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Abstract. A performance analysis of a DEMO design with tretasmall size is carried out with the CRONOS
suite of codes and the GLF23 theory-based transpadel. The aim of this study is to analyze whetherrhain
goals of a DEMO device can be attained in the osescenario with moderate inductive current, Higbtstrap
current fraction, relatively small major radius R5mM and minor radius a=2.5m and high elongation and
triangularity. It is shown how it is possible totaim a high fusion power of 2600 MW and high fusigain
Q=26.5 by adding 98 MW Off-Axis Neutral Beam at adwarately high Greenwald fraction of 1.2. A non-
inductive current fraction of 88% is mainly obtainieom the bootstrap current at the plasma edgereva high
pedestal of 7.8 keV has been considered in ordeptimize the alpha power. It is also shown howabging
more NBI power, a non-inductive fraction of 100%nche obtained, however, this approach leads to a
significant drop of the fusion gain and the indiibof the q profile. The possibility of steadyasts scenarios
based on Internal Transport Barriers is also dismlss

1. Introduction

The final goal of nuclear fusion research is toadep a fusion reactor capable of providing
electrical power continuously. For this purposeERT will be built as first experimental
demonstration device which will explore the physidsburning plasmas. However, ITER,
will not show that producing enough electrical powe steady-state will be possible, since
energy generation in ITER is downscaled to a fusgain of Q=5-10, which would
correspond to roughly 160 MW of electrical powehatis the reason why the next-step after
ITER, i.e. the demonstration reactor (usually chldEEMO), will be built with the clear goal
of demonstrating the viability of burning plasmam dheir engineering related aspects as an
electrical generation source.

DEMO, with respect to the commercial power plastdownscaled to an electrical power
production of the order of 1 GW. In order to stutlg plasma behaviour in a machine like
DEMO in detail, a key ingredient is the elaboratairscenarios of operation, by means of O-
D tools as done in the European framework whicheHad to a final report on Power Plant
Conceptual Study (PPCS) [1], or integrated modgllby 1.5-D codes, including 2-D
magnetic equilibrium, predictive transport calcidas, detailed description of heating,
current, particle and momentum sources, as wethparity transport and radiation losses.
Several conceptual studies of commercial fusiongroglants have been carried out in [1].
This report has shown a wide range of possibilitasthe power plant design: from a full
inductive scenario, which is just an extrapolatidthe expected ITER inductive regime, with
a high amount of external current, large major amdor radius and small elongation and
triangularity (labelled as A in [1]) to an advancamenario with less inductive current, smaller
toroidal magnetic field and size, but with a higbeotstrap fraction (labelled as C in [1]). In
this last configuration, longer or even steadyestdischarges can be expected, but the large
amounts of non-inductive current necessary candrawback.
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However, the 1.5-D integrated modelling of burnpigsmas is an essential step to solve the
equations obtained from physical theories, withmglecting too many important ingredients.
Moreover, from the analysis of the results obtajnéh@ experimental data can be better
understood, the experiments may be improved angeHermance of future fusion magnetic
devices can be predicted in a more realistic wagh \Wis motivation, the CRONOS suite of
codes [2] has been developed and it has been dppltbis study [3].

The aim of this paper is to analyze the critica9bs issues of these advanced scenarios from
the 1.5-D simulation point of view by means of tABONOS suite of codes and by avoiding
optimistic assumptions (very high Greenwald linmadtion for having enough alpha power,
high density peaking to obtain high bootstrap aurréractions or artificially boost
confinement factors) which could be difficult tosjily from present day experiments.
Therefore, the Greenwald limit fraction in this papas the relatively low (compared with
[1]) value of 1.2, the density profile consideredather flat and the pedestal height has been
chosen as a sensitivity parameter.

2. The CRONOS code. Models applied

The suite of codes CRONOS solves the transporttieqsafor various plasma fluid quantities
(current, energy, matter, momentum). This is dameome dimension (the magnetic flux
coordinate associated with the minor radius) seffststently with magnetic equilibrium
which is calculated by means of HELENA module [#he neoclassical terms, and in
particular the bootstrap current which is esseffdiathe correct simulation of the steady-state
regimes, are determined using the NCLASS [5] cddie sources are computed by external
modules coupled with the main transport equatidriee Neutral Beam Current Drive is
calculated by means of the SINBAD module [6,7]. THlectron Cyclotron Heating and
Current Drive (ECH/ECCD) is calculated by mean®&MA [8] (ray-tracing and relativistic
damping of electron cyclotron waves), with a lineatimate of the ECCD efficiency [9] and
LUKE [10] for Lower Hybrid Current Drive (LH). Théusion reactions are calculated by
means of the Bosch—Hale formulation [11]. The cptasma line and bremsstrahlung
radiation are computed with a model based on coreqailibrium. EXACTEC module is
used to calculate synchrotron radiation. This medslbased on the exact solution for the
radiative transfer equation for plasmas in a c@mdith circular cross section [12], corrected
for elongated geometry and inhomogeneous magnelat f

GLF23 transport model is applied in this paper siitds widely used for ITER studies and
for specific code benchmark [13] and in fact ibree of the transport models which yields the
best results compared to experimental data wherpédestal is fixed. The main pedestal
features are critical for this type of simulatidnerefore, instead of using some of the scaling
laws available for their calculation (which leads dverage errors of around 30%), the
pedestal is fixed to attain the main requiremefnth® advanced scenarios considered in this
paper, i.e high fusion gain together with high Istraip current fraction. In the following
sections a sensitivity study on this parameter ellcarried out.

No particle transport is considered and therefbeedensity profiles are prescribed and fixed
during the time evolution, and the helium concdidrais obtained by solving a purely
diffusive transport equation for the Helium, whiteposingtye /T = 5.

Finally, since the role played by flow shear ratetlze final confinement in ITER is unclear, it
seems more realistic (and conservative) not taidelthese effects in these simulations until
major advances are made at least in the ITER physeelopment.
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3. DEM O device parameters

The DEMO scenarios considered in this paper angired by the Model-C scenario in [1],
which is based on advanced physical assumptianst is characterised by a highand high
confinement, MHD stabilisation by strong plasmapshg, a high bootstrap current fraction
and low Zeff £2.2). The choice of this type of machine seems eoi@nt for an advanced
scenario [14] since it is an intermediate desigtwben the pure extrapolation of the ITER
inductive scenarios, labelled as model-A in [1] dmel extremely advanced machine model-D
in [1] with a size similar to that of ITER. In paular, the D machine would need a very
strong Internal Transport Barrier (ITB) or a lardensity peaking factor to provide the
necessary bootstrap current fraction.

In order to clarify such scenarios

TABLE I: GLOBAL CHARACTERISTICSOF THE from the 1.5-D simulation point of

DEMO OPERATION SCENARIOS

view, two different regimes have

.Param.eter Value been studied in this work. Scenario
M‘f’"or radl_us R (m) 75 1 has the aim of maximizing the
Minor radius a (m)_ 2.5 fusion gain and minimizing the

Elongation/Triangularity 1.9/0.47 number of external heating
B (M 6.0 systems, just by using Neutral
| (MA) 19.0 Beam Injection (NBI). Two

Ned <ne> (10° M) 11.0/10.1 versions of this scenario will be
Ne/Ngw 1.20 analyzed: one with non-inductive

current fraction below 100%,
fni<100%, which could be used as a pulsed scenariaamitier one with\f=100%. Scenario
2 is designed to approach a full non-inductive entrrsteady-state regime by adding an
ECH/ECCD system in order to create an ITB.

4. Analysis of Scenariol: Pulsed DEMO with only a NBI system

The possibility of a pulsed machine is studied fivgh the aim of analyzing a device without
the strong constraints of having both a high Q Wi®% non-inductive current. In this case,
the plasma density, the electron and ion tempergimfiles as well as the current density
profiles obtained for scenariol at t=3000s are shmfigure 1. Electron and ion temperature
profiles are quite similar, with {§=32.5 keV, E~31.7 keV. The current density profile
structure is dominated by the 2 MeV off-axis NBiven current at normalised radips: 0.3
due to the high peak obtained. On the other hdwedbootstrap current completely determines
the current profile at the edge, and in fact, gdaamount of the total bootstrap current,
lboo=10.0 MA, comes from that region. Therefore, isi®wn that a high pedestal height, as
the one used in this paper,e&7.8 keV, is necessary to both provide enough cenfent,
and enough bootstrap current fractiong#.1 and §,,=52.6% respectively. The pedestal
used in this study is similar to the one obtainedther similar DEMO studies performed
with a different transport model [15]. The deperderof this advanced scenario on the
pedestal height will be analyzed in the next sectowing to its high CD efficiency, the NBI
current is also very high, i.e#6.8 MA for an injected power of 98 MW. Therefone this
scenario the total non-inductive current is laige;16.8 MA, and represents a high fraction
of the total current,\i=88%, as shown in figure 2. In fact, although ahlpgdestal has been
considered, the bootstrap current fraction is stdimewhat smaller than in [1], where
froo=63% has been assumed. The g profile and its eepld@idr different times is given in
figure 2. According to the models applied in thagper, in this scenario the q profile is close
to those obtained in ITER hybrid-like scenarioshwaero or low negative magnetic shear in
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the plasma core. However, the q profile is not cletepy stable and galues in the region
0<p<0.2 slowly decrease in time. Sawteeth in theseh Higta plasmas would trigger
Neoclassical Tearing Modes, which then have todw#rolled by a large amount of current
drive with precise deposition (as foreseen in Ik the ECCD system), which eventually
lowers the Q.
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FIG. 1. Electron and ion temperature profiles for DEMO scenariol obtained with CRONOS when
t=3000s (left). Current density profiles for DEMO scenariol when t=3000 s(right).
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FIG. 2. Evolution of the total current (Ip), total non-inductive current (Ini), bootstrap current (Iboot)
and NBI current drive (Inbi) (left). Alpha (Palpha), radiated (Prad) and NBI (Pnbi) power evolution

(right).

The fusion power obtained is 2.6 GW, which meangghty 1 GW net electrical power
(assuming a conversion efficieney40 % as in [1]). Therefore, the analysis prese i
downscales the electrical power from the 1.45 G\Waioled in the 0-D analysis carried out in
[1]. The main reason is that we have consideredresearvative value on the Greenwald
fraction, 1.2, compared to that used in [1], 1.8hwhe aim of avoiding too optimistic results
on the fusion power. Therefore, the normalized lofti@ained, 3.0, is also lower than in [1],
(3.4), although it is close to the upper valuededeor a fusion reactor. In this scenario, long
pulse operation is made possible by a low amoumje€ted power (= 98 MW) and the high
pedestal considered, leading to a rather high @.5,2vhich is one of the main goals of the
DEMO design.



S FT/P3-15

20 10 . . . :
a f f f L —t=2000s
— Ip (MA) —t=2500s
15 — Ini (M&) 8 —t=3000s
— Iboot (MA)

— — Inbi (MA)
< 10 WPTY ey
= o
5 a
0 ‘ ' ' ‘ ' 0 ' ; ' ‘
0 500 1000 1500 2000 2500 3000 0 0.2 0.4 0.6 0.8 1
time (s) p

FIG. 3. Evolution of the total current (Ip), total non-inductive current (Ini), bootstrap current (Iboot)
and NBI current drive (Inbi) (left). Evolution of the g profile for t=2000,2500,3000 s.

With the aim of analyzing whether this kind of saea can be extended to a steady-state
regime, 30 MW of NBI power are added at t=1500sthWhe new total NBI input power,
128MW, the current drive obtained is 8.5MA, whidloas to obtain §,=100% as shown in
figure 3. The addition of this power causes thetftomp current to increase due to the
negative magnetic shear and the increased tempesatdowever, the higher alpha power
obtained does not fully compensate for the new pi@ier added and the fusion gain drops,
compared with the pulsed regime, to Q=22, whickeiy close to the Q=20 limit desirable for
a DEMO device. In addition, as shown in figurelt&re is a slow evolution of the q profile
which finally leads to g6 at t=3000s. Some of the bootstrap current gamatso lost due to
this evolution, which eventually can lead to a @elgtion of the steady-state. Due to this
evolution, the final fusion gain drops again to Q=Zherefore, in spite of the fact that a NBI
system is the heating system with highest curraae efficiency and that a high pedestal has
been considered, the possibility of a steady-stéte only NBI leads to a fusion gain close to
the lower limit desirable for DEMO, Q=20, with thdditional problem that the control of the
g profile is difficult. In the future, a NBI systemith multiple depositions at different radial
locations will be considered to control the g pgegfhowever, this possibility must be properly
evaluated since other difficulties can appear duéé size and complexity of the NBI system
(which means low flexibility for the plasma contrfll6]). Moreover recent experiments
suggest that the off-axis current drive is nota=lized as expected from theoretical models
[17] (a feature needed to control the q profilepally, the issue of a high enough fusion gain
remains, even with only a NBI heating system, IDEBMO device of the size considered in
this paper.

The extension of scenario 1 to steady-state reglgesieans of Radio Frequency systems
(ECH/ECCD and LH) has been discussed in [3].

5. Sensitivity of the resultsto the pedestal height

The performance of the DEMO scenario 1 highly delseon the pedestal height, since the
fusion gain and the total non inductive currenta(¥he bootstrap current) are especially
dependent on that parameter, at least for a stiffsport model such a GLF23. In order to
check the impact of the pedestal height on scerargeveral simulations have been carried
out with the parameters of Table 1 but for diffénpedestal temperatures. As shown in figure
4, Q ranges from 26.5 to 17.5 if the pedestal heigbps from 8 keV to 5 keV. In addition,
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the total non-inductive current fraction also fdilsm 88% to 63% due to the loss of bootstrap
current as well as the normalized beta, 3.0 toa2@ the central g, 2.6 to 1.1. These facts
show how such an important factor of the DEMO desag the fusion gain can strongly
depend on a change of 2 keV on the pedestal heigith is in the uncertainty range for the
currently available pedestal scaling [18]. In artte know whether a larger machine could
strongly improve the previous results, the samena@iel has been considered but with a
larger major radius, R=8.1 m and minor radius, @+2. The results obtained are also shown
in figure 6. In this case Q is increased by 2 uimitdhe pedestal range 5-7 keV, which allows
for a normalized beta of 3.0 with a pedestal o€Y khowever, the total non-inductive current
fraction might drop if a lower pedestal is usedhbtain the same fusion gain. Moreover, the
central q also depends on the pedestal heightg lmbose to 1 for pedestals of 5 keV, which
means that higher levels of input power may be s&g to control this issue, and therefore
the Q can drop again. Thus, the increased sizeidses in this paper does not seem to
strongly improve the previous results unless a mlacher machine is considered (which
would mean to abandon the advanced scenarios for{ifie inductive ones). It seems that, in
the case of 1.5-D simulations with GLF23 transpuorddel, the proper calculation of the
pedestal height can be more
important for the correct
determination of the
performance than the
machine size, in the case of
advanced plasma regimes
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scenario with ITB might
FIG.4. Fusion gain dependence on the temperature pedestal in ~ @pplied to the DEMO device
the case of scenariol (red) and in the case of the same scenario  Studied in this paper. For
but with larger major and minor radius, R=8.1 mand a=2.7 m this purpose, an ECH/ECCD
respectively (blue). heating and current drive
system has been used to
create negative magnetic shear and to lock the fidd@ in order to prevent the current
shrinking. In addition, the total current has beewnscaled to 14MA and the pedestal value
to 4.5keV. However, since in this case the totatent is still relatively high and the current
drive by the ECCD system is very low (due to the faat the density is high) it is necessary
to add a NBI system to reack#$100%, otherwise, the bootstrap current fractioedeel
would be around 90%, leading to a very difficuksario from the stability point of view.
Therefore, 50MW of NBI and 30MW of ECH are addeca0.25 andp=0.5 respectively.
With this scheme, the current density profiles @ne electron, ion and electron density
profiles obtained are shown in figure 5. The maximof the total current density profile is
located at the maximum of the bootstrap currentthednaximum of the ECCD current. This
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allows the formation of a region with negative metim shear which leads to high

temperatures in the core;,0¥39.5 keV and J~35.5 keV, with flat profiles. In this scenario

the fusion gain is high Q=25, but the total fusipower, 350 MW, does not attain the
minimum desirable to have 1GW electrical power.atidition, as pointed out in [19], the

inclusion of a NBI system leads to the shrinkingleé ITB and the loss of bootstrap current
as shown in figure 6.

t=3000s t=3000s
. - . 40 T T T T
zr | —Te (keV)
—ibs —Ti(keV)
~ec 30 —ne (108 m)|
1.5 —jnbil|
£
< .| i 20t
= 1
i} L . 0 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
P p

FIG. 5. Fusion gain dependence on the temperature pedestal in the case of scenariol (red) and in the
case of the same scenario but with larger major and minor radius, R=8.1 mand a=2.7 mrespectively
(blue).

With the aim of stopping this process, more ECH @oup to 50MW) is added at t=1700s
(which leads to a drop of the fusion gain to Q=2@wever, since the NBI current drive is
much higher and it is located inside the ITB, tleerario is finally destroyed due to the
progressive loss of negative magnetic shear. Thexethe difficulties of a scenario with ITB
in a device like the one studied here are doubtst, ks difficult to get all the fusion power
needed to have 1 GW electrical power. This issuddcbe solved by increasing the total
current used, however, in this case, it would ligcdit to have §,=100%. Another solution
might be to increase the device size, which wileplored in future studies. And second, the
inclusion of a NBI system with off-axis depositidends to destroy the ITB after several
current diffusion times.

z0
8. Conclusions

157 The CRONOS suite of codes has been
SR : applied to simulate and analyze the DEMO

_ design in the case of a regime with high non-
30 . inductive current fraction. A large Q=26.5 is
— i (MA) obtained in the pulsed scenario 1, which is

— lboot (M4) possible due to the low injected power

i :'{;EL“(‘”MA;) 1 considered (=98 MW) and a high pedestal
"\ v temperature, 7.8 keV, leading to a hybrid-like

. | - ‘ g profile with @>1. The non-inductive
% 500 1000 1500 2000 2500 8000 current fraction is rather high, 88%, with a
_ e {s) high amount of bootstrap current, 10.0 MA
FIG. 6. Time evol_utlon _of the total current mainly coming form the pedestal, and 6.8 MA
(Ip), total non-inductive current (Ini), ¢ NB) current drive, which is possible due to

bootstrap current (Iboot), NBI current drive . .
(Inbi) and ECCD (lech) the 2 MeV beam system considered In this
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scenario, 30 MW more of NBI can be added to atiiaénsteady-state regime with 100% non-
inductive current. However, the alpha power obtdileenot enough to compensate for the
new NBI power added and the Q value drops to Q#22ddition, the q profile is unstable
which means that it can be difficult to control $ewteeth formation, since the control of the
g profile becomes a problem due to the lack ofipeecurrent drive deposition.

The analysis of a scenario with ITB shows that Hwhievement of a fusion power
corresponding to 1 GW electrical power is difficdite to the relatively small size of the
machine. Moreover, the addition of NBI power, sipwlegrades the ITB which leads to a
strong reduction of bootstrap current in time.

Therefore, according to the models applied in gaper, the possibility of a DEMO device
with advanced scenarios, i.e. high fusion gain Witfh bootstrap and non-inductive current
fraction and relatively small size, will requirer@ig physics performance: high density
peaking, high pedestal height, Greenwald limit titacs much higher than 1 or strong ITB’s
lasting for very long times and no degradation. eSeh features cannot be reached by the
present day fusion devices. Thus, integrated modetlan provide important key points for
the establishment of DEMO scenarios which couldrarctice, be also worth for the research
plan of ITER.
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