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Abstract. The CRONOS suite of codes, developed at CEA-Callaras used to make a first 1.5D analysis of
the DEMO design. Since high temperatures are exgeictethese plasmas, the electron synchrotron (ES)
radiation may be an important cooling mechanisrd, taerefore, a model which takes into account threlocal
effects of this radiation, i.e. emission and reeapson by the plasma itself, has been speciallypted to the
code.

Two simulations have been performed with plasmamatars similar to those obtained in the Europeaal fi
report on Power Plant Conceptual Study (PPCS)thé case of the full inductive mode, labelledas [1],

and an advanced scenario with lower inductive ctirmed higher bootstrap current fraction, labedsdC in [1].

It is shown as the inductive DEMO scenario is wethidated leading to similar results to those olsdirby
means of 0-D simulations in [1], whereas in theeaaisthe advanced regime the fusion power and dlo¢strap
current fraction are not comparable to the 0-Distudue to the lack of high enough confinement.

In spite of the fact that in these scenarios theraiing density is slightly above Greenwald densiting,~1.0,

and that bremsstrahlung radiation is enhancedsnréigime owing to relativistic effects, ES radiattends to be
the main radiation cooling mechanism for the etewrin the plasma core, even when the optimisfleaton
coefficient R,=0.7 is used throughout the simulation. In fadbcal treatment of ES wave power losses based on
Trubnikov formulae, as is generally adopted, doescoorectly account for the ES radiation profilgyce it
underestimates the central power density losseschwtan lead to an increasing of the central ebectr
temperature, and the re-absorption of the outdrgighe plasma, which leads to a net energy tearfsbm the
core to the edge.

1. Introduction

The ultimate goal of magnetically confined fusi@search is to develop commercial fusion
reactors. In order to achieve this objective, seiveonceptual studies of commercial fusion
power plants have been carried out. In the Eurofraamework, these studies have finally led
to a European final report on Power Plant Concé@tady (PPCS), which has shown a wide
range of possibilities for the power plant design.this report, four main designs for the
commercial fusion power plant have been selectethagpily on the basis of 0-D modelling.
These main options can also be used to design ¢hemktration reactor (usually called
DEMO) which, with respect to the commercial powéanp, is downscaled to an electrical
power production of the order of 1 GW. A vigorou®gramme has now been started in
Europe aiming at a more and more refined seleatifothe various options of the DEMO
design. A key ingredient of this programme is theberation of scenarios of operation for
DEMO, by means of far more sophisticated tools thla®m 0-D analysis, i.e., integrated
modelling by 1.5-D codes, including 2-D magneticuiggrium, predictive transport
calculations, detailed modelling of heating, cutygrarticle and momentum sources, as well
as impurity transport and radiation losses.

The integrated modelling of burning plasmas is aeestial step to solve the equations
obtained from physical theories. Moreover, from #melysis of the results obtained, the
experimental data can be better understood, theriements may be improved and the
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performance of future fusion magnetic devices carptedicted in an easier way. With this
motivation, the CRONOS suite of codes [2] has imreloped.

This paper will report simulations of DEMO scenarperformed by means of the CRONOS
suite of codes and including, for the first timesential reactor physics ingredients such as i)
self-consistent kinetic computation of the fusiarb alpha particle distribution; ii) time
evolution of the various current sources (bootstregdriven, NBI-driven); iii) precise
calculation of radiation losses, in particular shgchrotron loss, which is expected to be
significant in DEMO, not only as a global loss, also as a mechanism for substantial
electron energy redistribution.

2. The CRONOS code. Models applied

The suite of codes CRONOS solves the transporttieqsaor various plasma fluid quantities
(current, energy, matter, momentum). This is dameome dimension (the magnetic flux
coordinate associated with the minor radius) seffscstently with magnetic equilibrium
which is calculated by means of HELENA module [3he neoclassical terms, and in
particular the bootstrap current which is essemftiathe correct simulation of the steady-state
regimes, are determined using the NCLASS [4] cdde sources are computed by external
modules coupled with the main transport equatidise Neutral Beam Current Drive is
calculated by means of the SINBAD module [5,6], RI{J] for lon Synchrotron Resonance
Heating and DELPHINE [8] for Lower Hybrid Currentifze. The alpha power deposition
profile and distribution function are computed witte module SPOT [9] which is a Monte-
Carlo code for computing the fusion alpha produictsiuding finite orbit width effects. The
core plasma line and bremsstrahlung radiation anepated with a model based on coronal
equilibrium. According to [10], synchrotron radmti can be the main cooling mechanism for
electrons in the plasma core when temperaturegls and the fusion device size is large.
Therefore, in order to simulate DEMO, a new modulethe calculation of the synchrotron
radiation called EXATEC has been recently couped@RONOS. This module is based on
the exact solution for the radiative transfer emumator plasmas in a cylinder with circular
cross section [11], corrected for elongated geomatd inhomogeneous magnetic field. It
takes into account the non-locality characteristic this radiation, i.e. emission and
reabsorption by the plasma. The absorption coeffisi used along the simulation can be
found in reference [12].

Two classes of models for the heat transport aadladle in CRONOS, the first principles
models, based on the linear growth rates of thewsarinstabilities which are the source of
plasma turbulence, as the Weiland ITG/ETG mode] H®l the gyro-Landau-fluid GLF23
[14], as well as the more empirical models, basedlobal scaling laws, as the Kiauto [15].
In this paper, the GLF23 model has been appliedHerDEMO simulations in the plasma
core, however, since the pedestal can not be aatdny means of this model, the Kiauto
scaling has been used to define the pedestal hanghtvidth. Finally, the density profiles are
prescribed and fixed during the time evolution, &émel helium concentration is obtained by
imposingtye/te=5.

3. DEMO device parameters

With the aim of analyzing the performance of DEM@ flifferent plasma regimes, two
different configurations have been chosen as reptasive, respectively, of the full inductive
scenario with low bootstrap fraction, and of onerenadvanced which can be close to the
steady state regime with lower inductive currerte Tlobal characteristics of the operation
scenarios considered for DEMO as well as someeofrthain global parameters obtained in the
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simulation are shown in table 1. In fact, the fotluctive scenario is just an extrapolation of
the expected ITER inductive regime, with a high amaf external current, large major and
minor radius and small elongation and triangulatiinlike the inductive case, the advanced
scenario tends to decrease the inductive curtemtoroidal vacuum magnetic field and major
and minor radius, whereas the bootstrap fracti@negmses. In this configuration longer or
even steady-state discharges are expected, howtnerarge amounts of non-inductive
current necessary can be a drawback.

TABLE |I: GLOBAL CHARACTERISTICS OF THE DEMO OPERATION SCENABS

Parameter Inductive Advanced
Major radius R (m) 9.55 7.5
Minor radius a (m) 3.15 3.0

Elongation/Triangularity 1.7/0.25 1.9/0.47
B: (T) 7.0 6.0
| (MA) 30.5 20.1
Ne.d <ne> (10° M) 12/10.3 11/10.1
Ne/Ngw 1 1
Teo(keV) 42 36
Tio (keV) 60 41.5
Prug/ Padd (MW) 4300/246 2000/103
Ped Poremms(MW) 120/156 26/72
fzs(%0)/ Q 28/17.5 38/19.4
Jo/Qos 0.81/3.4 0.55/4.5

4. Analysis of full inductive DEMO

The electron and ion temperature profiles as welha current density profiles obtained for
the inductive DEMO when t=1500s are shown in figif@) and 1(b) respectively. The
central ion temperature, o860 keV, is higher than the central electron temjpeeaTe ~40
keV, although the pedestal is similay.d6 keV. Related to plasma density currents, the NBI
heating moderately contributes to the current m plasma core, whereas bootstrap current
completely determines the total current at the edgeexpected from the existing pedestal.
The fusion power obtained is 4.3 GW, leading to W @et electrical power. From the 0-D
analysis carried out in reference [1] the expefistbn power for DEMO-A is 5 GW, which
means that the simulation performed with CRONOG@ase to that value. In this scenario the
steady-state operation is made possible by a langeunt of injected power (= 246 MW),
which implies a rather low Q = 17.5. As shown guiie 2(a) the boostrap current contributes
moderately to the total currendsk28%. The alpha, radiated and input power evolutioa
shown in figure 2(b). After 250s, the simulatiorstabilized leading to an scenario with 860
MW alpha power. In addition, high levels of radégower (=300MW) are obtained in this
simulation and this feature can strongly deterntivgedifference between the ion and electron
temperature.

Related to radiation, the synchrotron and bremisising power density profiles are shown in
figure 2(c). Due to the high temperatures obtainethis simulation, the electron synchrotron
losses are enhanced being 4 times higher in tisnplaore than bremsstrahlung losses. The
synchrotron radiation profile is strongly peakedl aherefore it leads to almost negligible
losses outside the plasma core; the total brendistrgi and synchrotron radiation are similar,
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Pes=120 MW and Bemm&156 MW. In spite of the fact that in these sc@sathe operating
ratio n/ngw is close to 1 beinggh the Greenwald density, and that the ratio of sywicbn to
bremsstrahlung losses scales at@>? ES radiation tends to be the main radiation oapli
mechanism for the electrons in the plasma coreoatih the reflection coefficientR= 0.7 is
used throughout the simulation. Note that brerab&ing losses are enhanced in the plasma
core of about 20% owing to relativistic effectstlins simulation. Thus, synchrotron radiation
can be as important as bremsstrahlung in this sicemaboth senses, the profile and total
losses. However it is worth to point out that tfesture can highly be determined by the

reflection coefficient R This point will be clarified in next sections.
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FIG.1. Electron and ion temperature profiles for P inductive scenario obtained with CRONOS
when t=1500s (a). Current density profiles for DENMuctive scenario when t=1500s (b).
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FIG.2. Evolution of the total current (Ip), bootasfr current (Iboot) and NBI current drive (Inbi) (a)
Alpha, radiated and NBI power evolution (b) Compari between synchrotron and bremsstrahlung
radiation profiles when t=1500s (c).

5. Analysis of advanced DEM O

With the aim of analyzing a regime with higher sicip current fraction and less inductive

current, close to the so called “steady-state” megi of ITER,

a scenario with the

characteristics shown in table 1 has been chosemefasence. The electron and ion
temperature profiles as well as the current densitfiles obtained for this regime when
t=1500s are shown in figure 3(a) and 3(b) respeltivBoth, ion and electron central
temperatures are lower than in the previous cagedZ keV and T 36 keV, although the



5 FT/P5-41

pedestal is similar jE~6 keV. These temperature profiles have not anyrmateTransport
Barrier (ITB) feature which can be expected fomdrmanced scenario. This fact leads to a low
fusion power of 2GW and low Q=19.4, which is highigan in the previous scenario, but far
from the 0-D analysis performed in [1] for DEMO-yt close to the 1GW electrical power
version of that scenario. The on-axis NBI heatingtdbution to the current is similar to the
previous case, however, the bootstrap currentifrads larger in this scenario, i.est38%.
Anyway, the total non-inductive current fractio®%, is still far from the one expected from
a steady-state scenario, which confirms the lackrBf in this simulation. The evolution of
the q profile, given in figure 4(a), shows as tpemation regime tends to have a rather lgw q
which finally degrades the confinement after a ltintge of operation. In order to improve the
confinement, a scenario with no or very little sasth would be desirable by pushing the
central safety factor close to 1 or even highereré&fore, it is expected to follow with the
analysis of the advanced DEMO by adding off-axisl [dBd Lower Hybrid current drive to
finally get a flattened q profile withy@bove 1.
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FIG.3. Electron and ion temperature profiles for BB advanced scenario obtained with CRONOS
when t=1500s (a). Current density profiles for DENM@vanced scenario when t=1500s (b).
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Since the electron temperatures attained in tresa@ are lower to those obtained in the
previous case, the relative importance of syncbrotadiation decreases, as shown in figure
4(b). In this case, the central synchrotron powemstty losses are just twice higher than
bremsstrahlung ones. Moreover, since synchrotrssel® are proportional to the confinement
capability aB;, which is much lower in this case, the total syontion losses reduce to 26
MW.

6. Impact of the synchrotron radiation on DEM O plasma conditions

The impact of the inclusion of a satisfactory mof@ the ES radiation for the correct
analysis of DEMO scenarios is analyzed in figura) 3fy comparing the synchrotron power
density losses in the inductive DEMO obtained ViatkATEC routine and the local approach
based on Trubnikov’'s formula as it is usually apglilt appears that the local treatment does
not correctly account for the synchrotron radiatjpmfile, underestimating losses in the
plasma core and underestimating the re-absorpfidheoouter part of the plasma. This fact
has some impact on the ion and electron temperptofges as shown in figure 3(b), leading
to lower central temperatures and higher pedesiehvEXATEC is applied, as expected from
the power redistribution obtained using this rogitimhis feature has also effects on the fusion
power and the total synchrotron power losses. Wherocal approach is applied, the fusion
power drops from 4.3 GW to 4 GW, which represeiisoat 7%, and the total synchrotron
losses rise from 120 MW to 225 MW. Therefore, thelusion of a correct model for the
synchrotron radiation losses calculation seemslatetp necessary when reactor operation
conditions are simulated.
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FIG. 5. Comparison between the synchrotron powesitg profile obtained using EXATEC routine
and the local approach based on Trubnikov’s formiaa Comparison between the ion and electron
temperature profiles obtained using EXATEC routind the local applied Trubnikov’'s formula (b).

In order to analyze the influence of the reflectmefficient on the synchrotron radiation
profile as well as in the global performance of DBNhductive, two simulations have been
performed with different reflection coefficients &,=0.7 and R=0.9. The temperature
profiles obtained for each reflection coefficiemé ajiven in figure 6(a) and the synchrotron
power density losses in figure 6(b). The electremperature increases when the reflection
coefficient increases, due to the reduction of byoiron losses, mainly in the plasma core, as
shown in figure 6(b). The ion temperature alsoeases, which means that a change in the
wall reflection coefficient not only affects elemtrs but also ions. This fact leads to an
increase of the fusion power from 4.3 GW fqi=R.7 to almost 4.5 GW for /&0.9. Since the
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importance of synchrotron radiation is higher iginees where the losses due to conductive-
convective heat transfer are not dominant, i.estéady-state scenarios [10], the influence of
synchrotron radiation in the overall performancd®&VO may be enhanced in the advanced
regimes. This feature will be analyzed in the fatur
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FIG. 6. Comparison between the electron and ionpenature profiles obtained for different wall
reflection coefficients (a). Comparison between slgachrotron power density losses obtained for
different wall reflection coefficients. (b).

7. Conclusions

The CRONOS suite of codes has been used to simautat@nalyze the DEMO design in the
case of full inductive operation and a more advenmgime with higher non-inductive
current fraction.

An extrapolation of the inductive regime in ITERthwhigher major and minor radius and 30
MA of inductive current, can lead to 4.3 GW fusipower, which means almost 1 GW
electrical power. This result can be obtained biarge amount of injected power, which
implies a low Q = 17.5 and low bootstrap fractidr28%. These results are quite close to the
ones obtained by means of 0-D studies carriedro{i]i In this scenario, the role played by
the synchrotron radiation is enhanced due to thk blectron temperatures achieved. In fact,
synchrotron radiation is the main radiation meckignin the plasma core, being almost 4
times higher in that zone than bremsstrahlung tadiain spite of the reflection coefficient
considered in this study isy,R 0.7 and the density is close to the Greenwwadd The proper
calculation of the synchrotron radiation lossedifgdy means of the EXATEC routine leads
to important changes compared with the usual Tkdws approximation, since the non-local
effects of this radiation are considered in thipgra obtaining higher losses in the core and
smaller or even negative losses at the edge. Haisacteristic has an important effect on the
main plasma variables, since a redistribution ef ¢éimergy is obtained when the EXATEC
code is applied, leading to lower temperatureshi ¢ore, and higher at the edge, which
finally yields to a higher fusion power. All thesdfects are dependent on the reflection
coefficient considered, being more important whds high. In addition, as noted in [16], the
reflection coefficient in the synchrotron wavelémgange can depend of the wall temperature,
therefore, the importance of the synchrotron raaiiabn the correct 1-D analysis of the fusion
reactor conditions cannot be neglected, even whendactive scenario is considered.
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A study of a scenario with lower inductive currertd vacuum magnetic field has been
carried out in order to analyze the possibilitystéady-state regimes in DEMO. A larger
Q=19.4 is obtained in this scenario, which is passidue to the low injected power
considered (=103 MW), however, no ITB is formed.sTfact also leads to a low fusion
power (2000 MW). The evolution of the q profile gsl®mas the gtends to be lower than 1
which finally leads to a degradation of the confivemt. Therefore, in order to obtain higher
contribution from the non-inductive currents andotuain a flattener q profile, off-axis NBI
and Lower Hybrid current drive will be consideredhe future work in the DEMO advanced
scenario.
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