Conclusions

The understanding and modelling of heat and radiation p@msn tokamak
plasmas is essential in order to progress in the developofémermonuclear fusion
towards a practical energy source which meets all the futaesls of environment,
safety, and fuel inexhaustibility. This activity enableegpective studies and design
to be carried out for next step tokamaks.

Due to the complexity of the exact calculation, synchroti@msses are usually
estimated in such studies, with expressions derived frotasama description using
simplifying assumptions on the geometry, radiation absonpdensity and temper-
ature profiles. In this thesis, a complete formulation oftt@sport of synchrotron
radiation has been performed for realistic conditions obittal plasma geometry
with elongated cross-section, using a quasi-exact methiothé calculation of the
absorption coefficients, and for arbitrary shapes of dgmrsitl temperature profiles.

As a result of this formalism, which allows an accurate calton of syn-
chrotron losses without wall reflections for realistic tolak plasma conditions, the
effects of toroidicity and of advanced temperature profilesynchrotron radiation
losses are analysed for the first time. In particular, wheneflectron temperature
profile is almost flat in the plasma centre, as for examplent@rnal transport bar-
rier confinement regimes, synchrotron losses are found touwm stronger (around
20-40%) than in the case where the profile is representedshlyest generalized
parabolic approximation, though both cases give appraeiyahe same thermal
energy content.

A reasonable agreement has been found with previous statli@mchrotron
losses when using the same set of assumptions for the plasmeetyy, profiles, and
absorption phenomena description. When all toroidal &ffape taken into account
and the plasma self-absorption of synchrotron radiatiaeesirately calculated, our
results agree again with the presently used expressiariading a correction factor
for the toroidal inhomogeneity of the magnetic field) for esfpratiosA ~ 3. The
explanation is that the errors introduced with the desonpgsimplified phenomena
and geometry are compensating each another for these edeta aspect ratios.
However, our results differ substantially from the prexdawmes for larger or smaller
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aspect ratios, which can be of interest for a commerciatoeac

Considering the quantitative importance of the above tffeghich are not in-
cluded in present approximate expressions, a new fit forakedalculation of the
synchrotron radiation loss has been proposed. This fit,iwgjiles a good accuracy
for the entire range of plasma parameters of interest fotitbenonuclear energy
problem, has been included in a precise thermal equilibdade using a correction
factor for the estimation of the wall reflection effect. Thesults in a unique tool for
predicting plasma performance, for design, and for isofathe key issues which
limit the performance of the next step tokamak and of a corniakiusion reactor.

This model is of high value specially in advanced high-terapee plasmas en-
visaged for a steady state D-T commercial reactor, for wthehsynchrotron loss
is found to represent approximately 20% of the total lossekis therefore signif-
icant in the global plasma power balance. This importanthkmion is different
from that of previous studies. Moreover, it has been showthi@first time that the
plasma performance is quite sensitive to the value of thénefiéction coefficient
for synchrotron radiation.

Prospective studies have been performed for future tokgonajects (ITER-
FEAT and the European Commercial Reactor), for which thadtide mode of op-
eration is evaluated using the global energy confinemera @mpirically deduced
from the analysis of a large dataset of H-mode discharges freesent-day toka-
maks. This is the reference confinement regime for ITER-EHAE non-inductive
(continuous) mode of operation is analysed by means of a nely the current
drive diagram, where the thermal equilibrium is solved-selfisistently for each
point taking into account the current drive efficiency, tloetstrap generation, and
the helium fraction calculated from an imposed ratio of thpaaent helium particle
confinement time to the energy confinement time.

We have shown that, in non-inductive steady-state operadidvanced tokamak
regimes are required to achieve relevant thermonucleanagerformance for next
step tokamaks and for a commercial reactor. In these regitnesonfinement is
significantly improved by the creation of internal tranggmarriers characterized by
peaked density and temperature profiles, in which the haptsturrent generation
is enhanced. As a second common result from these prospettidies, we have
shown that the most restrictive constraint for achievirghlkr plasma performance
is the peak heat flux on the divertor plates, which is the mastal plasma facing
element in a tokamak.

The objective of ITER-FEAT in terms of plasma performancehe inductive
mode of operation = 10) is reproduced with the reference H-mode confinement
regime, as well as the fusion power and divertor heat loadsasi8vity studies for
this device indicate that, in inductive operation, the ITERAT device has good
margins with respect to the MHD stability limits. Even in ttese of a softly mixed
(L and H-mode) scaling for the energy confinement time, wipenee H-mode is
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obtained only if the power crossing the separatrix is twieeh-L power threshold,
the@ = 10 operating point (alpha heating power roughly double there power
heating) is still reached. This result is a new contributddrihis thesis. In non-
inductive operation, and considering an advanced regiheepbjective of ITER-
FEAT (QQ = 5) is reproduced.

In a different multi-step strategy towards a commerciattea which would lead
to significantly increasing the overall cost and the timenfeato arrive at a demon-
stration reactor compared to the ITER-type strategy, arsopéucting European
next step tokamak has been optimized. An original algorittas been derived to
determine the smallest machine, for a given aspect ratieergéing &) = 5 plasma
(corresponding to an alpha power heating which is roughlyaktp the external
heating power) in inductive mode of operation with a burnation of about 500
seconds, meeting the physical and technological requimesnin order to carry out
this study, the thermal equilibrium code for the modellirffgotasma physics has
been coupled with a code for the magnet system design. Timiaptl machine has
a major radius of about 5 meters, about 200 MW of fusion poamed, its cost has
been estimated at 1.7 billion Euros, which should be corbfeatvith the European
budget possibilities.

The analysis of the performance of the European Commer@atf®r shows
that in order to achieve its objectives and requirementseasame time, first of all,
it is required to consider high current drive efficienciesd @econdly, the physics
and technology of the divertor should be significantly imya@ with respect to the
ITER-like one. In particular, when increasing the curremgel efficiency from the
one in agreement with present-day experiments to the othemdich is consid-
ered in other reactor studies, the highest electrical pamterthe network meeting
the stability requirements goes from about 1.3 to 1.5 GW (irminal value), and
the plasma amplification factor goes from 18 to 23 (giving @bgl power plant
efficiency of about 33%).

Due to synchrotron losses (increased in the “advanced” |lpsofequired for
achieving reasonable thermonuclear plasma performanddpahe experimentally
observed conservation of the ratio of the apparent heliuticgaconfinement time
to the energy confinement time, we show that there is an optiahae for the con-
finement enhancement factor which maximizes ¢thelasma performance, for a
given (and also for the highest) electrical power into themoek. This highest
electrical power meeting the stability requirements stgalkcreases with the con-
finement enhancement factor. This effect, shown in thisigifes the first time, is
crucial because both a high plasma performance and a higlybredectrical power
into the network are required to minimize the cost of eledirj and consequently
to make fusion energy more competitive.
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