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Introduction: Studies for DEMO, the step after ITER, indicatet thabstantial current drive
may be needed if steady state operation is enwdsatjeealistically achievable bootstrap
fraction. Since DEMO will be a point design, optaaiion of H&CD systems may follow a
different route than for ITER. In this contributiowe assess the capabilities of 4 candidate
systems, namely ICCD, ECCD, LHCD and NBCD, for @an ‘Early’ DEMO, i.e. a design
based on moderate extrapolation of ITER physicstecithology assumptions [1].

Methodology: Starting point of the analysis for the Early DEM@sva 0-d parameter set
from the PROCESS code [2] ¢80 m, a = 2.25 ml= 14 MA, nja = 8.8 x 18° m®, By =
2.2, leading to s = 1.6 GW and Rnet= 500 MW). Since CD calculations critically depend
on kinetic profiles, The 0-d PROCESS design poias wonverted into a set of profiles using
the TRANSP and ASTRA transport codes such that tepyoduce the 0-d quantities (e.qg.
line-averaged density, stored energy and fusiongppwhen integrated over the volume. We
have used two sets of profile assumptions, mairifgrehg in the shape of the density profile.
This reflects our uncertainty about the peakingtted density profile: while present day
machines usually encounter flat density profilesselto @y, recent analysis has shown that
the peakedness of the density profile can well égcidbed in terms of collisionality. Since
DEMO will run at high Greenwald fraction, but lowlksionality, we have created two sets
of profiles representing these two situations. therimpurity profiles, we have used= n,/ne
= const, using the same impurity species as in PER&EBCand matching the.Zvalue. The
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theory [3]. The
temperature profile
used does not exceed a critical gradient R dT/d&aind 7 at half radius, consistent with the
theoretical expectation at. E T; (i.e. substantial ion heat flux). The pedestalgerature is
8.5 keV, consistent with a recent pedestal scalisigg ASDEX Upgrade, DIII-D and JET
data [4]. In the second set of profiles, the denisiessentially flat so that the pedestal value is
close to the core value. In this case, the temperdtas to be higher on average to match the
Bn-value. Both sets of profiles are shown in Fig. 1.

Fig. 1. Density (I€ft) and temperature (right) for the Early DEMO.

For localised current drive, a simple figure of merthe local current drive efficiency

Yeo = n(P) Ro laux / Peo(p) (1)

(Ro: major radius, gp): local density ap=pqep Where the localized currerdd is driven with
power Rp(p)). For NBI, where the deposition is less localizee use=piang the radius of
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the innermost flux surface reached by the partrddBCD beam. To control the g-profile, the
current must be driven with a certain radial dmsition to replace the ohmic component of a
given current profile. Targeting an ‘improved H-nebdegime, we chose a g-profile with g >
1 everywhere and flat g in the core. Different fréme local CD efficiency defined in Eqn.
(1), we now obtain a ‘global’ CD efficiency

<Ycp> = Nejav Ro laux / Pep

(2)

for driving a desired current distributiorp)( These studies neglec¢d?in the power balance
and hence do not couple the g-profile to transiRirtce the power to driVd o, to zero is not
negligible w.r.t. fusion power, we will take inte@unt Rp in the power balance in future.

Results - ICRH: Two different frequency windows were studied, ometle classical
frequency range around low harmonics of the cystotirequency (25-100 MHz) and one
corresponding to higher frequencies (High Harmdrast Wave Current Drive HHFWCD,
100-350 MHz) [5]. In the 25-100 MHz range, the freqcy has to be tailored to avoid
‘parasitic’ absorption, e.g. by the ions when claséhe ion heating scheme. CD efficiency is
found to decrease with land with Zg. Results indicate good local central CD efficiefasy
the flat density case at 72 MHz wiyh= 0.26-0.32 at & = 1.6, depending on the spectrum.
Alternatively, a value oy = 0.23 is found for 25 MHz in the flat density callete that they-
values quoted here refer to absorbed power andotidake into account coupling issues
which largely depend on the assumptions on the @©tfiles.

CD efficiency (kpar =5m’")
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Fig. 2. top launch HHFWCD ICRH geometry (left) and
resulting CD efficiency, compared to equatorial launch.

HHFWCD from the top of the
machine to avoid resonant
damping ona-particles. Fig. 2
shows an example. Windows exist in which the ptcasibsorption is practically zero,
allowing to take advantage of the higher CD efficig with increasing frequency if good
coupling can be realized. Studies have been coedwiing at central CD, but off-axis CD
seems possible as well by adequately tailoringatbsorption profile. Future studies will try to
clarify the feasibility of this approach and bettbaracterize its benefits.

ECRH: The TORBEAM code [6] was coupled to the ASTRA tmm$ code and
benchmarked in the fully relativistic, momentum serving approach against GRAY [7],
yielding good agreement. For the Early DEMO praiilscans of the ECCD frequency,
together with toroidal and poloidal launch anglectmtrol the deposition location, show an
increase in CD efficiency with frequency, but tefect is limited by parasitic"2 harmonic
absorption. Top launch can circumvent this probj@mFor the flat density case, a maximum
local CD efficiency ofycp = 0.41 has been obtained using top launch at 280 &id on-axis
deposition. Reducing the frequency to 250 GHz rdeoto ease the technology requirements,
results inycp = 0.34. By scanning the launch angles, currentbeadriven almost anywhere in
the plasma, albeit at reduced efficiency w.r.t.dheaxis case since ECCD efficiency roughly
scales with T. Typicaly values for the flat density case are of the oode.25-0.35 for off-
axis at roughly half radius using 280 GHz. An adage of ECCD over the other systems is
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that individual beams yield a well-localized drivemrrent profile such that it is also suited for
MHD control. Also, by introducing beam steeringfarquency tuning, the deposition can be
controlled, allowing feedback applications.

LHCD: LHCD is evaluated using the FRTC ray tracing FokREmnck code [9]. The analysis
was conducted in a way where ASTRA takes into agcthe change in current profiles due
to ECCD self-consistently. LH waves were launcheljig= 1.8 and 5 GHz. For both peaked
and flat density profiles, the deposition is founde in the outer part of the plasma since the
high temperatures occurring there lead to ratheipiperal single pass absorption. For the
early DEMO, maxima of the driven current arepat 0.7 for the peaked density apd- 0.8

for the flat density (which has even higher edgeperature). The current drive efficiency is
comparatively high there, of the orderyf 0.3 which is substantial given the far off-axis
location. However, due to the peripheral CD, LHCé&nmot be used alone to replace an
arbitrary ohmic current profile in the Early DEMO.

NBCD: For NBCD, TRANSP is the reference analysis codetduke quite complete physics
description. However, a PENCIL code is used forgtoscoping studies, in particular for an
iteration loop that has been set up to find an Imetry that, for given kinetic profiles, can
synthesizgng = jwt-jss [10]. This module has been used in current prafdatrol studies to
replace the ohmic current. No effort has been nemldar to achieve consistency of the
NBCD source geometry obtained from the optimizagoocess with the machine boundary
conditions, but it is expected that this can beeaad with some trade-off in efficiency.

NBCD analysis for the flat density case assumingeam energy of 1.5 MeV shows good
central CD efficiency, in the range pf= 0.3-0.45. A particular strength of NBCD is tlyat
does not drop when going to off-axis CD since tegative effect of the decreaseTipis
(over)compensated by a larger trapped electrotidrabeneficial for NBCD. This leads to a
net increase of when moving to off-axis NBCD. Hence, NBCD is vemgell suited to
synthesize a given current profile. On the otherdhahere is little flexibility in changing this
profile assuming that the beam geometry and thenascenario are fixed.

Resultsfor current profile control: Here, we analyse how the ohmic current can be cegla
by NBCD or ECCD (for ICCD and LHCD no such attemyss made due to the limited
flexibility in deposition). For the ECCD case, paweas deposited at three locations with
Gaussian profile until a consistent solution witk, = 1 was reached. Hence, the match with
the initial g-profile is not perfect and cannotdmnsidered as a rigorous optimization, and we
note that a better match may increase the requiresngieie to more off-axis power to keep the
g-profile above 1 there. In the example shown o Bj 10.4 MA are driven with 293 MW of
ECCD, resulting in an averaged efficiency (see Ejrof <y> = 0.3. For the peaked density,
using 270 GHz, the substantially lower temperaleaes to a reductiory> = 0.17. Based on
the findings for localy quoted above, we expect that reducing the frequem@50 GHz to
ease technology requirements will redydsy about 20%.

For NBCD, an optimization using the algorithm awtld in the previous section leads to a
stationary solution applying 250 MW to drive 11.3AMhe slightly different values ot:h
coming from a different bootstrap fraction. Thiads to a value of)> = 0.35, in line with
the findings of higher off-axis CD efficiency th&CCD discussed in the previous section.
Fig. 3 shows the driven current profile resultimgnfi the optimization process for the flat
density case, together with the distribution ofgemcy points and inclination angles of the
different beam sources used to drive it. For thekpd density case, the figure of merit drops
to <>~ 0.21. Reducing the beam energy to 1 MeV to adcfmurtechnology constraints, the
CD efficiency drops te<y> =0.28 for flat density and)>=0.19 for peaked density.
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Fig 3: NBCD (left) and ECCD driven current (middle) and g-profile (right) for the flat density case.

In summary, both ECCD and NBCD can synthesize d¢geiired current profile, with NBCD
being more efficient by about 20-30%, dependingh@nexact shape of the g-profile. While
optimization of both cases will be required to irparate technical boundary conditions such
as available gyrotron frequencies, beam energidstanrestrictions on launch geometry, the
results can still be taken as indicative of theeptiil of both methods for DEMO.

Summary and Conclusions. Local analysis of the CD capabilities of H&CD systefor an
Early DEMO shows that ICCD is mainly suited for t@hCD, while LHCD can exclusively

local Yoo icCD LHCD NBCD ECCD drive far off-axis p > 0.7) current
central 0.23-0.32 0.3-0.45 0.35-0.4 for the profiles studies. Due to the
off-axis 03 0.4-0.55 0.25-0.3 constrained radial range, both
(LT ER 7= corrected |r=0.7 r=04 r=04 systems cannot be used to
globale ”J1cco S0 alze) 2t individually synthesize the ohmic
DEMO1, flat f/e n/a 035 03 contribution to the current profile.
DEMO1, pkd [n/a n/a 0.21 0.17 ECCD and NBCD are more

Table 1: local and global CD efficiencies for Early DEMO. flexible and can synthesize the
desired current profile. The results are summariaédable 1.

In the 0-d modelling with PROCESS, an overall NB€fiiciency of<y> = 0.373 had been
assumed for the flat profile case, very well irelimith the numbers found above. In an earlier
study of an ‘advanced’ DEMO, numbers quoted for NIB&e 0.45 at 1 MeV and 0.5 at 1.5
MeV [11]. For ECCD, that study suggested a valu®.@ while our optimisation suggests
that higher values are possible. From the largeagbof values caused by different density
profiles, it follows that DEMO designs have to betimized taking into account the
individual strengths of H&CD systems from the begng, especially for designs aiming at
steady state.
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