
A vertical instability with deleterious effects on the FBT
might be triggered by this plasma current peaking.

The FBT can only be adopted as a safety strategy if
a flux provision is kept until the end of the plasma burn.

VH.C. Power Requirements for FBT

The thermal inertia timescale of the first-wall ele-
ments imposes a very fast FBT (15 s) compared with the
nominal burn termination duration (100 s). The capabil-
ity of the poloidal field system (designed for a standard
scenario) to fulfill the power requirements of an FBT has
to be checked. The power requirements for the central
solenoid and equilibrium coil power supplies are com-
puted with the three-coil model for the most demanding
phases of the plasma scenario, i.e.. plasma current rampup,
plasma heating, and FBT. They are compared in Tabie V.
where two cases of FBT are considered: one with con-
stant plasma current and the other with plasma current
ramped down to 20 MA.

It appears that the power requirements for an FBT at
constant plasma current are typically twice as large as
those for the plasma current rise. Plasma current ramp-
down during the FBT tends to reduce the power demand
on the central solenoid power supplies and to increase
the demand on the equilibrium coil power supplies be-
cause of the necessity to further reduce the equilibrium
field in order to follow the plasma current evolution. Since
it is the absolute value of the current in the equilibrium
coils that has to be reduced during the FBT. dump resis-
tors can be used to alleviate the requirements on the equi-
librium coil power supply.

VIII. DISCUSSION

The preceding considerations concerning the numer-
ical value of the-critical exhaust efficiency for disruption-
free FBT depend strongly on the scaling assumed for the
density limit. The scaling chosen here is the one issued
from the study of beryllated Joint European Torus (JET)
limiter discharges.12 The validity of this criteria to be ap-
plied for physics studies in ITER is still an open question.

TABLE V

Maximum Power Requirements for the Central Solenoid and Equilibrium Coil Power Supplies
for Different Phases of a Plasma Scenario

Central solenoid power supply (MW)
Equilibrium coil power supply (MW)

lp Rampup

270
ISO

Plasma
Heating

- 6 0
120

FBT
/ / = 24 MA

590
-380

FBT
// = 20 MA

340
-760
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However, the big difference in temperature and den-
sity decay times after fuel switch-off, as illustrated in
Fig. 2, should lead to a density limit event for any scal-
ing including a reasonable Qx dependence. Such a prob-
lem may be avoided by implementing an exhaust
efficiency as large as possible, preferently together with
a decrease of the nr/n0.T fraction in order to keep den-
sities high enough. If this strategy is not sufficient, ex-
ternal heating may be applied during FBT when
approaching the density limit.

IX. CONCLUSIONS AND FUTURE WORK

first wall has also to be taken into account. A better model
of the poloidal field system is required to assess FBT po-
loidal scenarios and determine the requirements of the
poloidal field system.
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In an FBT by fuel switch-off with a constant exhaust
efficiency, we have shown that the decay of the edge den-
sity is much slower than that of the power flux at the last
closed magnetic surface. This results in a density limit
disruption if the exhaust efficiency is lower than a criti-
cal value.

For the ITER-OD parameters and the transport model
implemented in PRETOR. 2.1, this critical FBT exhaust
efficiency is found to be e'eg — 4.7%. This value corre-
sponds to an operating point in steady state with a lower
density {(ne) - 0.7 x 1020 m"3) than that of the refer-
ence ITER-OD operating point {(ne) — 1020 m"5), cor-
responding to eeff — 2%. Such a density is not compatible
with proper operation of the ITERdivertor configuration.

However, an operating point with an acceptable den-
sity, allowing a disruption-free FBT in an ITER plasma,
can be obtained by decreasing the tritium fraction down
to n-r^D-T = 14.5% and increasing the exhaust effi-
ciency to e.eff = 8.8%. Simulations show that in such con-
ditions a sudden fuel switch-off would permit a reduction
in emitted power in —10 s.

If this time constant is correct, it will impose an in-
crease of the central solenoid power supply (typically by
a factor of 2 if plasma current rampdown is precluded)
and an increase of the central solenoid radius (—30 cm
under the same conditions). On the other hand, the FBT
should not determine the power requirement of the equi-
librium coil power supply since dump resistors could be
used.

Before quantitative results from FBT simulations can
be used for design and safety studies, the model needs to
be improved. With the inclusion of the Bohm correction
for the ion thermal diffusivity, ignition in L mode is no
longer possible in an ITER-like machine. Therefore, the
model should include a description of the H mode as well
as criteria for the H-to-L transition that will be triggered
during FBT.

The effect of active additional heating to the plasma
is also a key aspect to be evaluated. The influence of im-
purities coming from the overheated first wall should be
studied by coupling plasma transport codes with thermo-
hydraulics codes. The effect of fuel outgassing from the
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